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resistance.

he current widespread occurrence of multidrug-

resistant (MDR) bacteria has become a major burden

on national health services, with death rates due to
bacterial infections on the rise. One of the factors that heavily
contributes to the problem is how rapidly novel and existing
resistance determinants move among bacterial hosts. Many
globally successful strains of pathogens have been able to
become widely disseminated as a result of resistance genes
acquired on mobile genetic elements (MGEs) (1). This rapid
spread is, in part, due to the extensive movement of people,
goods and animals for example, all of which allow for the
interaction between different bacterial strains and their
MGEs, resulting in a globalized gene pool (2).

Plasmids

Joshua Lederberg first coined the term “plasmid” in 1952 (3),
and since their discovery as “extra-chromosomal hereditary
determinants”, studies have highlighted their role in horizontal
gene transfer (HGT) and usefulness as tools in molecular
biology. Much of the early work on plasmids focused on the
observation that resistance to antibiotics seemed to transfer
from one strain to another, leading to the description of
R-factors (4, 5). However, in the early 1970s, Stanley Falkow,
Stanley Cohen, Herbert Boyer, Donald Helinski, Charles
Brinton and several others developed the concept of using
plasmids as tools for gene cloning. The discovery that plasmids
could be efficiently used as cloning vectors led to an increased
interestinunderstanding plasmid biology, as well as stimulating
new types of biotechnology.
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Antibiotic-resistant infections have been recognized as a major global health problem
that is intensifying due to the lack of concrete novel approaches to fight them. Plasmids
are recognized as one of the major contributors to the rapid worldwide spread of
resistance genes. However, few strategies that specifically target plasmids are currently
being pursued. Our work is developing ways to displace plasmids from their hosts
using incompatibility functions without disrupting cell viability by neutralizing plasmid-
encoded toxin/anti-toxin systems. This approach is giving promising in vitro results, but
needs further development and recognition as a viable option to fight the problem of

Plasmids are typically circular (but also less commonly
linear) double-stranded DNA molecules that are able
to independently control their multiplication and stable
inheritance from generation to generation in their bacterial
hosts (2). In addition, many plasmids can transfer from one
bacterium to another, the most sophisticated mechanism being
by conjugation in which the plasmid carries genes that can
create a bridge between bacteria through which a copy of the
plasmid can move (Fig. 1a). Some plasmids are not able to do this
on their own, but can use the bridge made by other plasmids to
transfer themselves. The set of genes for multiplication, stable
inheritance and transfer are called the plasmid backbone or
core. Plasmids can also pick up a variable cargo of other genes
that can help their host bacterium grow or survive in different
environments - the plasmid spreads them between bacteria and
if a survival advantage is gained due to the carried genes on the
plasmid there will be positive selection for its carriage. Amongst
the favourable traits carried on plasmids, genes conferring
antibiotic resistance are of particular concern in the spread of
drug-resistant infections (6).

Although all plasmids basically function in similar ways,
what makes targeting plasmids difficult is that the genes and
proteins they need for multiplication and stable inheritance
are highly diverse, making it unlikely to find a single compound
that will block them all.

Dominant plasmids
The role of plasmids, particularly those able to transfer
autonomously (conjugative),inthe spread of antibiotic resistance



Figure 1: Plasmids transfer to different hosts by conjugation and their stable maintenance is aided
by toxin/anti-toxin (TA) systems. (a) Horizontal and vertical transmission of plasmid A from a
donor bacterium (dark blue) to a closely related plasmid-free recipient (light blue). Plasmid A can
replicate as its host grows and then transfer to a less closely related recipient (green) can occur.
(b) A donor bacterium carrying pCURE (plasmid P) can conjugate with a recipient bacterium
carrying target plasmid A where it blocks plasmid A’s replication due to carriage of specific
plasmid A replication functions. pCURE also encodes the anti-toxin specific to the TA system of
plasmid A and so neutralizes the normal effect of the toxin which blocks growth of bacteria that
have lost plasmid A. Thus, spread of pCURE results in loss of plasmid A without disturbing the
balance of the host bacteria. (c) pCURE (plasmid P) will be used in complex microbial communities
(indicated by different colours) such as the gut, where there is a dense and defined structure.
pCURE may need to transfer to bacteria which do not contain target plasmids before being passed
onto cells with a plasmid target. These “non-target” cells will act as donors transferring pCURE

shared key parts of their backbones and
could be identified by PCR methods.
Another class of evolutionary adaptation
to ensure stable inheritance inside a host
are the toxin/anti-toxin (TA) systems. Many
plasmids carry such TA systems, which are
usually composed of a stable toxin and an
unstable anti-toxin. This means that if the
plasmid is lost, the stable toxin outlives

into the cells carrying the target plasmid to be displaced.

the unstable anti-toxin, resulting in death

or reduced viability of the plasmid-free

cell, and thus maintenance of the plasmid
within the overall population (14).

Plasmid curing
As the problem of antibiotic resistance
grows, and the number of new antibiotics

failsto provideasolution,novel approaches
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was quickly established. But it was not until techniques like DNA
sequencing became commonplace that the extent of the role
plasmids play in the dissemination and evolution of resistance
traits became clear (7). Genetically identical plasmids were
identified globally in different, completely unrelated strains
of bacteria. Genes such as NDM-1 conferring resistance to
B-lactam antibiotics, and other essential antibiotics, have been
observed on dominant plasmid types that are known to have
been in circulation for over 50 years. For example, resistance
determinants on one type of plasmid isolated from outbreaks of
disease caused by E. coli in Canada were also identified only a
few years later on different plasmid backbones in outbreaks of
K. pneumoniae infection in Sweden. It appears that past antibiotic
usage has selected certain plasmids, which are then more likely
to pick up the next resistance gene that comes along.

Incompatibility and toxin/anti-toxin systems

All plasmids have ways to control their multiplication so
that they do not become a burden to their host bacterium.
Closely related plasmids that use the same or similar
multiplication genes will therefore compete with each other
and cannot be stably inherited together. This is called plasmid
“incompatibility” and has been historically used to classify
plasmids into different incompatibility groups - plasmids
that compete with each other are classified into the same
incompatibility group (11). As DNA sequencing technologies
developed it became clear that groups of incompatible plasmids

are required to tackle the issue. Since
the initial discovery of plasmids, efforts
have been made to eliminate, or “cure’,
them from their hosts in order to better
role that
these elements have. Early attempts to eliminate plasmids

understand the biological
by Salisbury et al. (15) involved stressing the host either by
growing the bacterium at higher than optimal temperatures,
or by adding chemical compounds such as acridine orange,
sodium dodecyl sulfate (SDS) or ethidium bromide. These
interventions were only successful for some plasmids and
generally also resulted in mutations and damage to the host.
Approaches such as these are also not amenable to use in
curing plasmids beyond the laboratory.

As more was learned about plasmid replication in the 1970s
and with the development of gene cloning, plasmid regions that
specifically interfered with stable inheritance were discovered.
Different groups, including Hynes et al. (16), developed
techniques that relied on identifying the incompatibility
groups of the target plasmids and then introducing plasmids
with the same incompatibility group to induce curing. This
technique was refined by Stolt et al. (17), who cloned only
the specific regions that determine incompatibility onto a
vector, and showed that this could cure a plasmid carried by
Mycobacterium fortuitum. Uraji et al. (18) refined the work
of Stolt et al. (1996), by cloning the replication functions to
induce incompatibility onto a vector carrying a gene that could
be induced to self-destruct. This allowed for the selection of
completely plasmid-free strains.

Although the mentioned studies demonstrated the feasibility
of using incompatibility to stably cure plasmids from bacterial
populations, using this as an alternative approach to deal
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Figure 2: Humans carry a diverse bacterial population within their

gut which can vary according to many factors, including food, travel,
medication, etc. (a) When a patient entering hospital carries bacteria
resistant to many antibiotics (red dots), often due to plasmid carriage,
infections (yellow stars) such as pneumonia and urinary tract or post-
operative infections arising from these bacteria will be difficult to treat.
(b) Preventative use of pCURE should turn resistant bacteria into sensitive
bacteria (green dots) so that infections should be much easier to treat
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with increasingly antibiotic resistance strains was first truly
conceptualized in a patent application filed by Filutowicz (19).

Denap et al. (20) took the concept of incompatibility and
used it as a rationale to test small chemicals that specifically
target functions required for plasmid replication. They used
aminoglycosides, which are known to target RNA, and tested
their ability to block the replication of plasmids that use RNA
as control elements during replication. Their studies showed
that when using these drugs a bacterial population could be
re-sensitized. However, using antibiotics to try and reduce
the problem of antibiotic resistance is not an optimal strategy
and many plasmids carry aminoglycoside resistance genes.
Nevertheless, it brought forward the concept that plasmids
could be a good target for new therapeutic strategies, an idea
which was supported by Latha et al. (21) who isolated plant
extracts with anti-plasmid properties.

More recently, several groups including ours have looked
at ways to specifically target plasmids that carry antibiotic
resistance using genetic techniques. Bikard et al. (22) and Ji
et al. (23) used CRISPR-Cas to design target-specific systems
delivered either by bacteriophages(22) or conjugative plasmids
(23). These approaches highlight how genetic techniques can
be used instead of chemical compounds as antimicrobials and
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warrants further development alongside approaches such as
phage therapy.

pCURE

The presence of large antibiotic resistance plasmids in
bacterial populations is the major determinant of poor
clinical outcome during hospital-acquired infections (HAI).
Vulnerable or immunocompromised patients commonly
suffer from HAIs when bacteria that are normally carried in
the gut or on the skin infect wound sites following surgery or
form biofilms on indwelling devices, such as ventilators and
catheters, leading to pneumonia or UTIs (Fig. 2). Due to the
facility with which plasmids can transfer among bacteria,
including gut bacteria, developing a system whose purpose
is to displace antibiotic resistance plasmids from particular
environments could be a good approach to reduce the burden
of antibiotic resistance.

The pCURE system was developed in the Thomas
laboratory by combining functions to block replication of
a target plasmid whilst also neutralizing any TA system it
carries (Fig. 1b). These “curing functions” are cloned into
a different vector that is not itself incompatible with (and
therefore blocked by) the target plasmid(s). The combination
of targeting multiple replicons and neutralizing TA systems
makes our approach unique and essential for applications
in environments where one would not want to disrupt the
normal ecological balance. For example, it could provide a
clear advantage over antibiotic treatment, which can often
disrupt the gut microbiota and can result in overgrowth of
resistant pathogens such as C. difficile. Hale et al. (24) showed
that the pCURE system could be engineered and applied to
target different types of plasmids and that it cured at very
high efficiency. Although useful in anin vitro setting, as shown
by several groups who used the system to cure important
resistance plasmids (25, 26), the pCURE described by Hale
et al. (24) could not be used in more complex environments
because it is not self-transmissible.

Currently work in our group is being undertaken to develop
apCURE system that is self-transmissible and could therefore
spread among complex microbial communities, displacing
antibiotic resistance plasmids as it does so (Fig. 1c). To achieve
this goal we are using conjugative IncP-1 plasmids as the core
of our vector because of their very broad host range (27)
allowing efficient spread through complex communities. We
have so far shown that these conjugative pCURE plasmids can
transfer, invade and displace an IncF plasmid from a bacterial
population in the absence of external selection (Lazdins et al.
unpublished results). Work is currently ongoing to expand
the curing potential to target a range of natural antibiotic-
resistance plasmids and to optimize transfer rates.



Future work and applications for pCURE

In countries where general rates of antibiotic resistance are
low (e.g., The Netherlands) it is common practice that all
patients entering intensive care units (ITUs) undergo selective
digestive and/or oropharyngeal decontamination (SDD and
SOD) (28). These involve the administration of prophylactic
antibiotics in order to try and reduce the prevalence of
infections that would lead to increased mortality. Although
effective in decreasing the mortality rates (29), the disruption
caused to the normal flora and the possible development of
further antibiotic-resistant strains is not ideal. Our vision for
pCURE is that it could be used as a prophylactic measure in
a similar way to SDD or SOD, given to patients who enter
healthcare settings. By giving pCURE to patients at risk of
developing infections upon admission to hospital, the idea is
that if an infection develops, then it is more likely for it to be
sensitive to standard antibiotic therapy, due to displacement
of the plasmids carrying resistance (Fig. 2). This can also be
applied to healthcare workers to limit possible spread of any
antibiotic-resistant strains that they may be carrying.

Another area where we think that pCURE would be
particularly useful is in limiting the international spread of
resistance. There are places where the number of strains
carrying plasmids with multiple antibiotic resistance genes
is higher than others (Southeast Asia vs. Scandinavia, for
example) and studies have demonstrated that individuals
travelling to places with higher occurrence will quickly be
colonized by resistance strains even without becoming ill and
these strains can remain in their flora for extended periods
(30). Therefore, upon returning from places with a high risk
of colonization, travellers could take a course of pCURE
to eradicate any problematic resistance genes they have
acquired. For this vision to be realised several steps need
to be taken to ensure that pCURE becomes a cost-efficient,
adaptable and, most importantly, safe system to use in human
medicine.

Bacterial conjugation in the gastrointestinal tract (GIT) of
humans is poorly understood, and although there is evidence
that conjugation is an important factor influencing HGT in
the GIT (See (31)) for a current review), more work will be
needed to fully understand the extent of pCURE spread once
administered. These studies will require the use of animal
models or complex in vitro gut models. Once these studies are
done, more work can be undertaken to optimize pCURE as a
transfer agent, but also to find the best way to administer it.
We are currently taking inspiration from probiotics and faecal
transplant treatments, where in both cases live bacteria are
successfully delivered to the gastrointestinal tract.

Safety considerations are essential when establishing how
best to administer pCURE and track how it spreads. Plasmids

have the ability to pick up resistance genes extremely easily
as well as having the ability to integrate into bacterial-host
chromosomes. To ensure safety and avoid fears of releasing
genetically modified elements into nature, we would need
to prevent the acquisition of resistance genes by the pCURE
vector as well as the potential for chromosomal integration
by including genetic safeguards in our system. These would
include systems that specifically block the ability of plasmids
to acquire extra resistance genes as well introducing specific
self-destruct mechanisms to avoid pCURE from working
outside of the body.

Extensive discussions will also be needed with safety
governing bodies (for example, the FDA or EMA) regarding
the classification and requirements for the usage of pCURE.
At present, pCURE sits somewhere between a food, a
drug and a biologic so specific requirements for trials and
approval in human usage will need to be clarified. Alongside
this clarification, studies on how the public would perceive
pCURE as a product are essential. A lot is known about the
reticence that people have for using genetically modified
organisms (GMOs) (32, 33), but would this reticence change
in the face of the dangers of antibiotic resistance?

Conclusion

Even though plasmids are the major reason for the
development and spread of resistance among naive
bacterial populations, very little attention is being given to
these elements as targets for combating the maintenance
and spread of antibiotic resistance. The knowledge and
technology to develop plasmid-curing technologies is
accessible, and many groups have used a range of approaches
to achieve this goal in vitro. However, the jump to using these
kinds of systems in more complex environments has yet to be
realized. We believe that the practical value of pPCURE should
be explored as an efficient way to cure antibiotic resistance
plasmids from strains colonizing the GIT in a way that would
not disrupt the normal flora, resulting in a reduced clinical
burden if infection were to manifest itself. m
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