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B INSTRUCTIONAL REVIEW

Adaptive antimicrobial resistance, a
description of microbial variants, and their
relevance to periprosthetic joint infection

Periprosthetic joint infection (PJI) is a difficult complication requiring a comprehensive
eradication protocol. Cure rates have essentially stalled in the last two decades, using
methods of antimicrobial cement joint spacers and parenteral antimicrobial agents. Func-
tional spacers with higher-dose antimicrobial-loaded cement and antimicrobial-loaded
calcium sulphate beads have emphasized local antimicrobial delivery on the premise that
high-dose local antimicrobial delivery will enhance eradication. However, with increasing
antimicrobial pressures, microbiota have responded with adaptive mechanisms beyond
traditional antimicrobial resistance genes. In this review we describe adaptive resistance
mechanisms that are relevant to the treatment of PJI. Some mechanisms are well known,
but others are new. The objective of this review is to inform clinicians of the known adap-
tive resistance mechanisms of microbes relevant to PJI. We also discuss the implications of
these adaptive mechanisms in the future treatment of PJI.

Cite this article: Bone Joint J 2022;104-B(5):575-580.

Introduction

The rise in the number of arthroplasties performed
worldwide suggests a concordant rise of associ-
ated complications.! One of the most dreaded
complications is periprosthetic joint infection
(PJD). Unfortunately, the incidence of PJI in hip
and knee arthroplasty has remained relatively
steady in the last two decades.? Treatment of an
established chronic PJI is an exchange protocol
whereby all prosthetic implants, foreign mate-
rials, and surrounding fibro-inflammatory tissues
are removed, with vigorous lavage of the peri-
prosthetic region. The exchange protocols include
either a single-stage or multistage exchange.’*
The choice takes into consideration variables
that include host health, limb health, microbe
virulence, and surgeon treatment philosophy. In
two- and multistage exchange protocols, an inter-
mediate poly(methyl methacrylate) (PMMA)
cement spacer construct is placed that contains
high doses of surgeon-added antimicrobial agents.
Furthermore, in the last two decades, adjuvant
treatment with surgeon-fabricated antimicrobial-
loaded calcium sulphate beads delivered into the
joint has been used.’ This technique, in laboratory
models, has been shown to kill microbiota within
a biofilm up to 5 mm to 10 mm from a bead.
Notably, a common theme in local antimicrobial
delivery is the use of multiple antimicrobial agents

with ever-increasing doses.®’ Published antimicro-
bial formulae report as much as 8 gm of surgeon-
added antimicrobial agents within one 40 gm pack
of PMMA.? In calcium sulphate beads, 2 gm to 3
gm of antimicrobials are commonly impregnated
in 10 cc of beads.’ It would seem logical that such
supraphysiological local doses would provide an
extended microbial killing zone, and eradication
rates would be improved. However, microbiota in
stressed conditions respond with adaptive mecha-
nisms to thwart eradication.” Adaptation is marked
by a variety of transient and permanent resistance
mechanisms that extend beyond traditional antimi-
crobial resistance genes. Some mechanisms have
existed since the advent of penicillin, but newer
adaptive variants are now being recognized.'’

In this review, we present an overview of adap-
tive microbial responses relevant to PJI treatment.
Permanent adaptive mechanisms include hyper-
mutability and small colony variants (SCVs),
whereas transient adaptive mechanisms are
observed in persister cells, adaptive resistance,
and phoenix colonies. The common goal of these
mechanisms is survival of the organism(s) upon
exposure to antimicrobial agents above mean
minimum inhibitory concentration (MIC), the
surgical debridement stress, and changes within
the microenvironment. The objective of this
review is to share information about these adaptive
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Fig. 1

Differences in morphotype wild-type and small colony variants (SCVs) of Pseudomonas aeruginosa. a) The Luria Broth (LB) agar plate shows large,
round homogenous colonies of wild-type P. aeruginosa. b) The LB agar plate shows very small, pinpoint SVCs.

mechanisms. We also discuss the implications of these adaptive
mechanisms in the future treatment of PJI.

Transient hypermutability. In microbial replication, there
is an expected rate of stochastic genetic mutations. In hy-
permutable variants, the rate of generated genetic mutations
multiplies (from 10- to 1,000-fold), providing variants with
a selective advantage compared to wild-type strains.!" There
are multiple mechanisms triggering this phenomenon, includ-
ing antimicrobial selection, endogenous stress responses, and
heritable defects in mismatch repair genes.!! Hypermutators
affect a small subset of the infecting colony and this mecha-
nism imparts a survival advantage, leaving wild-type strains
susceptible to killing. Mutations that form under hypermuta-
bility can be neutral or deleterious. When selective pressures
are removed, neutral mutators persist, whereas deleterious
mutators (adverse to the organism) are outcompeted by re-
configured wild-type organisms.'>!3

Small colony variants. On blood agar plates, SCVs are seen
as small irregular pinpoint colonies compared to wild-type col-
onies. SCVs are slow growing as they develop metabolic mu-
tations from selective pressures. Exposure to specific antimi-
crobials such as the aminoglycosides, commonly used in PJI,
often creates reproducible mutants.'* Less commonly, the mere
intracellular location of bacteria can trigger SCVs with simi-
lar metabolic mutants due to the presence of host antimicrobi-
al cationic peptides.'s These variants often lead to subclinical
chronic infections until supplementation of nutrients, which cir-
cumvent the cellular metabolic mutations, restoring wild-type
growth.!¢8 This can occur during any intervention that supplies
fresh blood to an infected region, such as incision and drainage
or implant exchange, and provides a sobering realization that
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surgical attempts to eradicate infection might actually exacer-
bate a patient’s joint infection.!”

SCVs possess mutations in respiratory metabolism that limit
the Krebs cycle. The residual metabolism relies on glycolysis
and fermentation for energy and lead to a significant reduction
in adenosine triphosphate (ATP).'” Thus, these colonies are
much smaller, compared to their wild-type form. In addition,
they display atypical colony morphology secondary to alter-
ations in metabolism, which help clinical microbiologists iden-
tify SCVs on blood agar plates held for > 72 hours (Figure 1).

The phylogenic advantages of SCVs are numerous. SCVs
are unaffected by antimicrobials that target cell wall and
protein synthesis due to their decreased metabolism. In addi-
tion, SCVs have a proclivity to exist within human cells,
specifically host immune and nonimmune musculoskeletal
cells.” The intracellular location of SCVs shield them from
established extracellular antimicrobial gradients within the
periprosthetic joint space and from host immunity.?*** Hence,
the ideal anti-SCV therapy would require an antimicrobial
that can penetrate a host cell and maintain its activity. In the
setting of intracellular Staphylococcus aureus SCVs, clini-
cians are left with few antibiotic options such as rifamycins
(with monotherapy inducing high mutational rates and conse-
quently not recommended), and specific glycopeptides.?*2!-23
Lastly, SCVs, through cytokines, are able to manipulate host
immune cells into an anti-inflammatory state, contributing
to the immunosuppressive microenvironment surrounding a
chronically infected prosthetic joint.>*

Once a patient is colonized by SCVs, eradication is an arduous
task. Sometimes, this can only be achieved by amputation.
This is because SCVs are inclined to colonize the osteolacunar
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Fig. 2

Photograph demonstrating the appearance of phoenix colony variants
of Pseudomonas aeruginosa in a biofilm lawn plate at four days. In the
centre is a disc containing tobramycin, which has created an antibiotic
gradient radiating from the centre of the plate. The clear zone in the
central region is where the antibiotic gradient has killed all biofilm
bacteria, including resistant and variant phenotypes. At the rim of

the plate is the remains of the wild-type lawn (diffuse light tan hue)
where the antibiotic gradient remains below the minimum inhibitory
concentration. In between the peripheral lawn and the cleared area are
small, white, pinpoint “phoenix” colonies of Pseudomonas that have
slowly emerged within from what first appeared to be the completely
killed biofilm lawn (clear zone).

canalicular network (OLCN) of bone, rendering bacteria inac-
cessible to host immunity.!” The unanswered question remains:
how long can they persist within cells and the OLCN? It may be
that SCVs, once established, are permanent. Eradication might
thus require significant segmental bone removal.

Persister cells. Persister cells are a phenotypic variant that oc-
cur in a very small subset of the wild-type colonizers (< 1%).'7%
These cells go into dormancy despite nutrients being available
to them. Upon exposure to antimicrobials above MIC, while
the fast-growing microbes may be killed, persister cells, due to
their cessation of cell cycle activity (replication) can persist in
the G, phase. Thus, antimicrobial agents that impede cell cy-
cle replication or interfere with metabolic activity (including
most antimicrobial agents) are rendered ineffective. Once the
antimicrobial challenge is reduced below MIC, persister cells
can re-enter the growth cycle. After returning from G, dorman-
cy, persister cells are unique, as they maintain their wild-type
metabolism and antimicrobial susceptibility. Not all wild-type
colonies have persister cell variants.

One known mechanism by which persister cell variants
enable G phase is through a toxin/antitoxin (TA) system that
is present in various forms and exists within numerous micro-
biota species.?®2® A TA system is composed of a stable toxin
and a labile antitoxin. The toxin represses bacterial growth
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by inhibiting important bacterial physiological processes,
including DNA replication, transcription, protein synthesis, cell
wall synthesis, and cell division. Normally, the function of a
toxin is neutralized by its cognate antitoxin. It is proposed that
the antitoxin is degraded in response to environmental stresses
including: antimicrobial agents exceeding MIC, altered local
pH, and nutrient depletion. The unchecked toxin then enacts its
effects on the cell to induce dormancy.

The foremost unanswered question is how long can a
persister cell exist in G, phase within the periprosthetic
region? Microbiota in G phase replicate at a very slow rate. It
is suggested that G phase turnover rate is approximately six
to eight weeks, but it may be even longer.” A theoretical ques-
tion that concerns many: can G, phase microbiota exist for an
extended time within the human host? If true, then it needs
to be established what triggers reactivation, and whether
persister cells can be coaxed (via signalling molecules) out
of dormancy.

Adaptive resistance. Adaptive resistance, better described as
transient antimicrobial resistance (TAR), involves metabol-
ic adaptation limiting the capacity for antimicrobials to kill
infecting organisms. As the name implies, a small subset of
the wild-type colony is enabled with a multidrug efflux pump
mechanism, to pump the affecting antimicrobial out of the
cell, thus limiting its effect.’® This efflux pump mechanism
is transiently induced and upregulated when exposed to an
antimicrobial challenge exceeding MIC. Characteristically,
once the antimicrobial pressure is removed, the efflux pump
is downregulated, and organisms revert to wild-type charac-
teristics and antimicrobial sensitivity. At present, there is no
established clinical test to detect this variant. In the future,
it may be possible with next-generation DNA sequencing, to
identify microbiota having the adaptive efflux pump regula-
tory mechanism.

Phoenix colonies. The phoenix colony is a novel variant de-
scribed by Sindeldecker et al.’! These variants represent a small
subset (< 0.1%) of the wild-type population. Phoenix colonies
were initially identified on in vitro Pseudomonas biofilm lawn
plates treated with high-dose aminoglycoside mixed into an an-
timicrobial loaded calcium sulphate (ALCS) bead. The original
agar lawn of biofilm population was completely eradicated, but
on day 4 of observation, colonies of Pseudomonas grew from
“the ashes” of the dead biofilm (Figure 2). The mechanism of
phoenix colony emergence is unique from other variants. It is
not clear whether the phoenix variant resides within the biofilm
at all times or if it is triggered by exposure to an increasing
antibiotic gradient.

There are several characteristic features of phoenix colonies.
First, they remain metabolically active and do not enter a G,
phase, and thus are not persister cells. There are no differences
in structural morphology compared to their wild-type form.
Phoenix variants have not acquired additional antimicrobial
resistance genes compared to their wild-type form. Further-
more, phoenix variants have no alterations in metabolism or
growth rates. These colonies continue to grow despite being
exposed to extremely high concentrations of aminoglycosides.
Lastly, phoenix colonies revert to their wild-type susceptibility
when the aminoglycoside is removed.
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Table I. Current summary of microbial defense mechanisms relevant to periprosthetic joint infection.

Defense mechanism  Definition

Biofilm production

Formation of extracellular polymeric substances encompassing microbiota that greatly reduces ability of host immune

mechanisms and antimicrobial agents to eradicate the pathogenic organism(s).

Multidrug resistance
agents. This is termed traditional resistance.

Hypermutability

Resistance genes that are acquired and incorporated into a microbial gene set that thwart microbial kill by antimicrobial

In a stress state (for example, antimicrobial challenge) the ability of some microbiota to increase rate of gene mutation by

multiples to acquire mutations that confer antimicrobial resistance.

Small colony variants

SCVs have genetically altered metabolism with reduced respiratory metabolism. SCVs take advantage of host

intracellular colonization to protect from antimicrobials and host immunity, resulting in resistance and persistent
infection. Microorganisms maintain minimal metabolic activity and revert to wild-type form only upon specific nutritional

supplementation.
Persister cells

Microbes that enter a state of dormancy in which the microbes become metabolically inactive when exposed to antimicrobial

loads above MIC. Also known as G, phase existence. Metabolism resumes once antimicrobial levels drop below the MIC

threshold.
Adaptive resistance

More accurately termed TAR, this is the ability of microbiota transiently to activate intracellular mechanisms to resist

an antimicrobial threat. These variants are enabled with a multidrug efflux pump mechanism to pump the affecting
antimicrobial out of the cell, thus limiting its effect. Once the antimicrobial pressure is removed, the efflux pump is
downregulated, and organisms revert to wild-type characteristics and antimicrobial sensitivity.

Phoenix colonies

Microbiota that develop transient resistance to supraphysiological concentrations of antimicrobials (currently

aminoglycosides) via a proposed mechanism of modified mRNA transcription. Phoenix variants continue with wild-type
growth and resistance upon removal of antimicrobial pressure.

MIC, minimal inhibitory concentration; SCV, small colony variant; TAR, transient antimicrobial resistance.

The mechanism of tolerance of phoenix colonies likely lies
with the mechanism of action of aminoglycosides which act
upon the 30s ribosome-altering protein synthesis. Although
not thoroughly understood, Sindeldecker and Stoodley?
propose that tolerance results from an increased mRNA tran-
scriptional plasticity during protein synthesis. Aminoglyco-
sides impede mRNA translation and are thought to act as road
bumps affecting protein synthesis. Phoenix variant microbiota,
via a more flexible mRNA structure, may continue with the
translation process without premature translation termination.
Ongoing work seeks to determine if this mechanism of flexible
translation is heritable.

Clinical relevance of adaptive microbial variants in treat-
ment of PJI. The unanswered matter in PJI treatment is the dose
of antimicrobial agents versus their duration. Those espousing
high-dose treatments believe that local doses of antimicrobial
agents that are multiples higher than established MICs will kill
microbiota and their associated biofilms, and provide a high an-
timicrobial gradient to diffuse to all affected areas within the
PJI space. This includes the OLCN and its associated intracel-
lular bacteria.” Laboratory studies by Sindeldecker et al*! have
suggested that high local antimicrobial concentrations with sub-
stantial antimicrobial gradients can eradicate/exhaust all vari-
ants. Thus, surgeons should incorporate an emphasis on local
antimicrobials in PJI hardware exchange protocols. The clinical
data supporting this concept are limited, and for future clinical
investigation, randomized controlled trials (RCTs) are needed.
A benefit of using a local high-dose antimicrobial delivery tech-
nique is that it limits the human host to systemic antimicrobial
exposure, which theoretically reduces antimicrobial resistance
gene production within existing human biomes. Antimicrobial
resistance, conferred through trans-species horizontal gene
transfer via plasmids, is a major concern. Thus, limiting micro-
biome exposure to parenteral antimicrobials may be valuable.
The weakness of this treatment strategy is the temporal compo-
nent. It is still unknown how long persister cells and SCVs can
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survive in their recalcitrant forms. Longitudinal data are needed
to answer this question.

If time is the primary factor to exhaust adaptive variant
colonies, then antimicrobial duration should be emphasized.
It is thought that persister cells replicate at a very slow rate
(around six to eight weeks), but this is not well-defined. It is
theoretically possible for persister cells and SCVs to exist for
long periods of time. Thus, in exchange protocols, extended
antimicrobial treatment would be required. The question is
whether antimicrobial gradients within the PJI region can be
adequately maintained for an extended period. This would
potentially require months of treatment, if not longer. Further-
more, the use of oral antimicrobial treatment for the extended
term will be unlikely to deliver an effective antimicrobial
gradient throughout the entire PJI space. Thus, resistant vari-
ants would be allowed to flourish and acquire traditional anti-
microbial resistance genes. Furthermore, the extended use of
antimicrobial agents favours the SCV adaptive mechanism.
As long as there is a significant antimicrobial pressure, the
SCV will persist. The longer the exposure, the more likely the
chance for SCV selection.

Because of the weaknesses with each of the above treat-
ment philosophies, we believe adjuvant treatment other than
antimicrobials should be developed and used concomitantly to
provide complete termination of microbiota variant reserves.
To improve the stubbornly persistent reinfection rate seen with
current exchange protocols, we foresee multimodal protocols
that specifically treat all microbiota, including all adaptive
variants discussed above. Strategies include: use of novel anti-
microbials; repurposing clinically approved medications (i.e.
immunotherapy and chemotherapeutics) to treat PJI; neoad-
juvant antibody therapy against biofilm structures; biofilm-
disrupting agents; immunomodulation therapy to overcome an
acquired local host immune suppressive state; phage therapy;
new agents/combinations that promote mechanical removal of
microbiota and remnant biofilm islands from the interstices of

THE BONE & JOINT JOURNAL
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bone; and implant coatings that prevent recolonization of revi-
sion implants during reimplantation.

Lastly, surgeons must improve methods to identify intraop-

eratively regions infected by microbiota. Removal of microbi-
ally contaminated tissues is difficult and remains in the realm of
“art”. Specialist PJI surgeons are experts at debridement but the
naked eye cannot recognize microscopic extensions of infec-
tion. New methodologies should be developed to assist in intra-
operative surgical debridement of PJI tissues via fluorescence
or bioluminescence.
Human pressures forcing variant selection. To mitigate fur-
ther microbial variant selection, we must understand the human
pressures selecting for these organisms. First, every care should
be taken to minimize direct contamination of the periprosthetic
space at the time of joint implantation. These include preop-
erative host optimization and skin cleaning, timely periopera-
tive prophylactic antimicrobials, improved intraoperative field
sterility, and postoperative wound care.** However, while sus-
ceptible organisms can be eliminated, recalcitrant organisms
may multiply and reconstitute this gap.** Second, the increasing
prevalence of comorbidities such as diabetes, and the use of
specialized systemic immune modulators for inflammatory con-
ditions, is creating a larger immunocompromised population.
This raises the risk of other microbiota populating the internal
and external human microbiome, creating dysbiosis. Third,
we are learning of medical treatments, considered routine and
safe, as causing unintended consequences. For example, the
routine use of proton pump inhibitors increases proximal gut
pH, changing gut microbiome populations.**’” In concert, the
regular intake of non-steroidal anti-inflammatory drugs can dis-
rupt colonic tight junctions, allowing microbiota to leak into the
vasculature, which may allow prosthetic joint inoculation by
haematogenous seeding.’**’ Finally, the liberal use of powerful
antimicrobial agents at high doses and extended intervals se-
lects for the most elusive and persistent microorganisms. Taken
altogether, antibiotic tolerant microbial variants have selective-
ly come to the forefront. In order to shift stresses away from
variant selection, we must strategically rethink all treatment
methods to rebalance humans with their microbiome partners.

To summarize, in the last two decades, we have come to
understand better the challenges for effective cure of PJI. Fore-
most, microbial biofilms composed of highly rigorous extra-
cellular polymericsubstances with their microbiota, envelope
implants, and periarticular tissues, prohibiting infection eradi-
cation.® Second, we know that compromises in host immunity
and limb health can limit effective treatment.’*** Third, we are
identifying microbial variants with newer genetic mechanisms
thwarting antimicrobial agents and host immune defenses. The
result is PJI persistence. Table I summarizes the currently under-
stood microbial defense mechanisms that we believe are perti-
nent to PJI. These adaptive mechanisms must be collectively
addressed when developing future PJI treatment strategies.
Surgical debridement must be comprehensive, and methods to
enable visualization of microbiota must be developed to allow
removal of microscopic extensions. Adjuvant treatments other
than antimicrobials must be developed and used concomitantly
to achieve complete microbial eradication. To improve the stub-
bornly persistent reinfection rate seen with current exchange
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protocols, we anticipate multimodal interventions to improve
cure rates and specifically address variant reserves.

Take home message

') - Periprosthetic joint infection (PJI) treatments have used
increasing doses and durations of antimicrobial agents.
Microbiota have responded with adaptive mechanisms

beyond biofilm formation and traditional antimicrobial resistance genes.

- These adaptive mechanisms include transient hypermutability, small

colony variants, persister cells, transient antimicrobial resistance, and

phoenix colonies.

- Knowledge of these mechanisms and their genesis is critical in

developing reconfigured strategies for microbial eradication. We

have summarized these adaptive mechanisms and suggest tactical

approaches for future PJI treatment.
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