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Abstract

Prosthesis-related infection is a serious
complication for patients after orthopedic joint
replacement, which is currently difficult to
treat with antibiotic therapy. Consequently, in
most cases, removal of the infected prosthesis
is the only solution to cure the infection. It is,
therefore, important to understand the com-
prehensive interaction between the microbio-
logical situation and the host immune
responses that lead to prosthesis infections.
Evidence indicates that prosthesis infections
are actually biofilm-correlated infections that
are highly resistant to antibiotic treatment and
the host immune responses. The authors
reviewed the related literature in the context
of their clinical experience, and discussed the
possible etiology and mechanism leading to
the infections, especially problems related to
bacterial biofilm, and prophylaxis and treat-
ment of infection, including both microbiolog-
ical and surgical measures. Recent progress in
research into bacterial biofilm and possible
future treatment options of prosthesis-related
infections are discussed.

Introduction

Osteoarthrosis (OA), also known as
osteoarthritis, is a degenerative joint disease
that is caused by wearing or breakdown of the
cartilage covering the ends of the bones in a
joint due to chronic inflammation, leading to
local pain and limitation of joint motion. OA
most commonly affects middle-aged and elder-
ly people resulting in disability and reduces
Quality of Life.

In 2005, it was estimated that over 10% of
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the adult US population (27 million adult
Americans) had clinical OA, and in 2009, OA
became the fourth most common cause of hos-
pitalization.! OA is the major indication for
joint replacement surgery and in 2009 more
than 905,000 joint replacements were per-
formed in the US with a total cost of 42.3 bil-
lion US dollars. In France, there were 6 million
new OA patients diagnosed in 1993, and in
England and Wales, there are approximately
1.3 and 1.75 million people suffering from OA.
The economic burden of such a disease
accounts for up to 1-2.5% of the gross national
product of Western nations.'*

OA treatment is aimed at reducing pain,
maintaining or improving joint function, and
minimizing disability. For patients with signif-
icant joint dysfunctions, artificial joint replace-
ment becomes the only solution. The proce-
dure is widely recognized as one of the most
successful interventions in medicine,>® and its
impact on Quality of Life has been well docu-
mented.® Today, it is possible to perform total
joint replacement to treat osteoarthrosis in
most of the major joints in humans, such as
hip, knee, shoulder, elbow, wrist, ankle, spine,
etc. It is reported that, in the United States,
there has been a rapid increase in the number
of operations of joint replacement. The num-
ber of primary total hip arthroplasties (THA)
increased from 119,000 in 1990 to 193,000 in
2002, while the number of primary total knee
arthroplasties (TKA) increased from 129,000
in 1990 to 381,000 in 2002.” The number of
joint replacements in the US reached 905,000
cases in 2009.! In Germany, the number of THA
and TKA in 2008 was 159,000 and 146,000,
respectively; this represented a 15% increase
in THA and a 33% increase in TKA compared to
2004.% According to a 2007 estimate, approxi-
mately 1.5 million joint arthroplastic opera-
tions are performed annually worldwide.?

Following this great success, there are also
some failures of arthroplasty, which lead to
operative revision. In 2000, there were 28,000
revision THAs and 31,000 revision TKAs per-
formed in US and each year, more than one bil-
lion dollars are spent there on THA and TKA
revisions.” Causes that lead to failure of
arthroplasty might include aseptic loosening,
dislocations, prosthesis infections, massive
bone loss, fractures and metal allergy.>!0-14
After total joint replacement operations, the
total infection rates of the implants are report-
ed to be less than 1%,'516 and the patients with
rheumatoid arthritis could have a higher infec-
tion rate of up to 3.7%.7 However, bacterial
infection of a joint prosthesis is a severe com-
plication that is currently difficult to cure with
antibiotic treatment. In most cases, the infect-
ed prosthesis implant has to be removed in
order to cure the infection. It is, therefore,
important, and necessary, to improve our
understanding of the pathogenesis of prosthe-
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sis infections after orthopedic joint replace-
ment.

Possible causes leading
to prosthesis-related infections

Air quality control of the operating
room

Orthopedic operations require an ultra
clean environment. Therefore, the air supply to
the operating rooms requires filtration. An air-
sampling test demonstrated that there was a
clear microbiological difference in the air qual-
ity before and after air filtration (Figure 1).
Airborne bacteria are able to cause an infec-
tion during operations including orthopedic
procedures leading to implant infection.!
Applications of laminar air flow and ultraviolet
light in the operating theaters significantly
help to reduce the prevalence of periprosthetic
joint infection.!® Most airborne bacteria are of
human origin. A person releases approximate-
ly 10 million particles/day, equal to 10,000 par-
ticles/min when walking, and 5-10% of these
particles carry bacteria.?*?! It is, therefore,
important to limit the number of persons in
the operating theaters and the activities of the
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staff.? Staff traffic and material transport dur-
ing an operation might increase the risk of
orthopedic infection.

Incomplete skin disinfection
and infections related to materials
or staff

Incomplete skin disinfection and contami-
nation of the surgical instruments or orthope-
dic materials play an important role in post-
operative infections.” In addition, contamina-
tion from the operating staff should also be
taken into consideration. For example, hair or
sweat from surgeons or nurses, wound rinsing
solution spreading from the operating site to
the staff and dropping down in the operating
area, coughing or sneezing by the operating
staff, etc. These situations are not common,
but in an orthopedic setting all potential risk
factors are important.

Omission of perioperative
antibiotic prophylaxis

Bacterial infection in prosthesis can easily
result in wound sepsis and failure of the joint
replacement. Therefore, joint replacements
require an ultra-clean environment for sur-
gery. Because of the risk factors mentioned in
points above, antibiotic prophylaxis is recom-
mended; this should be applied systemically
four times a day on the day of surgery and in
combination with the application of cement-
containing antibiotic substance. This measure
has been demonstrated to be efficient in mini-
mizing the risk of infection.?*?" The details are
discussed below (Prophylaxis of the prosthesis-
related infections).

Impairment of immune system

The immune system plays a key role in
defending our body against microbial infec-
tions. Any compromised factor that weakens
the immune system will actually enhance the
development of an infection. In patients with
diabetes,”® AIDS,? and other immunocompro-
mised diseases, risk for infections increases
significantly.

Bacterial biofilm formation

A biofilm is an accumulation of microorgan-
isms embedded in a self-produced polysaccha-
ride matrix and adherent to a solid biological
or non-biological surface (Figure 2).3031
Biofilms are medically important, accounting
for over 80% of microbial infections in the
body, including prostheses and internal fixa-
tion devices.®® In vitro study has shown that
Pseudomonas aeruginosa, Staphylococcus
aureus and Staphylococcus epidermidis can
easily form biofilms on stainless steel and tita-
nium orthopedic screws.’> Another in vitro
study demonstrated that S. aureus, S. epider-
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midis and P aeruginosa possess strong forces
of adhesion to foreign bodies.® In studies of
implants from patients having revision for
total joint arthroplasty of hip or knee without
clinical and routine microbiological evidence
of infection, bacterial biofilms including coag-
ulase-negative staphylococci were isolated
from the removed implants by using ultrasoni-
cation and other sensitive methods**% indi-
cating a biofilm infection of the implant.
Bacteria usually form biofilm on foreign bodies
that are placed in patients for medical reasons,
such as peripheral and central venous
catheters, heart valves, ventricular assisting
devices, coronary stents, arthro-prostheses,
fracture-fixation devices, breast implants,
intraocular lenses, dental implants, etc.?637
Orthopedic biomaterials are foreign bodies
that provide surfaces for bacteria to adhere to
and subsequently form biofilms. Inside bacter-
ial biofilm there is a high density of bacterial

population that activates a cell-density-
dependent mechanism called quorum sensing
(QS). There are QS systems in both Gram pos-
itive and Gram negative bacterial populations
and these regulate the expression of adhesion
mechanisms and virulent factors.?® It has been
demonstrated that QS also control the differen-
tiation of the biofilm and can lead to killing of
the leukocytes in some Gram negative bacte-
ria.*® Due to the protection offered by the
extracellular polymeric substances produced
by bacteria themselves and the changed physi-
ology of the biofilm bacteria, it is difficult for
the immune system and antibiotics to eradi-
cate the bacterial cells embedded in the
biofilm, and, therefore, the biofilm infection
becomes chronic.**3 On the other hand, the
biofilm bacterial cells usually elicit less inflam-
matory response than the planktonic bacterial
cells*** which makes it difficult for clinicians
to diagnose such an infection.

Figure 1. Bacterial colonies on 5% blood agar plates seeded with room air sampling (1

M>) in a Danish hospital (A) before and (B) after air-filtration.

Attachment Microcolony Subpopulation
interactions

Macrocolony  Activation

Figure 2. Development stages of bacterial biofilm.
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Pathogens causing
prosthesis-related infections

It has been reported that many bacteria can
cause prosthesis-related infections, such as S.
aureus, including methicillin-resistant strain
(MRSA), coagulase-negative staphylococci
(CNS) (eg. S. epidermidis, S. haemolyticus, S
hominis, S warneri), Propionibacterium acnes, P
aeruginosa, Haemophilus influenzae,
Providencia, Enterococci, Streptococcus viridans,
Escherichia coli, Citrobacter, Lactobacillus,
Acinetobacter, Serratia marcescens, Klebsiella
pneumoniae, and Corynebacterium. 3374146
Among those pathogens, S. aureus and coagu-
lase-negative staphylococci are the most com-
mon bacteria responsible for prosthesis-related
infections, accounting for approximately half of
the infections or more.*:#24 Infections occurring
in the first three months after surgery are usual-
ly caused by virulent microorganisms such as S.
aureus, whereas delayed infections (3-24
months after surgery) are in most of the cases
caused by low virulent microorganisms such as
coagulase-negative staphylococci.* Poly-saccha-
ride intercellular adhesin (PIA) produced by
staphylococci has been demonstrated to be a
crucial virulent factor that helps staphylococci to
form biofilm in implants or orthopedic biomate-
rials.#748

Diagnosis of the
prosthesis-related infections

It is not difficult to diagnose a clinical infec-
tion of prosthesis after joint replacement, if
there are local and systemic symptoms such as
localized pain, swelling, and congestion with
increased inflammatory parameters (high
leukocyte count, elevated C-reactive protein,
and fever) plus positive culture of the joint
fluid or biopsies. However, it is difficult to find
evidence for some delayed prosthetic infec-
tions or aseptic loosening of the prostheses
employing the conventional clinical microbio-
logical methods, and it has been demonstrated
that such infections are quite often caused by
bacterial biofilms which show little or no sys-
temic symptoms and mild local inflammatory
resp0n5e5.32’34’41’49’50

In recent years, new techniques have been
developed to increase the detection rate of
infection, especially biofilm infections. In
many countries, as well as in our own laborato-
ry, synovial fluid and 5 samples from peri-
implant tissues are recommended for microbi-
ological diagnosis of orthopedic implant-asso-
ciated infections.’! In addition, the orthopedic
implants removed from patients can be placed
in sterile saline, vortexed and sonicated in an

OPEN 8&1_'(}55

ultrasonic bath. The fluid from sonication is
then cultured and sent to 16s or 18s poly-
merase chain reaction (PCR) detection.?44951-55
It is reported that sonication cultures improved
the microbiological detection of the implant
infection.’!%3% PCR detection is a more sensi-
tive molecule tool, which is also applied in
diagnosis of orthopedic implant infec-
tion. 4515455 Furthermore, detection of serum
IgM against Staphylococcal slime polysaccha-
ride antigens was used recently for diagnosis
of staphylococcal periprosthetic joint infec-
tions with 89.7% sensitivity and 95.1% speci-
ficity.”'%5 Sometimes blood leukocyte count, C-
reactive protein, interleukin-6 and procalci-
tonin also give indications.” The combination
of microbiological routine and new methods,
together with clinical symptoms and blood
inflammatory markers, will give us a better pic-
ture of orthopedic implant infections.

Treatment of
prosthesis-related infections

Antibiotic treatments
Prostheses-related infections are now
thought to be biofilm-associated infec-
tions?*32343757 which are highly resistant to
antibiotic treatment.’*® The mechanisms for
the biofilm bacterial cells to become resistant
to antibiotics are not fully understood. It is
believed that in addition to conventional
resistance mechanisms such as beta-lacta-
mase and efflux pumps,®% poor antibiotic
penetration, nutrient limitation, slow growth,
adaptive stress responses and formation of
persister cells are involved.® In addition, in
vitro and in vivo studies of antibiotic pharma-
cokinetics/pharmacodynamics in bacterial
biofilms have indicated that, biofilm bacteria
are significantly more resistant than their
planktonic counterparts, and antibiotic treat-
ment, therefore, requires a higher dose and
combination.’® It is, therefore, not recom-
mended to treat implant infections with antibi-
otics only. On the basis of appropriate surgical
intervention, if the clinical signs and symp-
toms of implant infection have been observed
for less than three weeks, the implant is stable
and the surrounding tissue is in a good condi-
tion, antibiotic treatment becomes crucial.5
Due to the integrated resistance of bacterial
biofilm, it is important to choose highly active,
better penetrating and combined antibiotic
treatment. For the infections caused by staphy-
lococci, Zimmerli et al. performed a random-
ized, placebo-controlled, double-blind clinical
trial on 33 patients with proven staphylococcal
infection and stable orthopedic implants from
1992 through 1997. They found that patients
treated with initial debridement and 2-week
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intravenous flucloxacillin (2 g q.i.d. for methi-
cillin-sensitive) or vancomycin (1 g b.i.d. for
methicillin-resistant) together with rifampin
(450 mg p.o., b.i.d.), followed by three (hip
implants) or six (knee implants) months of
ciprofloxacin (750 mg p.o., b.i.d.) and rifampin
treatment had a 100% cure rate compared with
the ciprofloxacin-placebo group (58% cure
rate).% It is, therefore, recommended to treat
staphylococcal implant infections with 2-4
weeks intravenous beta (3)-lactam (for methi-
cillin-sensitive) or glycopeptide (for methi-
cillin-resistant) in combination with
rifampicin to minimize the bacterial burden
and risk of antibiotic resistance, followed by
long-term rifampicin (450 mg p.o. b.i.d.) and
levofloxacin (750 mg p.o., q.d. to 500 mg b.i.d.)
or other fluoroquinolones.*5% For details,
please refer to the new protocol of antibiotic
treatment up-dated in 2012 by Zimmerli et a/.%®
Application of the combination with rifampicin
(20 mg/kg) and fluoroquinolone showed good
results in a French clinical study.* Fusidic acid
was recently recommended as an efficient
antibiotic for the treatment of bone and joint
infections caused by S. aureus and MRSA.” In
our clinical practice, cefuroxim 1.5 g i.v,, t.i.d.
and fusidic acid (Fucidin) 500 mg p.o., t.i.d.
are used as initial treatment followed by
dicloxacillin 1g p.o., q.i.d. together with fucidin
500 mg p.o., t.i.d. or rifamicin 600 mg p.o.,
b.i.d. for the treatment of Staphylococcus
aureus infection. For methicillin-resistant
staphylococal infections, vancomycin 1g i.v.,
b.i.d and fucidin or rifampicin p.o. are applied
initially followed by rifampicin and fucidin or
moxifloxacin 400 mg p.o., q.d. or linezolid 600
mg p.o. b.i.d. according to the sensitivity
results. Spanish colleagues recently reported
that combination treatment with rifampicin
and linezolid showed a 69.4% success rate (34
of 49 patients) for prosthetic joint infection
with retention of the implant after two years.”
Recently, daptomycin has also been recom-
mended as a new option for the treatment of
implant infections,% due to its good effect sys-
temically and locally against methicillin-resist-
ant staphylococci and enterococci in patients
with implant-associated infections.”>” By
using such antibiotic treatment, prosthetic
knee-associated infections in many patients
could be well controlled.* Soriano et al.,” in a
study of 85 patients with orthopedic implant
infections, reported that 47- and 60-day treat-
ment with linezolid showed a 72.2% and a
42.8% success rate in acute and chronic infec-
tions, respectively, when the implant was not
removed. However, in a clinical study of 112
patients with prosthetic joint infection carried
out in the UK, arthroscopic debridement and
empirical treatment with vancomycin 1g i.v.
every 12 h, plus meropenem 500 mg i.v. t.i.d.
for inpatients and ceftriaxone 1 g i.v. q.d. plus
teicoplanin 400 mg i.v. g.d. for outpatients, fol-
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lowed by oral rifampicin and quinolones could
not avoid failure (18% recurred infection over
2.3 years).” The authors concluded that antibi-
otic therapy may simply postpone, rather than
prevent failure.™ But arthroscopic debride-
ment might not be sufficient to remove the
infected tissue, and, in our opinion, the doses
of meropenem and ceftriaxone used in the
study were too low.

Surgical interventions

Antibiotic treatment alone is quite often
inadequate to treat prosthesis-related infec-
tions, especially when it comes to biofilm
infections. In most cases, a combination of
antibiotic therapy with surgical interventions,
which can be divided into debridement with
retention of the prostheses and staged
exchange of the prostheses, is required.

Debridement with retention of the
prostheses

The purpose of debridement is to remove the
necrotic tissues, pus or foreign material around
the orthopedic implant or the infected implant,
which helps to minimize the local infection by
means of removing the infectious focus and
local application of antibiotics in high concen-
tration. There are different reports regarding
the effects of debridement with retention of the
prostheses in treatment of the prosthetic infec-
tions. The 5-year success rate was reported by
Berbari et al. to be 32%,” whereas the 3-year
success rate given by Trebse et al. was 86%.™
The main difference between these two reports
might be associated with the selection of the
patients for debridement. The patients involved
in the study of Berbari were those with rheuma-
toid arthritis, and the patients in Trebse’s study
had stable implants with infection symptoms of
less than one year, no sinus tract and the known
pathogens were susceptible to the antibiotics
used. Zimmerli summarized the indications for
debridement’ which included: a stable implant,
a pathogen with susceptibility to antimicrobial
agents active against surface-adhering micro-
organisms, absence of a sinus tract or an
abscess, and a duration of infection with symp-
toms of less than three weeks. He believed that
both patients with early or late acute-onset
hematogenous infection were eligible for this
procedure.

Staged exchange of

the prostheses

If the prosthetic implants are loosening due
to infection, staged exchange of prostheses is
required. The decision of 1-stage or 2-stage
exchange is made on the basis of an evalua-
tion of the infected prosthesis. Patients with
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nearly normal or mildly compromised soft tis-
sue can be selected for 1-stage exchange. If the
patient is infected with resistant bacteria and
the tissue damage is significant, a 2-stage
revision will be considered. The interval
between the two stages is usually 4-8 weeks
with antibiotic treatment, depending on the
resistance of the pathogen.’” After staged
exchange of the prostheses, treatment with
sensitive and well penetrating antibiotics in
combination is crucial, and 12-week antibiotic
treatment is recommended.%

Prophylaxis of the
prosthesis-related infections

Prosthesis-related infections after joint
replacement are disastrous for patients
because, in most cases, removal of the infect-
ed prosthesis is the only way to cure the infec-
tion. It becomes, therefore, important to pre-
vent prosthesis infection. The pathogenesis of
prosthesis-related infections could be
explained by the interactions of three basic
factors, ie. the number of invading bacteria
and their virulence, the host’s immune
responses, and the properties of the implant
materials.

Bacteria

It is believed that approximately 60% of the
prosthesis-related infections are caused by
direct contamination during the operative pro-
cedures. Bacteria come from the patient’s skin,
and/or the staff in the operating theater, or air-
borne pathogens in the operating environ-
ment.*! It is, therefore, important to disinfect
the skin of the operating field thoroughly, pay
attention to the sterile performance, and pre-
vent any direct contamination from the operat-
ing staff. To minimize the possibility of
implant and wound infections, it is helpful to
use broad-spectrum (-lactam antibiotic pro-
phylaxis intravenously before, during and after
surgery. In our orthopedic surgical procedures,
cefuroxime 1.5 g is given before and after the
operation, and local application of gentamicin
solution around the implant before closing the
incision is routine practice. Use of orthopedic
cement containing antibiotics in joint replace-
ment surgery is one of the prophylaxis meas-
ures. In a long-term Norwegian study involving
22,170 THA patients, systemic antibiotic
(cephalosporin or semisynthetic penicillinase-
resistant penicillin) prophylaxis combined
with cement containing gentamicin gave the
lowest risk of revision, aseptic loosening and
infection, compared to those patients who
received only systemic antibiotic prophylaxis,?”
indicating the importance of cement with
antibiotic. In addition, on the basis of antibiot-
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ic-cement application, systemic antibiotic pro-
phylaxis given 4 times on the day of surgery
showed significantly lower rates for revision,
aseptic loosening and infection?” compared to
antibiotic prophylaxis given 1, 2 and 3 times on
the day of surgery. Longer antibiotic prophylax-
is did not show better results.?” Based on the
clinical evidence, application of antibiotic
embedded cement in combination with intra-
venous antibiotic prophylaxis of cefuroxime
(1.5 g, q.i.d.) or in case of bp-lactam allergy,
vancomycin (1 g, t.i.d.) is recommended for
orthopedic surgery with joint replacement if
patient renal function is normal.?6 The sys-
temic antibiotic prophylaxis is recommended
for the day of surgery only.

To reduce density of the airborne bacteria,
use laminar airflow and ultraviolet light is
required in the operating rooms and the bacter-
ial concentrations in the air must be monitored
regularly. It is also important to actively treat
any systemic or local infection to prevent a sec-
ondary hematogenous implant infection.””

Host

The innate and acquired immune systems
are the main mechanisms defending our bodies
against microbial infections. Any impairment or
defects in the immune system will naturally
increase the susceptibility to infections. It is
well known that patients with diabetes, cancer,
AIDS and viral infections, or patients under
treatment of adrenal cortical hormones or
immunosuppressive drugs, are susceptible to
bacterial infections because of the impairment
of their immune functions. The decision to pro-
ceed with implant-related operations in such
patients should be taken after careful delibera-
tion; the operation may be performed after a
successful immune reconstructing therapy.

Prostheses

As foreign bodies, the implanted prostheses
are easily colonized by bacteria. The presence
of a foreign body decreases more than 100,000-
fold the minimal infecting dose of S. aureus
leading to a permanent abscess.”” Animal study
demonstrated that 10® colony-forming units
(CFU) of S. aureus could not produce any
abscesses in the absence of foreign material,
whereas 102 CFU was sufficient to infect 95%
of the subcutaneous implants.*> The host neu-
trophils could not effectively clear the bacteria
that attached to an implant due to the biofilm
mode of growth of the bacteria.””" The applica-
tion of antibiotic cements and the antibiotic-
coated implants partly down-regulate the risk
of prosthetic-related infection due to the slow
release of antibiotics from the cements and the
formation of a relatively high antibiotic con-
centration locally.™® Animal studies demon-
strated that application of antimicrobial-coated
devices in a short time significantly reduced
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biofilm formation and the risk of implant-cor-
related infection against Staphylococcus
aureus.®% However, this is not sufficient to
solve the problem, and long-term application of
antibiotics can also lead to serious problems of
antibiotic resistance. To better protect ortho-
pedic prostheses from infections, new materi-
als or techniques with anti-microbe properties
for the manufacture of orthopedic prostheses
are needed.

Recent progress in laboratory
investigations of alternative
treatment of biofilm infections

Traditionally, bacterial infections are treated
clinically by antibiotic chemotherapy which con-
trols the infections by means of a direct bacteri-
cidal effect or by inhibiting bacterial growth.
However, antibiotic treatment also leads to the
development of antibiotic resistance that
becomes a serious clinical problem. Animal
studies have shown that artificial bacterial
biofilm infections could be controlled effectively
by altering the type of immune responses.#$
The progress achieved in research into bacteri-
al QS systems offers a promising clinical per-
spective. It has been demonstrated that the vir-
ulence of both Gram positive and Gram negative
bacteria, and infections caused by these
pathogens, could be significantly attenuated by
QS inhibitors.?$-%2 Animal studies have shown
that implant-related biofilm formations of
Staphylococcus ~ aureus,  MRSA  and
Staphylococcus epidermidis could be successful-
ly prevented by using QS inhibitor RIP%% It has
been demonstrated that QS inhibitors do not
interfere with the growth of bacteria; however,
they increase the susceptibility of the biofilm
bacterial cells to antibiotics in vitro and lead to
a much faster clearance of the bacteria in an
animal infection model.”! It has also been found
that some extractions from natural plants could
interfere with bacterial QS, modulate immune
response against biofilm infections and induce
dispersal of biofilm bacterial cells, which might
benefit the effects of both antibiotics and
immune  defense = mechanisms.36879%
Therefore, modulation of immune responses
and use of QS inhibitors might be a potentially
promising therapy for the prosthesis-related
infections in the near future.
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