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Homing-based gene drive systems 



Recent engineering successes 



Banambani, Mali Doneguebougou, Mali 

7 km 

Q1. Is it possible to perform a confined trial of a 
gene drive system? 

~1% / gen 



•  Public attitude surveys in Mali 
suggest that people would like to 
see a successful confined trial 
before accepting a release: 

 “I would have to see an example of 
modified mosquitoes reducing malaria 
in another village before I believe this 
claim” 

72-year-old man, Tienfala, Mali 

•  Marshall JM, Toure MB, Traore MM, Famenini S, Taylor CE (2010) Malaria Journal 9: 128 



Q2. Can CRISPR-based gene drive be effective at 
disease control on a wide scale? 

•  Champer J, Reeves R, Oh SY, Liu C, Liu J et al. (2017) PLoS Genetics 13: e1006796 



Talk outline 

Overview 

Q1. Is it possible to perform a confined trial 
of a gene drive system? 
•  Threshold-dependent gene drive systems 
•  Inferring patterns of mosquito dispersal 
 
Q2. Can CRISPR-based gene drive be 
effective at disease control on a wide scale? 
•  Resistant allele generation 
•  Possible solutions involving guide RNA 

multiplexing 

Q3. Which other novel vector control tools 
should we be prioritizing? 
•  Attractive toxic sugar baits (ATSB) 
•  Vector control optimization model (VCOM) 

Conclusion 
 



Banambani, Mali Doneguebougou, Mali 

7 km 

Q1. Is it possible to perform a confined trial of a 
gene drive system? 

~1% / gen 



• A release including females results in 
gene drive (GM females are favored at high 
population frequencies). 

• Release threshold = 36.4%: 

 Transgenic males 
produce toxic semen 

 Transgenic females 
produce antidote 

Semele 

•  Marshall JM, Pittman GW, Buchman A, Hay BA (2011) Genetics 187: 535-551.  





Wild-types introduced  
at 25% (4 times) 

Migration rate = 1% /gen 

Semele released at 40% 

Introduction of Semele is predicted to be 
confineable and reversible 

•  Marshall JM, Pittman GW, Buchman A, Hay BA (2011) Genetics 187: 535-551.  



UDMEL 
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having one or both 
constructs must inherit the 
opposite or both 
constructs to survive. 

•  This is more likely at higher 
population frequencies 
(>24%) leading to 
frequency-dependent 
drive. 

•  Akbari OS, Matzen KD, Marshall JM, Huang H et al. (2013) Current Biology 23: 671-677 



Inheritance pattern of UDMEL 

•  Akbari OS, Matzen KD, Marshall JM, Huang H et al. (2013) Current Biology 23: 671-677 
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•  Akbari OS, Matzen KD, Marshall JM, Huang H et al. (2013) Current Biology 23: 671-677 

UDMEL drive experiments agree with mathematical 
predictions & display threshold behavior 

Drive to fixation occurs for 
releases that are 

 50% (or 75%) homozygous 
males for UDMEL & 
 50% (or 25%) wild-type 
males & females 
 

Elimination of the drive system  
is seen for releases that are 

 10% homozygous males 
for UDMEL &  
 90% wild-type males &  
females 
  



Translocations also display threshold dynamics 

•  Curtis CF (1968) Nature 218: 368-369 
•  Buchman A, Ivy T, Marshall JM, Akbari OS, Hay BA (2016) http://dx.doi.org/10.1101/088393  



(Translocation homozygotes are 
initially very unfit; but rapidly increase 
in fitness in a couple of generations) 

Translocation drive experiments agree with model 
predictions & display threshold behavior 

•  Buchman A, Ivy T, Marshall JM, Akbari OS, Hay BA (2016) http://dx.doi.org/10.1101/088393  

Drive to fixation occurs for 
releases that are 

 60-80% homozygous 
males & females for the 
translocation 

Elimination is seen for releases 
that are 

 20-40% homozygous 
males & females for the 
translocation  

Generation 

Fr
eq

ue
nc

y 
tr

an
sl

oc
at

io
n 

be
ar

in
g 

(%
) 



DARPA & “safe” gene drives 



MGDrivE modeling framework  
(Mosquito Gene Drive Explorer) 

•  Sanchez HM, Wu SL, Bennett J, Marshall JM (In preparation) 



MGDrivE: Mosquito ecology module 

•  Sanchez HM, Wu SL, Bennett J, Marshall JM (In preparation) 



MGDrivE: Translocations with remediation 

•  Sanchez HM, Wu SL, Bennett J, Marshall JM (In preparation) 



MGDrivE: UDMEL without remediation 

•  Sanchez HM, Wu SL, Bennett J, Marshall JM (In preparation) 



•  Schmidt TL, Filipovic I, Hoffmann AA, Rasic G (2017) http://dx.doi.org/10.1101/103598  



Dispersal inferred from genetic parentage analyses 

•  Williamson DH, Harrison HB, Almany GR, Berumen ML et al. (2016) Mol. Ecol. 25L 6039-6054 



•  Ringbauer H, Coop G, Barton NH (2017) Genetics doi: 10.1534/genetics.116.196220.  



Population replacement strategy using homing-based gene drive. 



Application of MGDrivE to the Comoros Islands 

•  Sanchez HM, Wu SL, Bennett J, Marshall JM (In preparation) 



Understanding potential fine-scale population 
structure using MASH modeling framework 



Q2. Can CRISPR-based gene drive be effective at 
disease control on a wide scale? 

•  Champer J, Reeves R, Oh SY, Liu C, Liu J et al. (2017) PLoS Genetics 13: e1006796 



•  Homing rate = 98% 
•  Non-cleavage rate = 1% 
•  Resistant allele 

generation rate = 0.13% 
(in-frame indels)  

•  Fertility of heterozygous 
females reduced by 
90.7% 

•  Champer J, Reeves R, Oh SY, Liu C, Liu J et al. (2017) PLoS Genetics 13: e1006796 



Modeling error-prone homing-based gene drive 

•  Marshall JM, Buchman A, Sanchez HM et al. (2017) Nature Sci Rep 7: 3776 



MGDrivE: Mosquito ecology module 

•  Marshall JM, Buchman A, Sanchez HM et al. (2017) Nature Sci Rep 7: 3776 



Dynamics of current constructs 

a)  Hammond et al. (2016) 
construct: 
•  Homing rate = 98% 
•  NHEJ rate = 0.13% 
•  Fertility of heterozygotes 

reduced by 90.7% 

b)  Hammond et al. (2016) 
construct: 
•  Homing rate = 98% 
•  NHEJ rate = 0.13% 
•  Fertility of heterozygotes 

same as wild-type 

•  Marshall JM, Buchman A, Sanchez HM et al. (2017) Nature Sci Rep 7: 3776 



As the resistance allele generation rate declines, 
the population size you can eliminate increases 

•  Marshall JM, Buchman A, Sanchez HM et al. (2017) Nature Sci Rep 7: 3776 



Tolerable rates of resistant allele generation are 
inversely proportional to the population size 

•  Marshall JM, Buchman A, Sanchez HM et al. (2017) Nature Sci Rep 7: 3776 



Multiplexing gRNAs may provide part of the 
solution to enable elimination of large populations 

•  Marshall JM, Buchman A, Sanchez HM et al. (2017) Nature Sci Rep 7: 3776 

Multiplex 
number: 

Resistance allele 
generation rate: 

Population 
size capable of 
eliminating 
(90% of sims): 

1 1.3 x 10-3 32 

2 1.7 x 10-6 24 thousand 

3 2.2 x 10-9 19 million 

4 2.9 x 10-12 14 billion 



MGDrivE: Homing-based drive targeting a female 
fertility gene with resistance allele generation 

•  Sanchez HM, Wu SL, Bennett J, Marshall JM (In preparation) 



Q3. Which other novel vector control tools 
should we be prioritizing? 

•  Kiware SS, Chitnis C, Tatarsky A, Wu SL, Sanchez HM et al. (2017) PLoS ONE 12: e0187680 



• Attract with: 
• Fruity or flowery scent (bait) 

• Tested extensively in Israel on: 
• Anopheles sergentii 
• Culex pipiens 

Attractive toxic sugar baits (ATSB) 

• Then kill with: 
• Sugar (feeding stimulant) 
• Boric acid (oral toxin) 

• Recently tested in Mali on: 
• Anopheles gambiae 

• + more field trials being planned… 



 Experimental site  Experimental site 

 Control site 

 Control site 

Females Males 

                    Intervention 
(ATSB sprayed near breeding sites) Intervention 

•  Muller GC, Beier JC, Traore SF, Toure MB, Traore MM, Bah S et al. (2010) Malaria J 9: 210 



 Rate of feeding on            0.5 / day 
ATSB-sprayed plants:      (CrI: 0.27-0.97)    

 Mean lifetime after           2.1 hours 
ingesting of ATSB:          (CrI: 1.1-3.8)    

 Female control  Female experiment 

•  Marshall JM, White MT, Ghani AC, Schlein Y, Muller GC et al. (2013) Malaria J 12: 291 

ATSB data & model fitting 



 ATSB model:  Bed net & insecticide model: 

Mosquito 
ecology 
model: 

Combine ATSB model with models of mosquito 
ecology, gonotrophic cycle & vector control 

•  Marshall JM, White MT, Ghani AC, Schlein Y, Muller GC et al. (2013) Malaria J 12: 291 



Predicted combined impact on vector density 
 Anopheles gambiae: 
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•  Nets & spraying significantly 

reduce An. gambiae vector density 
•  However, ATSB complements nets 

better than insecticide spraying 

•  Nets & spraying are less effective 
against the exophilic An. arabiensis 

 Anopheles arabiensis: 

•  Marshall JM, White MT, Ghani AC, Schlein Y, Muller GC et al. (2013) Malaria J 12: 291 



Vector Control Optimization Model (VCOM) 

•  Kiware SS, Chitnis C, Tatarsky A, Wu SL, Sanchez HM et al. (2017) PLoS ONE 12: e0187680 



•  Kiware SS, Chitnis C, Tatarsky A, Wu SL, Sanchez HM et al. (2017) PLoS ONE 12: e0187680 



•  Kiware SS, Chitnis C, Tatarsky A, Wu SL, Sanchez HM et al. (2017) PLoS ONE 12: e0187680 

VCOM predictions for combined vector control 

•  Nets, ATSB & larvaciding 
significantly reduce densities of 
both An. gambiae & An. arabiensis 

•  Other effective combinations for An. 
gambiae are: i) nets & housing 
modification, and ii) nets, personal 
protection measures & larvaciding 

•  Other effective combinations for An. 
arabiensis are: i) nets, larvaciding 
& cattle treated with endectocide 
systemically 

•  Elimination is very difficult, even 
under unrealistically optimistic 
conditions 



Conclusions 
Q3. Which novel vector control tools should 
we be prioritizing? 
•  Attractive toxic sugar baits offer synergies 

to insecticide-based vector control 
•  But existing tools are not expected to 

eliminate malaria in high-prevalence 
settings 

 
Q2. Can CRISPR-based gene drive be 
effective at disease control on a wide scale? 
•  Multiplexing guide RNAs could sufficiently 

reduce resistant allele generation rates  
•  More study is needed of guide RNA 

multiplexing 
 
Q1. Is it possible to perform a confined trial 
of a gene drive system? 
•  Threshold-dependent systems may be 

confineable to partially isolated populations 
•  More study is needed of mosquito population 

structure 
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