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THE EFFICACY OF CRISPR-CAS9-MEDIATED INDUCTION OF THE
CCR5DELTA32 MUTATION IN THE HUMAN EMBRYO
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The editing of the CCR5 gene in the CD4* T cell genome is an effective way of preventing HIV-1 proliferation. Very similar
strategies can be used to protect the fetus of an HIV-infected female showing a weak response to antiretroviral therapy.
Inducing the “natural” CCR5delta32 mutation in a zygote may guard the fetus against HIV infection both in utero and at birth.
In this study, we optimize the CRISPR-Cas9 system to induce a homozygous 32-nt deletion similar to the naturally occurring
CCRb5delta32 allele in the human zygote at the S-phase. Edits were done in the abnormal tripronuclear zygotes unsuitable for
IVF. Sixteen tripronuclear zygotes in the S-phase obtained from WT CCR5 donors were injected with an original CRISPR-Cas9
system designed by the authors. Upon injection, the zygotes were transferred into the Blastocyst (COOK) embryo culture
medium and cultured for 5 days in a CO, incubator until blastocysts were formed (approximately 250 cells). Eight zygotes that
successfully developed into blastocysts were PCR-genotyped to analyze the efficacy of genome editing. Of 16 zygotes injected
with CRISPR-Cas9, only 8 reached the blastocyst stage. PCR genotyping revealed the absence of the initial WT CCRS variant
in 5 of 8 blastocysts (100% CCR5delta32 homozygous). Two had about 3% and one about 20% of WT CCR5 mosaicism. This
leads us to conclude that the efficacy of the proposed CRISPR-Cas9 system for the induction of the CCR5delta32 mutation
in human embryos is very high producing more than 50% of completely modified embryos.
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QPPEKTUBHOCTb CO3AAHUA AENELINA CCR5DELTA32 METOAOM
CRISPR-CAS9 B SMBPNOHAX YEJIOBEKA
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2MOCKOBCKMI FOCYAAPCTBEHHb I YHMBEPCUTET MMern M. B. JlomoHocosa, Mocksa
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ViameHeHve reHa CCR5 nytem pepakTvpoBaHns reHoma CD4+-T-kNeTok SBASETCS OAHVMM 13 Cnocob0B NpeaoTBpalLleHst
pacnpocTpaHeHus BINY-1-nHpekumm. OnHako noxoxkast cTpaTteris 3aLiuTbl oT BUY MoxeT BbITb MCMonb3oBaHa U ANs 3aLyThl
nnoga BUY-nHOUUMPOBaHHBIX XEHLLIMH CO CcrabbiM OTBETOM Ha aHTUPETPOBUPYCHYO Tepanuto. Co3aaHne «eCTeCTBEHHOrO»
annena CCRb5delta32 Ha cTagum 3MroTbl MOXKET 3alLUTUTL Nnoa oT BY-uHbekumm Bo BpemMsi BHYTPUYTPOBHOMO pas3BuTis
1 popoB. Llenbto pmaHHoro wmccnegoBaHWst Gbina ontummsauvs cuctembl CRISPR-Cas9 nog cospmaHve roMo3vroTHOM
32-HyKNeoTnaHoOW aeneuun (aHanorndHom npupoaHoMy BapuiaHTy CCR5delta32) B S-chaze 3uroTbl Yenoeka. [ns
pPenaKTMPOBaHKs reHoMa Oblfv MCMOIBb30BaHb! 3UrOThl C aHOMaJTbHBIM HYMCIIOM MPOHYKeycoB (bonee AByX), HENPUroaHble
nns OKO. 16 aHomanbHbIx 3uroT oT aoHopoB ¢ WT CCR5 6binn MHbeLMpoBaHb! pasdpabotaHHo cuctemort CRISPR-Cas9 B
S-thaze. [Nocne MHbEeKLM 3UroThl MOMeLaV B KynTypanbHyto cpefy Blastocyst (COOK) 1 kynsTvBupoBani B TedeHne 5 aHel
B CO,-uHKybaTope 40 cTagum 61acToumcTbl (MprbnmanTenbHo 250 knetok). ng aHanmaa shexTVBHOCTY PefakTUpoBaHNs
reHoma 8 ycreLuHO pa3BuBaBLUNXCSA SMOPVOHOB Oblnv reHOTUMMPOBaHbI METOAOM MONMMEPasHol LiernHon peakuyn (MLP).
13 16 31roT, nHbeumpoBaHHbix cuctemolrt CRISPR-Cas9, nuib 8 gocturnn ctagmm bnactoumcTsl. LP-reHoTunmnposaHne
rokagaso oTcyTcTBMe ncxogHoro BapuaHta WT CCR5 B 5 13 8 6nactoumcT (100% romoaurotel no CCR5delta32). [1ga ambproHa
NPOAEMOHCTPUPOBaNN okono 3% n oanH — okono 20% mo3zanumama no WT CCR5. Takum 06pa3oM, adpdheKTMBHOCTb
paspaboTtaHHolr CRISPR-Cas9 cuctembl ans cosnaHus annens CCR5delta32 B ambpurioHax YenoBeka O0BOMbHO BbICOKA:
Bornee NonoBMHbI SMOPNOHOB OKa3bIBAIOTCS MOSTHOCTHIO MOAM(ULIMPOBAHHBIMU.

KntoueBble cnoBa: CRISPR-Cas9, penaktipoBaHve reHoma, amoéproH venoseka, CCR5, CCR5delta32, ycTon4umsocTts k BIY

><1 Ans koppecnoHgeHuumn: [eHnc Bnagnmmposny Pebprikos
yn. OctpoBuTaHOBa, 4. 1, . Mocksa, 117997; drebrikov@gmail.com

Cratbs nonyyeHa: 26.09.2018 Ctatba npuHATa K nevatu: 09.10.2018
DOI: 10.24075/vrgmu.2018.052

In the past few years the rapid evolution of CRISPR-based T cell genome by either knocking out or modifying the gene
technologies has expanded their application scope and paved  encoding the chemokine receptor CCR5 has raised new hope
their way to preclinical trails. The successful editing of the CD4+  for the true functional cure of HIV-1 infection [1-5].
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Apart from the edits in the CCR5-encoding gene of T cells
that block the development of AIDS in HIV-infected patients,
genome editing techniques can be used to induce the
CCRb5delta32 mutation in the egg as part of in vitro fertilization
(IVF) procedures to protect the fetus of an HIV-infected female
showing a weak response to antiretroviral therapy [6, 7].

Injecting CRISPR-Cas9 components into the zygote will
entail genome modifications in almost all cells of the organism,
which has already been demonstrated for a few deleterious
hereditary mutations [8-12]. Importantly, the edited genome
will be passed on to subsequent generations.

A modification identical to the naturally occurring mutant
allele CCR5delta32 can be expected to protect the fetus from
HIV infection in utero and at childbirth. Another beneficial effect
of this edit is a potential lifelong immunity to HIV.

In this study we optimize the CRISPR-Cas9 system to
induce a homozygous 32-nt deletion similar to the mutant
CCRb5delta32 allele in the human zygote during the S-phase.
Editing was performed on the abnormal tripronuclear zygotes
unsuitable for IVF.

METHODS
Ethical approval and consent to participate

The study protocol was reviewed and approved by the Ethics
Committee of Kulakov National Medical Research Center for
Obstetrics, Gynecology and Perinatology (Approval Reference:
No.2017/45). The study complied with the international
guidelines for human embryo research. Written informed
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consent was obtained from each couple before they could
donate tripronuclear zygotes. Only homozygous wild-type
CCRS5 pairs were included in the study.

Zygote collection procedures

Tripronuclear zygotes were donated by patients undergoing IVF
treatment from September 2017 through April 2018 at Kulakov
National Medical Research Center for Obstetrics, Gynecology
and Perinatology (Moscow, Russia). In total, 21 tripronuclear
zygotes were obtained from 11 couples, of which 16 were
injected with CRISPR-Cas9 and 5 were used as a control.

Design, synthesis and in vitro activity of gRNAs

Guide RNAs (gRNAs) were designed to match the target locus
of wild-type (WT) CCR5 and CCRb5delta32 alleles from the
National Center for Biotechnology Information database (USA)
were used to design guide RNAs (gRNAs). A 200 bp-long DNA
sequence was picked for further editing in which the sites for
base pairing between gRNA and target DNA were selected
adjacent to the PAM sequence (Fig. 1). In total, 9 gRNAs were
designed to target the sites convenient for the subsequent
homologous repair of double-stranded breaks (Table 1).

The transcription template was generated by pairwise
annealing of primers (Evrogen; Russia) and PCR-amplified by
Taqg polymerase (Evrogen; Russia). Guide RNA was synthesized
from the template using T7 RNA polymerase (SybEnzyme; Russia).

The activity of the resulting gRNAs was studied using a
test plasmid coding for the wild-type CCR5 sequence. In vitro
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Fig. 1. gRNAs layout inside the human CCR5 gene

Table 1. Oligos for gRNA and DNA patches

CCR5_BamHI_F

GGATCCTAGGTACCTGGCTGTCGTCCATG

CCR5_Xbal_R

TCTAGAATGCAGCAGTGCGTCATCC

CCR5d32_gRNA1
CCR5d32_gRNA2
CCR5d32_gRNA3
CCR5d32_gRNA4
CCR5d32_gRNA5
CCR5d32_gRNA6
CCR5d32_gRNA7
CCR5d32_gRNA8
CCR5d32_gRNA9
CCR5_big_leftpart_F
CCR5_big_leftpart_ R
CCRb5_big_rightpart_R
CCRb5_gib_rightpart_F
CCR5_small_F
CCR5_small_R
CCR5_small_hairpin_R

TAATACGACTCACTATAGGAAGACCTTCTTTTTGAGATCGTTTTAGAGCTAGAAATAGCAAG
TAATACGACTCACTATAGGTTTACCAGATCTCAAAAAGAGTTTTAGAGCTAGAAATAGCAAG
TAATACGACTCACTATAGGGTATGGAAAATGAGAGCTGCGTTTTAGAGCTAGAAATAGCAAG
TAATACGACTCACTATAGGGACATTAAAGATAGTCATCTGTTTTAGAGCTAGAAATAGCAAG
TAATACGACTCACTATAGGACATTAAAGATAGTCATCTTGTTTTAGAGCTAGAAATAGCAAG
TAATACGACTCACTATAGGAAAGATAGTCATCTTGGGGCGTTTTAGAGCTAGAAATAGCAAG
TAATACGACTCACTATAGGTGACCATGACAAGCAGCGGCGTTTTAGAGCTAGAAATAGCAAG
TAATACGACTCACTATAGGCAGATGACCATGACAAGCAGGTTTTAGAGCTAGAAATAGCAAG
TAATACGACTCACTATAGGGGTCCTGCCGCTGCTTGTCAGTTTTAGAGCTAGAAATAGCAAG
CAACTCTTGACAGGGCTCTATTTTATAGGC
GGACCAGCCCCAAGATGACTATCTTTAATGTATGGAAAATGAGAGCTGCAGGTGTAA
GCATAGCTTGGTCCAACCTGTTAG

TTAAAGATAGTCATCTTGGGGCTGGTCC

GTGATCACTTGGGTGGTGGC

TTAGGATTCCCGAGTAGCAGATGAC
GCTAAGCGGGTGGGACTTCCTAGTCCCACCCGCTTAGGATTCCCGAGTAGCAGATGAC
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DNA cleavage by the complex formed by RNA and EnGen®
Cas9 NLS (New England Biolabs; USA) was performed as
recommended by the manufacturer of the enzyme. The
best results were shown by gRNAs #1 and #5, which were
subsequently used for in vivo experiments mixed at a 1:1 ratio.

DNA patch

A standard overlap extension PCR technique was used to
obtain a DNA patch. After the construct was assembled, a
shorter single-stranded DNA product (perfect for promoting
recombination over non-homologous end joining NHEJ)
was amplified by asymmetric PCR with one of the primers
(index F) used in excess. The resulting fragment reads as
follows: GTGATCACTTGGGTGGTGGCTGTGTTTGCGTCTCT
CCCAGGAATCATCTTTACCAGATCTCAAAAAGAAGGTCTTC
ATTACACCTGCAGCTCTCATTTTCCATACATTAAAGATAGTCA
TCTTGGGGCTGGTCCTGCCGCTGCTTGTCATGGTCATCTG
CTACTCGGGAATCCTAA

Preparation of RNP complexes

The following components were used to prepare RNP
complexes: Cas9 (20 uM), a mix of gRNA#1 and gRNA#5 at
a ratio of 1:1 (30 ng/ul), ssDNA (100 ng/pl), a dilution buffer
(0.25 mM EDTA/10 mM TrisHCI, pH 7.4).

The injectable solution was prepared by mixing 0.5 pl of Cas9
(20 uM) with 4.5 pl of the dilution buffer. Then, 1.56 pl of Cas9
2 uM), 0.6 pl of the gRNA mix (30 ng/ul) and 2.5 pl ssDNA (100 ng/u)
were combined with 5.34 pl of the dilution buffer. The mix was
incubated at 37 °C for 10 min and immediately used for injecting.

Injection of CRISPR-Cas9

The CRISPR-Cas9 complex was injected into tripronuclear
zygotes in the S-phase according to the standard Intracytoplasmic
Sperm Injection (ICSI) protocol [13]. The injection volume was
1 nl. After the injection, the zygotes were washed twice in the
Sydney IVF Cleavage Medium (COOK Medical LLC; USA), then
moved into the Sydney IVF Blastocyst Medium (COOK Medical
LLGC; USA) and incubated in the EmbryoPlan CO, Incubator
(West trade LLC; Russia) under standard conditions for 5 days
until blastocysts were formed (about 250 cells). Upon incubation
each blastocyst was transferred into 12 pl of the dilution buffer
and immediately analyzed by PCR.

PCR genotyping and data analysis

Genotyping by double-tube PCR was performed in the
DTprime Real-Time PCR Cycler (DNA-Technology, Russia) as
described in [14], but to exclude the gRNA region, another
universal primer CCR5_check2_R was used with the following
sequence: TCATTTCGACACCGAAGCAGA. PCR data were
analyzed in the DTprime Real-Time PCR Cycler Software v.7.7
(DNA-Technology; Russia).

RESULTS

Of 16 zygotes injected with the CRISPR-Cas9 complex only
8 reached the blastocyst stage, whereas of 5 control zygotes
injected with the dilution buffer 3 developed into a blastocyst.
This is the standard rate of blastocyst formation for abnormal
zygotes, meaning that the injection did not increase the risk
of aborted development. PCR genotyping revealed the
absence of the initial WT CCR5 variant in 5 of 8 blastocysts,

so those embryos were 100% CCRb5delta32- homozygous.
Two embryos demonstrated about 3% and one about 20% of
WT CCR5 mosaicism (Fig. 2). Cp values for each embryo are
presented in Table 2. For each negative control sample (dilution
buffer) each PCR was performed in two replicates. The reaction
yielded no PCR products.

DISCUSSION
CRISPR-Cas9-mediated editing of the human zygote is an effective

method for intracellular DNA modification capable of eliminating
nearly 100% of the initial sequence in more than half of embryos
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Fig. 2. Examples of real-time PCR curves for different genotypes: A — two control
embryos, B — two mosaic embryos with about 3% of WT CCR5, C — two
CCRbdelta32 homozygous embryos
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Table 2. Real-time PCR Cp values for each embryo
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Embryo Ne Cp WT Cp del

Control 1 34.1 -

Control 2 34.1 -

Control 3 36.0 -

Exp 1 - 38.1
Exp 2 40.8 38.1
Exp 3 37.8
Exp 4 44.0 37.5
Exp 5 - 37.3
Exp 6 43.3 37.5
Exp 7 - 34.5
Exp 8 - 35.0

Note: — no PCR products.

[9, 10, 12, 15]. Our results are well correlated with those yielded by
other GE-system models demonstrating very high efficacy.

In the past few years we have witnessed the rapid evolution
of GE-systems. However, the off-target activity of such GE-
systems still remains a challenge. Genome editing techniques
can be introduced into clinical practice only if they have been
proved to be safe for the patient.
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