wo 2023/230572 A1 | I K000 O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property '

Organization
=

International Bureau

(43) International Publication Date
30 November 2023 (30.11.2023)

(10) International Publication Number

WO 2023/230572 Al

WIPOIPCT

(51) International Patent Classification:
A01K 67/033 (2006.01) CI2N 15/90 (2006.01)
CI2N 9/22 (2006.01)

(21) International Application Number:
PCT/US2023/067494

(22) International Filing Date:
25 May 2023 (25.05.2023)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

63/346,207 26 May 2022 (26.05.2022) UsS

(71) Applicant: THE REGENTS OF THE UNIVERSITY OF
CALIFORNIA [US/US]; 1111 Franklin Street, 5th Floor,
Oakland, California 94607-5200 (US).

(72) Inventors: AKBARI, Omar; 5838 Agee St., San Diego,
California 92122 (US). SMIDLER, Andie; 3317 Fontana
Ave., San Diego, California 92117 (US). PAI, James; 3086
Sunny Brook Lane, Chino Hills, California 91709 (US).
APTE, Reema; 3525 Lebon Drive #211, San Diego, Cali-

(74) Agent: WARREN, William L. et al.; EVERSHEDS
SUTHERLAND (US) LLP, 999 Peachtree Strect, NE, At-
lanta, Georgia 30309-3996 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ,DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN,HR,HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS,RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM,KE, LR, LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,

fornia 92122 (US).

LU, LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SL, SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN,
GQ. GW, KM, ML, MR, NE, SN, TD, TG).

(54) Title: CONFINABLE POPULATION SUPPRESSION SYSTEM

Tani sesing

|
W

o

ki

RS

Direotfield
reenswof
s

2 Kpding
Al alade

% CRISPR ransyenas

it the population

Feragies produce
No offspring

Figure 2

(57) Abstract: Provided herein are methods and transgenic systems
termed Ifegenia (Inherited Female Elimination by Genetically Encod-
ed Nucleases to Interrupt Alleles) comprising transgenic animal strains
encoding Cas9 and/or gRNA that targets a female essential gene which
are capable of passing down these genes as well as mutant female es-
sential genes in wild populations in order to suppress the population
of the animals, as well as methods and systems for making such an-
imals. In some instances, the methods and systems provided herein
result in both somatic and heritable germline mutations of the female
essential gene resulting in daughter killing, and female essential gene
mutant males reproductively viable to pass along the female essential
gene mutation and related transgenes into subsequent generations. The
methods and systems are adaptable to population control of insects, in
particular mosquitoes such as Anopheles gambiae.
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PATENT APPLICATION

FOR
CONFINABLE POPULATION SUPPRESSION SYSTEM
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the priority benefit of U.S. Provisional Application No.
63/346,207, filed May 26, 2022, which application is incorporated herein by reference.

GOVERNMENT SPONSORSHIP

[0002] This invention was made with government support under A1151004 awarded by the
National Institutes of Health (NIH), and HRO0011-17-2-0047 awarded by the Defense
Advanced Research Project Agency (DARPA). The government has certain rights in the

invention.
TECHNICAL FIELD

[0003] The present invention relates to modified inheritable genetics.

BACKGROUND

[0004] Anopheline mosquitoes are responsible for malaria transmission, with the Anopheles
gambiae complex being the most dangerous, contributing to the quarter billion annual Malaria
cases!. Controlling anophelines is an effective strategy to slow disease transmission; however,
existing suppression tools such as insecticides and bed nets are becoming increasingly
ineffective’. Furthermore, plastic mosquito behaviors may be biasing towards increased
exophagy*~>, both contributing to the plateau in the rate of disease reduction and increasing the
overall costs of control'. Therefore, development of more sustainable, efficient, safe, scalable,

and cost-effective GM vector control technologies is urgently needed.

[0005] Because female mosquitoes spread disease, most vector control campaigns require
males to be exclusively released. Producing sufficient males en masse therefore necessitates
development of sex-sorting mechanisms in each targeted species, either through mechanical,
chemical, or genetic means®®. Unlike other mosquitoes, sex separation based on pupal size is

not possible in A. gambiae®*°. Moreover, lines which permit sex sorting via dieldrin resistance
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no longer exist'!, and feeding larvae RNAi suppressing female transcripts yielded incomplete
phenotvpes!?, suggesting that transgenic methods may be more robust. Directly sorting males
1s possible by genetically encoding fluorescence on sex chromosomes or near the sex-

113-15

determinative loci 16,17

, using sex-specific promoters'®'/, or using sex-specific alternative
splicing!®1®. However, these methods require each released male be directly sorted from
females at an earlier life stage. For clarity, this is termed a 2:1 sors: ratio; for every two
mosquitoes sorted, one male is released. Not only is this labor intensive and somewhat low-
throughput, but it requires sorting facilities near release sites, making releases in remote areas
exceedingly difficult. Genetic approaches with improved sortrelease ratios have been
developed which instead genetically kill or incapacitate females®®?!. To rear these lines in
mass, female-lethal phenotypes are induced through removal of chemical inhibition, or by
performing specific genetic crosses?™?2. This obviates larval sorting of the released generation

providing an order-of-magnitude improvement over a 2:1 sortrelease ratio. Unfortunately

these technologies have yet to be adapted to Anophelines.

[0006] In Anophelines, male-biased or male-sterilizing transgenics have been developed by
expressing nucleases targeting the X chromosome during spermatogenesis>*~2°. However, these
transgenes are constitutively dominant complicating mass rearing. Furthermore, these sex-
biasing lines cause at most 95% male bias requiring recurrent manual selection.
Notwithstanding, African field trials*>~?” using this system have been conducted, however
exhibit low fitness presumably due to low-level transgene expression in other tissues
suggesting that an optimal Genetic Sexing Strain (GSS) should not target male-essential factors
for inhibition or destruction. Moreover, constitutive transgenic overexpression of the male-
determining factor, Yob, causes male-biased sex-distortion in A. gambiae, but it is not fully
penetrant and is subject to similar husbandry requirements as those technologies discussed
above?. Therefore, while these tools are promising, many experts agree that “currently
available technology is not scalable™ as a GSS for A. gambiae? . Finally, while sex-distorting
gene drives have been developed in 4. gambiae’®?, these technologies face political, ethical,
and regulatory hurdles prior to release due to the autonomous nature of their spread, making
implementation of this technology inappropriate for every application. Furthermore, recent
evidence has emerged that these types of suppression drives may be severely curbed by

evolution of resistance alleles’?.
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SUMMARY OF THE INVENTION

[0007] The disclosure provides methods and compositions comprising heritable genetic
modifications, and for transgenic animals produced by the methods and systems described

herein.

[0008] In embodiments, the invention provides a method of suppressing a population of
animals, comprising providing a first transgenic animal strain encoding Cas9; providing a
second transgenic animal strain encoding gRNA that targets a female essential gene; and
sexually crossing the first and second strains to result in both somatic and heritable germline
mutations of the female essential gene resulting in daughter killing, and female essential gene
mutant males reproductively viable to pass along the female essential gene mutation into

subsequent generations, to suppress the population of animals.

[0009] In embodiments, the invention provides a transgenic system termed Ifegenia (Inherited
Female Elimination by Genetically Encoded Nucleases to Interrupt Alleles) comprising a first
transgenic animal strain encoding Cas9 and a second transgenic animal strain encoding gRNA
that targets a female essential gene, wherein genetic crossing of the two strains results in both
somatic and heritable germline mutations of the female essential gene resulting in daughter
killing, and female essential gene mutant males reproductively viable to pass along the female
essential gene mutation into subsequent generations. In embodiments, the term Ifegenia can
refer to the method of producing the indicated transgenic animals or can refer to the transgenic
animals produced by the methods described herien. In particular, Ifegenia can refer to male A.
gambiae mosquitoes produced by the methods provided herein, which can preferably include
mutant copies of the female essential gene fle, a transgene encoding an endonuclease protein
(e.g., Cas9), and a transgene encoding a guide RN A specific for the female essential gene (e.g.,
fIe). The Ifegenia system can also be referred to as Gynecider (GeneticallY eNcodEd CRISPR

Induced Daughter ERadicator), which is used herein interchangeably .

[0010] In embodiments, the animal is an insect. In embodiments, the insect is a mosquito. In
embodiments, the mosquito is 4. gambiae. In embodiments, the female essential gene is fle.
In embodiments, the invention provides using RNAI, such as described in Krzywinska et al.
characterizing the role of the femaleless (fle) gene in sex determination in A. gambiae®®. This
technology may be suitable for safe, scalable, confinable, and effective suppression of A.

gambiae populations, and is adaptable to other vector species.

3-
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[0011] In an aspect herein is a transgenic animal, comprising: a first transgene encoding a Cas9
protein; and a second transgene encoding a guide RNA (gRNA) that targets a female essential
gene, wherein the first transgene and the second transgene are incorporated into a genome of
the transgenic animal, and wherein the second transgene is incorporated into the genome at a
location which does not encode the female essential gene. In embodiments, the transgenic
animal is a male. In embodiments, the animal is an insect. In embodiments, the insect is a
mosquito. In embodiments, the mosquito is 4. gambiae. In embodiments, the female essential
gene is implicated in regulation of the dsx gene. In embodiments, the female essential gene is

fle. In embodiments, the transgenic animal is a male mosquito and the female essential gene is

fle.

[0012] In embodiments, the transgenic animal is reproductively viable. In embodiments, the
presence of the first transgene and the second transgene in a female animal is lethal to the
animal. In embodiments, the presence of the first transgene and the second transgene in the
female animal is lethal at a larval or pupal stage of development. In embodiments, the first
transgene and the second transgene are incorporated at different positions of the genome. In

embodiments, the Cas9 protein is a Vasa2-Cas9 protein.

[0013] In embodiments, mating of the transgenic animal with a wild type animal produces
offspring which contain the first transgene, the second transgene, or both. In embodiments,
mating of the transgenic animal with a wild type animal produces offspring which contain a
somatic and/or heritable germline mutation of the female essential gene. In embodiments,
mating of the transgenic animal with a wild type animal produces offspring which include
female essential gene mutant males reproductively viable to pass along the female essential

gene mutation into subsequent generations.

[0014] In an aspect herein is a method of suppressing a population of animals, comprising
releasing a first population of the transgenic animals of provided herein into the population of
animals; and allowing the transgenic animals to mate with the population of animals, thereby
passing the first transgene and the second transgene into subsequent generations. In
embodiments, the method further comprises releasing additional populations of the transgenic
animals and allowing the transgenic animals to mate with the population of animals and the
subsequent generations, thereby suppressing the population of animals due to the production

of non-viable female offspring.
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[0015] In another aspect herein is a method of preparing a transgenic animal for suppressing a
population of animals, comprising providing a first parental transgenic animal strain
comprising a transgene encoding a Cas9 protein; providing a second parental transgenic animal
strain comprising a second transgene encoding a guide RNA (gRNA) that targets a female
essential gene, wherein the second transgene is incorporated into a genome at a position which
does not encode the female essential gene; and sexually crossing the first and second parental
transgenic animal strains to produce offspring. In embodiments, the offspring include animals
which encode the Cas9 protein, the gRNA, or both. In embodiments, the offspring include
animals which comprise a somatic and/or heritable germline mutation in the female essential
gene. In embodiments, mating of the offspring with a wild type animal passes along a female
essential gene mutation in reproductively viable males. In embodiments, the first parental
transgenic animal strain is homozygous for the transgene encoding of the Cas9 protein, the
second parental transgenic animal strain is homozygous for the transgene encoding of the
gRNA, or both are homozygous for their respective transgenes. In embodiments, all or
substantially all of the offspring which are viable are males which comprise the transgene
encoding the gRNA, the transgene encoding the Cas9 protein, and/or heritable germline

mutations in the female essential gene.

[0016] Also provided herein in an aspect is a transgenic system for population control of an
animal comprising: a first parental transgenic animal strain comprising a first transgene
encoding a Cas9 protein; a second parental transgenic animal strain comprising a second
transgene encoding a guide RNA (gRNA) that targets a female essential gene, wherein the
second transgene is incorporated into a genome at a location which does not encode the female
essential gene; wherein genetic crossing of the two strains results in offspring which: include
animals which encode the Cas9 protein, the gRNA, or both; include animals which comprise a
somatic and/or heritable germline mutation in the female essential gene; and/or include viable
males capable of passing along a female essential gene mutation to subsequent offspring. In
embodiments, the first parental transgenic animal strain is homozygous for the Cas9 protein

and wherein the second parental transgenic animal strain is homozygous for the gRNA.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Figure 1 shows a transgenic crossing system to target ffe for mosaic knockout which

results in robust female elimination. Panel A shows the gFLE transgene expresses two gRNAs
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(gRNA7 and gRNA10) targeting fle near the start codon and within the first RNA Recognition
Motif (RRM) respectively (gene map). The Pollll U6 promoter facilitates gRNA expression,
selection is enabled by Act-EGFP-Sv40, and the transgene was inserted by piggyBac
transgenesis (Terminal Repeats, TR). The Cas9 transgene expresses protein in the adult
germline and is maternally deposited into the embryo, and was previously described in Werling
et. al.>*. Panel B shows individual genotypes are identified by fluorescence with Cas9 marked
by 3xP3-DsRed and gFLE marked by Act-GFP. Panel C shows crossing FO gFLE/+ males to
Cas9/+ females vields F1 offspring in Mendelian 1:1:1:1 ratios, with the gFLE/Cas9 female
cohort absent. Panel D shows absence of all F1 gFLE/Cas9, and some gFLE/+ female
offspring, suggests fle mutagenesis results in female death. This effect is heritable into the F2
and F3 generations with gFLEG/Cas9 males mated to +/+ females able to kill daughters with
the appropriate genotypes. Panel E shows crossing homozygous gFLEc/gFLEs males to

Cas9/Cas9 females results in complete elimination of genetic daughters from the progeny.

[0018] Figure 2 shows how Ifegenia males can be used for vector control. F0) Mass, factory-
based, rearing and sorting of males from a stock gFLE/gFLE line, and females from a
Cas9/Cas9 line yields a FO cross from which each fertilized female can produce ~200 Ifegenia
sons during the course of her lifetime. F1) Produced F1 eggs undergo significant Afle
mutagenesis are expected to be 100% Ifegenia males, producing a perfect Genetic Sexing
Strain (GSS). Therefore these eggs can be directly released into the environment as part of an
Ifegenia multi-generational suppression system (left), or sterilized for release as part of a more
traditional SIT-based system (right). Once grown, the resulting F1 males will mate with wild
type females to produce their respective population-suppression effects. F2) In a multi-
generational suppression system, Ifegenia males remain fertile but ‘load” Afle alleles into the
population to cause prolonged suppression by daughter killing - providing a non-driving
technology. In a traditional SIT-based system involving male sterilization, no F2 offspring
would result from released F1 Ifegenia males (right). Due to its profound daughter-killing
phenotypes, it has been termed Ifegenia (Inherited Female Elimination by Genetically
Encoded Nucleolyticly Interrupted Alleles), in honor of Iphigenia of Greek mythology who

was sacrificed by her father, King Agamemnon, to win a great battle..

[0019] Figure 3 shows femaleless knockout females survive embryogenesis. Reported as 1
day old (1do) larvae counts of the F1 offspring genotypes from a F1 cross of +/gFLE males to

+/Cas9 females. Significant embryonic female death would be expected to be observed as an
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approximate halving of the gFLE/Cas9 group. Panel A shows 1do larvae counts of different
genotypes from a +/gFLEG male to +/Cas9 female cross. Two replicates shown stacked in black
and grey. Both not significantly different from expected 1:1:1:1 Mendelian ratios, (y32, p > 0.1
and p>0.2 respectively). Panel B shows 1do larvae counts of different genotypes from a
+/gFLEr male to +/Cas9 female cross. Two replicates shown stacked in black and grey. Both
not significantly different from expected 1:1:1:1 Mendelian ratios, (¥2, p > 0.5 and p>0.2
respectively). Panel C shows 1do larvae counts of different genotypes from a +/gFLE; male to
+/Cas9 female cross. Two replicates shown stacked in black and grev. Both significantly
different from expected 1:1:1:1 Mendelian ratios, (both %2, p <0.005, consistent with multiple
insertions of transgene gFLEy). Family gFLE; was therefore omitted from the analysis in Panel
D. Panel D shows data pooled from (A) and (B). Together these results suggest that very slight
levels of female embryo lethality are occurring in the gFLE/Cas9 group, however do not

account for the bulk of the female-killing phenotype.

[0020] Figure 4 shows larval death assays: femaleless mutants (+/gFLE) and (gFLE/Cas9) die
during larvahood. 40 random 1 day old larvae were isolated into separate trays by genotype
within 12h of hatching and reared separately. Individuals were counted and sex-scored upon
pupation. Replicate 1 is denoted by triangle, replicate 2 is denoted by a square, replicate 3 is
denoted by diamond, and replicate 4 is denoted by circle. For each genotype, the left bar
denotes the males counted and the right bar denotes the females counted. Panel A shows mutant
femaleless females from family gFLEg were present at 1do but die during larvahood. Panel B
shows mutant femaleless females from family gFLEr were present at 1do but die during
larvahood. A third replicate was not performed on this line as the line was deemed sub-optimal
for release and omitted from downstream analysis. Panel C shows mutant femaleless females

from family gFLE;y were present at dol but die during larvahood.

[0021] Figure 5 shows survival curves for individual replicates of control mosquitoes (ctls 1,
2, and 3) and gFLEG/Cas9 mosquitoes (gFLE(G) reps 1, 2, and 3), with the x-axis showing
time (days) and the y-axis showing probability of survival. gFLEc/Cas9 mosquitoes generally

showed only modestly reduced survival rates.

[0022] Figure 6 shows male gFLE/Cas9 transheterozygous die only slightly faster than wild
type siblings. Panel A shows gFLEg/Cas9 transheterozygous males (n = 40) die faster than
wild type siblings (N = 74) (Log-rank p = 0.0017); Panel B shows gFLEj/Cas9 trans
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heterozy gous males (n = 105) die slightly faster than wild type siblings (n = 79) (Log-rank, p=
0.0197)s.

[0023] Figure 7 shows Ifegenia males have high mating competitiveness. Panel A shows
offspring genotype ratio from a cross of 35 Ifegenia males to 35 WT females. Genotype ratios
were used to calculate the number of WT offspring in Panel B that are attributed to Ifegenia
males vs WT males. Among Ifegenia offspring, wild type larvae comprise 34.5% of the brood,
and transgenic larvae comprise 65.5% due to transgene linkage on the 2nd chromosome. Panel
B shows male mating competition assays of 35 Ifegenia males X 35 WT males X 35 WT
lemales. All larvae were counted and genotyped. A (raction of WT larvae were attributed 1o
Ifegenia fathers according to the ratios shown in Panel A and reported with transgenic larvae
as percent Ifegenia offspring (wt adjusted). Mean and SD shown. Panel C shows egg numbers
produced by each replicate. Mean and SD shown, no significant difference unpaired t-test.
Panel D shows hatching rate of each replicate. Mean and SD shown, no significant difference,

unpaired t-test.

[0024] Figure 8 shows female killing persists in F2 and F3 generations gFLEr/Cas9 and
gFLEy/Cas9. In multigenerational experiments following from the crosses outlined in Figure
1, Panel C, F2 offspring from family gFLEr were followed through the F2 generation, and
offspring from family gFLEy were followed through the F3 generation. Phenotypic gFLE/Cas9
females were identified in both families though at significantly reduced frequencies than should

be expected by Mendelian segregation.

[0025] Figure 9 shows a model-predicted impact of releases of Ifegenia (1-3 target sites) and
peSIT eggs on 4. gambiae population density and elimination. Weekly releases were simulated
in a randomly-mixing population of 10,000 adult mosquitoes using the MGDrivE simulation
framework* and parameters described in Table 2. Weekly releases of up to 500 Ifegenia or
peSIT eggs per wild adult were simulated over 1-52 weeks. Ifegenia and pgSIT were simulated
with cutting rates of 90% per allele, maternal deposition of Cas9 in 90% of embryos when
expressed by the mother, and male mating competitiveness of 75% that of wild-type males. For
Ifegenia, females homozygous for any Afle mutant allele were considered unviable, and for
peSIT, males having the system were considered sterile. Panel A shows elimination probability
calculated as the percentage of 120 stochastic simulations that resultin 4. gambiae elimination,
depicted for a range of release schemes: 1-52 consecutive weekly releases of 10-500 eggs per

adult. Contours partition regions of parameter space that result in a >90% elimination

-8-
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probability for each system. Panel B shows Illustrative time-series are depicted for sample
releases schemes. Scheme “a” depicts 26 releases of 300 eggs per wild adult, and scheme “b™
depicts 26 releases of 100 eggs per wild adult. Panel C shows window of protection is
calculated as the percentage of 120 stochastic simulations that result in the 4. gambiae
population being suppressed by >90% for >2 years, depicted for 1-52 consecutive weekly
releases of 10-500 eggs per adult. Contours partition regions of parameter space that result in
awindow of protection of >2 years for each system. Panel D shows illustrative time-series are
depicted for sample releases schemes, with shaded regions representing the window of
protection. Scheme “c” depicts 20 releases of 300 eggs per wild adult, and scheme “d” depicts

14 releases of 100 eggs per wild adult
DETAILED DESCRIPTION

[0026] The disclosure provides methods and compositions comprising heritable genetic
modifications, and for transgenic animals produced by the methods and systems described

herein.

[0027] The present disclosure relates, in part, to a method of suppressing a population of
animals, comprising providing a first transgenic animal strain encoding Cas9; providing a
second transgenic animal strain encoding gRNA that targets a female essential gene; and
sexually crossing the first and second strains to result in both somatic and heritable germline
mutations of the female essential gene resulting in daughter killing, and female essential gene
mutant males reproductively viable to pass along the female essential gene mutation into

subsequent generations, to suppress the population of animals.

[0028] In embodiments, the invention provides a transgenic system termed Ifegenia (Inherited
Female Elimination by Genetically Encoded Nucleases to Interrupt Alleles) comprising a first
transgenic animal strain encoding Cas9 and a second transgenic animal strain encoding gRNA
that targets a female essential gene, wherein genetic crossing of the two strains results in both
somatic and heritable germline mutations of the female essential gene resulting in daughter
killing, and female essential gene mutant males reproductively viable to pass along the female

essential gene mutation into subsequent generations.

[0029] In embodiments, the invention provides animals (e.g., mosquitoes, such as 4. gambiae)
which contain transgenes encoding a Cas9 protein and gRNA that targets a female essential

gene. In embodiments, such animals are releasable into wild populations in order to mate with

9-
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the wild populations, thereby depositing the transgenes into subsequent populations, as well as
mutant copies of the female essential gene. In embodiments, release of such animals results in
a reduction or suppression of the wild animal population. In embodiments, the suppression of

female animal is particularly reduced or suppressed.

[0030] In embodiments, the invention also provides methods of reducing populations of wild
animals using transgene containing animals provided herein (e.g., transgenic A. gambiae which
comprises transgenes expressing a Cas9 protein and a gRN A targeting a female essential gene).
In embodiments, such methods comprise releasing the transgenic animals provided herien and
allowing them to mate with animals in a wild population. In embodiments, such methods are
effective to pass along the transgenes and mutant genes (e.g., mutant, non-functional copies of
the female essential gene) into the wild population. Such methods can be effective to reduce
the population by killing of the female animals before maturity in subsequent generations. In
embodiments, the methods provided herien provide for iterative releases of the transgene
containing animals into the wild population for sustained population reduction and/or

suppression.

[0031] In embodiments, the invention also provides methods and systems for preparing the
transgenic animals provided herien. In embodiments, such methods and systems utilize a first
parental transgenic animal strain (e.g., a maternal strain) comprising a transgene expressing a
Cas9 protein and a second parental transgenic animal comprising a transgene expressing a
guide RNA (gRNA) that targets a female essential gene (e.g., a paternal strain). In
embodiments, sexually crossing the two parental transgenic animal strains produces animals
which comprise both transgenes (e.g., by utilizing parental strains which are homozygous for
the transgenes). In embodiments, the sexual crossing results in only one sex of animal (e.g.,
males) being produced, and such animals can be used in the methods of population control
provided herein. In embodiments, the sexual crossing results in offspring which a) include
animals which encode the Cas9 protein, the gRNA, or both; b) include animals which comprise
a somatic and/or heritable germline mutation in the female essential gene; and/or ¢) include

viable males capable of passing along a female essential gene mutation to subsequent offspring.

[0032] Various further aspects and embodiments of the disclosure are provided by the
following description. Before further describing various embodiments of the presently
disclosed inventive concepts in more detail by way of exemplary description, examples, and

results, it is to be understood that the presently disclosed inventive concepts are not limited in

-10-
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application to the details of methods and compositions as set forth in the following description.
The presently disclosed inventive concepts are capable of other embodiments or of being
practiced or carried out in various ways. As such, the language used herein is intended to be
given the broadest possible scope and meaning; and the embodiments are meant to be
exemplary, not exhaustive. Also, it is to be understood that the phraseology and terminology
employed herein is for the purpose of description and should not be regarded as limiting unless
otherwise indicated as so. Moreover, in the following detailed description, numerous specific
details are set forth in order to provide a more thorough understanding of the disclosure.
However, it will be apparent to a person having ordinary skill in the art that the presently
disclosed inventive concepts may be practiced without these specific details. In other instances,
features which are well known to persons of ordinary skill in the art have not been described
in detail to avoid unnecessary complication of the description. All of the compositions and
methods of production and application and use thereof disclosed herein can be made and

executed without undue experimentation in light of the present disclosure.
Transgenic Animals

[0033] Provided herein are transgenic animals which can be useful in controlling the
population of wild type animals. In embodiments, the transgenic animals can be released into
wild type populations, mate with animals of the wild type populations, and have an effect on
the genetic makeup of the wild type population of animals which results in a decline in or a
suppression of the population of the animal. In embodiments, the transgenic animals contain
transgenes capable targeting genes such that offspring of the transgenic animals of one sex are
preferentially killed, while offspring of the opposite sex remain viable and able to pass the

genes along to subsequent offspring.

[0034] In an aspect, provided herein, is a transgenic animal, comprising: one or more
transgenes encoding a gene editing system which includes one portion for targeting a female
essential gene (e.g., a guide RNA_ such as for a CRISPR-Cas9 system) and another portion for
performing a gene modification (e.g., inducing a double-stranded break, such as with a Cas9
protein). In embodiments, the one or more transgenes are incorporated into the genome of the
animal. In embodiments, the portion targeting the female essential gene is incorporated at a

location that does not encode the female essential gene.
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[0035] In an aspect provided herein is a transgenic animal comprising a first transgene
encoding a Cas9 protein; and a second a second transgene encoding a guide RNA (gRNA) that
targets a female essential gene. In embodiments, the first transgene and the second transgene
are incorporated into a genome of the transgenic animal. In embodiments, the second transgene

is incorporated into the genome at a location which does not encode the female essential gene.

[0036] In embodiments, the transgenic animal is an insect. In embodiments, the transgenic
animal is a pest insect. In embodiments, the insect is an aphid, ant, bee, beetle, cicada,
cockroach, cricket, dragonfly, ecarwig, flea, fly, hornet, locust mantis, moth, mosquito,

phasmid, silverfish, termite, tick, or wasp. In prelerred embodiments, the insecl is a mosquito.

[0037] In embodiments, the mosquito is of the Anophelinae or Culicinae subfamily. In
embodiments, the mosquito is of the Anophelinae subfamily. In embodiments, the mosquito is
of the genus Aedeomyia, Aedes, Anopheles, Armigeres, Ayurakitia, Borachinda, Coquillettidia,
Culex, Culiseta, Deinocerites, FEretmapodites, Ficalbia, Galindomyia, Haemagogus,
Heizmannia, Hodgesia, Isostomyia, Johnbelkinia, Kimia, Limatus, Lutzia, Malaya, Mansonia,
Maorigoeldia, Mimomyia, Onirion, Opifex, Orthopodomyia, Psorophora, Runchomyia,
Sabethes, Shannoniana, Topomyia, Toxorhynchites, Trichoprosopon, Tripteroides, Udaya,
Uranotaenia, Verrallina, or Wyeomyia. In embodiments, the mosquito is of the genus
Anopheles. In embodiments, the mosquito is of the subgenus Anopheles, Baimaia, cellia,
Kerteszia, Lophodomyia, Nyssorhynchus, or Stethomyia. In embodiments, the mosquito is of
the subgenus Anopheles. In embodiments, the mosquito A. atroparvus, A. albimanus, A.
arabiensis, A. barberi, A. bellator, A. crucians, A. cruzii, A. culicifacies, A. darlingi, A. dirus,
A. earlei, A. freeborni, A. funestus, A. gambiae, A. introlatus, A. latens, A. maculipennis, A.
moucheti, A. nili, A. punctipennis, A. quadrimaculatus, A. stephensi, A. subpictus, A. sundaicus,

or A. walker. In preferred embodiments, the mosquito is 4. gambiae.

[0038] In embodiments, the transgenic animal can be of a preferred sex. In embodiments, the

transgenic animal is a male.

[0039] In embodiments, the transgenic animal is reproductively viable. In embodiments, the
transgenic animal is able to reproduce (e.g., by mating) with wild type animals of the same
type at a rate which is similar to a corresponding wild type animal (e.g., one which does not
contain the transgenes). In embodiments, the transgenic animal is able to reproduce at least

25%, at least 35%, at least 40%, at least 50%, at least 60%, at least 70%, at least 75%, at least

-12-



10

15

20

25

30

WO 2023/230572 PCT/US2023/067494

80%, at least 85%, or at least 90% as effectively as a corresponding wild type animal. In
embodiments, the transgenic animal is able to compete with corresponding wild type animals
such that the transgenic animals produce at least 25%, at least 35%, at least 40%, at least 50%,
at least 60%, at least 70%, at least 75%, at least 80%, at least 85%, or at least 90% as many

offspring as the corresponding wild type animals.

[0040] In embodiments, the transgenic animal has a survivability (e.g., average lifespan) which
is similar to that of a corresponding wild type animal. In embodiments, the transgenic animal
has a survivability (c.g., average lifespan) which is at least 25%, at least 35%, at least 40%, at
least 50%, at least 60%, at least 70%, at least 75%, at least 80%, at least 85%, or at least 90%

that of a corresponding wild type animal.

[0041] In embodiments, the transgenic animal comprises one or more of the transgenes (e.g.,
the first transgene encoding a Cas9 protein (or other suitable protein) and the second transgene
encoding the gRNA (or other suitable targeting means)) is incorporated into the genome of the
transgenic animal. In embodiments, the first transgene encoding the Cas9 protein is
incorporated into the genome of the transgenic animal. In embodiments, the second transgene
encoding the gRNA targeting the female essential gene is incorporated into the genome of the
transgenic animal. In embodiments, both the first transgene encoding the Cas9 protein and the
second transgene encoding the gRNA targeting the female essential gene are incorporated into
the genome of the transgenic animal. In embodiments, both the first transgene and the second
transgene are incorporated into the same position of the genome (e.g., under control of the same
operable promotor sequence, or under control of different operative promoter sequences but
adjacent or substantially adjacent to each other). In preferred embodiments, the first transgene

and the second transgene are incorporated at different positions of the genome.

[0042] In embodiments wherein the transgene(s) are incorporated into the genome, the
transgene(s) can be incorporated into a targeted site (e.g., at a desired location within the
genome). In embodiments, the transgene(s) are incorporated at a position other than that of the
female essential gene. In embodiments, the transgene(s) are incorporated at a position which is
sufficiently far from the female essential gene such that the transgene(s) will not be copied into

the female essential gene.

[0043] In embodiments, it is preferred that the transgene(s) do not act as a gene drive (e.g.,

self-propagate within the genome such that transgene(s) are passed down to offspring at super-
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Mendelian rates). In such embodiments, the transgene(s) (e.g., the transgene encoding the
gRNA targeting the female essential gene and/or the transgene encoding the Cas9 protein) are
placed within the genome at a location such that when the gene editing system targets the
female essential gene, the transgene(s) are not incorporated into the female essential gene. In
embodiments, the transgenes are passed down to offspring at substantially standard Mendelian

frequency.

[0044] In embodiments, the transgene(s) (e.g., the transgene encoding the gRNA targeting the
female essential gene and/or the transgene encoding the Cas9 protein) are incorporated at a site
which is at least 1000, 2000, 3000, 4000, 5000, or 10000 nucleotides away (rom the emale
essential gene. In embodiments, the transgene(s) (e.g., the transgene encoding the gRNA
targeting the female essential gene and/or the transgene encoding the Cas9 protein) are
incorporated at least 1000, 2000, 3000, 4000, 5000, or 10000 nucleotides away from the portion
of the female essential gene targeted by the gRNA. In embodiments, the transgene(s) (e.g., the
transgene encoding the gRNA targeting the female essential gene and/or the transgene
encoding the Cas9 protein) are incorporated on a different chromosome than the female
essential gene. In embodiments, the transgene(s) (e.g., the transgene encoding the gRNA
targeting the female essential gene and/or the transgene encoding the Cas9 protein) are

incorporated on a different chromosome arm than the female essential gene.

[0045] In embodiments wherein the transgenic animal is a mosquito, the animal can have the
transgene(s) (e.g., the transgene encoding the gRNA targeting the female essential gene and/or
the transgene encoding the Cas9 protein) incorporated at a number of suitable positions. In
embodiments, the transgene(s) are incorporated on chromosome 2. In embodiments, the
transgene(s) are incorporated at chromosome 2L and/or chromosome 2R. In embodiments, the
transgene encoding the gRNA and the transgene encoding the Cas9 protein are incorporated
on chromosome 2. In embodiments, the one of the transgene encoding the gRNA and the
transgene encoding the Cas9 protein is incorporated at chromosome 2L and the other is
incorporated at chromosome 2R. In embodiments, the transgene encoding the gRNA is
incorporated at chromosome 2R. In embodiments, the transgene encoding the Cas9 protein is

incorporated at chromosome 2L.

[0046] In embodiments wherein the transgenic animal contains multiple transgenes on the
same chromosome (e.g., a transgenic mosquito having a transgene encoding a Cas9 protein at

chromosome 2L and a transgene encoding a gRNA at chromosome 2R), each of the transgenes
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can be either on the same homolog (e.g., both transgenes are present on the paternal homolog)
or the transgenes can be present on opposite homologs (e.g., one transgene, such as the Cas9
protein encoding transgene, is present on the maternal homolog and the another transgene, such
as the one encoding the gRNA, is present on the paternal homolog). In embodiments, the
transgenic animal is descended from maternal and paternal transgenic animals each of which
comprise one of either the transgene encoding the Cas9 protein or the transgene encoding the
¢RNA on the same chromosome (e.g., the maternal parental transgenic animal comprises the
transgene encoding the gRNA at chromosome 2R and the maternal parental animal comprises
the transgene encoding the gRNA at chromosome 2L). In such cases, the transgenic animal is
expected to have the transgene encoding the Cas9 protein and the transgene encoding the
¢RNA present on opposite homologs. However, as is apparent to a skilled artisan, owing to
chromosomal crossover, a certain number of such transgenic animals will comprise the two
transgenes on the same homolog (and thus such animals would pass on both transgenes to

subsequent generations together).

[0047] In embodiments, the transgene(s) include additional elements (e.g., promoters,
enhancers, selection markers, reporter elements, etc.) which allow for maximal utility and
optimal expression of the key genes of the transgenes. In embodiments, the transgene(s) include
a promotor element (e.g., U6 promoter, Act5C promoter, 3xP3, vasa2, etc.). In embodiments,
the transgene(s) include an enhancer element (e.g., Sv40, etc.). In embodiments, the transgenes
include a reporter element (e.g., a fluorescent protein such as green fluorescent protein (GFP),
dsRed, etc.). In embodiments, the reporter element is used as a selection marker in order to
select for transgenic animals which contain one or more of the desired transgenes (e.g., for

purposes of identifying animals which possess the desired transgene, such as for sorting

purposes).

[0048] In embodiments, the transgenic animal comprises a first transgene encoding a Cas9
protein. In embodiments, the transgene encoding the Cas9 protein comprises one or more
promoters which enhances germline mutagenesis. In embodiments, the transgene encoding the

Cas9 protein includes a Vasa2 promoter. In embodiments, the transgene is a Vasa2-Cas9.

[0049] In embodiments, alternatives to the Cas9 protein can be used in order to effectuate the
required mutagenesis of the target female essential gene. In embodiments, an alternative
endonuclease is used instead of Cas9. Exemplary endonucleases which can be used include

meganucleases, Transcription Activator Like Effector Nucleases (TALEN), a Zinc-Finger
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Nucleases (ZFN), and other Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-associated systems (Cas), and derivatives thereof. In embodiments, the transgenic
animal comprises a transgene encoding one of these endonucleases. In embodiments, the
endonuclease is one which can be targeted to a desired endonuclease site with a guide nucleic

acid (e.g., a gRNA).

[0050] In embodiments, the transgenic animal comprises a second transgene encoding a gRNA
targeting a female essential gene. In embodiments, the transgenic animal comprises a second
transgene encoding a plurality (e.g., 2, 3, 4, or more) of gRNAs targeting the female essential
gene. In embodiments, the transgenic animal comprises multiple transgenes encoding a
plurality of gRNAs (e.g., multiple transgenes each encoding a different gRNA). In
embodiments, the transgenic animal comprises a second transgene encoding two gRNAs, each

targeting a different portion of the female essential gene.

[0051] In embodiments, the transgenic animal comprises a transgene encoding a gRNA
targeting a female essential gene. A female essential gene is a gene which, when mutated or
otherwise made non-functional, has a substantially more deleterious effect on female animals
than males. These effects can include death of the female animals or other developmental
abnormalities. In preferred embodiments, elimination of functional copies of the female
essential gene causes death of the female animals, more preferably at an early stage oflife (e.g.,
before sexual maturity, preferably before maturity into an adult (e.g., death at a pupal or larval
stage in instances wherein the transgenic animal is an insect). In embodiments, elimination of
both functional copies of the female essential gene causes death in at least 95%, 96%, 97%,

98%., 99%, or in 100% of the female animals before they reach adulthood.

[0052] In embodiments wherein the transgenic animal is a mosquito (e.g., 4. gambiae), the
transgenic animal can comprise a gRNA targeting a female essential gene. In embodiments,
the female essential gene is implicated in the development of female mosquitos. In
embodiments, the female essential gene is implicated in the differentiation of female
mosquitoes from male mosquitos. In embodiments, the female essential gene is one in the
doublesex (dsx) gene pathway. In embodiments, the female essential gene is implicated in
regulation of the dsx gene. In embodiments, the female essential gene is a regulator of the dsx
gene. In embodiments, the female essential gene regulates splicing of the dsx gene. In

embodiments, the female essential gene is the femaleless (fle) gene.
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[0053] In embodiments, the transgene encoding the gRNA targets the fle gene. In
embodiments, the gRNA targets an exon of the fle gene. In embodiments, the gRNA targets
the first exon of the fle gene. In embodiments, the transgene encodes multiple gRNAs which
target the fle gene. In embodiments, the transgene encodes two gRNAs which target the fle
gene. In embodiments, both of the gRNAs target exons of the fle gene. In embodiments, both
¢RNAs target the first exon of the f7e gene. In embodiments, the gRNAs target different exons
of the fle gene.

[0054] In embodiments, introduction of mutations in the fle gene as a result of the gRNA
targeting of the fle gene is lethal to [emale animals (i.e., [emale mosquitos). In embodiments,
loss of function of the fle gene is lethal to the female animals. In embodiments, loss of function
of the fle gene is lethal to the female animals at an early stage of development. In embodiments,
loss of function of the fle gene is lethal to the female animals at the larval or pupal stage of
development. In embodiments, loss of function of the fle gene is lethal to the female animals

at the larval or pupal stage, or earlier in development.

[0055] In embodiments, the presence of the transgene encoding a Cas9 protein (or other
suitable endonuclease provided herein) and the presence of a gRNA targeting /e in a female
animal (i.e., a female mosquito) is lethal to the animal. In embodiments, the presence of the
two transgenes inherited from one or both parents in a female animal is lethal to the animal. In
embodiments, the presence of the transgene encoding the gRNA alone is sufficient to kill the
female animal, owing either to parental (e.g., maternal) deposition of sufficient quantity of
endonuclease (e.g., Cas9) to enable modification of the fle gene, or potentially to a functioning
of the gRNA by another mechanism (e.g., such as by acting as small interfering RNA or another
RNA silencing mechanism). In embodiments, the presence of the two transgenes in the female
animal is lethal at a larval or pupal stage of development. In embodiments, the presence of the
two transgenes in the female animal is lethal at a larval or pupal stage of development, or at an
earlier stage of development. In embodiments, the presence of both transgenes is lethal to at
least 95%, 96%, 97%, 98%, 99%, or to 100% of the female animals before thev reach
adulthood.

[0056] In embodiments, the presence of the transgene encoding a Cas9 protein (or other
suitable endonuclease provided herein) and the presence of a gRNA targeting fle in a male
animal (i.e., a male mosquito) is non-lethal to the animal. In embodiments, the presence of both

transgenes has minimal or no effect on the viability or lifespan of the male animal. In
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embodiments, the presence of both transgenes has minimal or no effect on the ability of the
male animal to mate. In embodiments, the presence of both transgenes introduces somatic
and/or germline mutations into the fle gene of the male animal. In embodiments, the presence
of both transgenes introduces somatic and/or germline mutations into both alleles of the fle
gene of the male animal. In embodiments, the presence of both transgenes introduces germline
mutations into both alleles of the fle gene of the male animal. In embodiments, the presence of
both transgenes allows the male animal to pass along mutant copies of the fle gene to offspring,

even in offspring which do not receive one or both transgenes.

[0057] In embodiments, mating of the transgenic animal with a wild type animal is capable ol
producing offspring. In embodiments, the offspring will contain one or more of the transgenes
provided herein or a mutant copy of a female essential gene as provided herein, or one or more
of the transgenes and a mutant copy of a female essential gene as provided herein. In
embodiments, mating of the transgenic animal with a wild type animal produces offspring
which contain the first transgene, the second transgene, or both. In embodiments, mating of the
transgenic animal with a wild type animal produces offspring which contain a somatic and/or
heritable germline mutation of the female essential gene. In embodiments, mating of the
transgenic animal with a wild type animal produces offspring which contain a somatic mutation
of the female essential gene. In embodiments, mating of the transgenic animal with a wild type
animal produces offspring which contain a germline mutation of the female essential gene. In
embodiments, mating of the transgenic animal with a wild type animal produces offspring
which contain germline mutations and somatic mutations of the female essential gene. In
embodiments, mating of the transgenic animal with a wild type animal produces offspring
which contain germline mutations and somatic mutations of the female essential gene even
without the presence of one or both of the transgenes in the offspring. In embodiments, mating
of the transgenic animal with a wild type animal produces offspring which include female
essential gene mutant males reproductively viable to pass along the female essential gene

mutation into subsequent generations.

[0058] The transgenic animals can be at any stage of development. In embodiments, the
transgenic animals are adults, pupae, larvae, or eggs. In embodiments, the transgenic animals
are provided as fertilized eggs. In embodiments, the transgenic animals are provided as adults.
In embodiments, the transgenic animals are provided as a population of fertilized eggs. In

embodiments, the transgenic animals are provided as a population of fertilized eggs which may
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be interspersed with unfertilized eggs or eggs fertilized with other animals (e.g., non-transgenic
animals of the instant disclosure may be interspersed within a population of fertilized eggs

which comprise the transgenic animals of the instant disclosure).
Methods for Preparing Transgenic Animals

[0059] Also provided herein are methods of preparing the transgenic animals (e.g.,
mosquitoes) described herein. In embodiments, the methods comprise providing parental
transgenic animals which comprises transgenes encoding one or more portions of the
transgenes necessary for the transgenic animals of the disclosure to suppress populations
according to the methods provided herien. In embodiments, the methods comprise sexual
crossing parental strains such that one or more offspring of the sexual cross comprises all of
the desired transgenes. Identification of such offspring can be accomplished by sorting the
offspring (e.g., but measuring or detecting the presence of reporter genes in the offspring which
are indicative of the presence of the transgenes) or can be accomplished by designing the
parental transgenic animals such that all offspring should contain the desired transgenes (e.g..
by providing homozygous parental transgene animals). In preferred embodiments, no sorting
is required to identify the offspring containing the desired transgenes (e.g., only desired
offspring will result from the terminal cross such that the offspring (e.g., fertilized eggs) can

be selected directly therefrom without sorting).

[0060] In an aspect herein is a method of preparing a transgenic animal (e.g., an insect such as
a mosquito) for suppressing a population of animals, comprising: providing a first parental
transgenic animal strain encoding an endonuclease protein (e.g., a Cas9 protein or other
endonuclease provided herein); providing a second parental transgenic animal strain encoding
a guide RNA (gRNA) that targets a female essential gene; and sexually crossing the first and
second parental transgenic animal strains to produce offspring. In embodiments, the offspring
comprise the transgenic animal. In embodiments, the offspring comprises individuals which
contain genes (i.e, transgenes) which encode the endonuclease protein and/or the gRNA,

thereby providing individual animals which can be used to suppress an animal population.

[0061] In embodiments, at least one of the parental transgenic animal strains is homozy gous
for the transgene. Having a parental transgenic animal strain be homozygous for one of the
transgenes substantially ensures that the offspring possess at least one copy of the relevant

transgene, thereby eliminating or minimizing the need for sorting of the offspring to identify
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individuals with the desired transgene. In embodiments, the first parental transgenic animal
strain encoding the endonuclease protein (e.g., the Cas9 protein) is homozygous for the
endonuclease protein transgene. In embodiments, the second parental transgenic animal strain
encoding the gRNA is homozygous for the transgene encoding the gRNA. In embodiments,
both the first parental transgenic animal strain encoding the endonuclease protein (e.g., the
Cas9 protein) is homozygous for the endonuclease protein transgene and the second parental
transgenic animal strain encoding the gRNA 1s homozygous for the transgene encoding the
gRNA. In such embodiments, sorting the offspring to identify animals having desired
properties (e.g., identifying male animals comprising both transgenes) is not required because
the presence of both transgenes is lethal to female animals (thereby eliminating the need to sex
sort) and because the offspring males are ensured to have both transgenes due to homozygous

parental transgenic animal strains.

[0062] In embodiments, it is preferable that a particular sex of parent encode the endonuclease
protein (e.g., the Cas9 protein) or the gRNA. In embodiments, the matemnal parental transgenic
animal encodes the endonuclease protein (e.g., the Cas9 protein). In embodiments, the paternal

transgenic animal strain encodes the gRNA.

[0063] In embodiments, providing parental transgenic animal strains (e.g., a parental
transgenic animal strain encoding an endonuclease protein such as Cas9 and/or a parental
transgenic animal strain encoding a gRNA that targets a female essential gene) comprises
manufacturing the parental transgenic animal strains. In embodiments, providing parental
transgenic animal strains comprises introducing the relevant genetic material (e.g., the gene
encoding the endonuclease protein or the sequence encoding the gRNA) in a wild type
organism. Methods of introducing such genetic material are well known in the art. In
embodiments, introducing the relevant genetic material comprises incorporating the genetic
material into the genome of the organism as an embryo. After identification or confirmation of
embryos or further developed animals (e.g., adults, pupae, larvae, etc.) which contain the
incorporated genetic material, such animals can either be used directly to prepare the desired
transgenic animals (e.g., by sexually crossing the animals as the transgenic parental strain) or
such animals can be outcrossed with wild type animals to prepare families of animals which
contain the desired genetic material. Such outcrossed families can be maintained and sexually
crossed in a variety of manners in order to maintain stock having the desired genetic material

with the desired genetics (e.g., maintaining stock of animals which are homozygous for the
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desired genetic material or heterozygous for the desired genetic material). Such methods can
comprise manual sexing of precursor strains to select individual animals which have the desired
traits for subsequent processing. From the outcrossed families, animals comprising the desired
genetic material can sorted and identified in order for future sexual crosses in order to maintain

desired stock.

[0064] In embodiments, offspring produced by the methods provided herien include animals
which contain one or more of the transgenes of the parental transgenic animal strains. In
embodiments, the offspring include animals which encode the endonuclease protein (e.g., the
Cas9 protein), animals which encode the gRNA that targets the [emale essential gene (e.g., a
guide RNA targeting fle), or both. In embodiments, the offspring include animals which encode
the endonuclease protein (e.g., the Cas9 protein). In embodiments, the offspring include
animals which encode the gRNA that targets the female essential gene (e.g., a guide RNA
targeting fle). In embodiments, the offspring include animals which encode both the
endonuclease protein and the gRNA. In embodiments, the offspring include animals which
comprise the transgene which encodes the endonuclease protein, animals which comprise the
transgene which encodes the gRNA that targets the female essential gene, or both. In
embodiments, the offspring comprise animals which comprise the transgene which encodes the
endonuclease protein. In embodiments, the offspring comprise the transgene which encodes
the gRN A that targets the female essential gene. In embodiments, the offspring include animals
which comprise both the transgene which encodes the endonuclease protein and the transgene
which encodes the gRNA that targets the female essential gene. In embodiments, at least 50%,
60%, 70%, 80%, 90%, or 95% of the offspring comprise the transgene which encodes the
endonuclease and the transgene which encodes the gRNA. In embodiments, substantially all of

the offspring comprise both transgenes.

[0065] In embodiments, the offspring include animals which comprises a somatic and/or
heritable germline mutation in the female essential gene. In embodiments, the offspring
animals which comprise both the transgene which encodes the gRNA and the transgene which
encodes the endonuclease (e.g., the Cas9 protein) contain somatic and heritable germline
mutations in the female essential gene owing to the action of the two transgenes during the
embryonic stage. In embodiments, offspring which include only the gRNA transgene will also
contain somatic and heritable germline mutation in the female essential gene owing to

expression of the gRNA and its interaction with Cas9 deposited in the embryo from one if the
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parental transgenic animal strains. In embodiments, the offspring include animals which
comprises both somatic and heritable germline mutations in the female essential gene. In
embodiments, at least 50%, 60%, 70%, 80%, 90%, or 95% of the offspring animals comprise

both somatic and heritable germline mutations in the female essential gene.

[0066] In embodiments, the offspring include reproductively viable male animals. In
embodiments, at least 50%, 60%, 70%, 80%, 90%, or 95% of the viable offspring are
reproductively viable males. In embodiments, the viable offspring consist essentially of
reproductively viable males. In embodiments, all or substantially all of the offspring which are
viable are males which comprise the transgene encoding the gRNA, the transgene encoding the
Cas9 protein, and/or heritable germline mutations in the female essential gene. In
embodiments, mating of reproductively viable male offspring from the parental transgenic
animal strains with wild type animals passes along a female essential gene mutation to a
successive generation. In embodiments, mating of reproductively viable male offspring from
the parental transgenic animal strains with wild type animals passes along at least one of the
transgenes to a successive generation. In embodiments, mating of the offspring with wild type
animals distributes female essential gene mutations and the transgenes into the population. In
such embodiments, release of the transgenic animals loads these genes into the wild type
population. In embodiments, this distribution of female essential gene mutations and
transgenes into the population of wild type animals assists in sustained population reduction or
suppression upon successive releases of offspring of the parental transgenic animal strains as

further offspring will be more likely to result in the desired daughter-killing effects.

[0067] In embodiments, the method of preparing the transgenic animal for suppressing the
population of animals produces a population of offspring (e.g., reproductively viable male
offspring which comprise both transgenes) which can be readily deployed into a population
suppression strategy without the need for sorting. In embodiments, the parental transgenic
animal strains are configured such that all offspring have the desired transgenes and sex. In
embodiments, the parental transgenic animal strains are configured such that all viable
offspring have the desired transgenes and sex. In embodiments, the parental transgenic animal
strains are configured such that all viable offspring are males which comprises both desired
transgenes (e.g., the endonuclease such as the Cas9 protein and the gRNA that targets the
female essential gene). In such a configuration, no sorting of the animals desired to be released

for suppression of the population is required.
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[0068] While embodiments which do not require sorting of offspring for release into the wild
type population are preferred owing to their streamlined approach and enhanced efficiency, in
embodiments, the method of preparing the transgenic animals can comprise a step of sorting
offspring to identify offspring having the desired traits (e.g., male animals which comprise the
transgene encoding the endonuclease protein and the transgene encoding the gRNA). The step
of sorting the transgenic animals to identify the offspring with the desired traits can be
performed where homozygous parental transgenic animal strains are not available. In
embodiments, it may also be acceptable to release populations of animals which include those

of the desired genotype along with other animals which do not possess the desired genotype.

[0069] In embodiments, the methods provided herein are performed in a laboratory or factory
setting at or near a desired release location of the animals. In embodiments, the laboratory or
factory maintains the stock of parental transgenic animal strains in order to facilitate iterative
releases of transgenic animals. In embodiments, the laboratory or factory includes all necessary
equipment for storage, maintenance, sorting, distribution (e.g., field release of animals),
crossing, and rearing of the animals. In embodiments, the laboratory or factory is provided
within a distance of 20 miles, 30 miles, 40 miles, 50 miles, 75 miles, 100 miles, or 200 miles

of the desired release location.
Systems of and for Preparing Transgenic Animals

[0070] Also provided herein are systems (e.g., combinations of tools, animals, and other
components) which are useful in the preparation of transgenic animals as provided herein,
useful in methods of population control as provided herein, or otherwise useful for executing
and practicing the invention as provided herein. In embodiments, provided herein are
transgenic systems (e.g., sets of transgenic animal strains, such as parental strains, precursors
thereof, and/or transgenes (and, optionally, associated reagents, tools, kits, etc. which can be
used to insert said transgenes into an organism)) which can be used to prepare transgenic
animals according to the instant disclosure. In an aspect, provided herein, is a transgenic system

which is configured to prepare a transgenic animal as described herein.

[0071] In embodiments herein is a transgenic system comprising a first parental transgenic
animal strain encoding an endonuclease protein (e.g., a Cas9 protein); and a second parental
transgenic animal strain encoding a guide RNA (gRNA) that targets a female essential gene.

In embodiments, crossing of the two strains results in offspring. In embodiments, the offspring
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include animals which encode the endonuclease protein, the gRNA, or both. In embodiments,
the offspring include animals which comprise a somatic and/or heritable germline mutation in
the female essential gene. In embodiments, the offspring include viable males capable of

passing along a female essential gene mutation to subsequent offspring.

[0072] In embodiments, the system comprises a first parental transgenic animal strain encoding
an endonuclease protein. In embodiments, the first parental transgenic animal strain encodes a
Cas9 protein. In embodiments, the Cas9 protein is the Vasa2-Cas9 protein. In embodiments,
the transgene encoding the endonuclease protein is incorporated into the genome of the first
parental transgenic animal strain. In embodiments, the transgene encoding the endonuclease
protein is incorporated into the genome at a position which does not encode (or is not near) the
female essential gene. In embodiments, the first parental transgenic animal strain is
homozygous for the endonuclease protein. In embodiments, the first parental animal strain
comprises homozygous female animals. In embodiments, the system uses (e.g., use in
preparing transgenic animals for use in methods of population control as provided herein) only
female transgenic animals encoding the endonuclease protein. In embodiments, the system uses
(e.g., use in preparing transgenic animals for use in methods of population control as provided

herein) only female transgenic animals which are homozygous for the endonuclease protein.

[0073] In embodiments, the system also comprises additional members of the first parental
transgenic animal strain useful in maintaining the population of desired parental transgenic
animals for use in methods of preparing the desired transgenic animals. For example, the
system can comprise animals from the first parental transgenic animal strain homozy gous for
the endonuclease protein for use in crossing with the second parental transgenic strain and
animals which are heterozygous for the endonuclease protein. Animals heterozygous for the
endonuclease protein can be used to cross with other animals which encode the endonuclease
protein in order to expand the genetic stock as well as prepare additional homozygous animals
(e.g., by crossing with other individuals and sorting for homozygous individuals). Similarly,
wild type animals can also be incorporated into the system for further genetic diversification

followed by appropriate sorting to eventually arrive at homozygous individuals.

[0074] In embodiments, the system comprises a second parental transgenic animal strain
encoding a gRNA targeting a female essential gene (e.g., fle). In embodiments, the second
parental transgenic animal strain encodes a plurality of such gRNAs. In embodiments, the

transgene encoding the gRNA is incorporated into the genome of the second parental transgenic
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animal strain. In embodiments, the transgene encoding the gRNA is incorporated into the
genome at a position which does not encode (or is not near) the female essential gene. In
embodiments, the second parental transgenic animal strain is homozygous for the gRNA. In
embodiments, the second parental animal strain comprises homozygous male animals. In
embodiments, the system uses (e.g., use in preparing transgenic animals for use in methods of
population control as provided herein) only male transgenic animals encoding the gRNA. In
embodiments, the system uses (e.g., use in preparing transgenic animals for use in methods of
population control as provided herein) only male transgenic animals which are homozygous

for the gRNA.

[0075] In embodiments, the system also comprises additional members of the second parental
transgenic animal strain useful in maintaining the population of desired parental transgenic
animals for use in methods of preparing the desired transgenic animals. For example, the
system can comprise animals from the second parental transgenic animal strain homozygous
for the gRNA for use in crossing with the second parental transgenic strain and animals which
are heterozygous for the gRNA. Animals heterozygous for the gRNA can be used to cross with
other animals which encode the endonuclease protein in order to expand the genetic stock as
well as prepare additional homozygous animals (e.g., by crossing with other individuals and
sorting for homozygous individuals). Similarly, wild tvpe animals can also be incorporated into
the system for further genetic diversification followed by appropriate sorting to eventually

arrive at homozygous individuals.

[0076] In embodiments, it is helpful and desired that the two parental transgenic animal strains
be maintained in a segregated manner in order to ensure that the transgenes are not crossed
except under controlled circumstances in which it is desirous to produce the transgenic animals
useful in suppression of population control (e.g., the animals which comprises a transgene
encoding the gRNA targeting the female essential gene and a transgene encoding the
endonuclease protein, such as Ifegenia males as described herein). In embodiments, neither of
the first transgenic animal strain or the second transgenic animal strain encodes the transgene
of the other transgenic animal strain (e.g., the first transgenic animal strain encoding the
endonuclease protein does not also encode the gRNA and the second transgenic animal strain

encoding the gRNA does not also encode the endonuclease protein).

[0077] In embodiments, the transgenic system is configured such that crossing of animals of

the first parental transgenic animal strain (i.e., the animal strain which encodes the
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endonuclease protein) with animals of the second parental transgenic animal strain (i.e., the
animal strain which encodes the gRNA) produces offspring transgenic animals with desired
properties (e.g., as in any of the transgenic animals described herein which can be useful in
methods of population control). In embodiments, the offspring transgenic animals include
animals with one or more of the following properties: the animals encode the endonuclease
protein, the gRNA, or both; the animals comprise a somatic and/or heritably germline mutation
in the female essential gene; and/or the animals are viable males capable of passing along a
female essential gene mutation (e.g., a mutation which inactivates the gene) to subsequent
offspring. In embodiments, the offspring include animals which have two of these properties.

In embodiments, the offspring include animals which have each of these properties.

[0078] In embodiments, the offspring transgenic animals produced by a transgenic system as
provided herein include animals which encoding the endonuclease protein, the gRNA, or both.
In embodiments, the offspring include animals which encode both the endonuclease protein
(e.g., Cas9) and the gRNA. In embodiments, the offspring transgenic animals produced by a
transgenic system as provided herein include animals which comprise a somatic and/or
heritable germline mutation in the female essential gene. In embodiments, the offspring
transgenic animals produced by a transgenic system as provided herein include animals which
comprise a somatic mutation in the female essential gene. In embodiments, the offspring
transgenic animals produced by a transgenic system as provided herein include animals which
comprise a heritable germline mutation in the female essential gene. In embodiments, the
offspring transgenic animals produced by a transgenic svstem as provided herein include
animals which comprise a somatic and heritable germline mutation in the female essential gene.
In embodiments, the offspring transgenic animals produced by a transgenic system as provided
herein include viable males capable of passing along a female essential gene mutation to

subsequent offspring.

[0079] In embodiments, the transgenic system provided herein produces no viable female
offspring. In embodiments, crossing of the first transgenic animal strain with the second
transgenic animal strain produces no viable female offspring. In embodiments, the viable
offspring produced by the transgenic system consists essentially of males (i.e., no genotypic
female animals survive to adulthood/maturity). In embodiments, crossing of the first transgenic
animal strain with the second transgenic animal strain produces essentially only viable males

(i.e., no genotypic female animals survive to adulthood/maturity).
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Methods of Population Control

[0080] Also provided herein are methods of controlling (e.g., reducing or suppressing)
populations of animals using the methods, animals, and systems provided herein. In
embodiments, the methods of population control include releasing transgenic animals (e.g.,
mosquitoes) of the instant disclosure (e.g., Ifegenia male mosquitoes) into the environment
such that the animals will mate with animals in the wild population. In embodiments, mating
of the transgenic animals with wild type animals in the wild population introduces transgenes
and/or mutant (e.g., non-functional) version of a female essential gene into the wild type
populations. In embodiments, successive generations see reduced populations owing 1o these
being distributed throughout the population. In embodiments, these genes are pass to
subsequent generations at standard Mendelian frequency (i.e., the genes are not part of gene
drive elements). In embodiments, the methods of controlling population are thus temporal in
nature and can be halted or phased out at an appropriate time without causing substantial long
lasting changes to the genotype of the wild type populations. In embodiments, the control of
the population requires iterative distributions of transgenic animals to keep the population
controlling genes in circulation among the wild population. In embodiments, the suppression
or reducing of the population can readily be stopped by simply stopping subsequent releases

of the transgenic animals.

[0081] In an aspect described herein is a method of suppressing a population of animals, In
embodiments, the method comprises releasing a first population of the transgenic animals as
described herien (e.g., Ifegenia male mosquitoes) into the population of animals. In
embodiments, the method comprises allowing the transgenic animals to mate with the
population of animals. In embodiments, the transgenes of the transgenic animals are passed
into subsequent generations. In embodiments, modified genes of the transgenic animals (e.g.,

mutant female essential genes) are passed into subsequent generation.

[0082] In embodiments, the transgenic animal used in a method of suppressing a population of
animals as described herien can be any of the animals provided herein. In embodiments, the
transgenic animal is an insect. In embodiments, the transgenic animal is an mosquito. In
embodiments, the transgenic animal is an 4. Gambiae. In embodiments, the transgenic animal
is an Ifegenia mosquito as provided herein. In embodiments, the animals are of the same type
as the transgenic animals (e.g., the transgenic animals are derived from the same species of

animal which is targeted for population suppression).
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[0083] In embodiments, the method comprises releasing a population of the transgenic animals
into a population of animals (e.g., a wild population of the animals). In embodiments, releasing
the population of animals comprises depositing the transgenic animals into an environment
where they are likely to encounter the population. In embodiments, releasing the population of
transgenic animals comprises depositing the transgenic animals into an environment at a
desired stage of development. In embodiments, the population of transgenic animals is
deposited into the environment as an adult, juvenile, or an earlier stage of development. In
embodiments, the population of transgenic animals is deposited into the environment as
fertilized eggs (e.g., fertilized mosquito eggs). In embodiments, the population of transgenic
animal is deposited into the environment in a manner mimics the way in which wild type
animals develop (e.g., fertilized mosquito eggs are placed at a location where one would expect

to find wild mosquito eggs).

[0084] In embodiments, the size of the population of transgenic animals released into the
environment is selected to impart a desired effect on the wild population. For example, in
embodiments in which the target animal population is mosquitos, it may be desirable to release
a high number of fertilized eggs relative to the number of animals in the wild population (e.g.,
at least 100 eggs, 200 eggs, 300 eggs, 400 eggs, or 500 eggs per adult mosquito in the wild
population or wild area). The selection of the number of transgenic animals released will
depend on the animal and a variety of factors, such as the ability of the transgenic animals to
compete with wild type animals for reproduction, likelihood of survival of the released animals
(or likelihood of reaching adulthood), lifespan of released animals, how frequently animals will
be released, and other such factors. In embodiments, 1t can be desirable to increase the number

of animals released over time in order to monitor the effects before larger releases occur.

[0085] In embodiments, the method of suppressing the population of animals with the
transgenic animals provided herein comprises iterative releases of the animals. In
embodiments, iterative releases of the transgenic animals are more effective for reducing the
population of the animals as the transgenes and mutant copies of the female essential gene are
more widely distributed throughout the population. In embodiments, the method of suppressing
the population of animals comprising releasing additional populations of the transgenic animals
and allowing the transgenic animals to mate with the population of animals and the subsequent

generations, thereby suppressing the population of animals due to the production of non-viable
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female offspring. In embodiments, iterative releases of the transgenic animals can be release

of the same amount of transgenic animals or can be different amounts.

[0086] In embodiments, the method of suppressing the population of animals comprises
iterative releases of the transgenic animals over a period of time. In embodiments, further
populations of the transgenic animals are released over a period of at least 1 month, at least 2
months, at least 3 months, at least 6 months, at least 1 year, at least 1.5 vears, at least 2 vears,
at least 2.5 years, at least 3 years, at least 3.5 years, at least 4 vears, at least 4.5 vears, or at least
5 years. In embodiments, further populations are released or anticipated to be released for an

indefinite period of time.

[0087] In embodiments, further populations of the transgenic animals are released according
to a set schedule. In embodiments, further populations of the transgenic animals are released,
for example, daily, twice-weekly, three time a week, weekly, every 10 days, every two weeks,
every three weeks, every four weeks, monthly, bi-monthly, every six weeks, every eight weeks,

every two months, every three months, or at any appropriate interval.

[0088] In embodiments, the release of the transgenic animals is targeted to reduce the wild
population of animals to an indicated threshold. In embodiments, the release of the transgenic
animals is targeted to and effective to reduce the population of wild type animals by at least,
for example, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, or

90% compared to the population before population suppression measures are taken.

[0089] In embodiments, the methods of population control provided herein can be utilized
alongside other methods known in the art for controlling the population of animals. Such
methods can include without limitation pesticide based methods, Sterile Insect Techniques

(SITs, such as precision guided SITs (pgSIT)), or other methods.
Certain Definitions

[0090] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.

[0091] Unless defined otherwise, all technical and scientific terms and any acronyms used

herein have the same meanings as commonly understood by one of ordinary skill in the art in
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the field of the invention. Although any methods and materials similar or equivalent to those
described herein can be used in the practice of the present invention, the exemplary methods,

devices, and materials are described herein.

[0092] The practice of the present invention may employ conventional techniques of molecular
biology (including recombinant techniques), microbiology, cell biology, biochemistry and
immunology, which are within the skill of the art. Such techniques are explained fully in the
literature, such as Molecular Cloning: A Laboratory Manual, second edition (Sambrook et al,
1989) Cold Spring Harbor Press; Oligonucleotide Synthesis (MJ. Gait, ed., 1984); Methods in
Molecular Biology, Humana Press; Cell Biology: A Laboratory Notebook (J .E. Cellis, ed.,
1998) Academic Press; Animal Cell Culture (R.I. Freshney, ed., 1987); Introduction to Cell
and Tissue Culture (J.P. Mather and P.E. Roberts, 1998) Plenum Press; Cell and Tissue Culture:
Laboratory Procedures (A. Doyle, J.B. Griffiths, and D.G. Newell, eds., 1993- 1998) J. Wiley
and Sons; Methods in Enzymology (Academic Press, Inc.); Handbook of Experimental
Immunology (D .M. Weir and CC. Blackwell, eds.); Gene Transfer Vectors for Mammalian
Cells (J.M. Miller and M.P. Calos, eds., 1987); Current Protocols in Molecular Biology (F .M.
Ausubel et al | eds., 1987); PCR: The Polymerase Chain Reaction, (Mullis et al, eds., 1994);
Current Protocols in Immunology (J.E. Coligan et al, eds., 1991); Short Protocols in Molecular
Biology (Wiley and Sons, 1999); Immunobiology (CA. Janeway and P. Travers, 1997);
Antibodies (P. Finch, 1997); Antibodies: a practical approach (D. Catty., ed., IRL Press, 1988-
1989); Monoclonal antibodies: a practical approach (P. Shepherd and C. Dean, eds., Oxford
University Press, 2000); Using antibodies: a laboratory manual (E. Harlow and D. Lane (Cold
Spring Harbor Laboratory Press, 1999); The Antibodies (M. Zanetti and J.D. Capra, eds.,
Harwood Academic Publishers, 1995); and Cancer: Principles and Practice of Oncology (V. T.
DeVita et al, eds., J.B. Lippincott Company, 1993). Although any methods and materials
similar or equivalent to those described herein can be used in the practice of the present
invention, the exemplary methods, devices, and materials are described herein. For the
purposes of the present disclosure, the following terms are defined below. Additional

definitions are set forth throughout this disclosure.

29 ¢ 0 29 <Cl

[0093] As used herein, the terms “comprises,” “comprising,” “includes,” “including,” “has,”
“having,” “contains™, “containing,” “characterized by,” or any other variation thereof, are
intended to encompass a non-exclusive inclusion, subject to any limitation explicitly indicated

otherwise, of the recited components. For example, a transgenic cell and/or a method that
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“comprises” a list of elements (e.g., components, features, or steps) is not necessarily limited
to only those elements (or components or steps), but may include other elements (or

components or steps) not expressly listed or inherent to the transgenic cell and/or method.

29 <C o° <,

Reference throughout this specification to “one embodiment,” “an embodiment,” “a particular

9% ¢ 9% ¢ 5% ¢¢

embodiment,” “a related embodiment,” “a certain embodiment,” “an additional embodiment,”
or “a further embodiment” or combinations thereof means that a particular feature, structure or
characteristic described in connection with the embodiment is included in at least one
embodiment of the present invention. Thus, the appearances of the foregoing phrases in various
places throughout this specification are not necessarily all referring to the same embodiment.
Furthermore, the particular features, structures, or characteristics may be combined in any

suitable manner in one or more embodiments.

[0094] As used herein, the transitional phrases “consists of” and “consisting of” exclude any
element, step, or component not specified. For example, “consists of” or “consisting of”” used
in a claim would limit the claim to the components, materials or steps specifically recited in
the claim except for impurities ordinarily associated therewith (i.e., impurities within a given
component). When the phrase “consists of” or “consisting of” appears in a clause of the body
of a claim, rather than immediately following the preamble, the phrase “consists of” or
“consisting of” limits only the elements (or components or steps) set forth in that clause; other

elements (or components) are not excluded from the claim as a whole.

[0095] As used herein, the transitional phrases “consists essentially of” and “consisting
essentially of” are used to define a fusion protein, pharmaceutical composition, and/or method
that includes materials, steps, features, components, or elements, in addition to those literally
disclosed, provided that these additional materials, steps, features, components, or elements do
not materially affect the basic and novel characteristic(s) of the claimed invention. The term
“consisting essentially of” occupies a middle ground between “comprising” and “consisting
of”. It is understood that aspects and embodiments of the invention described herein include

“consisting” and/or “consisting essentially of” aspects and embodiments.

[0096] When introducing elements of the present invention or the preferred embodiment(s)
thereof, the articles “a”, “an”, “the” and “said” are intended to mean that there are one or more
of the elements. The terms “comprising”, “including” and “having™ are intended to be

inclusive and mean that there may be additional elements other than the listed elements.
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[0097] The term “and/or” when used in a list of two or more items, means that any one of the
listed items can be employed by itself or in combination with any one or more of the listed
items. For example, the expression “A and/or B” is intended to mean either or both of A and
B, i.e. A alone, B alone or A and B in combination. The expression “A, B and/or C” is intended
to mean A alone, B alone, C alone, A and B in combination, A and C in combination, B and C

in combination or A, B, and C in combination.

[0098] It should be understood that the description in range format is merely for convenience
and brevity and should not be construed as an inflexible limitation on the scope of the invention.
Accordingly, the description of a range should be considered Lo have specifically disclosed all
the possible sub-ranges as well as individual numerical values within that range. For example,
description of a range such as from 1 to 6 should be considered to have specifically disclosed
sub-ranges such as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6
etc., as well as individual numbers within that range, for example, 1, 2, 3, 4, 5, and 6. This
applies regardless of the breadth of the range. Values or ranges may be also be expressed
herein as “about,” from “about” one particular value, and/or to “about” another particular value.
When such values or ranges are expressed, other embodiments disclosed include the specific
value recited, from the one particular value, and/or to the other particular value. Similarly,
when values are expressed as approximations, by use of the antecedent “about,” it will be
understood that the particular value forms another embodiment. It will be further understood
that there are a number of values disclosed therein, and that each value is also herein disclosed
as “about” that particular value in addition to the value itself. In embodiments, “about™ can be
used to mean, for example, within 10% of the recited value, within 5% of the recited value, or

within 2% of the recited value.

[0099] It will be further understood that there are a number of values disclosed therein, and
that each value is also herein disclosed as “about” that particular value in addition to the value
itself. In embodiments, “about™ can be used to mean, for example, a quantity, level, value,
number, frequency, percentage, dimension, size, amount, weight or length that varies by as
much as 15%, 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2% or 1% to a reference quantity, level,
value, number, frequency, percentage, dimension, size, amount, weight or length. In various
embodiments, the term “about™ or “approximately™ refers a range of quantity, level, value,

number, frequency, percentage, dimension, size, amount, weight or length = 15%, + 10%, =
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9%, + 8%, + 7%, + 6%, + 5%, + 4%, + 3%, + 2%, or + 1% about a reference quantity, level,

value, number, frequency, percentage, dimension, size, amount, weight or length.

[00100] As used herein any reference to "one embodiment" or "an embodiment" means
that a particular element, feature, structure, or characteristic described in connection with the
embodiment is included in at least one embodiment. The appearances of the phrase "in one
embodiment” in various places in the specification are not necessarily all referring to the same

embodiment.

[00101] The section headings used herein are for organizational purposes only and are

not to be construed as limiting the subject matter described.

[00102] As used herein, “transgenic”, “engineered” or “genetically modified” or
“transformed™ are used interchangeably, wherein a cell has been manipulated by means of
molecular reprogramming of a genomic sequence (e.g by insertion, deletion, or substitution).
Said cells include the somatic and germ cells and progeny derived therefrom without regard to
the number of passages. Progeny may not be completely identical in nucleic acid content to a
parent cell and may contain mutations. Mutant progeny that have the same function or
biological activity as screened or selected for in the originally transformed cell are included

herein.

[00103] As used herein, “inactivating mutations™ are used to describe mutations, i.e.,
insertions, deletions, or substitutions, of genomic nucleic acids that result in lack of formation
of a transcript or translated product compared to that of a wild type, or naturally occurring,
genomic nucleic acid sequence. An inactivating mutation functionally inactivates, or renders

non-functional and/or inoperative, a naturally occurring nucleic acid sequence for expression.

[00104] As used herein, a “knockout™ or “KO” 1s used to refer to genetic manipulation,
wherein the manipulation results in a gene being made nugatory and/or the function of the gene
is eliminated, either mostly or completely. A knockout may be achieved through various
methods known in the art, for example, integration of a premature stop codon or insertions

and/or deletions to the degree of rendering the gene inoperative.

[00105] As used herein, a “knockdown” or “KD” is used to refer to genetic
manipulation, wherein the manipulation resulls in a gene’s expression being reduced. A

knockdown may be achieved through use of genetic modification resulting in the reduced
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transcription of a gene or by use of introducing an exogenous polypeptide encoding a short
DNA or RNA oligonucleotide(s) that have a sequence complementary to either the gene or an

mRNA transcript resulting in lack of abundance of functional gene transcript.

[00106] The terms “exogenous” and “heterologous™ are used herein to refer to any
molecule, including nucleic acids, protein or peptides, small molecular compounds, and the
like that originate from outside the organism. In contrast, the term “endogenous™ refers to any

molecule that originates from inside the organism (i.e., naturally produced by the organism).

[00107] In an aspect, the disclosure provides a purified cell composition comprising one

or more of the transgenic cells of the disclosure.
Methods for Genetic Editing and Related Matters

[00108] Genome editing tools may be used to engineer and/or manipulate cells. In some
embodiments, the immune cell of the disclosure may be engineered with either CRISPR,

TALEN, or ZFN genome editing tools.

[00109] Genome editing tools such as the clustered regularly interspaced short
palindromic repeats (CRISPR) system may be used to genetically modify cells. CRISPR can
be used in a wide variety of organisms (e.g., used to add, disrupt, or change the sequence of
specilic genes). “CRISPR” or “CRISPR gene editing” as used herein relers (o a set of clustered
regularly interspaced short palindromic repeats, or a system comprising such a set of repeats.
“Cas”, as used herein, refers to a CRISPR-associated protein. A “CRISPR/Cas™ system refers
to a system derived from CRISPR and Cas which can be used to silence, knock out, or mutate

atarget gene.

[00110] The CRISPR/Cas system is based on two elements. The first element is an
endonuclease, or Cas, (e.g., Cas9 and MAD?7) that has a binding site for the second element,
which is the guide polynucleotide (e.g., guide RNA or gRNA). The guide polynucleotide (e.g.,
guide RNA) directs the Cas protein to double stranded DNA templates based on sequence
homology. The Cas protein then cleaves that DNA template. By delivering the Cas protein and
appropriate guide polynucleotides (e.g., guide RNAs) into a cell, the organism’s genome is cut
at a desired location. Following cleavage of a targeted genomic sequence by a Cas/gRNA
complex, one of two alternative DNA repair mechanisms can restore chromosomal integrity

1) non-homologous end joining (NHEJ) which generates insertions and/or deletions of a few
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base-pairs (bp) of DNA at the gRNA cut site, or 2) homology-directed repair (HDR) which can
correct the lesion via an additional “bridging™ DNA template that spans the gRNA cut site.
CRISPR/Cas systems are classified by class and by type. Class 2 systems currently represent a
single interference protein that is categorized into three distinct types (types I, V and VI). Any
class 2 CRISPR/Cas system suitable for gene editing, for example atype I, atype V or atype
VI system, is envisaged as within the scope of the instant disclosure. Exemplary Class 2 type
II CRISPR systems include Cas9, Csn2 and Cas4. Exemplary Class 2, type V CRISPR systems
include, Casl2, Casl2a (Cpfl), Casl2b (C2cl), Casl2c (C2c3), Casl2d (CasY), Casl2e
(CasX), Casl2f, Casl2g, Casl2h, Casl2i and Casl2k (C2c5). Exemplary Class 2 Type VI
systems include Cas13, Casl13a (C2¢2) Cas13b, Cas13c and Cas13d.

[00111] The CRISPR sequence, sometimes called a CRISPR locus, comprises
alternating repeats and spacers. In a naturally-occurring CRISPR, the spacers usually comprise
sequences foreign to the bacterium such as a plasmid or phage sequence. As described herein,
spacer sequences may also be referred to as “targeting sequences.” In CRISPR/Cas systems for

a genetic engineering, the spacers are derived from the target gene sequence (the gNA).

[00112] The targeting sequence can be designed or chosen using computer programs
known to persons of ordinary skill in the art. The computer program can use variables, such as
predicted melting temperature, secondary structure formation, predicted annealing
temperature, sequence identity, genomic context, chromatin accessibility, % GC, frequency of
genomic occurrence (e.g., of sequences that are identical or are similar but vary in one or more
spots as a result of mismatch, insertion or deletion), methylation status, presence of SNPs, and
the like. Available computer programs can take as input NCBI gene IDs, official gene symbols,
Ensembl Gene IDs, genomic coordinates, or DNA sequences, and create an output file
containing sgRNAs targeting the appropriate genomic regions designated as input. The
computer program may also provide a summary of statistics and scores indicating on- and off-
target binding of the sgRNA for the target gene (Doench et al. Nat Biotechnol. 34:184-191
(2016)).

[00113] The target sequence is complementary to, and hybridizes with, the targeting
sequence of the gRNA. The target nucleic acid sequence can comprise 20 nucleotides. The
target nucleic acid can comprise less than 20 nucleotides. The target nucleic acid can comprise

more than 20 nucleotides. The target nucleic acid can comprise at least: 5, 10, 15, 16, 17, 18,
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19,20, 21, 22, 23, 24, 25, 30 or more nucleotides. The target nucleic acid can comprise at most:

5,10, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30 or more nucleotides.

[00114] The CRISPR/Cas system can thus be used to edit a target gene, such as a gene
targeted for editing in the cells described herein, by adding or deleting a base pair, introducing
a premature stop codon, or introducing a frame-shift mutation which thus decreases expression
of the target, in part or completely. The CRISPR/Cas system can alternatively be used like
RNA interference, turning off a target gene in a reversible fashion. In a mammalian cell, for
example, the RNA can guide the Cas protein to a target gene promoter, sterically blocking

RNA polymerases.

[00115] Further aspects of the CRISPR/Cas system known to those of ordinary skill are
described in PCT Publication Nos. WO 2017/049266 and WO 2017/223538, the entire contents
of which are hereby incorporated by reference. These and other well-known and new
techniques, such as TALEN and Zinc Finger Nucleases, for generating mutant cells of the

present disclosure are contemplated by the present invention.

[00116] In some embodiments, the mutant cells described herein are edited using
TALEN gene editing. “TALEN" or “TALEN gene editing” refers to a transcription activator-
like effector nuclease, which is an artificial nuclease used to edit a target gene. TALENSs are
produced artificially by fusing a TAL effector DNA binding domain to a DNA cleavage
domain. Transcription activator-like effectors (TALEs) can be engineered to bind any desired
DNA sequence, including a portion of target genes such as TCR subunits, MHC class I complex
components, or CD52. By combining an engineered TALE with a DNA cleavage domain, a
restriction enzyme can be produced which is specific to any desired DNA sequence, including
atarget gene sequence. These can then be introduced into a cell, wherein they can be used for
genome editing. Boch (2011) Nature Biotech. 29: 135-6; and Boch er al. (2009) Science 326:
1509-12; Moscou et al. (2009) Science 326: 3501.

[00117] In some embodiments, the mutant cells described herein are edited using ZFN
gene editing. “ZFN” or “Zinc Finger Nuclease™ or “ZFN gene editing” refer to a zinc finger
nuclease, an artificial nuclease which can be used to edit a target gene. Like a TALEN, a ZFN
comprises a Fold nuclease domain (or derivative thereof) fused to a DNA-binding domain. In

the case of a ZFN, the DNA-binding domain comprises one or more zinc fingers. Carroll ef al.
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(2011) Genetics Society of America 188: 773-782; and Kim et al. (1996) Proc. Natl. Acad. Sci.
USA 93: 1156-1160.

[00118] The term “nucleic acid” or “polynucleotide” includes DNA and RNA such as
genomic DNA, cDNA and mRNA, or combinations thereof. The nucleic acid may comprise,
in addition to the sequence enabling the genetic modifications of the disclosure, further
sequences such as those required for the transcription and/or translation of the nucleic acid
enabling said genetic modifications. This may include a promoter, enhancer, transcription
and/or translation initiation and/or termination sequences, selection markers, sequences
protecting or directing the RNA and/or enabling the genetic modifications within the cell. The
selection and combination of these sequences is within the knowledge of the person skilled in

the art and may be selected in accordance with the cell the nucleic acid is intended for.

[00119] Polynucleotides enabling the genetic modifications of the disclosure may be
delivered to cells as an isolated nucleic acid or in a vector. The isolated nucleic acid or the
vector may be delivered in lipid- or lipid-based delivery system, such as a liposome.
Alternatively, the vector may comprise viral proteins, such as when the vector is a viral vector.
The term “vector” as used herein refers to a construction comprised of genetic material
designed to direct transformation or transductions of a targeted cell. A vector contains multiple
genetic elements positionally and sequentially oriented with other necessary elements such that
the nucleic acid in a nucleic acid cassette can be transcribed and when necessary translated in
the transfected cells. The term vector as used herein can refer to nucleic acid, e.g., DNA derived
from a plasmid, cosmid, phagemid, bacteriophage, virus, retrovirus, adenovirus, adeno-
associated virus, lentivirus, or other type of virus into which one or more fragments of nucleic
acid may be inserted or cloned which encode for particular proteins. The term “plasmid” as
used herein refers to a construction comprised of extrachromosomal genetic material, usually
of a circular duplex of DNA which can replicate independently of chromosomal DNA. The

plasmid does not necessarily replicate.

[00120] Any suitable vectors are envisaged as within the scope of the instant disclosure.
The polynucleotides enabling the genetic modifications of the disclosure can be cloned into a
number of types of vectors. For example, the polynucleotides enabling the genetic
modifications of the disclosure may be cloned into a vector including, but not limited to a
plasmid, a phagemid, a phage derivative, an animal virus, and a cosmid. Vectors of particular

interest include expression vectors, replication vectors, probe generation vectors, and
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sequencing vectors. Expression vectors may be provided to cells, such as immune cells, in the
form of a viral vector. Viral vector technology is well known in the art and is described, for
example, in Sambrook et al. (2001, Molecular Cloning: A Laboratory Manual, Cold Spring
Harbor Laboratory, New York), and in other virology and molecular biology manuals. Viruses,
which are useful as vectors include, but are not limited to, retroviruses, adenoviruses, adeno-
associated viruses, herpes viruses, and lentiviruses. In general, a suitable vector contains an
origin of replication functional in at least one organism, a promoter sequence, convenient
restriction endonuclease sites, and one or more selectable markers, (e.g.., WO 01/96584; WO

01/29058; and U.S. Pat. No. 6.326,193).

[00121] The purpose of the vector is to provide a nucleic acid sequence in cells or tissue.
Expression includes the efficient transcription of an inserted gene or nucleic acid sequence.
Expression products may be proteins, polypeptides, or RNA. The nucleic acid sequence can be
contained in a nucleic acid cassette. Expression of the nucleic acid can be continuous,
constitutive, or regulated. The vector can also be used as a prokaryotic element for replication

of plasmid in bacteria and selection for maintenance of plasmid in bacteria.

[00122] Methods of introducing and expressing genes into a cell are known in the art. In
the context of an expression vector, the vector can be readily introduced into a host cell, e.g.,
mammalian, bacterial, yeast, or insect cell by any method in the art. For example, the

expression vector can be transferred into a host cell by physical, chemical, or biological means.

[00123] Physical methods for introducing a polynucleotide into a host cell include
calcium phosphate precipitation, lipofection, particle bombardment, microinjection,
electroporation, and the like. Methods for producing cells comprising vectors and/or exogenous
nucleic acids are well-known in the art. See, for example, Sambrook et al. (2001, Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory, New York). One method for

the introduction of a polynucleotide into a host cell is calcium phosphate transfection.

[00124] Biological methods for introducing a polynucleotide of interest into a host cell
include the use of DNA and RNA vectors. Viral vectors, and especially retroviral vectors, have
become the most widely used method for inserting genes into mammalian, e.g., human cells.
Other viral vectors can be derived from lentivirus, poxviruses, herpes simplex virus I,
adenoviruses and adeno-associated viruses, and the like. See, for example, U.S. Pat. Nos.

5,350,674 and 5,585,362.
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[00125] Chemical means for introducing a polynucleotide into a host cell include
colloidal dispersion systems, such as macromolecule complexes, nanocapsules, microspheres,
beads, and lipid-based systems including oil-in-water emulsions, micelles, mixed micelles, and
liposomes. An exemplary colloidal system for use as a delivery vehicle in vitro and in vivo is

a liposome (e.g., an artificial membrane vesicle).

[00126] In some embodiments, transducing comprises either calcium phosphate-
mediated gene transfer, DEAE-dextran-mediated gene transfer, liposome-mediated gene
transfer, electroporation-mediated gene transfer, viral vector-mediated gene transfer, or
nucleolection-medialed gene transfer. In some embodiments, transducing is accomplished by
calcium phosphate-mediated gene transfer. In some embodiments, transducing is accomplished
by liposome-mediated gene transfer. In some embodiments, transducing is accomplished by
electroporation-mediated gene transfer. In some embodiments, transducing is accomplished by
viral vector-mediated gene transfer. In some embodiments, transducing is accomplished by

nucleofection-mediated gene transfer.

[00127] Regardless of the method used to introduce exogenous nucleic acids into a host
cell, in order to confirm the presence of the recombinant DNA sequence in the host cell, or
confirm effect of genomic modulation, a variety of assays may be performed. Such assays
include, for example, “molecular biological™ assays well known to those of skill in the art, such
as Southern and Northern blotting, RT-PCR and PCR; “biochemical” assays, such as detecting
the presence or absence of a particular peptide, e.g., by immunological means (ELISAs and

Western blots) or other assays.

[00128] The invention may also refer to any oligonucleotides (antisense oligonucleotide
agents), polynucleotides (e.g. therapeutic DNA), ribozymes, DNA aptamers, dsRNAs, siRNA,
RNAI, and/or gene therapy vectors. The term “antisense oligonucleotide agent” refers to short
synthetic segments of DNA or RNA, usually referred to as oligonucleotides, which are
designed to be complementary to a sequence of a specific mRNA to inhibit the translation of
the targeted mRNA by binding to a unique sequence segment on the mRNA. Antisense
oligonucleotides are often developed and used in the antisense technology. The term “antisense
technology™ refers to a drug-discovery and development technique that involves design and
use of synthetic oligonucleotides complementary to a target mRNA to inhibit production of
specific disease-causing proteins. Antisense technology permits design of drugs, called

antisense oligonucleotides, which intervene at the genetic level and inhibit the production of
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disease-associated proteins. Antisense oligonucleotide agents are developed based on genetic

information.

[00129] As an alternative to antisense oligonucleotide agents, ribozymes or double
stranded RNA (dsRNA), RNA interference (RNAi), and/or small interfering RNA (siRNA),
can also be used as therapeutic agents for regulation of gene expression in cells. As used herein,
the term “ribozyme™ refers to a catalytic RNA-based enzyme with ribonuclease activity that is
capable of cleaving a single-stranded nucleic acid, such as an mRNA, to which it has a
complementary region. Ribozymes can be used to catalytically cleave target mRNA transcripts
to thereby inhibit translation of target mRNA. The term “dsRNA,” as used herein, reflers 1o
RNA hybrids comprising two strands of RNA. The dsRNAs can be linear or circular in
structure. The dsRNA may comprise ribonucleotides, ribonucleotide analogs, such as 2°-O-
methyl ribosyl residues, or combinations thereof. The term “RNAi” refers to RNA interference
or post-transcriptional gene silencing (PTGS). The term “siRNA” refers to small dsRNA
molecules (e.g., 21-23 nucleotides) that are the mediators of the RNAi effects. RNAI is induced
by the introduction of long dsRNA (up to 1-2 kb) produced by in vitro transcription, and has
been successfully used to reduce gene expression in variety of organisms. In mammalian cells,
RNAI uses siRNA (e.g. 22 nucleotides long) to bind to the RNA-induced silencing complex
(RISC), which then binds to any matching mRNA sequence to degrade target mRNA, thus,

silences the gene.

[00130] “Amplification” refers to any known procedure for obtaining multiple copies of
a target nucleic acid or its complement, or fragments thereof. The multiple copies may be
referred to as amplicons or amplification products. Amplification, in the context of fragments,
refers to production of an amplified nucleic acid that contains less than the complete target
nucleic acid or its complement, e.g., produced by using an amplification oligonucleotide that
hybridizes to, and initiates polymerization from, an internal position of the target nucleic acid.
Known amplification methods include, for example, replicase-mediated amplification,
polymerase chain reaction (PCR), reverse transcription polymerase chain reaction (RT-PCR),
ligase chain reaction (LCR), strand-displacement amplification (SDA), and transcription-
mediated or transcription-associated amplification. Amplification is not limited to the strict
duplication of the starting molecule. For example, the generation of multiple cDNA molecules
from RNA in a sample using reverse transcription (RT)-PCR is a form of amplification.

Furthermore, the generation of multiple RNA molecules from a single DNA molecule during
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the process of transcription is also a form of amplification. During amplification, the amplified
products can be labeled using, for example, labeled primers or by incorporating labeled

nucleotides.

[00131] “Amplicon” or “amplification product” refers to the nucleic acid molecule
generated during an amplification procedure that is complementary or homologous to a target
nucleic acid or a region thereof. Amplicons can be double stranded or single stranded and can
include DNA, RNA or both. Methods for generating amplicons are known to those skilled in
the art.

[00132] “Codon™ refers to a sequence of three nucleotides that together form a unit of

genetic code in a nucleic acid.

[00133] “Complementary™ or “complement thereof” means that a contiguous nucleic
acid base sequence is capable of hybridizing to another base sequence by standard base pairing
(hydrogen bonding) between a series of complementary bases. Complementary sequences may
be completely complementary (i.c. no mismatches in the nucleic acid duplex) at each position
in an oligomer sequence relative to its target sequence by using standard base pairing (e.g.,
G:C, AT or A:U pairing) or sequences may contain one or more positions that are not
complementary by base pairing (e.g., there exists at least one mismatch or unmatched base in
the nucleic acid duplex), but such sequences are sufficiently complementary because the entire
oligomer sequence is capable of specifically hybridizing with its target sequence in appropriate
hybridization conditions (i.e. partially complementary). Contiguous bases in an oligomer are
typically at least 80%, preferably at least 90%, and more preferably completely complementary

to the intended target sequence.

[00134] “Configured to” or “designed to” denotes an actual arrangement of a nucleic
acid sequence configuration of a referenced oligonucleotide. For example, a primer that is
configured to generate a specified amplicon from a target nucleic acid has a nucleic acid
sequence that hybridizes to the target nucleic acid or a region thereof and can be used in an
amplification reaction to generate the amplicon. Also as an example, an oligonucleotide that
is configured to specifically hybridize to a target nucleic acid or a region thereof has a nucleic
acid sequence that specifically hybridizes to the referenced sequence under stringent

hybridization conditions.
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[00135] A “sequence” of a nucleic acid refers to the order and identity of nucleotides in
the nucleic acid. A sequence is typically read in the 5' to 3' direction. The terms “identical” or
percent “identity” in the context of two or more nucleic acid or polypeptide sequences, refer to
two or more sequences or subsequences that are the same or have a specified percentage of
amino acid residues or nucleotides that are the same, when compared and aligned for maximum
correspondence, €.g., as measured using one of the sequence comparison algorithms available
to persons of skill or by visual inspection. Exemplary algorithms that are suitable for
determining percent sequence identity and sequence similarity are the BLAST programs, which
are described in, e.g., Altschul et al. (1990) “Basic local alignment search tool” J. Mol. Biol.
215:403-410, Gish et al. (1993) “Identification of protein coding regions by database similarity
search™ Nature Genet. 3:266-272, Madden et al. (1996) “Applications of network BLAST
server” Meth. Enzymol. 266:131-141, Altschul et al. (1997) ""Gapped BLAST and PSI-
BLAST: a new generation of protein database search programs” Nucleic Acids Res. 25:3389-
3402, and Zhang et al. (1997) “PowerBLAST: A new network BLAST application for
interactive or automated sequence analysis and annotation” Genome Res. 7:649-656, which are
each incorporated by reference. Many other optimal alignment algorithms are also known in

the art and are optionally utilized to determine percent sequence identity.

EXAMPLES

Results

[00136] Establishing transgenic CRISPR lines to target femaleless

[00137] It was hypothesized that embryonic biallelic knockout of the femaleless (fle)

gene could cause female death, so a binary CRISPR-based technology to target this gene for
embryonic mutagenesis was developed. A gRNA-expressing transgene to express two gRNA’s
targeting the N-terminal region of fle was designed and cloned. One gRNA targeted 25 bp
downstream of the start codon (“gRNA 77), and the second targeted the first RNA Recognition
motif (RRM) (“gRNA 10”) (Figure 1, Panel A). Three distinct families (termed gFLEg,
¢FLE;, gFLEs) were established by piggyBac transgenesis and chromosomal integration was
confirmed by the presence of an Act5C-GFP selectable marker. It was hypothesized that early
embryonic and larval targeting of fle would yield strong killing effects. Therefore, for Cas9

expression, the transgenic line, Vasa2-Cas9, previously described for its robust germline
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mutagenesis (Figure 1, Panel A)*, henceforth shortened to Cas9 hereon for brevity, was

selected.
Elimination of Daughters

[00138] To determine the phenotype of gFLE/Cas9 trans-heterozy gotes genetic crosses
between gRNA-positive males to Cas9 homozygous females were performed and F1 offspring
were analvzed. Strikingly, it was observed that all F1 transheterozygous gFLE/Cas9 pupae
identified in preliminary experiments, regardless of family, were phenotypic males (N=638,
Table 1) suggesting females were killed or androgenized before pupation. To confirm
mutations in femaleless may be the cause of this phenotype, gFLEc/Cas9 adults were
sequenced and identified multiple mutations under both gRNA target sites (data not shown).
More mutations were identified at the gRNA 10 site than the gRNA 7 site. Quantitative RT-
PCR confirmed transcript elimination of fle in gFLE/Cas9 adults, suggesting knockout of

femaleless eliminates females prior to pupation.

Table 1: No transheterozygous gFLE/Cas9 females were observed from preliminary crosses.

Genotype Males Observed (n) | Females Observed (n)
¢FLEg/Cas9 292 0
gFLE/CAS9 179 0
gFLEy/Cas9 167 0

Fle is essential for females early in development

[00139] To determine if fle knockout was killing females, or androgenizing them to be
indistinguishable from males, heterozygous gRNA/+ males to heterozygous Cas9/+ females
were crossed and the sexes and genotypes of all resulting F1 offspring were quantified (Figure
1, Panels B and C). Androgenization would be expected to be observed as an increase in males
in mutating genotypes versus non-mutating control siblings, while female killing would be
observed as the absence of females from otherwise equal groups. The resulting Punnett Squares
demonstrated that F1 gFLE/Cas9 males were present at roughly equal ratios to control siblings
(whereas androgenization would have been observed as an increase (e.g., doubling) of
¢FLE/Cas9 individual compared to other groups (Figure 1, Panel D). Additionally, no F1
¢FLE/Cas9 adult genetic females were observed (here or in any family during the course of all
experiments, nor in subsequent F2 and F3 generations). These results suggested that

gFLE/Cas9 females were being killed rather than androgenized (Figure 1, Panel C). To further
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support this, PCR was performed on gFLE/Cas9 adults and confirmed the presence of a Y
chromosome in all individuals assayed, suggesting all individuals were genetically male.
Interestingly, heterozygous gFLE/+ females were also completely absent from family gFLEG,
and gFLEyY+ and gFLEs /+ showed an approximately 23- and 38-fold reduction in females
respectively relative to brothers of that genotype (n =377:16,n =417:11) (Figure 1, Panel D).
This suggests that maternally deposited Cas9, either as RNA or protein, alone is sufficient for
fle mutagenesis and female killing when only the gFLE transgene is inherited. Interestingly,
slightly fewer females than males were present among +/+ and +/Cas9 control siblings,
possibly suggesting low levels of embryo mutagenesis enabled by paternal deposition of

gRNAs (Figure 1, Panel D)*.

[00140] During the course of these experiments some female pupae developed in the
+/gFLEr and +/gFLE; genotype (Figure 1, Panel D), suggesting attenuated transgene
penetrance and warranting exclusion of these two families from further analysis. Strikingly
however, no gFLE/Cas9 adult females were observed in any family during the course of all
experiments, despite 2,512 total gFLE/Cas9 males scored. This demonstrates that CRISPR
targeting of femaleless is exceedingly robust displaving extreme penetrance of female killing,
and proves that this technology should be considered a GSS candidate for anopheline vector
control campaigns. This system is termed Ifegenia for (Inherited Female Elimination by
Genetically Encoded Nucleases to Interrupt Alleles) herein to simplify discussion and

reference of the technology.

[00141] Because ¢FLEG yielded the strongest F1 hybrid female-killing phenotype
among gFLE families, this line was proceeded for further characterization. For this, transgene
insertion sites and fle mutation profiles of gFLEc/Cas9 males were characterized by nanopore
DNA sequencing, confirming a single transgene insertion and expected Afle alleles. To
determine relative fle expression, RNAseq on 3 replicates of 18hr old embryos enriched for the
¢FLEG/Cas9 genotype was performed compared to 3 replicates of each control genotype
gFLEc, Cas9 and WT. A modest but highly significant reduction in fle was observed (padj
ranging from 4E-06 - 2E-08) with non-mutant genotypes clustering together as expected, with

no observable change in disx.

[00142] Next, to determine if female death was occurring during embryogenesis, the one
day old larval genotypes of F1 larvae resulting from the cross outlined in Figure 1, Panel C

were quantified. Only a very slight reduction in the quantity of larvae present in the gFLE/Cas9
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genotype (Figure 3, Panel D) was observed, suggesting the majority of the female cohort of
gFLE/Cas9 survived embriogenesis. To determine if females were killed as larvae, F1 larvae
from hatching to pupation were monitored. While the majority +/+ and +/Cas9 siblings
survived larva hood, only half of F1 +/gFLE and gFLE/Cas9 individuals survived, all of which
were male, suggesting significant female death during larval life-stages (Figure 4). These
findings are consistent with aberrant X chromosome dosage compensation phenotypes

observed in other Dipterans, which was confirmed by RNAseq.
Ifegenia males are fit, reproductively viable, and pass on Afle allcles

[00143] For population suppression, Ifegenia requires that released adult males be fit
and reproductively viable in order to mate, and pass on both heritable mutant alleles and
CRISPR components to subsequent generations. Adult male fitness was confirmed by survival
curves (Figure 5 (individual replicates) and Figure 6 (pooled data)). To quantify adult
longevity, gFLEG/Cas9 and gFLE;/Cas9 males were monitored and compared to +/+ siblings
in survival assays. Male gFLEG/Cas9 (Figure 6, Panel A), but not gFLE)/Cas9 (Figure 6,
Panel B), displayed slight reductions in longevity. To verify reproductive viability, Ifegenia
males were crossed to wild type females and confirmed the presence of viable progeny. Mating
competition assays were then performed between equal numbers of Ifegenia and WT males,
expecting 50% Ifegenia offspring if males were equally competitive. Nearly equal percent
Ifegenia progeny as WT progeny (45.7%) were observed indicating robust mating
competitiveness (Figure 7). Together these results suggest that Ifegenia males should be
sufficiently reproductively viable to achieve population suppression following iterative

releases, however large-scale cage and field trials should be undertaken in the future.
Ifegenia induces genetic sexing

[00144| Given the profound female-killing properties of Ifegenia, its penetrance of
genetic sexing for use in male-only vector control campaigns (Figure 2) was desired to be
determined. Homozygous gFLEG/gFLEG males were mated to Cas9/Cas9 females, and vice
versa, and verified the complete absence of females among all offspring (Figure 1, Panel E).
As expected, complete killing of genetic females was observed before pupal eclosure (N =
1342 gFLEG/Cas9 males from maternal Cas9 and N=1420 males from paternal Cas9).
Interestingly however, a single, likely sterile, phenotypic gFLEG/Cas9 female as defined by the

pupal genitalia parameters of our assay was identified. This individual PCR-amplified for the
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Y-chromosome revealing a rare male-feminization intersex genotype. Taken together, no
evidence of viable F1 females in the gFLEc/Cas9 lines used in this work was observed,
revealing a powerful application of Ifegenia as a tool for genetic sexing of A. gambiae (Figure

2).
Ifegenia males confer multi-generational daughter gynecide

[00145] It was next determined if Ifegenia males can ‘load” non-driving CRISPR
transgenes and Afle alleles into subsequent generations (F2 and F3), and cause multi-
generational daughter-killing effects (Figure 1, Panel D and Figure 9). Transmission of
transgenes at ratios consistent with linkage of the gFLE and Cas9 transgenes on the 2nd
chromosome, and complete female killing of all F2 and F3 gFLEG/Cas9 females (Figure 1,
Panel D) was observed. Moreover, out of the few F2 and F3 gFLE/Cas9 females observed
from families gFLEr and gFLE;, all either died as pupae or young adults, appeared
androgenized, or were feminized XY genetic males. The approximate frequency of Afle alleles
in the F2 generation by PCR and enzyme digest’® was also determined. An 85-95% Afle allele
frequency among F2 individuals inheriting one or no transgenes was observed, representing a
conservative estimate on the frequency of germ cell mutagenesis in the parental F1
gFLEG/Cas9 germline. Importantly, a number of individuals were sequenced for the mutant
allele, providing evidence of heterozygous mutagenesis in fle (4fle), indicating that fle is likely
haplosufficient, in contrast to earlier hypotheses that it was haplolethal’*. Among F2 progeny
of the gFLEG/Cas9 genotype, 100% harbored at least one Afle allele, however this is likely
inflated due to active mosaic mutagenesis occurring in this genotype’”-?°. Together these results
indicate that Ifegenia males are reproductively viable, and pass on both CRISPR transgenes

and Afle alleles to subsequent generations resulting in multi-generational daughter gynecide.
Ifegenia induces confinable population suppression

[00146] To determine whether iterative releases of fertile Ifegenia males could facilitate
population suppression and elimination, the above data on Ifegenia performance was
incorporated into a mathematical model®® and simulated releases into a population of 10,000
A. gambiae adults (Figure 9) with life-history parameters described in Table 2. Weekly
releases of up to 500 Ifegenia eggs (female and male) per wild-type adult (female and male)
were simulated over 1-52 weeks. The scale of these releases was chosen considering adult

release ratios of 10:1 are common for sterile male mosquito interventions® and female A.
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gambiae produce >30 eggs per day in temperate climates*’. Ifegenia constructs with 1-3 gRNA
target sites were considered and, to be conservative, simulated target site cutting rates of 90%
per allele, maternal deposition of Cas9 in 90% of embryos when expressed by the mother, and
male mating competitiveness of 75% that of wild-type males. Results from these simulations
suggest that substantial population suppression (=90%) that endures for >2 years is observed
for a wide range of achievable release schemes, e.g., >22 weekly releases of 300 or more
Ifegenia eggs per wild adult, and elimination is expected to occur in >90% of simulations for

>26 weekly releases of the same size.

Table 2. Parameters used in Anopheles gambiae population suppression
model.
Parameter: Value (range): Reference:
gRNA cleavage frequency perallele 0.9
Number of gRNA {target sites 1-3
Matemal deposition of Cas inlo embryo 0.9
Viability of females homozygous for any fle-ko
) mutant allele 0
Ifegenia & [ "Fertillity of malcs homozy gous for malc fertility
pgSIT: mutant allele 0 Li et al¥’
Lifespan reduction of transgenic females & males 0
Male mating competitiveness of transgenic males 0.75
Number of consecutive weekly releases 26 (1-52) Kandul ez al.*®
Number of pgSIT eggs released per wild adult 300 (0-500) Kandul ef al.®®
Depinay et
Egg production per female (per day) 32 al®
Depinay et
Duration of egg stage (days) 1 al®?
Depinay et
Mosquito Duration of larval stage (days) 13 al.®?
life history: Depinay et
Duration of pupal stage (days) 1 al.®®
Molineaux &
Daily population growth rate (per day) 1.096 Gramiccia®
Molineaux &
Daily mortality risk of adult stage (per day) 0.15 Gramiccia®
Landscape | Number of adult mosquitoes 10,000 Taylor e/ al.®!
[00147] Ifegenia performance is robust to several system features - a sensitivity analysis

revealed that the “window of protection” model outcome (the duration for which the population
is suppressed by >90%) depends very little on the cutting rate, rate of maternal deposition of
Cas, and mating competitiveness of males having the construct. Figure 9 reveals that the
number of target sites also has little impact on modeled suppression outcomes; however, a

supplementary analysis in which resistant allele generation is considered revealed how
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increasing the number of target sites greatly reduces the rate at which resistant alleles propagate
in the population. These findings suggest that Ifegenia can achieve robust temporary population
suppression over a wide range of release parameter values, permitting rebound of native
populations after ceasing releases. Opportunity for population rebound may be desired in
locales where disease elimination has been achieved, and where ecological concerns warrant
return of the native mosquito, making Ifegenia a valuable vector control technique for the

toolkit.
Discussion

[00148] The present disclosure characterizes mosaic CRISPR knockout of fle in A. gambiae
and demonstrate its potential as a genetic sex sorting svstem and novel suppression technology.
The instant findings illustrate that using a bicomponent CRISPR system to target fle results in

the complete killing of genetic females before eclosure through lethal mosaicism?®3”

and leaves
F1 male siblings fit to mate and sire offspring*!#?. Termed Ifegenia, its strong female-killing
phenotype makes it suitable, for example, for vector control campaigns that require male-only
releases. Thus, two exemplary implementations for Ifegenia are suggested: 1) as a genetic
sexing system (GSS) to be combined with other vector control methods, and 2) as an

independent population suppression vector control technology

[00149] Historically, creating a scalable GSS in anophelines has been challenging, with
many systems displaying low penetrance?>?® or requiring manual or fluorescent-based sex-
sorting directly prior to release!®?’. Developing inducible genetic systems that automatically
eliminate the undesired sex have been difficult due to limited understanding of the sex-
determination pathway*’, and husbandry limitations have prohibited development of
translocation lines?®. Overcoming these hurdles, Ifegenia’s design offers 4 key advantages that
enable scalable production. One, the two homozygous FO stock strains have normal sex ratios
and fertilitv, enabling mass rearing. Two, a single FO fertilized female vields conservatively
200 Ifegenia sons, facilitating large-scale production. Three, the separation of gFLE and Cas9
stock lines prevents the creation of CRISPR-resistant alleles, circumventing roadblocks faced
by some gene drives**. And four, the high phenotype penetrance enables direct release of F1
eggs/larvae/pupae into the wild, eliminating the need for injurious manual sorting and resources
for rearing females. Where Ifegenia lacks scalability is the requirement for manual sorting to
establish the FO parental cross. A hurdle easily overcome by the addition of sex-specific

13,14,16-18

fluorophores , making Ifegenia’s throughput sufficient for most applications.
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[00150] As an efficient and potentially scalable GSS, Ifegenia could help enable
technologies like SIT in A. gambiae®’. Traditional SIT entails committing to mass iterative
releases of sterile males to suppress the local populations, but has not yet been adapted to A4.
gambiae. After years of optimization, radio-sterilization protocols that once reduced male
fitness are now ready for larger trials, thus necessitating a male-only GSS in the species®*®, and

presenting a niche that could be fulfilled by Ifegenia.

[00151] In addition to serving as a GSS, Ifegenia could be used as a novel vector control
technology. The modeling described herein suggests that iterative releases of Ifegenia males
leads to long-term suppression in wild populations without drive following the introduction of
CRISPR transgenes and female-killing alleles. Ifegenia is thus proposed as, for example, an
intermediate between control methods like (pgSIT)?” and suppression gene drives’®*’. Unlike
peSIT, Ifegenia releases transgenes into the gene pool and induces multigenerational
suppression, but unlike gene drives, it is not self-propagating. This could make Ifegenia a
desirable option in remote areas where repeated SIT releases are not feasible and gene drives
have yet to gain acceptance. While resistant alleles could develop, this risk is reduced by
targeting two different loci in fle. If resistant alleles persist, a system with multiplexed targeting
of additional female-essential genes could be developed, which modeling suggests should

achieve similar performance as targeting f7e alone.

[00152] In this context, Ifegenia is comparable to female-specific flightless RIDL
(fsRIDL), which similarly aims for male-only releases, induces female-killing, and has
transgenes that persist for prolonged suppression. fsRIDL involves males passing down a
repressible, toxic, female-specific flight muscle transgene to their daughters, preventing them
from flying. While fsSRIDL has been successful in suppressing Aedes populations in trials*® and
is slated to be used in the US*, this design has not yet been reproduced in 4. gambiae. Despite
some differences in larval competition parameters and transgene number, its similarities with

fsRIDL suggest that Ifegenia could achieve parallel outcomes in the field.

[00153] Assuming the commitment for iterative releases has been made, releases of
fertile Ifegenia males could act as a novel population suppression technology (e.g., by siring
Afle offspring). In such a system, iterative mass release of gFLE/Cas9 Ifegenia males could
still cause a reduction in the biting population in subsequent generations much like traditional
SIT, however it would additionally ‘load” the population with female-killing Afle alleles and
fle-targeting CRISPR machinery - theoretically permitting for prolonged population
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suppression effects. Because these releases are entirely non-driving, but still entail introduction
and transient persistence of GM mosquitoes in the environment, they could be examined as an
intermediate vector control option between the alternative suppression technologies pgSIT and

Suppression Gene Drives.

[00154] A. gambiae is the predominant vector for malaria. Vector population
suppression technologies offer a promising means to curb malaria transmission. However,
traditional technologies like insecticides rapidly grow ineffective because Anopheline
mosquitoes, which have high sequence variation due to a high mutation rate, quickly develop
inseclicide resistance. Technologies that involve releasing sterile males, such as pgSIT and
fsRIDL, have been previously demonstrated in D. melanogaster and the malaria vector Aedes
aegypti to confineably suppress population for a single generation. These genetic systems
involve releasing sterile males into the wild to compete against wild type males for mates. The
cross between a sterile male and a wild type female fails to produce viable progeny, resulting
in single-generation, confineable population suppression. One cornerstone for this genetic
svstem is that the males are fit and mate with wt females to deliver a mating plug that prevents
further matings. Also important, fertile females should not be released alongside the sterile
males, because females can blood feed and contribute to disease transmission. Thus, these
genetic systems knock out some genes essential for male fertility and other female-specific

genes essential for female development, in order to solely generate sterile males for release.

[00155] Limited characterization of the 4. gambiae sex determination pathway makes it
difficult to find female-specific gene targets. A previous study recently published a RNAi
knockdown characterization of the novel gene, fle, in A. gambiae, which suggests female-
specific lethality and androgenization. Here, in the first study to characterize fle knockout, the
utility of fle as a gene target in pgSIT-like systems is demonstrated. A pgSIT-like crossing
scheme to knock out fle was used, and demonstrated that fe knockout results in complete
female elimination without apparently affecting the ability of their male siblings to mate. In
fact, the loss of female phenotype resulting from fle knockout is more penetrant than the
previously only known gene target, Dsx, which has varying levels of androgenization and
leakiness. Based on these results, fle is a promising gene target to incorporate into sterile male

technologies.

[00156] This disclosure highlights the potential for fle-targeting technologies to enable

new genetically modified vector control methods. High genetic conservation could permit
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trivial adaptation of Ifegenia and other fle-based tools to the related species 4. arabiensis, A.
coluzzii, and A. stephensi** to curb their impact on malaria transmission. Ifegenia could
facilitate further study of fle, yielding insights into its role in X-chromosome dosage
compensation, and the biological function and of its homolog 7ransformer2>, potentially
enabling novel vector control systems in harmful agricultural pests such as C. capitata, and 1.
cuprina®. Finally, manipulating fle reveals opportunities for tet-based sex separation systems,

33 and Y-drives®! in addition to other tools, making possible a suite

homing based gene drives
of new vector control technologies to target a range of pests. In all, Ifegenia not only provides
important insights on the function of fle, and demonstrates its value as a gene of interest for the
vector control field at large, but also provides a GSS, and the first tool of its kind to combat

malaria transmission in Anopheles gambice.
Materials and Methods:
Mosquito rearing and maintenance

[00157] A. gambiae was derived from the G3strain. The mosquitoes were reared in 12h
light/ dark cycles, in cages (Bugdorm, 24.5 x 24.5 x 24.5 cm). The cages were placed in a
transparent plasmid bag to maintain humidity and allow light to go through. For every 2 cages,
1 humidity cup was placed on top of the cage to maintain high humidity in the bag. Adults were
provided with 0.3 M aqueous sucrose ad /ibitum, and females were blood fed on anesthetized
mice for 2 consecutive days for ~15 min at a time. Males and females were allowed to mate for
at least 2 days before blood meal. Egg dishes are provided 2 days post-blood meal. Eggs are
allowed to melanize for 2 days before being floated in trays. Larvae were reared and fed, as

well as pupae screened and sexed, in accordance with established protocols®.

[00158] The fle (AGAPO013051) target gene reference sequence was extracted from
VectorBase*®. To verify target sequence and detect any polymorphisms, gDNA was extracted
(Qiagen, DNeasy Blood & Tissue Kits, Cat. No. / ID: 69504) from pools of 10 individuals,
cloned into pJET (ThermoFisher Scientific, Cat. No./ID: K1231), and individual colonies were
sanger sequenced for the fle locus. Putative candidate gRNAs in conserved regions were
identified using hcrispor.tefor.net/. On-target in vitro cleavage activity was determined for the
top ten gRNA candidates by CRISPR QC. The gRNAs tested are as follows gRNA1 [5°
TCATCCGCTTTCGACACTCGCGG 3] (SEQ ID NO: 1); gRNA2 [5°
CACGATGAGTATTGAGTCTTGG 3°] (SEQ ID NO: 2);, gRNA3 |[5
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TGCTTCGTACAGCTGCCAGTCGG 3] (SEQ ID NO: 3); gRNA4 [5°
CTTCCACCGGCGGTAATCTTTGG 3] (SEQ ID NO: 4); gRNAS [5
TTATCACATTGTATGACGGTCGG 3] (SEQ ID NO: 5); gRNA6 [5°
GTGCTGGACGCATTCCTATTGGG 3°] (SEQ ID NO: 6); gRNA7 [5°
CGACGGCTCGTTCATCGCTGGGG 3°] (SEQ ID NO: 7); gRNA8 [5°
GTCGACGGCTCGTTCATCGCTGG 3°] (SEQ ID NO: 8); gRNA9 [5°
CTTGAACAGCTCTATCAGATCGG 3] (SEQ ID NO: 9).; gRNAIO [5
ATCGAGCGCGTCGCCTGGTACGG 3°] (SEQ ID NO: 10). Two gRNAs, gRNA7 and
gRNA10 were selected as each targets Exon 1, and overlaps a semi-unique restriction enzyme
site to facilitate downstream screening and identification of mutant alleles™. A piggyBac
transgenesis backbone pbVTKactR>® was modified to contain each gRNA under expression of
the A gambiae U6 promoter®* synthesized as gBlocks® , and replaced endogenous Red for
m2Turquoise (ECFP) The final plasmid sequence (plasmid 1154B, transgene gFLE) was
confirmed by Sanger sequencing and is available on Addgene (#187238). Embryonic
microinjections of gFLE into G3 wild type embryos was carried out as described previously .
9 transgenic founders were identified, which were individually outcrossed to wild type to

establish distinct families. Families gFLEg, gFLE;, and gFLE; were selected for analysis.
Fluorescent Sorting, Sexing and Imaging

[00159] A. gambiae were fluorescently sorted, sexed, and imaged using the Leica
M165FC fluorescent stereomicroscope using a Leica DMC2900 camera. Fluorescence was
visualized using the CFP/YFP/mCherry triple filter, and was sexed by examination of pupal
genital terminalia. In cases where sex was indeterminable by pupal phenotype, genotype was

validated by Y-chromosome PCR (see below).
Genetic Cross Setup

[00160] For all crosses, pupae were fluorescently sorted and sexed, and allowed to
emerge as adults in separate cages to ensure female virginity before crossing. Unless otherwise
indicated, crosses were set up with 1-3 day old adults, allowed to mate ad /ibifum for 4 days,
then blood fed. For preliminary test crosses, 50 gFLE-positive males and 50-Cas9 positive
females (mixed heterozygotes and homozygotes) were crossed, and offspring pupal sex-
genotypes were scored. For crosses requiring heterozygous parents, gFLE-positive or Cas9-

positive individuals were first crossed to wild type of the reciprocal sex and fluorescently sorted
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to generate guaranteed heterozygous FO’s. These FO +/gFLE males and +/Cas9 females were
then intercrossed for analysis of the Mendelian inheritance patterns in the F1 offspring. For
assays requiring homozygous X homozygous mating pairs, one of two assays was set up. In
early experiments, small cages of gFLE-positive males (enriched for homozygotes by
fluorescence intensity) were mated to pure Cas9/Cas9 females, allowed to mate en masse and
allowed to oviposit en masse. Only those broods which yielded 100% gFLE/Cas9 offspring
were considered from gFLE/gFLE X Cas9/Cas9, and scored. In a second experiment, larger
cross cages were set up essentially as described above, however females were isolated into iso-
female ovicups prior to oviposition. Individual broods were screened for pure hybrid

transheterozygous (gFLE/Cas9) offspring, and only those with this genotype were scored.
Embryo survival assays

[00161] To determine if females were dying during embryogenesis, +/gFLE males and
+/Cas9 were crossed. From large egg lays, a random sampling of ~500 unhatched embryos
were separated from the egg dish and allowed to hatch. All larvae were scored by genotype at

1 day post-hatching and reported in Figure 3.
Larvae survival

[00162] To determine if females were dying as larvae (after hatching and before
pupation), 1do larval offspring of the +/gFLE x +/Cas9 cross were fluorescently sorted. 40

larvae from each genotype were reared in separate trays, then scored as pupae by sex and

genotype.

fle knockout mutant analysis

[00163] DNA was individually extracted from L3-L4 A. gambiae larvae using the
DNeasy Blood & Tissue Kits (Qiagen, Cat. No. / ID: 69504). 1 ul of genomic DNA was used
as a template in a 20 pl PCR reaction using Q5 HotStart DNA polymerase (NEB, Cat. No./ID:
MO0493L) and primers 1154A.S5 and 1154A.S7 amplifying genomic fle sequences. The
resulting product was run on a 1% agarose gel in TAE buffer), gel extracted with the
Zymoclean Gel DNA Recovery Kit (Zymo Research, Cat. No./ID: D4007), cloned into the
pJET vector (Thermo Scientific, Cat. No. /ID: K1231), transformed into chemically competent
L. coli (Promega, IM109), and plated on LB-Ampicillin plates. Sanger sequencing reads (rom

individual colonies represented amplicons from individual mutant alleles, (primers PJET1-2F
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and/or PJET 1-2R) were compared to fle sequences from our WT mosquitoes as a reference

genome.
Male mating competition assay

[00164] Competition cages were set up with 35 gFLE/Cas9 males X 35 WT males, or
70 WT males, then introduced into a cage with 35 WT virgin females. They were allowed to
mate ad libitum for 5 days before bloodfeeding. Eggs were counted and larvae scored for the
presence of a transgene. Because gFLE/Cas9 males sire some non-transgenic progeny as part
of normal transgenic chromosome segregation, the ratio of transgenic:WT offspring was
calculated (Figure 7, Panel A) and used to calculate the WT offspring attributable to
gFLE/Cas9 fathers in Figure 7, Panel B.

Afle allele quantification

[00165] To quantify Afle mutant alleles, PCR amplification was performed followed by
direct digest on /e amplicons in F2 individuals. Genomic DNA samples were prepared using
the Qiagen DNeasy extraction kit (Cat. No. /ID: 69504), and amplified in 50 ul PCR reactions
using Taq DNA polymerase (NEB, Cat. No. / ID: #M0273S) and primers 1154A S8 and
1154A.S29 (1121bp). PCR product was divided into three 15 ul aliquots; one was undigested
for reference, one digested with BstNI (Cat. No. / ID: R0168S), and one with BseYI (NEB cat#
R0635S) according to manufacturer's protocols. PCR amplicons from WT alleles are expected
to digest into 228 bp and 893 bp, and 403 bp and 718 bp fragments for BseYI (gRNA7) and
BstNI (gRNA10) respectively. Failure to digest a significant quantity of PCR product indicates
a likely polymorphism under the gRNA target site. Immediately after digestion, the 15ul raw
PCR product, 15ul BstNI-digested product, and 15ul BseYI-digested product were run side-
by-side on gel (1% agarose gel in TAE buffer, 1 kb ladder (NEB, Cat. No. / ID: N3232L), most
gels run at 115V for 40 minutes).

Y chromosome amplification

[00166] Samples were extracted with the Qiagen DNeasy extraction kit (Cat. No. / ID:
69504). 1ul of genomic DNA was used as a template in a 20ul PCR reaction using Q5 HotStart
DNA polymerase (NEB, Cat. No./ID: M0493L). Each individual was genotyped for the
presence ol the y-chromosome’’. Posilive control PCRs used 4. gambiae-specilic 28S primers

(1123A.S2/1123A.83, 230 bp fragment)*8,
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Male Survival Curves

[00167] Ifegenia males and WT control males were scored as pupae and placed into
separate cages. Cages were inspected each day for mosquito death. Dead adults were scored

and removed daily, until no surviving adults remained.
Male competition assay

[00168] To determine the relative competitiveness of gFLE/Cas9 and wild type males,
35 gFLE/Cas9 males, 35 wild type males and 35 wild type females were crossed together in a
single cage in triplicate and assumed monandry. The total number of larvae, number of eggs,
and the genotypes of the resulting 1 day old offspring were scored (Figure 7). To determine
the number of offspring from transgenic fathers, crosses of 35 gFLE/Cas9 males to 35 WT
females were performed and the ratio of each genotype in the 1 day old offspring was
determined (Figure 7, Panel A). This was used to calculate the approximate number of WT
larvae which resulted from gFLE/Cas9 males vs WT males in competition cages. This was
reported and graphed as the number of adjusted Ifegenia offspring. Control cages were
composed of 70 WT males mated to 35 WT females, and egg number, larvae number, and

genotype data were collected in the same manner.
Mathematical modeling

[00169] To model the expected performance of Ifegenia and pgSIT at suppressing and
eliminating local 4. gambiae populations, the MGDrivE simulation framework was used®. This
framework models the egg, larval, pupal, and adult mosquito life stages with overlapping
generations, larval mortality increasing with larval density, and a mating structure in which
females retain the genetic material of the adult male with whom they mate for the duration of
their adult lifespan. The inheritance patterns of the Ifegenia and pgSIT systems were modeled
within the inheritance module of MGDrivE. For simplicity, the inheritance model assumes that
mosquitoes having the Cas9 allele and a gRNA targeting the N-terminal region of fle, or
targeting male fertility in the case of pgSIT, cleave recessive terminal regions of fle and/or of
the male fertility allele according to a defined frequency. In the case of multiple target sites,
cleavage of each target allele is treated as an independent event. For Ifegenia, females
homozygous for any fle mutant allele have reduced viability, and in the case of pgSIT, male
mosquitoes homozygous for the fertility mutant allele have reduced fertility. A proportion of

progeny of female mosquitoes having the gRNA and Cas9 alleles also have their N-terminal
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region of fle or, in the case of pgSIT, male fertility allele, cleaved due to the maternal deposition
of Cas9. For this analysis, no fitness effects are associated with having the gRNA or Cas9
alleles, except for male mating competitiveness, and individuals heterozygous for either allele
are not affected. The development of resistance alleles, which could potentially inhibit the

cleavage of gRNA target sites, are accounted for in a supplementary model.

[00170] We considered a single randomly-mixing 4. gambiae population of 10,000
mosquitoes was considered and the stochastic version of the MGDrivE framework to capture
random effects at low population sizes and the potential for population elimination was
implemented. Density-independent mortality rates for juvenile life stages were calculated [or
consistency with the population growth rate in the absence of density-dependent mortality, and
density-dependent mortality was applied to the larval stage following Deredec ef al >°. Weekly
releases of up to 500 transgenic eggs per wild adult mosquito (female and male) were simulated
over a period of 1-52 weeks. The scale of egg releases was chosen following the precedent in
Kandul ef al.° for equivalence to an adult release ratio on the order of 10:1, taking into account
survival of released eggs through to the adult life stage in the presence of density-dependent
larval mortality. 120 repetitions were carried out for each parameter set, and mosquito genotype
trajectories, along with the proportion of simulations that led to local population elimination,

were recorded. Complete model and intervention parameters are listed in Table 2.
Determination of transgene integration sites

[00171] To determine the transgene insertion sites, Oxford Nanopore genome DNA
sequencing was performed. Genomic DNA was extractedusing the Blood & Cell Culture DNA
Midi Kit (Qiagen, Cat. No. / ID: 13343) from 16 adult Ifegenia transheterozygous males
harboring both transgenes (Cas9/+ ; gFLE /+ ), following the manufacturer’s protocol. The
sequencing library was prepared using the Oxford Nanopore SQK-LSK110 genomic library
kit and sequenced on a single MinlON flowcell (R9.4.1) for 72 hrs. Basecalling was performed
with ONT Guppy base calling software version 6.1.2 using dna r9.4.1 450bps_sup model
generating 3.02 million reads above the quality threshold of Q=10 with N50 of 12308 bp and
total yield of 19.49 Gb. To identify transgene insertion sites, nanopore reads were aligned to
plasmids carrying either gFLE (1154B, Addgene as plasmid #187238) or Cas9** constructs
using minimap2°?. Reads mapped to the plasmids were extracted and mapped to the A. gambiae
genome (GCF_000005575.2_AgamP3). Exact insertion sites were determined by examining

read alignments in Interactive Genomics Viewer (IGV). The gFLEg transgene is integrated
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between positions 23,279,556 and 23,279,559 on chromosome 2R (NT 078266.2) and falls
into the last intron of AGAP002582. Cas9 is inserted between positions 10,326,500 and
10,326,503 on 2L (NT_078265.2). The site is located in the intergenic region between
AGAP005126 and AGAP005127 as expected by its integration in the X1 docking site (/4).
Using nanopore data, genomic deletions in the target gene, AGAP013051, were also
confirmed, as expected. The nanopore sequencing data has been deposited to the NCBI
sequence read archive (PRINA8B62928, reviewer link:
dataview ncbi.nlm.nih.gov/object/PRINA862928 Treviewer=pbmvm5fb9in78ro2ale7p2270c)

Transcriptional profiling and expression analysis

[00172] To quantify target gene reduction and expression from transgenes as well as to
assess global expression patterns, Illumina RNA sequencing was performed. A cross of 50
heavily enriched gFLEG/gFLEG males to 50 homozygous Cas9/Cas9 females was performed
to generate gFLEc/Cas9 offspring. Control WT, gFLEG enriched, and Cas9 cages were also
prepared. All cages were allowed to mate ad libitum for 5 days and were blood fed. 72 hours
after the blood feeding, the egg dish is placed into cages for synchronous egg laying, and
females allowed to oviposit for 2 hours. Eggs were collected 18 hours after the first egg lay
was observed. Total RNA was extracted using miRNeasy Tissue/Cells Advanced Mini Kit
(Qiagen, Cat. No. / ID: 217604) from 100ulL embryos, estimate volume, with each genotype
(WT; +/Cas9; +/gFLE; gFLE/Cas9) in biological triplicate (12 samples total), following the
manufacturer’s protocol. Genomic DNA was depleted using the gDNA climinator column
provided by the kit. RNA integrity was assessed using the RNA 6000 Pico Kit for Bioanalyzer
(Agilent Technologies, Cat. No. / ID: #5067-1513), and mRNA was isolated from ~1 pg of
total RNA using NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB, Cat. No. / ID:
E7490). RNA-seq libraries were constructed using the NEBNext Ultra 11 RNA Library Prep
Kit for [llumina (NEB, Cat. No. / ID: E7770) following the manufacturer’s protocols. Briefly,
mRNA was fragmented to an average size of 200 nt by incubating at 94°C for 15 min in the
first strand buffer. cDNA was then synthesized using random primers and ProtoScript 11
Reverse Transcriptase followed by second strand synthesis using NEB Second Strand
Synthesis Enzyme Mix. Resulting DNA fragments were end-repaired, dA tailed, and ligated to
NEBNext hairpin adaptors (NEB, Cat. No. / ID: E7335). Following ligation, adaptors were
converted to the Y™ shape by treating with USER enzyme, and DNA fragments were size
selected using Agencourt AMPure XP beads (Beckman Coulter #A63880) to generate fragment
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sizes between 250-350 bp. Adaptor-ligated DNA was PCR amplified followed by AMPure XP
bead clean up. Libraries were quantified using a Qubit dsDNA HS Kit (ThermoFisher
Scientific, Cat. No. / ID: Q32854), and the size distribution was confirmed using a High
Sensitivity DNA Kit for Bioanalyzer (Agilent Technologies, Cat. No. / ID: 5067- 4626).
Libraries were sequenced on an Illumina NextSeq2000 in paired end mode with the read length
of 50 nt and sequencing depth of 20 million reads per library. Base calls and FASTQ generation
were performed with DRAGEN 3.8.4 The reads were mapped to the VectorBase-
58 AgambiaePEST genome supplemented with gFLE and Cas9 transgene sequences using
STAR. On average, ~97.4% of the reads were mapped. Gene expression was then quantified
using featureCounts against VectorBase annotation release 58 GTF (VectorBase-
58 AgambiagPEST gtf). TPM values were calculated from counts produced by featureCounts
and combined. Hierarchical clustering of the data shows that for each genotype, all replicates
cluster together, as expected. DESeq2 was then used to perform differential expression
analyses between controls (WT; +/Cas9; +/gFLE) and gFLE/Cas9. For each DESeq2
comparison, gene ontology enrichments were performed on significantly differentially
expressed genes using R package topGO. Illumina RNA sequencing data has been deposited
to the NCBI-SRA, (PRINA8G2928, reviewer link:
dataview.ncbi.nlm.nih.gov/object/PRINA862928 7reviewer=pbmvm5fb9in78ro2ale7p2270c¢)

Statistical analysis

[00173] Statistical analysis was performed in JMP8.0.2 by SAS Institute Inc and Prism9
for macOS by GraphPad Software, LLC. At least three biological replicates were used to
generate statistical means for comparisons. P values were calculated for a two-sided Student’s
t-test with equal or unequal variance. A two-sided F test was used to assess the variance
equality. The departure significance for survival curves was assessed with the Log-rank
(Mantel-Cox) and Gehan-Breslow-Wilcoxon texts. Multiple comparisons were corrected by
the Bonferroni method. All plots were constructed using Prism 9.1 for macOS by GraphPad
Software, LLC.

Ethical conduct of research

[00174] All animals were handled in accordance with the Guide for the Care and Use of

Laboratory Animals as recommended by the National Institutes of Health and approved by the

-58-



10

15

20

25

WO 2023/230572 PCT/US2023/067494

UCSD Institutional Animal Care and Use Committee (IACUC, Animal Use Protocol #517187)
and UCSD Biological Use Authorization (BUA #R2401).

Data Availability

[00175] Complete sequence maps and plasmids are deposited at Addgene.org
(#187238). All Illumina and Nanopore sequencing data has been deposited to the NCBI-SRA
PRINA862928, reviewer link:

dataview.ncbi.nlm.nih.gov/object/PRINA8629287reviewer=pbmvm5fb9in78ro2ale7p2270c.

Generated 4. gambiae transgenic lines are available upon request to O.S. A.

[00176] It will be understood from the foregoing description that various modifications
and changes may be made in the various embodiments of the present disclosure without
departing from their true spirit. The description provided herein is intended for purposes of
illustration only and is not intended to be construed in a limiting sense. Thus, while the
presently disclosed inventive concepts have been described herein in connection with certain
embodiments so that aspects thereof may be more fully understood and appreciated, it is not
intended that the presently disclosed inventive concepts be limited to these particular
embodiments. On the contrary, it is intended that all alternatives, modifications and
equivalents are included within the scope of the presently disclosed inventive concepts as
defined herein. Thus the examples described above, which include particular embodiments,
will serve to illustrate the practice of the presently disclosed inventive concepts, it being
understood that the particulars shown are by way of example and for purposes of illustrative
discussion of particular embodiments of the presently disclosed inventive concepts only and
are presented in the cause of providing what is believed to be a useful and readily understood
description of procedures as well as of the principles and conceptual aspects of the inventive
concepts. Changes may be made in the construction and formulation of the various components
and compositions described herein, the methods described herein or in the steps or the sequence
of steps of the methods described herein without departing from the spirit and scope of the

presently disclosed inventive concepts.
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What is claimed is:

1.

S

10.

1L

12.

13.

14.

A transgenic animal, comprising:
a [irst transgene encoding a Cas9 protein; and
a second transgene encoding a guide RNA (gRNA) that targets a female
essential gene,
wherein the first transgene and the second transgene are incorporated into a
genome of the transgenic animal, and wherein the second transgene is
incorporated into the genome at a location which does not encode the
female essential gene.
The transgenic animal of claim 1, wherein the transgenic animal is a male.
The transgenic animal of claim 1, wherein the animal is an insect.
The transgenic animal of claim 3, wherein the insect is a mosquito.
The transgenic animal of claim 4, wherein the mosquito is 4. gambiae.
The transgenic animal of claim 4, wherein the female essential gene is implicated in
regulation of the dsx gene.
The transgenic animal of claim 4, wherein the female essential gene is fle.
The transgenic animal of claim 1, wherein the transgenic animal is reproductively
viable.
The transgenic animal of claim 1, wherein the presence of the first transgene and the
second transgene in a female animal is lethal to the animal.
The transgenic animal of claim 9, wherein the presence of the first transgene and the
second transgene in the female animal is lethal at a larval or pupal stage of
development.
The transgenic animal of claim 1, wherein the first transgene and the second transgene
are incorporalted at dilTerent positions ol the genome.
The transgenic animal of claim 1, wherein the Cas9 protein is a Vasa2-Cas9 protein.
The transgenic animal of claim 1, wherein mating of the transgenic animal with a wild
type animal produces offspring which contain the first transgene, the second
transgene, or both.
The transgenic animal of claim 1, wherein mating of the transgenic animal with a wild
type animal produces offspring which contain a somatic and/or heritable germline

mutation of the female essential gene.
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15.

16.

17.

18.

19.

20.

21

22.

23.

The transgenic animal of claim 1, wherein mating of the transgenic animal with a wild
type animal produces offspring which include female essential gene mutant males
reproductively viable to pass along the female essential gene mutation into subsequent
generations.
The transgenic animal of claim 1, wherein the transgenic animal is a male mosquito
and the female essential gene is fle.
A method of suppressing a population of animals, comprising:
releasing a first population of the transgenic animals of claim 1 into the
population of animals; and
allowing the transgenic animals to mate with the population of animals,
thereby passing the first transgene and the second transgene into
subsequent generations.
The method of claim 17, further comprising releasing additional populations of the
transgenic animals and allowing the transgenic animals to mate with the population of
animals and the subsequent generations, thereby suppressing the population of
animals due to the production of non-viable female offspring.
A method of preparing a transgenic animal for suppressing a population of animals,
comprising;
providing a first parental transgenic animal strain comprising a transgene
encoding a Cas9 protein;
providing a second parental transgenic animal strain comprising a second
transgene encoding a guide RN A (gRNA) that targets a female essential
gene, wherein the second transgene is incorporated into a genome at a
position which does not encode the female essential gene; and
sexually crossing the first and second parental transgenic animal strains to
produce offspring.
The method of claim 19, wherein the offspring include animals which encode the
Cas9 protein, the gRNA, or both.
The method of claim 19, wherein the offspring include animals which comprise a
somatic and/or heritable germline mutation in the female essential gene.
The method of claim 19, wherein mating of the offspring with a wild type animal
passes along a female essential gene mutation in reproductively viable males.
The method of claim 19, wherein the first parental transgenic animal strain is

homozy gous for the transgene encoding of the Cas9 protein, the second parental
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transgenic animal strain is homozygous for the transgene encoding of the gRNA, or
both are homozygous for their respective transgenes.

24. The method of claim 19, wherein all or substantially all of the offspring which are
viable are males which comprise the transgene encoding the gRNA, the transgene
encoding the Cas9 protein, and/or heritable germline mutations in the female essential
gene.

25. A transgenic system for population control of an animal comprising:

a first parental transgenic animal strain comprising a first transgene encoding a
Cas9 protein;

a second parental transgenic animal strain comprising a second transgene
encoding a guide RNA (gRNA) that targets a female essential gene,
wherein the second transgene is incorporated into a genome at a location
which does not encode the female essential gene;

wherein genetic crossing of the two strains results in offspring which:

include animals which encode the Cas9 protein, the gRNA, or both;

include animals which comprise a somatic and/or heritable germline
mutation in the female essential gene; and/or

include viable males capable of passing along a female essential gene
mutation to subsequent offspring.

26. The transgenic system of claim 25, wherein the first parental transgenic animal strain
is homozygous for the Cas9 protein and wherein the second parental transgenic

animal strain is homozygous for the gRNA.
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Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

carried out on the basis of a sequence listing:
a. forming part of the international application as filed.
international application as filed.

listing.

3. Additional comments:

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was

b. D furnished subsequent to the international filing date for the purposes of international search (Rule 13¢er 1(a)),

[:I accompanied by a statement to the effect that the sequence listing does not go beyond the disclosure in the

2. D With regard to any nucleotide and/or amino acid sequence disclosed in the international application, this report has been
established to the extent that a meaningful search could be carried out without a WIPO Standard ST.26 compliant sequence
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