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The C-C chemokine receptor type 5 (CCR5 or CD195) is one of the co-receptor binding
sites of the human immunodeficiency virus (HIV). Transplantations of hematopoietic stem
cells with the CCR5A32 knockout mutation could represent an effective tool for the
complete cure of HIV; these methods having passed the stage of proof-of-principle. At the
same time, using the modern CRISPR/Cas9 genome editing method, we can effectively
reproduce the CCR5A32 mutation in any wild-type cells. Thus, the task of searching for
and accurately quantifying the content of mutant CCR5A32 alleles in heterogeneous cell
mixtures becomes relevant. In this study, we describe the generation of an artificial
CCR5A32 mutation using CRISPR/Cas9 followed by multiplex droplet digital
polymerase chain reaction (ddPCR) to quantify its content in cell mixtures. The system
we have developed allows us to quickly and accurately measure the content of cells with
the CCR5A32 mutation, down to 0.8%.

Keywords: CCR5, CD195, CCR5A32, CCR5-delta32, CRISPR/Cas9, droplet digital PCR, ddPCR

INTRODUCTION

The transmembrane protein CCR5 (CD195) is one of the co-receptor binding sites of human
immunodeficiency virus (HIV) (Liu et al., 1996; Venuti et al., 2017). There is a mutant form of the
CCRS5 gene resulting from a deletion of 32 nucleotides in the coding sequence (CCR5A32) that causes
a frameshift, the appearance of untimely stop codons and knockout of the gene function (Hiitter
et al., 2011). This mutation is present in approximately 10 and 1% of the population of Northern
Europe in heterozygous and homozygous variants, respectively (Stephens et al., 1998; Trecarichi
et al., 2006; Muxel et al., 2008). The knockout of this gene apparently has no significant effect on the
health of its carriers, but is a factor in the immunity of T cells to the human immunodeficiency virus
(HIV-1), more precisely to its R5 strain (the most common and contagious one) (Balotta et al., 1997;
Michael et al., 1997; Barmania and Pepper, 2013; Surdo et al., 2013; Qi et al., 2018). Because acute
lymphoblastic leukemia is common among HIV-1 carriers, such patients need bone marrow
replacement after chemotherapy or radiation therapy (Forghieri et al., 2020). If an immune-
compatible donor is a homozygous carrier of the rare CCR5A32 mutation, then the virus can be
completely eliminated from the HIV-1 patient. This strategy has already passed the “proof-of-
principle” stage, in several similar cases in Berlin and London (Hutter et al., 2009; Jilg and Li, 2019;
Gupta et al,, 2020). Analysis of the grafted cell content and its expansion in the patient’s body is an
important component of further monitoring of the patient’s health. At the same time, the
development of genome editing technologies (ZNF, TALEN, CRISPR/Cas9) makes it possible to
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artificially create the CCR5A32 mutation in any cells from any
donor, and this could provide the basis for innovative treatments
for HIV-1 infections (Liu et al., 2017; Li et al., 2020). A potential
treatment strategy in this case could be the creation of an artificial
CCR5A32 mutation in autologous or immunocompatible
hematopoietic stem cells or induced pluripotent stem cells
(and their differentiation into HSCs) followed by
transplantation. Thus, there is a need to create systems for
accurate quantification of CCR5A32 mutant alleles in
heterogeneous cell mixtures that are both efficient and simple
enough to translate the method into clinical diagnostic
laboratories.

Digital droplet PCR could represent a suitable method for this
purpose, as it allows accurate calculation of the number of matrix
copies in the original mixture and has already been applied to
similar cases, when searching for oncogenic mutations (Findlay
et al, 2016). Furthermore, different approaches (ddPCR;
quantitative real-time PCR or qPCR) have been applied to
quantitate of HIV DNA for HIV reservoir
diagnostics, including for the evaluation of potential HIV cure
after CCR5-A32/A32 allogeneic hematopoietic stem-cell
transplantation (HSCT) during an antiviral treatment
interruption (Henrich et al, 2012; Gupta et al, 2020).
Previously, multiplex end-point PCR and high-performance
real-time PCR have been used as convenient methods for
screening HIV patients for the protective CCR5A32 mutation
in biallelic or monoallelic variants (Nischalke et al., 2004; Rosi
etal., 2015). In the present work, we aimed to develop an efficient,
fast, and sufficiently accurate method for assessing the content of
mutant CCR5A32 cells in heterogeneous cell mixtures using
digital droplet PCR. For this purpose, we created an artificial
CCR5A32 mutation in the MT4 cell line using the CRISPR/Cas9
genome editing system.

low-levels

MATERIALS AND METHODS

Cell Culture and Genomic DNA Extraction
The MT-4 human T-cell line was kindly gifted from Dr. D.N.
Nosik (Gamaleya Research Institute of Epidemiology and
Microbiology of the Russian Academy Sciences, Moscow,
Russia). Cells were cultured in Roswell Park Memorial
Institute medium (RPMI-1640; Gibco, Thermo Scientific,
Waltham, Massachusetts, United States; Cat. no. 11875093),
containing 10% fetal bovine serum (FBS; HyClone, Capricorn
Scientific, Helicon, Moscow, Russia; Cat. no. FBS-22A) and
maintained in a humidified incubator with 5% CO2 at 37°C.
Genomic DNA was extracted using the phenol-chloroform
method and the «ExtractDNA Blood and Cells Kit» (Evrogen,
Moscow, Russia; Cat. no. BM011). The DNA concentration and
purity parameters were measured with a NanoPhotometer
P-Class P360 (Implen, Munich, Germany).

Construction of CCR5-Targeting gRNAs

Relevant gRNA sequences were found from Kang et al,, 2016:
CCR5-7 CAGAATTGATACTGACTGTATGG and CCR5-8
AGATGACTATCTTTAATGTCTGG. Such gRNA
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oligonucleotides ~ were annealed and  phosphorylated
simultaneously using T4 polynucleotide kinase (NEB, Ipswich,
Massachusetts, United States; Cat. no. M0201S) and C1000
Touch Thermal Cycler (Bio-Rad, Hercules, California, United
States) for 30 min at 30°C, for 5 min at 93°C and, finally, with a
decreasing ramp speed of 5°C/s from 20°C to 4°C. The pU6-gRNA
vector (see plasmid map and sequence in the Supplementary
Figure S1, Supplementary File S1) was linearized by BsmBI
digestion (NEB, Ipswich, United States; Cat. no. R0580) and
ligated with the annealed oligonucleotides into the backbone
using T7 DNA ligase (NEB, Ipswich, United States; Cat. no.
M0318S) in a C1000 Touch Thermal Cycler (Bio-Rad, Hercules,
United States) according to the protocol: for 10 min at 16°C and
for 1 min at 10°C over three cycles. The ligated DNA was purified
using the «Isolate II PCR and Gel Kit» (Bioline or Meridian
Bioscience, Cincinnati, Ohio, United States; Cat. no. BIO-52059)
and then used for the chemical transformation of Escherichia coli
XL1-Blue cells (Evrogen, Moscow, Russia; Cat. no. CC001)
following the standard manufacturer’s instructions. Plasmids
with successfully inserted gRNAs were obtained after
extraction using a «Plasmid Midiprep 2.0 Kit» (Evrogen,
Moscow, Russia; Cat. no. BC124) and verification using Sanger
sequencing (Evrogen, Moscow, Russia).

Cas9-gRNA Electroporation Procedure

10 pg of pCas9-IRES2-EGFP (see plasmid map and sequence in
the Supplementary Figure S2, Supplementary File S2) were
mixed with 5 pg of pU6-gRNA-CCR5-7 and 5 pg of pU6-gRNA-
CCR5-8 in the presence of «Gene Pulser Electroporation Buffer»
(Bio-Rad, Hercules, United States; Cat. no. 1652677) or
Dulbecco’s  Phosphate-Buffered  Saline (DPBS; PanEco,
Moscow, Russia; Cat. no. P060p) followed by transfer to
0.4 cm «Gene Pulser MicroPulser Electroporation Cuvettes»
(Bio-Rad, Hercules, United States). After this, 6 x 10° MT4
cells were added to the Cas9-gRNA mix and the whole
mixture was electroporated using a Gene Pulser Xcell (Bio-
Rad, Hercules, United States) with the following settings:
275V, 5ms, three pulses. Upon electroporation, the cells were
incubated in RPMI-1640 (Gibco, Thermo Scientific, Waltham,
United States; Cat. no. 11875093) complemented with 10% FBS
(Capricorn Scientific, Helicon, Moscow, Russia; Cat. no. FBS-
22A) for 48 h before cell sorting.

MT4 Cell Sorting and Cloning

The transfected MT4 cell suspension was collected and separated
using fluorescence-activated cell sorting (FACS) in an S3 Cell
Sorter (Bio-Rad, Hercules, United States). The EGFP labeled cell
population was cloned manually using a multichannel pipette to
dispense cells into 96-well plates by limiting dilution in order to
generate a monoclonal cell lines as most wells contain only a
single cell. After that, the 96-well plates were incubated for
14 days under standard conditions. During this period, we
carefully visually screened the wells for two or more cells in
the well of 96-well plate. This is quite easy to do because MT-4
cells have the ability to form spheres from the derivatives of a
single cell divide. Accordingly, when 2 cells came into the one
well, we saw two spheres, but this was also a rather rare event. In
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the case of finding such wells, we excluded such variants from
further study.

Screening of CCR5-A32 Alleles From MT4

Clones

After obtaining monoclonal cell lines, we amplified them and
isolated DNA, after which we amplified the studied fragment of
the CCR5 locus by PCR using following primers: forward CCC
AGGAATCATCTTTACCA and reverse GACACCGAAGCA
GAGTTT. For further sequencing, we applied TA-cloning,
since this approach allows for better sequencing efficiency and
allows us to see potential contamination of monoclonal lines with
other cell types (e.g. homozygous mutants with wild-type
cells).The CCR5 amplified DNAs were purified using the
«Isolate II PCR and Gel Kit» (Bioline, Memphis, United States;
Cat. no BIO-52059). Amplicons were inserted into the pAL2-T
vector (Evrogen, Moscow, Russia; Cat. no. TA002) through the
T4 DNA ligase (NEB, Ipswich, United States; Cat. no. M0202L)
reaction according to the manufacturer’s protocol. The obtained
DNA ligation products were used for the chemical
transformation of Escherichia coli XL1-Blue cells (Evrogen,
Moscow, Russia; Cat. no. CC001) as per standard
methodology. A suspension of the transformed cells was
transferred on the surface of LB-agar plates (solid Luria-
Bertani medium; all ingredients were acquired from Helicon,
Moscow, Russia) with selective antibiotic (ampicillin, Cat.no:
A8351, Sigma), IPTG (Catno: 11284, Sigma) and X-Gal
(Cat.no: 203782, Sigma) according to the blue-white screening
procedure. The Petri dishes were kept in a dry-air thermostat for
14-16 h at 37°C. For subsequent PCR analysis with M13 primer,
6-8 white colonies were selected. An overnight culture of bacteria
containing the target site was grown in LB medium (liquid Luria-
Bertani medium; all ingredients were acquired from Helicon,
Moscow, Russia) plus selective antibiotic at 37°C and 250 rpm.
Plasmids were prepared using the «Isolate II Plasmid Mini Kit»
(Bioline, Memphis, United States; Cat. no BIO-52056) and
sequenced by Sanger’s approach (Evrogen, Moscow, Russia).
For each clone studied, we sequenced at least 10
independently obtained TA plasmid samples. The data were
submitted to SnapGene Viewer version 4.1.9 software (from
Insightful Science, San Diego, California, United States;
available at snapgene.com) and analyzed.

CCR5 Gene Copy Number Measurement
(CNV Assay)

The ddPCR reactions were performed in a 22 pl reaction mixture
containing 2X droplet digital PCR supermix (no dUTP; Bio-Rad,
Hercules, California, United States; Cat. no. 186-3024), 250 nmol
of each probe labeled with R6G or FAM, 450 nmol primers, and
5 ul containing 25-80 ng of gDNA. Nuclease-free water (Evrogen,
Moscow, Russia; Cat. no. PB207M) was added to achieve the final
volume. Droplets were generated using the «QX200™ AutoDG
Droplet Digital PCR System» (Bio-Rad, Hercules, California,
United States). Amplifications were performed with the
following cycling conditions: one cycle at 95°C (2°C/s ramp)

Detection of CCR5A32 by ddPCR

for 10 min, 40 cycles at 94°C (2°C/s ramp) for 30s with the
annealing step at either 56°C for 90 s or at 58°C for 60 s, followed
by one cycle at 98°C (2°C/s ramp) for 10 min. All samples were
analyzed in duplicate.

Droplet Digital PCR

The PCR reactions were performed in a 22 pl reaction mixture
containing 2X droplet digital PCR supermix (no dUTP; Bio-Rad,
Hercules, California, United States; Cat. no. 186-3024), 250 nmol
of each probe labeled with R6G or FAM, 900 nmol primers, and
5 ul containing 25-80 ng of gDNA. Nuclease-free water (Evrogen,
Moscow, Russia; Cat. no. PB207M) was added to achieve the final
volume. Samples were analyzed for CCR5A32 mutations in exon
3. Droplets were generated using the «QX200 ™ AutoDG Droplet
Digital PCR System» (Bio-Rad, Hercules, United States).
Amplifications were performed with the following cycling
conditions: one cycle at 95°C (2°C/s ramp) for 10 min, 40
cycles at 94°C (2°C/s ramp) for 30 s with the annealing step at
either 56°C for 90 s or at 58°C for 60 s, followed by one cycle at
98°C (2°C/s ramp) for 10 min. All samples were analyzed in
duplicate.

Primers and Probes

The M13 primer (FW GTTGTAAAACGACGGCCAGTG and
RV AGCGGATAACAATTTCACACAGGA) was obtained from
the standard primer collection for DNA sequencing (Evrogen,
Moscow, Russia). Genomic DNA from CRISPR/Cas9 treatment
cells was used for the CCR5 gene amplification with the
following primers: forward CCCAGGAATCATCTTTACCA
and reverse GACACCGAAGCAGAGTTT. The primer
sequences for the ddPCR were the following: CCR5-NLS-FW
GCGTCTCTCCCAGGA and CCR5-NK-RV1 CAACCTGTTAGA
GCTACTG. The CCR5-specific primers were adopted to distinguish
between the CCR5 target locus and a highly similar site in CCR2
when local similarity searching in BLAST (Basic Local Alignment
Search Tool; NCBI, Bethesda, Maryland, United States) was
performed. The annealing temperature was determined using
gradient PCR. The fluorescent probes CCR5-mut (FAM)-
CAGTCAGTATCAATTCTGGAAGA-(BHQ1) and CCR5-wt
(R6G)-CTGGGCTCCCTACAACAT- (BHQ2) were synthesized
using «DNA-Syntez» (Moscow, Russia). All primers were designed
using Primer-BLAST (Ye et al,, 2012; NCBI, Bethesda, Maryland,
United States) and synthesized by «Evrogen» (Moscow, Russia). For
CNV assay following primers and probes for APP were used: forward
TTGGTTGTCCTGCATACTTT and reverse AGCACAGGATGA
ACCAGA, (FAM)-CTCTGAAGTGAAGATGGATGC-(BHQI),
(R6G)- CCACTACTGTTTGTCTTGCC-(BHQ2).

ddPCR Dilution Series

To evaluate the sensitivity of the ddPCR assay, the MT4 cells
derived from clones presumed to contain the homozygous
CCR5A32 mutation were chosen and mixed with wild-type MT4
cells and then diluted as follows: 50, 10, 2%, 0.4% and 0.08%
(mutation-type in wild-type and vice versa) followed by gDNA
extraction. In addition, DNA solutions isolated from the wild-type
MT4 cell line were serially diluted with DNA from MT4 cells with
CCR5A32, in six dilution steps starting at 20% with a dilution factor
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FIGURE 1 | Generation of an MT4 cell line with an artificial CCR5A32 mutation using the CRISPR/Cas9 system (A) Experimental design (B) Analysis of the CCR5
locus containing the A32 mutation in the obtained clones. The CRISPR targeted CCRS5 locus was PCR amplified from MT4 genomic DNA and PCR products were size-
separated by electrophoresis on a 2% agarose gel. The expected amplicon size is 191-bp for WT samples, and 159-bp for CCR5A32 samples (C) Sanger sequencing of
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of 5 (20, 4, 0.8, 0.16, 0.032, and 0.0064%) and vice versa. A total of
three negative controls (wild-type only and mutant only and NTC)
were routinely included to reduce false positive results.

Statistical Analysis

The DNA serial dilution experiments were performed in the
format of two independent biological repeats for each point, and
also the MT4 cell dilution experiment was staged in two
independent biological repeats for each point. For the ddPCR
procedure itself, we staged two technical repeats for each point.
ddPCR absolute quantifications of the mutant and wild-type
alleles were estimated by the Poisson distribution law using
QuantaSoft Analysis Software (Bio-Rad, Hercules, California,
United States; Cat. no. 186-3024). Thresholds were defined
based on the signal from the negative control (wild-type only
and mutant only) wells and empty droplets, as described in the
Droplet Digital Application Guide (Bio-Rad, Hercules,
California, United States; Cat. no. 186-3024). The differences

in the rates of mutant and wild-type alleles as measured by
ddPCR were compared using GraphPad Prism version 9.1.2
(GraphPad Software, San Diego, California, United States) and
Rstudio (Boston, Massachusetts, United States).

RESULTS

Generation of CCR5A32 Mutation Using the

CRSIPR/Cas9 System

The CCR5A32 mutation in MT4 cells was created using the
CRISPR/Cas9 genome editing system. For this purpose, two
guide RNAs were selected to carry out two double-strand
breaks flanking a 32-letter deletion in exon three of the
protein-coding sequence of the CCR5 gene. The use of
these guide RNAs had previously been published in an
article by Kang et al. (2016). The MT4 cells were
electroporated simultaneously with three plasmids, two of
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FIGURE 2 | Sensitivity testing of the ddPCR assay for CCR5 alleles detection in MT4 cell mixtures after serial dilution (A) Schematic representation of the primers
and FAM or R6G labeled probe hybridization arrangements (B) 2-D visualization of ddPCR results of MT4-14 cell line dilution, A32 cells in wild-type cells (the left-hand
column) and wild-type cells in A32 cells (the right-hand column).

which (pgRNA1 and pgRNA?2) expressed guide RNAs #1 and ~ Transfected cells were selected by cell sorting for the green
#2, respectively, and the third plasmid expressed the spCas9  fluorescent signal and further cloned by limiting dilution
protein and the green fluorescent marker protein EGFP.  (Figure 1A). The resulting clones were screened for the
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presence of the CCR5A32 mutation, and several clones with
putative homozygous (e.g., MT4-5, MT4-14, MT4-24) and
heterozygous (e.g. MT4-2, MT4-3, MT4-11, MT4-16)
mutations were found (Figure 1B). The selected clonal
lines with the CCR5A32 mutation was analyzed by Sanger
sequencing (e.g. clonal line MT4-14, Figure 1C). In further
experiments, we used this MT4-14 line as our line with a
homozygous CCR5A32 mutation (mut” or mutant MT4 cells)
in addition to the original MT4 line without the mutation
(wild-type or WT cells). We chose this clonal line MT4-14 to
use for further development of the detection method because
it showed a distinct mutant amplicon in the screening and also
confirmed the homozygous state of the mutation. Because
CRISPR manipulation often results in large deletions at the
target loci, we could have encountered a situation where, in a
putative homozygous mutant clone of MT4-14, one CCR5
allele received the desired 32-nucleotide deletion, while the
other allele was so severely disrupted that it would not be
detectable by PCR. For this purpose, we measured the gene
copy number variation (CNV) by ddPCR and found that both
mutant alleles were present in the MT4-14 line
(Supplementary Figure S3.). Also, as one of the controls,
we selected a line with a putative heterozygous mutation,
MT4-16. To make sure that it was a heterozygous mutation
and not an equal mixture of wild-type cells with homozygous
mutant cells, we performed one more round of cloning with
limiting dilution and made sure that the same heterozygous
mutation was observed in all-new 12 clones (Supplementary
Figure S4).

Detection and Quantification of CCR5A32
Mutant Alleles in Cell Mixtures Using ddPCR

In order to develop a system for detecting low-presence allele
variants of the CCR5 gene using digital droplet PCR, we set up a
series of experiments on serial dilution of the MT4-14 cells
carrying mutant alleles of the CCR5 gene. In doing so, we
were therefore performing dilutions of mutant cells in “wild-
type” cultures and vice versa.

The schematic primer and probe configuration is given in
Figure 2A, where amplicons with 32-bp CCR5 gene deletion in
the exon three hybridized to the R6G-labelled probe, while
wild-type (WT) PCR-products became marked with the
FAM'/R6G"* signal. Consequently, three clusters were
identified as single-positive (R6G"; green), double-positive
(FAM'/R6G"; orange) and double-negative (grey).
Additionally, in the performed ddPCR reactions, a second
cluster of double positive droplets above the R6G" cloud
was detected as “rain”. The “rain” partially was included
into the double positive droplets (Figure 2B), although the
rain partitions made up only a small fraction of the total
droplet number it did not make sense to exclude the rain
completely from analysis. To test the validity of the assay, we
performed the analysis on the putative heterozygous MT4-16
line to demonstrate the expected 50% mutant allele content.
The results were generally within the required 50%, taking into
account the variation obtained in biological and technical

Detection of CCR5A32 by ddPCR

TABLE 1 | Detection of the ratios of CCR5A32 mutant and wild-type alleles by
ddPCR using heterogeneous cell mixture dilution.

Dilution, % % Of wt alleles % Of A32 alleles Standard deviation
50 37.50 62.50 0,0113
A32 in wt
10 86.55 13.45 0,0007
2 97.20 2.80 0,0014
0.4 99.25 0.75 0,0007
0.08 99.70 0.30 0,0014
wt in A32
10 5.65 94.35 0,0035
2 1.16 98.84 0,0011
0.4 0.26 99.74 0,0010
0.08 0.15 99.85 0,0001
control, 100%
A32 0.04 99.96 0,0002
wt 99.95 0.05 0,0007

replicates (Supplementary Figure S5). We also measured
the presence of false-positive signals using ddPCR analysis
of NTC (no template control) variants. It is required for
general monitoring for external nucleic acid contamination.
The fluorescence threshold between positive and negative
drops is determined by the Quantasoft software using a
combined analysis of all experimental wells. Finally, we
found that a very small proportion of single events (one to
three drops per 15-18 thousand drops) can slip above the
threshold, giving a statistically insignificant percentage of
false-positives (Supplementary Figure S6).

Measurements of the content of different CCR5 alleles
(mutant and wild-type) using ddPCR, showed a significant
decrease in the number of corresponding droplets in different
dilution lines. When A32 cells were diluted in wild-type cells,
the number of FAM-negative and R6G-positive mutant
droplets decreased from 4,591 to 752, 167, 44, and 18,
respectively, after dilution from 50 to 0.08% with a
dilution factor of 5 (Figure 2B, left column). When wild-
type cells were diluted in A32 cells, the number of double-
positive FAM+/R6G+ droplets decreased from 3650 to 298,
62, 19, and 13, respectively, from 50 to 0.08% with a dilution
factor of 5 (Figure 2B, right column). Considering the
statistics (two independent biological replicates and two
technical replicates for each point), as well as
normalization to the total amount, we obtained data
indicating a significant level of detection of the different
dilution steps (Table 1; Figure 3A). Thus, we confirmed
the proof-of-principle of the method for detecting
CCR5A32 mutant cells in heterogeneous cell mixes using
droplet digital PCR.

Next, we conducted a series of experiments to determine the
accuracy, efficiency, and detection limits of the proposed
method. The typical values found in the literature range
from 0.1 to 0.005% (Reid et al., 2015; Wang et al., 2015;
McEvoy et al., 2018). For this purpose, we performed a
series of dilutions of DNA isolated from cells with the
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homozygous CCR5A32 mutation and wild-type cells. Two
independent series of dilutions were also performed, the first
one was a six-step dilution of DNA from A32 cells into DNA
from wild type cells, starting at 20% with a dilution factor of 5
(20,4, 0.8,0.16,0.032, and 0.0064%), and the second one was a
symmetric dilution of DNA from wild type cells into DNA
from A32 cells, also in six steps with a dilution factor of 5 (20, 4,
0.8, 0.16, 0.032, and 0.0064%). In this part of the work, we
performed measurements in four independent biological
replicates and two technical replicates for each point. The
ddPCR results confirmed the ability of the developed
method to accurately track the decrease in the concentration
of detectable CCR5 gene alleles (Supplementary Figure S7,
Table 2 and Figure 3). When analyzing the obtained ddPCR
results, we encountered an interesting phenomenon of unequal
accuracy and search limits for different alleles. When searching
for rare wild-type alleles among delta32 alleles, the accuracy
according to our calculations was 0.1%, with the search limit =
0.16% (separation with control samples with p-value = 0.029,
calculated using the Mann-Whitney criteria in RStudio). When
searching for rare delta32 alleles in WT alleles, we calculated
accuracy to be 0.5% with a search limit of 0.8% (separation with
control samples p-value = 0.025, calculated using Mann-
Whitney criteria in RStudio). Thus, we define the common
accuracy of the developed method as 0.5% and the detection
limit as 0.8%.

DISCUSSION

Efficient and quantitative screening of artificially modified cells
is essential for genome editing workflows. At the moment,

several studies have been published in which CCR5A32
mutations have been detected, mainly by using PCR with
endpoint analysis (amplicon length measurement) (Rosi
et al, 2015) and multiplex real-time PCR (using a DNA
probe) (Nischalke et al., 2004). However, it is obvious that
these methods cannot provide a high accuracy of quantitative
detection of mutant alleles in the heterogeneous cell mixtures
that may arise as a result of genome editing operations and
further cell transplants. Possible competitors to the use of
ddPCR are the NGS sequencing methods (Malicherova et al,,
2018; Dong et al., 2018), which theoretically, with their great
depth of reading, can provide the highest efficiency and
accuracy. A number of studies have used NGS sequencing
data for off-target and on-target editing at CCR5 locus to
evaluate the results of inactivation of the CCR5 gene (Liu
et al,, 2017; Schwarze et al., 2021). But the disadvantage of
these methods is still the high cost of analysis and the need to
use bioinformatics methods when analyzing the results. This
method is really necessary when figuring out the spectrum of
unknown arising mutations after CRISPR/Cas9 intervention in
the genome, but if we are talking about one particular known
mutation (for example CCR5A32), then the use of NGS
sequencing may be too redundant.

Mutation detection by droplet digital PCR assay has several
benefits such as its cost-effectiveness and fast result
turnaround time (McEvoy et al., 2018). Moreover, it
requires low concentrations of sampled genomic DNA and
can be used both for bulk cell populations and for the screening
of single cell-derived clones (Findlay et al., 2016). However, the
obvious physical limitation of this method is the number of
generated droplets in one sample (about 10-18 thousand), in
which the PCR reactions then take place. Taking into account
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TABLE 2 | Detection of the ratios of CCR5A32 mutant and wild-type alleles by
ddPCR using genomic DNA dilution.

Dilution, % % Of wt alleles % Of A32 alleles Standard deviation
50 55.00 45.00 0,0066
A32 in wt
20 80.55 19.45 0,0060
4 96.20 3.80 0,0016
0.8 99.15 0.85 0,0017
0.16 99.63 0.37 0,0010
0.032 99.65 0.35 0,0010
0,0064 99.68 0.32 0,0005
wt in A32
20 23.59 76.41 0,0090
4 4.61 95.39 0,0028
0.8 0.90 99.10 0,0012
0.16 0.23 99.77 0,0008
0.032 0.03 99.97 0,0003
0,0064 0.02 99.98 0,0002
Control
wt 99.75 0.25 0.001
delta 32 0.00 100.00 0,0000

the need for a negative reference cluster, as well as the
peculiarities of the mathematical apparatus offered by
the device manufacturer, we estimate the theoretical limit of
the efficiency of mutant allele detection to be 0.05%.Although
the resolution limit achieved in this study does not reach the
theoretically possible limit, due to practical limitations, we
believe that the satisfactory search dynamics in different
dilutions with rather low search limits (0.8 and 0.16%)
indicate that our selection of primer sequences and
fluorescent probes was correct.

There are at least two works using ddPCR to evaluate the
results of CRISPR/Cas9 systems, such as HDR/NHE]
equilibration or the occurrence of large deletions,
insertions or inversions (Miyaoka et al., 2016; Watry et al,,
2020). It is worth noting that both teams argue that
measurement results are highly dependent on the specific
experiment-the locus, the context, and the systems used.
And in our study, we simply focused on one specific task:
optimizing the ddPCR method to accurately count alleles
with one specific mutation. Moreover, our method allows
us to analyze both cells with the natural CCR5A32
mutation already used in clinics and cells with an
artificially created mutation using CRISPR/Cas9 systems. In
our opinion, given the great clinical importance of this
mutation for the treatment of such a socially significant
disease as HIV infection, our findings will be of interest to
both clinical and scientific researchers. Thus, we believe that
our work has a certain degree of novelty and could potentially
find useful applications in biotechnology.

In general, the ddPCR reaction, as designed, generated two
amplicons from one primer set by using the fluorescent signal
from a probe specific for each amplicon. Well-designed assays
exclude additional clouds between the double positives and
single positive droplets visible on the 2D plots, so the presence
of this cluster indicated sample-related problems. For example,

Detection of CCR5A32 by ddPCR

such clouds may occur as part of mismatched hybridization of
the probes. On the other hand, the loss of probe specificity
could be explained by optical bleed-through or differences in
the initial steps involving variation in the sample
concentration, in which case the likelihood of copies of
each amplicon being randomly distributed into each
partition increases as the concentrations rise. This will lead
to a tilting or lifting of the single-positive or double-positive
partitions on the 2D plot (Whale et al., 2016).

Also, it should be noted that the limitations of the
developed detection method include its specificity exactly
to CCR5A32 mutations, given the binding sites of primers
and probes. At the same time, many other CRISPR-mediated
CCRS5 knockout strategies have been described (Kang et al,,
2015; Yu et al., 2018; Xiao et al., 2019; Liu et al., 2020; Lin
et al, 2021) to which our detection system would not be
specifically applicable, in contrast to the more generalized
NGS method of sequencing the entire CCR5 locus. However,
we consider that the application of alternative CCR5
knockout strategies is still very far from clinical practice, as
there is a very long way to prove the biosafety of such mutant
cells. The use of cells with the CCR5A32 mutation is already in
clinical application (Gupta et al., 2020), and we believe that
researchers and clinical workers can exploit our system
already now. At least two other mutations in CCR5 are
also known to knockout the gene and provide immunity to
HIV-1 (Quillent et al., 1998), but the prevalence of carriers of
these mutations is extremely low to consider them as a real
resource for transplantations. Various other mutations in
CCR5 are described in articles, studying genetic
polymorphisms in the open reading frame of the CCR5 in
populations all over the world (Kageyama et al., 2001; Zheng
et al.,, 2002; Ronsard et al., 2019). Certain mutations are
shown to slow down the HIV progression. Nevertheless,
these mutations and their influence on HIV progression
require additional investigation.

CONCLUSION

In this manuscript, we have reported on implementing
ddPCR assays based on the serial dilution of MT4 cells
and genomic DNA for CCR5A32 mutation detection. In
our approach, we designed probes labeled with two
different fluorescent dyes (FAM or R6G) resulting in
optimal separation of the clusters on the 2D plots. As a
result of this research, we have demonstrated the efficacy
of droplet digital PCR assays for the sensitive detection of
CCR5A32 mutations using genomic DNA samples or
heterogeneous cell mixtures by CRISPR/Cas9 promoted
experiments with the MT4 cell line. Thus, we have
developed an efficient, rapid, and accurate method for
detecting mutant CCR5A32 cells in heterogeneous cell
mixtures, which can be used in clinical bone marrow
transplantation methods for treating HIV-1 infections to
control donor cell repopulation, or in laboratory genome
editing efforts to evaluate the effectiveness of the method.
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