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The antimicrobial resistance (AMR) crisis urgently requires countermeasures for
reducing the dissemination of plasmid-borne resistance genes. Of particular concern
are opportunistic pathogens of Enterobacteriaceae. One innovative approach is the
CRISPR-Cas9 system which has recently been used for plasmid curing in defined strains
of Escherichia coli. Here we exploited this system further under challenging conditions:
by targeting the blatem—1 AMR gene located on a high-copy plasmid (i.e., 100-300
copies/cell) and by directly tackling blatem— 1-positive clinical isolates. Upon CRISPR-
Cas9 insertion into a model strain of E. coli harboring blatgm—1 on the plasmid pSB1A2,
the plasmid number and, accordingly, the blatgpm—1 gene expression decreased but did
not become extinct in a subpopulation of CRISPR-Cas9 treated bacteria. Sequence
alterations in blatgpm—1 were observed, likely resulting in a dysfunction of the gene
product. As a consequence, a full reversal to an antibiotic sensitive phenotype was
achieved, despite plasmid maintenance. In a clinical isolate of E. coli, plasmid clearance
and simultaneous re-sensitization to five beta-lactams was possible. Reusability of
antibiotics could be confirmed by rescuing larvae of Galleria mellonella infected with
CRISPR-Cas9-treated E. coli, as opposed to infection with the unmodified clinical
isolate. The drug sensitivity levels could also be increased in a clinical isolate of
Enterobacter hormaechei and to a lesser extent in Klebsiella variicola, both of which
harbored additional resistance genes affecting beta-lactams. The data show that
targeting drug resistance genes is encouraging even when facing high-copy plasmids. In
clinical isolates, the simultaneous interference with multiple genes mediating overlapping
drug resistance might be the clue for successful phenotype reversal.

Keywords: CRISPR-Cas9, antimicrobial resistance, blatgy, re-sensitization, resistance reduction, plasmid
maintenance
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INTRODUCTION

Antimicrobial resistant microorganisms have become a
public health concern due to their impact on human
morbidity and mortality in recent decades. The reality
of ineffective drugs allied to the insufficient launching of
new antimicrobials may result in about 10 million deaths
caused by multidrug-resistant organism infections in 2050
(O’'Neil, 2016). The costs involved in the development of a
new drug amount to around 800 million dollars and it can
take up to 12 years until its commercialization (Adams and
Brantner, 2006; Van Norman, 2016). Of particular concern
is antimicrobial resistance (AMR) evolving in and spreading
across species from the Enterobacteriaceae family, which
includes plasmid encoded extended-spectrum beta-lactamases
and carbapenemases as the main mechanism to disrupt
antimicrobials (Savard and Perl, 2012).

Plasmids are well known for facilitating bacterial adaptation
by their vertical and horizontal transmission. More specifically,
small (<10 kb) multicopy plasmids have an important role
in counteracting antimicrobial stressors. Multiple copies of
a resistance gene increase the probability of mutational
adaptation, thereby rapidly generating allele variations (Hall
and Harrison, 2016). In addition, the repeated exposure to
beta-lactams and high levels of beta-lactam resistance have
been shown to be associated with an increase of plasmid
copy number, reaching values higher than 100 copies/cell
(San Millan et al., 2015, 2016). Hence, the increase of
plasmid copy numbers can lead to maximum levels of AMR
(San Millan et al, 2015, 2016; Hall and Harrison, 2016;
Schechter et al., 2018).

Considering the capacity of plasmid-based resistance
dispersal and the global public health impact of resistant
bacteria, studies are needed for developing new technologies that
could impede this progression. In recent years, CRISPR-Cas9
[clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated protein 9 (Cas9)] has been
demonstrated as an effective tool to cleave double-stranded
DNA with accuracy (Ceasar et al,, 2016). First studies have
already successfully employed the CRISPR-Cas technology
for genetically targeting AMR in different bacteria (Bikard
et al, 2014; Citorik et al, 2014; Yosef et al., 2015). For
instance, Yosef et al. (2015), not only reverted AMR but also
eliminated the transfer of plasmids encoding two different
beta-lactamases among Escherichia coli strains. Bikard et al.
(2014) and Citorik et al. (2014) achieved plasmid curing
and observed a CRISPR-Cas9 mediated cytotoxicity after
specifically editing AMR genes in Staphylococcus aureus and in
E. coli, respectively.

Given the importance of plasmid copy number variation
in a cell (San Millan et al, 2015) and the overall complexity
of AMR mechanisms within clinical isolates (Blair et al,
2015) we here investigated the potential of the CRISPR-
Cas9 system under two challenging conditions. First, the
CRISPR-Cas9 system was used to specifically target the
blatem—1 gene, located on the small high-copy plasmid
pSB1A2, with 100-300 copies/cell (Yang et al, 2013;

Registry of Standard Biological Parts, 2019), using a model
E. coli strain. The blatgm gene codifies for one of the most
frequently encountered beta-lactamase in Enterobacteriaceae
(Lachmayr et al., 2009; Rawat and Nair, 2010). Subsequently,
we investigated the re-sensitization effect when targeting
the same gene in clinical isolates of E. coli and related
Enterobacteriaceae species.

MATERIALS AND METHODS

Escherichia coli Model Strain and

Plasmids Used

The E. coli strain BL21 (Studier and Moffatt, 1986; Kim
et al., 2017) was used in this study to validate the CRISPR-
Cas9 system when targeting a high-copy plasmid. Bacteria
were cultivated in LB medium at 37°C and supplemented
with ampicillin, 100 pg/ml; chloramphenicol, 30 png/ml; and
kanamycin, 50 pg/ml, depending on the plasmids harbored by
the strains (Table 1). Three plasmids were used in this study,
pSB1C3, pSB1A2, and pSB1K3, which are available at the Registry
of Standard Biological Parts' under the accession numbers
BBa_K1218011, BBa_J04450, and BBa_I20260, respectively.

The pSB1C3 plasmid contains a constitutively expressed
Streptococcus pyogenes derived CRISPR-Cas9 system. The
sequence of the sgRNA responsible for the specificity
of Cas9 cleavage was designed by indoor scripts using
Pearl language based on public available sequences of the
861 bp-long blatgm—1 gene and its variants blaTpM-—1a—d
(Supplementary Figure S1A), including members of the
Enterobacteriaceae. The sliding window method was used
to find all 20-nucleotide length sequences with NGG
flanking the 3-prime end. The conserved region most
closely located at the 5-end of the gene was selected
(AGATCAGTTGGGTGCACGAGTGQ). After  synthesis
of the 5'-located sgRNA, it was phosphorylated using
a polynucleotide kinase (Thermo Fischer Scientific, MA,
United States) and inserted into the plasmid pSB1C3 containing
the CRISPR-Cas9 locus.

Clinical Isolates

Escherichia coli 189A, Enterobacter hormaechei 4962 and
Klebsiella variicola 68AI were isolated from patients with
bacteremia in two different hospitals of Belo Horizonte,
Brazil (Supplementary Table S2). Clinical strain collection
was approved by the Human Research Ethics Committee
from Universidade Federal de Minas Gerais (Brazil) under the
protocol number ETIC 614/08 and written informed consent
was obtained from each participant. E. hormaechei belongs
to the Enterobacter cloacae complex and K. variicola is a
member of the Klebsiella pneumoniae complex, as they share
some biochemical and phenotypical features with E. cloacae
and K. pneumoniae, respectively (Hoffmann et al, 2005;
Barrios-Camacho et al, 2019). Because of this similarity,
the species are frequently misclassified and the worldwide
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TABLE 1 | Plasmids used in this study, their relevant features and associated strains.

Plasmid features

Plasmid name Size Relevant features References
pSB1A2 3148 bp AmpR mediated via blatem_1 gene (sgRNA target); red (Yang et al., 2013; Registry of Standard Biological
fluorescent protein (RFP) gene. Parts, 2019)
pSB1K3 3123 bp KmR; green fluorescent protein (GFP) gene. (Registry of Standard Biological Parts, 2019)
pSB1C3 7150 bp CmP; contains the Streptococcus pyogenes CRISPR-Cas9 loci (Registry of Standard Biological Parts, 2019)
(sgRNA targeting the blatepm—1 gene was added in this study).
E. coli BL21 strains containing the plasmids
Strain number Name Description References
1 BL21~ E. coli BL21 (Studier and Moffatt, 1986; Kim et al., 2017)
2 CRISPR* E. coli BL21 with the plasmid pSB1C3 This study
3 TEM* E. coli BL21 with the plasmids pSB1A2 and pSB1K3 This study
4 TEM*/CRISPR* E. coli BL21 with the plasmids pSB1A2, pSB1K3 and pSB1C3 This study

CmP, chloramphenicol resistance as selective marker; Amp®, ampicillin resistance as selective marker; Km?, kanamycin resistance as selective marker.

presence of these bacteria in human infections may be
underestimated, although their relevance as clinical pathogens
has been demonstrated (Long et al, 2017; Beyrouthy et al,
2018; Barrios-Camacho et al., 2019; Rodriguez-Medina et al,,
2019). The selection criteria of the isolates were the absence
of a natural chloramphenicol-resistant phenotype, since the
antibiotic was used as a selective marker of the pSB1C3
plasmid; the presence of the blatgm—1 gene and the absence of
carbapenemase genes.

Plasmid Transformation

Chemically competent E. coli BL21 were prepared using 0.1M
MgCl,-CaCl, and competent cells were then transformed
with plasmids by the heat-shock method (Chan et al, 2013;
Lim et al, 2015). The clinical isolates used in this study
received the CRISPR-Cas9 plasmid pSB1C3 by electroporation
(Gonzales et al., 2013).

Polymerase Chain Reactions

All primers used for polymerase chain reactions (PCRs), as
well as the reaction conditions are provided in Supplementary
Table S1. Cas9 functionality and blargm—1 expression were
assessed by reverse transcription quantitative polymerase chain
reaction (RT-qPCR), which were performed based on cDNA
from reverse transcription of total RNA. The 16S rRNA
served as endogenous transcript for an internal control.
Total bacterial RNA was extracted using TRIzol reagent and
DNA was removed using DNase (both from Thermo Fischer
Scientific, MA, United States). Integrity of extracted RNA was
evaluated by agarose gel electrophoresis. Reverse transcription
was performed with 1 pg of total RNA according to the iScript
c¢DNA Synthesis Kit protocol (Bio-Rad, CA, United States).
RT-qPCR was performed based on the CFX 96 Real Time
PCR Detection System using the SYBR Green Master Mix
(both from Bio-Rad, CA, United States). The analyses were
performed by the relative standard curve method using a
serial dilution of total cDNA pool as previously described
(Larionov et al., 2005).

For determination of total plasmid copy number, the
blatgm—1 gene was selected as a plasmid target. The amplified
products of the chromosomal 16S rRNA gene and the blatem—1
gene were cloned into TOPO vector (Thermo Fischer Scientific,
MA, United States) for subsequent construction of the standard
curves and absolute quantification. Determination of bacterial
cell numbers was based on 16S rRNA gene quantification under
consideration of the average 16S copy numbers per cell in
strains (Klappenbach et al., 2000; Vétrovsky and Baldrian, 2013).
Establishment of standards with defined amounts of DNA was
performed as previously described (Vianna et al., 2008).

Growth Curves

Overnight bacterial cultures were adjusted to an ODggg nm of
0.1 and re-grown in LB medium with and without ampicillin.
The growth kinetics were recorded every hour for 24 h similarly
described in Jansen et al. (2018). Each assay was performed in
triplicate and the whole experiment, starting from the pSB1C3
transformation, was performed three times on different days,
accounting for technical and biological replicates.

Disk Diffusion Test and Minimum
Inhibitory Concentration

The disk diffusion test was performed in duplicate according
to the Change to Clinical and Laboratory Standards
Institute and the European Committee on Antimicrobial
Susceptibility Testing (CLSI) protocol (Clinical and Laboratory
Standards Institute, 2019). In total, 12 antibiotics were
selected, namely chloramphenicol (CHL), ampicillin (AMP),
ampicillin/sulbactam (SAM), amoxicillin/clavulanic acid (AMC),
cefazolin (CFZ), cefoxitin, cefuroxime (CXM), ceftriaxone
(CRO), ceftazidime (CAZ), cefotaxime (CTX), cefepime (FEP),
and aztreonam (ATM). Measurements of diameter of the
inhibition zones were performed in duplicate. For the Galleria
mellonella assay, the minimum inhibitory concentration (MIC)
of the clinical isolate of E. coli 189A was determined using
the microdilution protocol (Clinical and Laboratory Standards
Institute and Weinstein, 2012).
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Fluorescence Measurement
Fluorescence microscopy was performed using the EVOS® FL
microscope (Life Technology, CA, United States). Cells were
analyzed at the bright field and with the green fluorescent protein
(GFP) (ex:470 nm/em:524 nm) and red fluorescence protein
(RFP) (ex:530 nm/em:593 nm) fixed filters. For an overall analysis
of RFP and GFP intensity, fluorescence was quantified using
the Cytation 5 Cell Imaging Multi-Mode Reader (BioTeck, VT,
United States). Fluorescence experiments were performed in
triplicate and the whole experiment, starting from the pSB1C3
transformation, was performed three times on different days,
accounting for technical and biological replicates.
Fluorescence-activated cell sorting (FACS) (BD FACS Canto
II, BD, NJ, United States) was employed to distinguish between
RFP positives and negative cells upon CRISPR-Cas9 treatment.
Each measurement analyzed 30,000 events at a low flow rate. The
following settings were used: an SSC voltage of 473; a FSC voltage
of 398; and a PerCP-Cy5-5-A of 445 V.

Sequencing Analyses

Sanger sequencing of purified PCR products was performed
by Myleus Biotechnology (Minas Gerais, Brazil) and Eurofins
Genomics (Luxembourg, Luxembourg). Sanger sequence
analyses were performed using the Phred/Phrap pipeline and the
Degenerate Sequence Decode program (DSDecodeM) (Liu et al,,
2015). Deep sequencing of the genomes was performed using
the Miseq platform (Illumina, CA, United States). Reads were
trimmed to Phredl5 using the Trimmomatic program (Bolger
etal.,, 2014). The de novo assembly of the contigs was performed
via the St. Petersburg genome assembler (SPAdes) (Bankevich
et al., 2012) and resistance genes were detected via ResFinder
(Zankari et al, 2012). Genome sequences were submitted
to GenBank (accession number: E. coli SAMNI12872130, E.
hormaechei SAMN12872875 and K. variicola SAMN10216245.

Galleria mellonella Infection Model

Larvae of the great wax moth G. mellonella were selected
according to their length (2-3 cm, instar stage), weight (150-
250 mg), and excluded in case of dark coloration or limited
activity. They were subsequently placed in the dark without food
supply for 24-h acclimation prior to the infection assay (Harding
et al,, 2013). Larvae were challenged with E. coli 189A treated or
untreated with CRISPR-Cas9 (~4.0 x 10® CFU/ml). After 1-h of
infection, either ceftriaxone (16 mg/kg) or sterile distilled water
was administered in the front larvae proleg with a 10 pul syringe
(Hamilton, NV, United States). Each group contained ten larvae
sorted randomly, and the experiment was performed in triplicate
(n = 30). Larvae were incubated at 37°C, monitored after 24, 48,
and 72 h and death was determined by absence of movement and
unresponsiveness to touch.

Statistical Analysis

Statistical analyses were performed using the GraphPad Prism
(version 6, GraphPad Software, CA, United States), the
VassarStats (NY, United States), as well as the BD FACSDiva and
FlowJo softwares.

RESULTS

Resistance Reversal in a Model Strain of

E. coli

Initially, the blatgm—1 gene located on the small high-copy
plasmid pSB1A2 was introduced into the E. coli strain BL21,
which was otherwise devoid of AMR. Located on this plasmid was
also the RFP gene, as a marker, to verify the integrity of pSB1A2
upon CRISPR-Cas9 insertion. A second plasmid, pSB1K3, which
contained the GFP gene, but no CRISPR-Cas9 target was also
introduced into BL21. This plasmid served as an independent
and indirect measurement of plasmid stability. The two plasmids
pSB1A2 and pSB1K3 were chosen because of their high-copy
number (i.e., 100-300 copies/cell) (Yang et al., 2013; Registry
of Standard Biological Parts, 2019). For the design of a proper
sgRNA, the conserved region most closely located at the 5'-end of
the blatgm—1 gene was selected (Supplementary Figure S1A) in
order to maximize the likelihood of an early stop codon generated
during an eventual bacterial DNA repair mechanism (Chayot
etal,, 2010). Basic features of the three plasmids used in this study
and associated strains are given in Table 1.

The presence and expression of Cas9 could be confirmed in
CRISPR* and TEM™/CRISPRY, but not in BL21~ or TEM™
(Figure 1A), as expected. Growth curve analyses in the presence
or absence of ampicillin confirmed antibiotic sensitivity of
BL21~ and CRISPR™ (Figures 1B,C, respectively). In contrast,
TEM™ grew in the presence of ampicillin demonstrating the
effectiveness of the introduced beta-lactamase gene (Figure 1D).
The targeted re-sensitization to ampicillin was achieved in
TEM™T/CRISPR™ (Figure 1E). Disk diffusion tests confirmed
resistance of TEM™ and sensitivity of TEM*/CRISPR" strains
(Supplementary Figure S1B).

We observed a 100-fold lower RFP signal in TEM*/CRISPR™,
compared to TEMT (p < 0.001) indicating a strong but not
entire reduction of pSB1A2 (Figures 2A,C) upon CRISPR-
Cas9 insertion. FACS results confirmed that only 0.005% of
cells were RFP positive (Figures 2D, plot D.1 and D.3), which
represents an around 150-fold reduction compared to the TEM ™
cells (Figure 2D, plot D.2). A control experiment with the
pSB1C3 vector lacking the sgRNA led to a high percentage of
RFP-positive cells (85.2%), similar to TEM™ cells, confirming
that the plasmid reduction was due to the presence of the
sgRNA. This result combined with quantitative PCR analysis
(qQPCR) of the blatgym gene indicated, that on average, the
0.005% persistent RFP positive TEMT/CRISPRT cells carried
around 48 pSB1A2 copies/cell. In contrast, TEM™ cells harbored
around 100 copies/cell of pSB1A2. Since the GFP signals did
not decrease (Figures 2A,B), pSB1A2 reduction was the result
of CRISPR-Cas9 activity rather than any unspecific plasmid
clearance by the cell.

In keeping with the RFP and plasmid reduction, the expression
of the blatem—1 gene was significantly reduced (by more
than 2.5-fold, p < 0.05) in TEMT/CRISPR™, again confirming
reduction but not entire plasmid loss (Figure 2E). Since those
persistent gene expression levels did not confer ampicillin
resistance (Figure 1E and Supplementary Figure S1B), it is likely
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FIGURE 1 | CRISPR-Cas9 expression and growth curves of an E. coli model strain. (A) Relative expression of Cas9 in E. coli BL21; BL21~: BL21 strain with no
plasmid, CRISPR™: strain containing the CRISPR-Cas9 system, TEM*: strain containing the blaten_ 1 resistance gene, TEM+/CRISPR™: strain containing blatem_ 1
and CRISPR-Cas9. Normalization was performed based on the 16S rRNA housekeeping gene. Bars represent the mean of two real-time quantitative PCR
assays + standard deviation. (B-E) Growth of £. coli BL21 in the presence (gray curve) or absence (black curve) of ampicillin. (B) BL21~; (C) CRISPR™; (D) TEM*;
(E) TEM*/CRISPR*. The time point of ampicillin addition is indicated by a black arrow. Each curve represents the mean of three biological and three technical
replicates + standard deviation. Stars indicate statistical support for differences between strains with or without the CRISPR-Cas9 system, **p < 0.001.

that gene defects occurred. In fact, deletions could be seen in the
sequence data of the blatgy— resistance gene (Supplementary
Figure S2A). This means, that any possible transmission of
the remaining plasmid, vertically or horizontally, would not
necessarily lead to the spread of blatgm—1-based AMR, because
of the non-functional resistance gene.

However, cases where the CRISPR-Cas9 was able to
completely eradicate the high-copy plasmid pSB1A2 were
also achieved, as evident by FACS analysis (Figures 2D, plot D.4)
and confirmed by qPCR.

Resistance Reversal in the Clinical
Isolate of E. coli 189A

We next tested a blargm—; positive clinical isolate of
E. coli 189A. Principally, considering that blatgym variants
potentially confer resistance to many beta-lactam antibiotics

(Rawat and Nair, 2010), targeting this gene might restore the
usability of several antibiotics. In fact, after CRISPR-Cas9
insertion into the clinical isolate of E. coli 1894, a re-sensitization
was observed to AMP, CFZ, CXM, CRO, and CTX (Figures 3A,B
and Supplementary Figure S2B), along with an introduced
resistance against chloramphenicol co-mediated via pSB1C3.
Based on qPCR, the blatgy—; harboring plasmid was found
to occur in low-copy numbers, as on average less than a single
copy per bacterial cell was detected, indicating that some bacteria
might be already plasmid free. After the CRISPR-Cas9 insertion,
the blatgm gene was not detectable anymore, indicating
complete eradication of the plasmid (Figure 3C). The achieved
plasmid clearance also resulted in the extinction of other
resistance genes conferring resistance to beta-lactams and other
classes of antibiotics. Genome sequencing identified the sul2
(sulfonamide), aph(3”)-Ib and aph(6)-1d (both confer resistance
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to aminoglycoside), as well as blactx—Mm—9 (beta-lactam) genes

before, but not after the CRISPR-Cas9 insertion.

To further investigate the meaningfulness of the re-
sensitization approach, the reusability of CRO as one

representative antibiotic was verified by infecting larvae of

the great wax moth G. mellonella either with the CRISPR-Cas9
treated E. coli 189A (E. coli 189 ARISPRY) or with the E. coli 189A
wild type (E. coli 189AWT),

Upon administration of CRO, 70% of larvae infected with
E. coli 189 A“RISPR+ qurvived the time period of 72 h, as opposed
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FIGURE 3 | Effect of the CRISPR-Cas9-based interference with the blatgy—1 gene in the clinical isolate of E. coli 189A. (A,B) Disk diffusion susceptibility test on

E. coli grown on Mueller-Hinton agar with measurement of inhibition zones showing re-sensitization to ceftriaxone (CRO), ampicillin (AMP), cefotaxime (CTX),
cefuroxime (CXM), and cefazolin (CFZ), along with acquired resistance against chloramphenicol (CHL), co-mediated via the CRISPR-Cas9 plasmid. VT, wild type;
CRISPR+ presence of the CRISPR-Cas9 plasmid. Horizontal bars represent the mean of duplicate disk diffusion tests. *p < 0.05; *p < 0.01; ***p < 0.001. (C)
Quantification of the blatem—1 plasmid in clinical isolates of Enterobacteriaceae before and after CRISPR-Cas9 treatment. gPCR-based amplification of the blatem-— 1
gene indicated plasmid clearance in £. coli 189°R1SPR+ and plasmid maintenance in £. hormaechei 4962CRISPR+ and K. variicola 68AICRISPR+ (D) Percent survival
rate of G. mellonella larvae after infection with either E. coli 189AWT or E. coli 189ACRISPR+ plus administration of ceftriaxone (CRO) or water 1 h post-infection. A
higher proportion of larvae survived when infected with E. coli 189ASRISPR+ as opposed to those infected with E. coli 189A"7 (p < 0.01), indicating re-usability of
CRO upon treatment with CRISPR-Cas9-system. The data are the mean of three independent experiments, each performed with 10 larvae per treatment group

to only 30% of larvae infected with E. coli 189AWT (log-rank test,
p < 0.01) (Figure 3D). No significant difference was seen between
the CRO-treated larvae challenged with E. coli 189ACRISPR+
and larvae used as controls (i.e., mock-infection with saline or
administration of antibiotic only, or no treatment at all. Log-
rank test, p > 0.05). Conversely, it made no difference whether
E. coli 189AWT infected larvae were treated with antibiotic or
with water (log-rank test, p > 0.3) (Figure 3D). The outcome
of this experiment indicates that antibiotic-treated larvae had a
5.44 times higher chance of survival, when challenged with E. coli
189ACRISPRY rather than with E. coli 189AWT (p < 0.01).

Resistance Reduction in Clinical Isolates
of E. hormaechei 4962 and K. variicola
68Al

A more complex situation was encountered when targeting
the blatgv—1 gene of E. hormaechei 4962 and K. variicola

68AI. Upon CRISPR-Cas9 insertion, significant increases in the
inhibition zones were observed for ATM, CTX, and CRO in
the case of E. hormaechei (Figures 4A,B and Supplementary
Figure S2B). However, the CLSI-defined threshold levels for an
intermediate sensitivity was only reached for ATM. In some
disk diffusion assays, a few colonies grew within the inhibition
zones which were, however, not further analyzed (Figure 4A).
For K. variicola, only non-significant increases in the inhibition
zones were observed for CAZ and FEP (Figures 4C,D and
Supplementary Figure S2B).

Further analysis revealed the continued presence of the
blatgm—1 gene in E. hormaechei 4962 and K. variicola 68Al, in
contrast to what was observed with the clinical isolate of E. coli
189A, which could be re-sensitized for several antibiotics. gPCR-
based detection of the blatgm—1 gene showed that a substantial
plasmid reduction had occurred in E. hormaechei 4962, as
opposed to only a negligible fraction of plasmid reduction in
K. variicola 68Al (Figure 3C). Since both E. hormaechei 4962
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FIGURE 4 | Effect of the CRISPR-Cas9-based interference with the blatgm_1 gene in a clinical isolate of £. hormaechei 4962 and K. variicola 68Al. (A,B) Disk
diffusion susceptibility test on E. hormaechei 4962 grown on Mueller-Hinton agar with measurement of inhibition zones. The level of resistance could be significantly
reduced for aztreonam (ATM), cefotaxime (CTX), and ceftriaxone (CRO) along with acquired resistance against chloramphenicol (CHL). Note that only for ATM the
intermediate sensitivity category was reached according to CLSI-definitions. (C,D) Disk diffusion susceptibility test on K. variicola 68Al grown on Mueller-Hinton agar
with measurement of inhibition zones showing minor resistance reductions for ceftazidime (CAZ) and cefepime (FEP), along with acquirement of full resistance
against CHL. Horizontal bars represent the mean of duplicate disk diffusion tests. “o < 0.05; **p < 0.01; ***p < 0.0001.
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and K. variicola 68AI were found to harbor the blargy—1 gene
on a low-copy number plasmid (Figure 3C), we expected to
achieve plasmid clearance. However, damages on the CRISPR-
Cas9 loci after insertion were observed in both strains, affecting
the expected CRISPR-Cas9-based outcome (Supplementary
Figure S3). These findings explain the lower efficiency of re-
sensitization when compared to the clinical strain of E. coli 189A.
Importantly, other genes conferring resistance to beta-lactams
could be identified by genome sequencing in both strains. In
E. hormaechei 4962, the intrinsic AmpC-type resistance gene was
present (blaxcr—7), as well as the beta-lactamases blacTx—m—9
and blapxa_o9. The same blactx_m_o9 was also detected in
K. variicola 68Al, along with the blargnie and blappNio genes
conferring resistance to beta-lactams. Since these resistance genes
were not targeted by the sgRNA, failure to achieve fully reverted
phenotypes was likely due to their presence in the bacteria, in
addition to the damages in the CRISPR-Cas9 plasmid region.

DISCUSSION

In this study, we investigated the potential of the CRISPR-
Cas9 system to counteract antibiotic resistance mediated by the
blatgm—1 gene harbored either in the high-copy plasmid pSB1A2
or when present in clinical isolates. In a model strain of E. coli
having received the blatgy— ) gene on a high-copy plasmid (i.e.,
100-300 copies/cell) the phenotype could be clearly reversed.

However, an entire elimination of the plasmid and the target
gene did not occur in some retrieved colonies. This outcome is
likely linked with the initial high overall abundance of the vector,
since CRISPR-Cas9 is able to completely clear a resistance gene
plasmid, when the copy number per cell ranges between 50 and
70 (Citorik et al., 2014). Those remaining plasmid-positive cells,
could be considered “persister cells” in an analogy to bacteria
persisting antibiotic treatment (Van den Bergh et al, 2017),
given their low fraction within the whole population, and their
endurance in the presence of CRISPR-Cas9 concomitant with an
otherwise re-sensitized phenotype (Wood et al., 2013; Van den
Bergh et al., 2017). However, even facing high-copy plasmids,
CRISPR-Cas9 demonstrated the potential to completely clear the
vector from some bacterial colonies, indicating its promising
application under this challenging condition. Optimization of the
system may be required for a complete clearance of high-copy
plasmids carrying resistance genes in the whole population.

The reason why a bacterial subpopulation maintains
the plasmid while being attacked by CRISPR-Cas9 remains
unknown. However, laboratorial and pathogenic E. coli strains
possess an end-joining repair mechanism to bridge broken DNA
ends (Chayot et al, 2010). Named as alternative end-joining
(A-EJ), this restoration attempt typically leads to microdeletions
in the sgRNA region (affecting regions of 1-10 bp), similar
to those observed in this study (Supplementary Figure S2A;
Chayot et al,, 2010; Chen et al,, 2019). Although the deletions
lead to a non-functional blatgp—1 gene, the possible existence of
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FIGURE 5 | Possible outcomes of the CRISPR-Cas system targeting plasmid resistance genes. (a) deletion of the CRISPR-Cas9 system from its vector (observed in
this study; Bikard et al., 2014; Citorik et al., 2014); (b, c) CRISPR-Cas9 expression and target interference; (d) a small amount of plasmid remains into the bacterial
cell upon CRISPR-Cas9 interference, but the antibiotic resistance gene from a high-copy plasmid is disrupted (this study); (e) resistance phenotype reversal by
plasmid clearance (observed in this study with low and high-copy plasmids; Bikard et al., 2014; Citorik et al., 2014; Yosef et al., 2015; the latter using the
CRISPR-Cas type |) (f) cell death driven by the activation of the toxin-antitoxin system (Citorik et al., 2014).

CRISPR-Cas9-persisters in the context of clinical isolates, could
still result in therapeutic failure, because other intact resistance
genes might still reside on the plasmid. Therefore, the detection
and knowledge of CRISPR-Cas9-persisters may be important for
devising strategies to minimize their potential clinical impact.

The deleterious effects on plasmids and bacterial cells
of CRISPR-Cas9 targeting other resistance genes have been
previously reported. Bikard et al. (2014) interfered with the
kanamycin and the methicillin resistant genes aph-3 and mecA,
in S. aureus (MRSA), while Citorik et al. (2014) re-sensitized
E. coli that possessed the blaxpm—1 and blagyy—1s genes. In
both studies, a cytotoxicity of the CRISPR-Cas9 system was
apparent with episomal and chromosomal targets. In the first
situation, bacteria were killed because plasmid clearance led
to the loss of the toxin-antitoxin genes. As the antitoxin is
less stable than the toxin, its faster degradation results in cell
toxicity as a consequence (Citorik et al., 2014). When the target
was a chromosomal gene, the lethality was due to irreparable
chromosomal damages (Bikard et al., 2014; Citorik et al., 2014).
Conversely, no cytotoxicity was observed when CRISPR-Cas9
eliminated a resistance plasmid in bacteria lacking a toxin-
antitoxin system (Bikard et al, 2014; Citorik et al., 2014).
Plasmid clearance was also achieved in another model strain of
E. coli in which the blanpm-—1 and blacTx—M- 15 resistance genes
were targeted (Yosef et al., 2015). The authors went one step
further and simultaneously conferred resistance against the lytic
phage T7, thereby providing the re-sensitized bacteria a selective
advantage in the presence of the phage. Using this approach,
antibiotic treatment along with administration of T7 should
robustly oppress the re-emergence of resistant variants.

With the successful reversal of drug resistance in E. coli
model strains, the consecutive step would be to test clinical

isolates. In fact, in our study, plasmid clearance was achieved
in the clinical strain of E. coli 189A when tackling the blaTgm—1
gene present in a low-copy plasmid. Importantly, CRISPR-
Cas9 activity led to a simultaneous re-sensitization to several
beta-lactam antibiotics including CRO. This is particularly
encouraging, given that third generation cephalosporins
are “critically important antimicrobials,” which need to be
preserved as last resource treatments (Collignon et al., 2016).
Re-sensitization effectiveness could be verified in vivo by
rescuing E. coli 189A infected larvae with CRO, confirming
the benefit of CRISPR-Cas9 for controlling drug resistant
clinical isolates.

Both pSB1C3 vectors harbored by the clinical isolates of
K. variicola 68Al and E. hormaechei 4962 demonstrated deletions
in the CRISPR-Cas9 locus, and subsequent maintenance of
the blargm—i-carrying low-copy plasmid. This is similar
to what has been described by Bikard et al. (2014), who
found that survival of S. aureus was due to the lack of the
Cas9 region after CRISPR-Cas9 delivery, impeding DNA
cleavage. Apart from this, plasmid maintenance with the
presence of at least one other resistance gene not covered
by our CRISPR-Cas9 system might explain why the re-
sensitization in E. hormaechei 4962 and K. variicola 68AI
was only partially successful. Given that clinical strains
frequently harbor different resistance genes on plasmids
(Bennett, 2009; Blair et al., 2015), this signifies that multiple
sgRNA for potentially targeting different AMR genes
need to be employed, for re-gaining full susceptibility to
traditional antibiotics.

Even though the resistance reversal was not completely
achieved to the sensitive category in E. hormaechei 4962, the
intermediate sensitivity may still imply therapeutic success.
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After all, according to the latest guidelines of the CLSI
(2019) and The European Committee on Antimicrobial
Susceptibility Testing [EUCAST] (2019), intermediate levels
are to be interpreted as persisting clinical efficacy under
elevated drug exposure.

Clearly, impediment of re-sensitization can also stem
from overexpression of efflux pumps, or from reduction of
permeability. Those intrinsic resistance mechanisms contribute
to increased levels of resistance against cephalosporins and
are typically found in clinical strains of Enterobacteriaceae
(Blair et al., 2015). Nonetheless, overexpression of efflux
pumps or alterations in porins in the clinical isolate of
E. coli, if having occurred, did not prevent phenotype reversal.
Furthermore, despite the versatile challenges imposed by clinical
isolates, the interference with the blatgy—; gene led after all
to minor but clear resistance reductions in the other two
clinical isolates.

Our findings support multiple aspects of the previous
studies and complement the possible outcomes of the CRISPR-
Cas9-based interference with plasmid-borne resistance genes,
summarized in Figure 5.

When translating the use of the CRISPR-Cas9 system into
clinical settings, phages might be an elegant approach for
targeted delivery of the system into the bacterial pathogens.
Successful application in mice and larvae using bio-engineered
phages (Bikard et al, 2014; Citorik et al, 2014) pave the
way for a possible future utilization in humans. Alternatively,
phage-mediated CRISPR-Cas9 systems could be dispersed on
surfaces to serve as preventive disinfection and cleansing
procedures along with elaborate selection mechanisms that
ensure stability of the CRISPR-Cas systems in bacterial cells,
as demonstrated previously (Yosef et al., 2015). Importantly,
cases in which CRISPR-Cas9 maintenance in the bacterial cell is
intended, resistance genes commonly used as plasmid selective
markers should be removed from the CRISPR-Cas9 vector
in order to prevent further AMR spread. The possibility to
restore sensitivity to traditional antibiotics might be superior
to searching for new antimicrobials and potentially could
deaccelerate the crisis that we are currently facing with AMR
carrying bacteria.
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