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With the aging of population, the number of indications for total joint replacement is
continuously increasing. However, prosthesis loosening can happen and is related to two
major mechanisms: (1) aseptic loosening due to prosthesis micromotion and/or corrosion
and release of wear particles from the different components of the implanted material and
(2) septic loosening due to chronic prosthetic joint infection (PJI). The “aseptic” character
of prosthesis loosening has been challenged over the years, especially considering that
bacteria can persist in biofilms and be overlooked during diagnosis. Histological studies
on periprosthetic tissue samples reported that macrophages are the principle cells
associated with aseptic loosening due to wear debris. They produce cytokines and favor
an inflammatory environment that induces formation and activation of osteoclasts, leading
to bone resorption and periprosthetic osteolysis. In PJIs, the presence of infiltrates of
polymorphonuclear neutrophils is a major criterion for histological diagnosis. Neutrophils
are colocalized with osteoclasts and zones of osteolysis. A similar inflammatory environment
also develops, leading to bone resorption through osteoclasts. Staphylococcus aureus,
Staphylococcus epidermidis, and Staphylococcus lugdunensis are the main staphylococci
observed in PJIs. They share the common feature to form biofilm. For S. aureus and
S. epidermidis, the interaction between biofilm and immunes cells (macrophages and
polymorphonuclear neutrophils) differs regarding the species. Indeed, the composition of
extracellular matrix of biofilm seems to impact the interaction with immune cells. Recent
papers also reported the major role of myeloid-derived suppressor cells in biofilmassociated PJIs with S. aureus. These cells prevent lymphocyte infiltration and facilitate
biofilm persistence. Moreover, the role of T lymphocytes is still unclear and potentially
underestimates. In this review, after introducing the cellular mechanism of aseptic and
septic loosening, we will focus on the interrelationships between staphylococcal biofilm,
immune cells, and bone cells.
Keywords: prosthetic joint infection, prosthesis loosening, biofilm, Staphylococcus, polymorphonuclear neutrophil,
osteoblast, osteoclast
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INTRODUCTION

prosthesis, osseointegration, and fibrous tissue capsule formation
can potentially cohabit, with zones of direct interaction between
bone and metal and zones where an interfacial fibrous layer
is observed (Trindade et al., 2016).

With the aging of population, the number of indications for
total joint replacement is continuously increasing. The annual
number of primary total hip and knee arthroplasties is
projected to grow to 635,000 and 935,000 procedures by
2030, respectively (Sloan et al., 2018). However, prosthesis
loosening can happen and is related to two major mechanisms:
(1) aseptic loosening due to prosthesis micromotion and/or
corrosion and release of wear particles from the different
components of the implanted material and (2) septic loosening
due to chronic prosthetic joint infection (PJI) (Morawietz
et al., 2006). The “aseptic” character of prosthesis loosening
has been challenged over the years, especially considering
that bacteria can persist in biofilms and be overlooked during
diagnosis (Nelson et al., 2005; Hoenders et al., 2008). In
this review, we discuss the role of staphylococcal biofilm in
prosthesis loosening, studying on Staphylococcus aureus
(S. aureus) but also coagulase-negative staphylococci such as
Staphylococcus epidermidis (S. epidermidis) and Staphylococcus
lugdunensis (S. lugdunensis). After introducing the cellular
mechanism of aseptic and septic loosening, we will focus
on the interrelationships between staphylococcal biofilm,
immune cells, and bone cells.

Periprosthetic Interface Membrane

During the retrieval of a prosthesis due to aseptic and septic
loosening, a periprosthetic interface membrane, sometimes
called synovium-like interface membrane (SLIM), can
be observed at the interface between the implant and the bone
(Morawietz et al., 2006). The origin of this membrane is not
clear; it can potentially be related to the initial foreign body
reaction or develops later after the implantation, in case of
prosthesis micromotion or wear particle release.
This membrane is the location of cellular and enzymatic
activities and production of pro-inflammatory and osteolytic
mediators that lead to periprosthetic osteolysis (Hoenders et al.,
2008). This membrane can also be observed in well-fixed
implants, but is then considerably smaller (Goldring et al.,
1983). Interface membrane is considered as the best histological
sample for PJI diagnosis compared to bone biopsy, synovial
fluid, or pseudocapsule (Bori et al., 2011). The cell composition
of the interface membrane constitutes a major criterion to
decipher if a prosthesis loosening is aseptic or septic (Morawietz
et al., 2006). It should be noted that SLIM does not only
referred to interface membrane in the Anglo-American literature
but also to the synovial tissue and the regenerated synovial
tissue. A detailed histological classification of SLIM exists,
classifying the different patterns of periprosthetic tissue reactions
(Krenn and Perino, 2017).

CELLULAR MECHANISMS
ASSOCIATED WITH ASEPTIC
AND SEPTIC LOOSENING
Osseointegration and Initial Foreign Body
Response/Equilibrium

Bone Cells and Osteolysis

Osteolysis, notably periprosthetic osteolysis, can potentially
be related to a reduced bone formation and/or an enhanced
bone resorption. Bone tissue is classically described as a
mineralized matrix where three types of cells can be found:
osteoblasts, osteocytes, and osteoclasts (Figure 1). Osteoblasts
are the bone forming cells. They originate from mesenchymal
stromal/stem cells that differentiate along their life. During
their differentiation, cells from the osteoblastic lineage
synthesize an organic matrix around them, mostly composed
of type I collagen that is later mineralized (Blair et al., 2017).
Mature osteoblasts finished as embedded in this mineralized
matrix and differentiate into osteocytes (Abu-Amer and
Tondravi, 1997). However, some osteoblasts remain on the
surface of the new bone and differentiate into inactive
bone-lining cells, forming an epithelial layer at the surface
of the bone. The other osteoblasts undergo apoptosis
(Abu-Amer and Tondravi, 1997; Blair et al., 2017).
Osteoclasts are responsible for the bone resorption. They
rise from the fusion of monocytic precursors to form giant
multinuclear cells. Bone resorption is operated by the release
of H+ protons and proteases to resorb both inorganic and
organic parts of the bone matrix (Adamopoulos and Mellins,
2015). Formation and activation of osteoclasts is controlled
by the production of receptor activator of NF-κ B ligand
(RANK-L) and osteoprotegerin (OPG). RANK-L interacts with

During the implantation of a foreign material, especially if
this latter lacks of biocompatibility, an adverse innate host
reaction, called foreign body response, can happen. Briefly,
the several stages of the foreign body reaction include: (1) injury
due to the implantation of material, (2) coating of the material
with blood proteins and formation of temporary matrix, (3)
an acute, and (4) a chronic inflammation (for an exhaustive
description, see Anderson et al., 2008). If the chronic
inflammation is not resolved, the host body finally shield off
the material, enveloping it in a poorly vascularized fibrous
layer (Albrektsson and Albrektsson, 1987). In bone tissue, a
biocompatible material would normally be osseointegrated
without the presence of any fibrous layer. The concept of
osseointegration has been developed by a Swedish orthopedic
surgeon called Per-Ingvar Brånemark that observed a direct
bone formation in contact with metal implants when
he implanted dental prostheses (Brånemark et al., 1969). However,
a new paradigm has been recently proposed concerning
osseointegration. Osseointegration would be a foreign body
response where interfacial bone is formed to shield off the
implant (Albrektsson et al., 2017). Technically, bone is a
mineralized collagenous matrix with few cells inside, with
similarities with the fibrous layer of the classical foreign body
reaction. Concretely and regarding the size of an orthopedic
Frontiers in Microbiology | www.frontiersin.org
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FIGURE 1 | Dual representation of the major cellular mechanisms during aseptic and septic loosening at the interface between prosthesis and bone. In aseptic
loosening, small wear debris from the prosthesis is phagocytosed by macrophages and bigger particles are phagocytosed by multicellular giant cells. Frustrated
phagocytosis leads to the production of pro-inflammatory cytokines. Activated fibroblasts in the interfacial membrane can also produce RANKL (A). In septic
loosening, biofilm attached to the prosthesis can interact with polymorphonuclear neutrophils (PMNs) and T lymphocytes, which leads to the production of proinflammatory cytokines. Myeloid-derived suppressor cells (MDSCs) are recruited during biofilm-associated PJI. They can regulate immune response, notably
inhibiting T lymphocyte proliferation. In PJI, recruited PMNs can express RANKL. Staphylococcal biofilm can also induce osteoblast apoptosis (B). In both situations,
pro-inflammatory cytokines and RANKL can trigger the formation and activation of osteoclasts which leads to bone resorption and prosthesis loosening.

its receptor RANK on monocyte/macrophage precursors to
drive their differentiation toward osteoclasts whereas OPG is
a soluble decoy receptor that targets RANK-L to limit
osteoclastogenesis (Boyce and Xing, 2008).
In response to damage or biomechanical stimuli, osteocytes
undergo apoptosis and release RANKL. It is the initial step
that triggers the bone remodeling. Osteocytes also communicate
with the endosteal lining cells that can form a canopy over
the bone remodeling compartment (BRC). All the cells from
the osteoblastic lineage can produce RANKL and OPG and
modulate the osteoclastogenesis. Pro-inflammatory cytokines
and chemokines can also favor the osteoclastogenesis, directly
by interacting with the osteoclasts (Yokota et al., 2014) or
indirectly by stimulating RANKL production by osteoblasts
(Kwan Tat et al., 2004). Resident macrophages are also present
in the bone microenvironment. These osteal macrophages, called
OsteoMacs, are found in the canopy. They can express RANKL
and are also responsible of the clearance of apoptotic osteoblasts
by efferocytosis process (Batoon et al., 2017).

wear debris coming from components of the prosthesis and/or
the cement in case of cemented prosthesis. This process takes
place slowly and develops chronically (Goodman, 2005). Wear
debris can be generated either from joint replacement bearing
surfaces and/or from the interfaces between the bone, bone
cement (in case of cemented prosthesis), and the implant
surface. Different types of wear debris can be produced: metal
particles in case of metal-on-metal prosthesis, ultrahigh
molecular weight polyethylene (UHWPE) particles in case
of metal-on-polyethylene prosthesis, polymethylmethacrylate
(PMMA) particles in case of cemented prosthesis (Pajarinen
et al., 2014). These particles are released in the synovial
fluid and can activate the cells present in the capsular
neo-synovial membrane and periprosthetic interface membrane
(SLIM). Histological studies performed on interface membrane
retrieved during the implantation of a new prosthesis
demonstrated that macrophages are the principal cells associated
with prosthetic loosening due to wear particles (Goodman
et al., 1998). Macrophages can be divided into two categories:
(1) resident tissue macrophages (in our context, OsteoMacs)
that contribute to tissue homeostasis and innate immune
surveillance and (2) monocyte-derived macrophages that are
recruited during damage and/or infection and orchestrate
the innate and adaptative responses. Different subpopulations
of resident macrophages are present in bone and bone
marrow and contribute to bone homeostasis or hematopoiesis
(Batoon et al., 2017).

Macrophages-Driven Osteolysis and
Aseptic Loosening

Aseptic loosening can be due to two major factors. First, a
lack of initial stability could lead to poor or absent
osseointegration of the prosthesis. In this case, the loosening
happens early after the implantation (Krismer et al., 1996).
Second, the loosening can be related to the generation of
Frontiers in Microbiology | www.frontiersin.org
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In aseptic loosening due to wear debris, macrophages
phagocyte the small wear debris which provoke the release of
chemokines and pro-inflammatory cytokines that lead to further
macrophage recruitment, osteoclast activation, and increased
bone resorption (Pajarinen et al., 2014). Sabokar et al. also
reported that human macrophages isolated from periprosthetic
tissues can differentiate into osteoclast-like resorbing cells
(Sabokbar et al., 1997). Macrophages can also fuse to form
foreign body or multinuclear giant cells (FBGCs or MGCs),
in order to phagocyte larger particles that cannot be taken in
charge by macrophage alone. It has been shown that FBGCs
have the capacity to dissolve the mineral phase of bone in vivo,
in a way similar to osteoclasts. However, they are not able to
digest the matrix fraction of bone, unlike osteoclasts (ten Harkel
et al., 2015). In aseptic loosening context, it has also been
reported that the differentiation of monocytes to mature
osteoclasts can happen through the production of RANKL
and TNF-α by activated fibroblasts which are present in the
periprosthetic interface membrane (Sabokbar et al., 2005).

of PMNs in PJI leads to the generation of a pro-inflammatory
environment that induces the formation and activation of
osteoclasts (Gaida et al., 2012).

T Lymphocytes

The analysis of periprosthetic interface membrane in aseptic
or septic prosthesis loosening also revealed the presence of
other types of cells such as T lymphocytes and plasma cells.
(Morawietz et al., 2006). Dapunt et al. (2014) notably reported
the detection of activated T lymphocytes in infected patients
but not in patients with aseptic loosening. In their expanded
classification of the types of interface membrane, Krenn and
Perino describe the presence of “scattered T lymphocytes and
plasma cells” in wear-induced SLIM and specify that “PMN
are often associated with plasma cells and small lymphocytic
aggregates” in infection-induced SLIM (Krenn and Perino,
2017).

STAPHYLOCOCCAL BIOFILM

Polymorphonuclear Neutrophils and
Septic Loosening

Staphylococcus aureus and
the Other Staphylococci

Retrieved interface membranes after septic loosening reveal
the presence of inflammatory infiltrates of polymorphonuclear
neutrophils (PMNs), activated fibroblasts, and plasma cells
(Morawietz et al., 2006). The presence of PMNs in periprosthetic
tissue samples, such as interface membrane or synovial
pseudocapsule, is an important criterion for the histological
diagnosis of septic implant failure (Bori et al., 2018). According
to the guidelines from the Musculoskeletal Infection Society
(MSIS)/European Bone and Joint Society (EBJIS), the cutoff
number of PMNs for the diagnostic of PJI is “greater than
five neutrophils per high-power field in five high-power fields
observed from histologic analysis of periprosthetic tissue at ×400
magnification” (Parvizi et al., 2011; Ochsner et al., 2014).
However, low-grade infections, such as the ones due to
S. epidermidis and other coagulase-negative staphylococci (CoNS),
may be associated with a lower infiltration, and periprosthetic
fractures may give false positive results on histological diagnosis
(Bori et al., 2018). Concerning the role of PMNs in osteolysis,
histological analysis of patients with osteomyelitis reported that
the number of osteoclasts correlated with the abundance of
infiltrated PMNs at the zones of bone resorption (Gaida et al.,
2012). Chakravarti et al. observed that bacterial stimulation
upregulated the expression of RANKL in PMNs, which stimulated
bone resorption when co-cultured with osteoclasts (Chakravarti
et al., 2009). Interestingly, it was also reported that PMNs
can express RANK and be activated by RANKL. The expression
of RANK by PMNs is upregulated in infected patients and
could help for their recruitment to the infection site (Riegel
et al., 2012). PMNs are also able to produce a large panel of
cytokines and chemokines, potentially contributing to a
pro-inflammatory environment and the activation of osteoclasts
(Tecchio et al., 2014). They notably produce MRP-14, which
was found upregulated in osteomyelitis and that stimulates
the formation of osteoclasts (Dapunt et al., 2015). Finally, as
observed for macrophages in aseptic loosening, the recruitment
Frontiers in Microbiology | www.frontiersin.org

Staphylococcus genus gathers at least 47 species and 23 sub-species.
Staphylococci are generally classified as coagulase-positive, such
as S. aureus, S. argenteus, or S. pseudintermedius, but most
are coagulase-negative species such S. epidermidis, S. lugdunensis,
or S. capitis (Becker et al., 2014). In chronic PJI, the most
isolated pathogens are staphylococci, especially S. aureus,
S. epidermidis, and also S. lugdunensis that has been highlighted
in recent studies about PJI (Douiri et al., 2016; Lourtet-Hascoët
et al., 2016; Triffault-Fillit et al., 2019). Globally, three types
of physiopathological mechanisms, depending of the studied
species, can be involved in staphylococcal chronic PJI: formation
of small colony variants (SCV) (see the review from Proctor
et al., 2014), bacterial internalization in osteoblasts (Josse et al.,
2015), and formation of biofilm (Paharik and Horswill, 2016).
For SCV formation, it has been observed for S. aureus,
S. epidermidis, and S. lugdunensis (Proctor et al., 1994; von
Eiff et al., 1999; Askar et al., 2018). SCV get a slow metabolism
that makes them more tolerant to antibiotics. Concerning the
ability to be internalized, it was reported for S. aureus in
several in vitro experiments and some clinical histological
approaches reported internalized S. aureus in patients with
BJI (Bosse et al., 2005; Sendi et al., 2006; Josse et al., 2015).
Internalization of S. epidermidis in osteoblasts is more
controversial. In in vitro models, two papers reported an almost
total lack of internalization (Valour et al., 2013; Campoccia
et al., 2016), whereas a recent paper by Perez and Patel reported
the ability of two clinical strains of S. epidermidis to penetrate
osteoblasts (Perez and Patel, 2018). However, the level of
internalization is similar in the three papers (around 100
intracellular staphylococci per 100,000 osteoblasts). So the real
question is “does this in vitro result is clinically relevant?”
This is currently difficult to say as no work has reported the
presence of intracellular S. epidermidis in a clinical PJI/BJI
sample yet. Interestingly, S. pseudintermedius, a species mostly
4
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found in dogs and incriminated in few human PJI/BJI cases
(Darlow et al., 2017), can also be internalized in human
osteoblasts in vitro (Maali et al., 2016). Concerning S. lugdunensis,
two papers reported its inability to penetrate inside osteoblasts
in vitro and there is no clinical report of internalized S. lugdunensis
in bone (Campoccia et al., 2016; Maali et al., 2016).
A common feature shared by S. aureus, S. epidermidis, and
S. lugdunensis is the ability to form biofilm. It was demonstrated
in in vitro models (Buxton et al., 1987; Richards et al., 1991;
Frank and Patel, 2007) and also in clinical PJI samples. The
presence of biofilm of S. aureus has been observed directly
from bone cement retrieved during a revision surgery and
biofilm-like aggregates have been observed free in synovial
fluid, supporting the role of biofilm in PJI (Stoodley et al., 2008;
Dastgheyb et al., 2015).

(Foulston et al., 2014; Dengler et al., 2015). Recently, Sugimoto
et al. reported that eDNA is a matrix component for all the
strains of a MRSA collection whereas PIA was observed only
for a small number of isolates (Sugimoto et al., 2018).
Phenol-soluble modulins (PSM), a specific type of
staphylococcal cytotoxins, can also play a role in matrix
composition. PSM are mostly known as agents that favor the
dispersal of S. aureus biofilm but they also help to structure
the biofilm and to control the biofilm expansion (Periasamy
et al., 2012). Schwartz et al. reported that PSM can aggregate
to form amyloid fibers that can help to stabilize S. aureus
biofilm (Schwartz et al., 2012).
However, Zheng et al. recently demonstrated that PSM
amyloid formation may not be of major relevance for biofilm
formation, even if they support that PSM can attach to eDNA
in biofilm matrix (Zheng et al., 2018). These findings are
supported another study by Graf et al. that recently reported
that the extracellular matrix of S. aureus biofilm contains a
large amount of toxins that keep their cytotoxic activities but
also play a role in the integrity of biofilm, interacting with
anionic components such as eDNA in the acidic matrix
environment (Graf et al., 2019). These results could potentially
change our idea of biofilm, moving from a shelter to a “bunker”
that allows staphylococci to harm by producing toxins in an
environment that protects them from antibiotics and immune
cells. Concerning S. epidermidis, PSM also play a role in biofilm
structure in vitro and dispersal in vitro and in vivo (Wang
et al., 2011). It was recently observed that no PSM from a
can form amyloid fibers and that PSM do not seem to play
a role in biofilm expansion (Le et al., 2019).
Host plasma proteins can also be integrated to biofilm matrix.
Indeed, S. aureus can turn soluble fibrinogen into a fibrin
shield thanks to its coagulase (Coa) or its von Willebrand
factor-binding protein (vWbp), allowing an increased tolerance
to antibiotics and to antimicrobial drugs (Zapotoczna et al.,
2015). Regarding S. lugdunensis, which is less studied as it
was more recently discovered, Frank and Patel showed its ability
to form biofilm in vitro. They also reported that the biofilm
extracellular matrix of S. lugdunensis is mostly made of proteins
with a small quantity of PIA (Frank and Patel, 2007). Other
reports have also described the role of the autolysin atlL in
biofilm formation and the role of a competence gene, comEB,
in DNA-dependent biofilm formation (Hussain et al., 2015;
Rajendran et al., 2015).

Biofilm Formation, Extracellular Matrix,
and Toxin Production

Biofilm is defined as a bacterial community which is metabolically
heterogeneous and embedded in a self-produced extracellular
matrix (Costerton et al., 1999). The bacterial community inside
biofilm is heterogeneous. It is composed of active bacteria but
also contains bacteria with slow down metabolism (López et al.,
2010). Due to this dormant state, these bacteria are more
tolerant to antibiotic and can be related to “persisters” (Waters
et al., 2016). This could partly explain that bacteria structured
in biofilm are more tolerant to antibiotics than planktonic
bacteria, directly impacting the outcome of PJI management
(Stewart, 2015). The extracellular matrix produced by the
bacteria is the other important part of the biofilm, mediating
inter-bacterial adhesion. This matrix is composed of
polysaccharides, proteins, and extracellular DNA (eDNA).
Production of polysaccharide intercellular adhesin (PIA), also
known as poly-N-acetyl-β-(1-6)-glucosamine (PNAG), is
mediated by genes contained in the icaADBC gene locus (Mack
et al., 1994). PIA participates to biofilm accumulation especially
in S. epidermidis (Mack et al., 1996) but also in S. aureus
(Cramton et al., 1999). However, PIA-negative strains of
S. epidermidis are also able to form biofilm in a polysaccharideindependent manner. Accumulation-associated protein (aap)
present at the surface of S. epidermidis is able to mediate
cell-to-cell adhesion and biofilm formation, after being processed
through staphylococcal proteases or host PMNs proteases (Rohde
et al., 2005). PIA-independent biofilm accumulation and
intercellular adhesion can also be relative to multifunctional
cell surface proteins such as extracellular matrix binding protein
(Embp) in S. epidermidis (Christner et al., 2010) or Fibronectin
binding proteins A and B (FnBP A/B) in meticillin-resistant
S. aureus (MRSA) (O’Neill et al., 2008). Biofilm matrix can
also be composed of eDNA, resulting from the autolysis of
bacteria releasing their genomic DNA (Rice et al., 2007; Christner
et al., 2012). In S. aureus biofilm, DNA release is controlled
by cid and lrg genes while staphylococcal thermonuclease can
degrade the eDNA to promote biofilm dispersal (Mann et al.,
2009). It has been suggested that eDNA acts as an electrostatic
net, interconnecting bacterial cells through extracellular matrix
proteins that have been released from bacterial cytoplasm
Frontiers in Microbiology | www.frontiersin.org

INTERACTION BETWEEN BIOFILM AND
HOST CELLS
Staphylococci, especially S. aureus, have developed various
strategies to subvert the host immune responses when growing
as planktonic mode (Thammavongsa et al., 2015). In addition,
biofilm formation can also be defined as a mean to protect
from immune cells, in order to persist and develop chronic
infections. Here, we focus on interaction between staphylococcal
biofilm and immune cells that can be found in PJI (PMNs,
macrophages, and myeloid-derived suppressor cells).
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Polymorphonuclear Neutrophils

component, the bacterial heat shock protein GroEL (Meyle
et al., 2012). Ferreirinha et al. observed in an in vivo mouse
model that PIA-producing S. epidermidis enables a faster
recruitment of PMNs and bacterial clearance compared to a
PIA-defective isogenic mutant (Ferreirinha et al., 2016). These
results support older experiments that reported an increased
phagocytosis and an increased superoxide production by PMNs
where they are challenged by a slime-producing strains of
S. epidermidis compared to a slime non-producing strains
(Heinzelmann et al., 1997). Finally, as it was observed for
S. aureus, S. epidermidis biofilm (especially GroEL) is able to
induce the formation of NET by PMNs and the release of
MRP-14 (Dapunt et al., 2016a,b). So even if S. epidermidis in
biofilm seems less impacted by PMNs, it is not totally protected
from their activity and can activate the release of cytokines.

PMNs are the first line of defense in PJI. Numerous infiltrates
of PMNs are observed in infection-induced interface membrane
(Morawietz et al., 2006). They can phagocyte planktonic bacteria
previously opsonized or not by immunoglobulins IgG or
complement component C3b. They can also release bactericidal
components such as reactive oxygen species or enzymes
(McGuinness et al., 2016). However, their ability to eliminate
staphylococcal biofilm differs from one species to another.
Indeed, PMNs can migrate toward and into S. aureus biofilm
and clear it by phagocytosis. The biofilm clearance of S. aureus
depends on the maturation state. Indeed, a mature biofilm
seems more resistant to phagocytosis than a young one (Günther
et al., 2009). Following phagocytosis of S. aureus biofilm, PMNs
go apoptosis in order to prevent spilling of the bactericidal
and cytotoxic entities (Guenther et al., 2009). Biofilm of S. aureus
induces phagocytosis by PMNs but also degranulation of
lactoferrin and elastase and DNA release. A partial destruction
of biofilm has been observed in vitro, thereby supporting that
biofilm structure does not completely protect staphylococci
against the attack of PMNs (Meyle et al., 2010). Oxygen radical
production by the PMNs also participates to the clearance of
S. aureus biofilm and is dependent on opsonization by IgG
(Stroh et al., 2011). Lei et al. (2019) recently reported that
quorum sensing dysfunctionality favors resistance to PMNs in
S. aureus biofilm infection. Indeed, accessory gene regulator
(agr), the quorum sensing system of S. aureus, controls the
production of mostly all the toxins (especially PSM) and enzymes
and participate to the structuring of the biofilm. When agr
gene or psm gene is deleted, the biofilm is more compact and
the penetration of PMNs inside biofilm is more difficult. In
opposite, biofilm formed by wild type strain is subject to PMNs
phagocytosis (Lei et al., 2019).
Concerning the release of DNA by PMNs, also known as
neutrophil extracellular trap (NET), a recent paper showed
that the antimicrobial activity of released NETs are ineffective
at clearing biofilm of S. aureus (Bhattacharya et al., 2018). At
the opposite, NETs could potentiate the biofilm infections as
eDNA was demonstrated to promote the biofilm formation
(Dapunt et al., 2016a,b). Bhattacharya et al. also reported that
leukocidins produced by S. aureus are required for NETosis
(Bhattacharya et al., 2018). Interestingly, S. epidermidis appears
more resistant to phagocytosis by PMNs and induce less
apoptosis than S. aureus (Guenther et al., 2009). This phenomenon
has been related to a difference in the composition of the
extracellular biofilm matrix that may affect the motility of
PMNs on biofilms and the ability to phagocyte. Indeed,
production of PIA and Embp by S. epidermidis reduced biofilm
phagocytosis by PMNs (Vuong et al., 2004; Christner et al.,
2010). Opsonization by C3b and IgG has also been reported
to be diminished for PIA-positive biofilm of S. epidermidis
compared to PIA-negative ones (Kristian et al., 2008). Cerca
et al. suggested that the high levels of PIA within the biofilm
prevented a specific bacterial opsonization (Cerca et al., 2006).
However, Meyle et al. reported that biofilms of S. epidermidis,
similar to S. aureus, can activate PMNs leading to the release
of cytotoxic and bactericidal components through an extracellular
Frontiers in Microbiology | www.frontiersin.org

Macrophages

Classically, planktonic staphylococci normally induce a
proinflammatory microbicidal phenotype in macrophages. It
implies the phagocytosis of bacteria, the production of bactericidal
components and the release of pro-inflammatory cytokines
such as IL-1β, IL-6, or TNF-ɑ (Flannagan et al., 2015). However,
biofilm phenotype has been reported to protect S. epidermidis
from phagocytosis and to limit the production of
pro-inflammatory cytokines by macrophages, regardless of the
morphotype (PIA, Embp, or Aap) (Shiau and Wu, 1998; Christner
et al., 2010; Schommer et al., 2011). This inflammatory activation
has been reported to be proportional to the level of dormant
bacteria inside biofilm (Cerca et al., 2011). Spiliopoulou et al.
reported that biofilm-associated bacteria can persist longer
intracellularly after being phagocytosed by macrophages
compared to planktonic staphylococci (Spiliopoulou et al.,
2012a,b). Concerning S. aureus biofilms, in vitro studies
demonstrated that macrophages can invade biofilms but display
limited phagocytosis (Thurlow et al., 2011). A downregulation
of the inducible nitric oxide synthase (iNOS), a major microbicidal
mechanism, happens when macrophages are co-cultured with
S. aureus biofilm whereas an increase of arginase-1 (Arg-1)
expression, an enzyme that uses arginine to produce proline,
a precursor for collagen, is observed. Indeed, when exposed
to S. aureus biofilm, macrophages can shift from pro-inflammatory
microbicidal phenotype (sometimes called M1) to an alternative
phenotype, displaying anti-inflammatory and pro-fibrotic
properties and limited phagocytosis (sometimes called M2)
(Hanke et al., 2012). Using conditioned medium from in vitro
biofilm culture, Scherr et al. reported that specific toxins, alphatoxin (Hla) and leukocidin AB (LukAB), released by S. aureus
biofilm act synergistically to inhibit macrophage phagocytosis
and induce cytotoxicity, promoting macrophage dysfunction
and thus facilitating S. aureus biofilm development (Scherr
et al., 2015). Moreover, S. aureus biofilms release c-di-AMP,
an important bacterial second messenger, via bacterial cell lysis
to induce macrophage type I interferon production. This favors
the intracellular survival of phagocyted S. aureus and promotes
macrophage anti-inflammatory activity (Gries et al., 2016). In
accordance with the previous findings, Alboslemy et al. recently
reported that biofilm-conditioned medium can attenuates the
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activation of NF-κB in murine macrophages, a transcription
factor involved in pro-inflammatory response, whereas it increases
the expression of Kruppel-like factor (KLF2), a transcription
regulator (Alboslemy et al., 2019). The authors suggest that
secreted factors can hijack KLF2-dependent regulatory pathway
to favor an anti-inflammatory responses in S. aureus biofilmassociated infections.
However, these previous findings have to be interpreted
with precaution. Indeed, few macrophages are observed in
histological samples from PJI (Morawietz et al., 2006). Even
if the quantity of PMNs infiltrates is lower in low-grade
infections, no clinical data concerning an increase of macrophages
in periprosthetic tissues, with pro- or anti-inflammatory
properties, have been reported during PJI.

infection was recalcitrant to clearance by the host immune
response and antibiotics. They observed early Th1 and Th17
inflammatory responses whereas Th2 and Treg responses were
downregulated in the same time. The authors suggest “that
staphylococcal biofilm infection resulted in the skewing of the
host immune response toward proinflammatory Th1 and Th17
responses, which fail to clear the infection” (Prabhakara et al.,
2011a). Few months later, Prabhakara et al. published another
study using a similar model in BALB/C mice. In this model,
biofilm is naturally cleared and higher levels of IL-4 and IL-10
(Th2 cytokines) are observed as well as regulatory T lymphocytes.
The authors suggested that Th2 response has a protective role
against biofilm-associated infections and that inflammatory
immune response is detrimental for the clearance of bacteria
(Prabhakara et al., 2011b). In the same period, Leech et al.
demonstrated a Janus-face role of IL-10 and T lymphocytes
in systemic peritonitis infection or localized skin infection
(Leech et al., 2017). In the localized infection, which could
potentially related to biofilm, IL-10 production by MDSCs and
macrophages inhibited the activation of T lymphocytes. This
leads to the persistence of the infection, as observed in a
murine PJI model by Heim et al. (2015a,b). These opposite
results revealed that the role of T lymphocytes in biofilmassociated infections is still not clear and depend of the studied
model or the site of infection. However, these last results have
not been obtained in an experimental PJI model.

Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous
population of immature monocytes and granulocytes with
immunosuppressive properties, especially T lymphocyte
inhibition. MDSCs can be divided into two groups: granulocytic
or granulocytic MDSCs (G-MDSCs or PMN-MDSCs) and
monocytic MDSCs (M-MDSCs), regarding their phenotypical
and morphological similarities with PMNs or monocytes
respectively (Veglia et al., 2018). In the recent years, MDSCs
have been described as critical players in the regulation of
inflammatory processes. In 2015, Tebartz et al. reported
that S. aureus chronic infections are associated with
immunosuppressive mechanisms. These latter are not driven
by regulatory T lymphocytes but mostly by MDSCs (Tebartz
et al., 2015). In a murine model of S. aureus biofilm infection,
Heim et al. reported the presence of MDSCs surrounding
biofilm. MDSCs are also able to attenuate macrophage
pro-inflammatory activity and favor biofilm persistence (Heim
et al., 2014). The recruitment of MDSCs is related to the
release of IL-12 in infected tissues, whereas the anti-inflammatory
properties of MDSCs are orchestrated by the release of IL-10
(Heim et al., 2015a,b). Interestingly, Peng et al. (2017) reported
that the in vitro co-culture of bone marrow cells with S. aureus
biofilm promotes the expansion of M-MDSCs but not G-MDSCs.
Moreover, S. aureus biofilm is capable of stimulating the
conversion of monocytic MDSCs into macrophages with antiinflammatory properties in vitro and in vivo (Peng et al., 2017).
However, MDSC infiltrates observed in PJI in vivo seems to
be mostly granulocytic (Heim et al., 2018a). The granulocytic
character of MDSCs has been confirmed in clinical samples
from PJI patients. G-MDSCs could be used as infection markers
as they were observed in samples associated with PJI but not
to aseptic loosening (Heim et al., 2018b).

Osteoclasts

Several studies reported that S. aureus or its components can
favor bone resorption through direct interaction with the
osteoclast cell lineage. Surface-associated material (SAM) from
S. aureus, notably lipoproteins, was reported to stimulate
osteoclast formation and bone resorption in vitro. Meghji et al.
(1998) and Kim et al. (2013) have notably showed that RANKL
does not play a major role in osteoclast formation in the
presence of S. aureus SAM and that S. aureus SAM contains
a soluble factor that promotes osteoclast formation by a RANKLindependent mechanism (Lau et al., 2006). It could potentially
be the peptidoglycans from S. aureus which were reported to
activate osteoclastogenesis through TLR 6/2 and NF-kB/NFAcT1
signaling pathway (Cao et al., 2017). A similar in vitro observation
was done with S. aureus protein A (spA), provoking osteoclast
differentiation and bone resorption (Ren et al., 2017). As it
is known that spA activates the NF-kB signaling pathway in
osteoblasts after linking to TNFR-1 (Claro et al., 2013), it
seems logical to suggest that spA activation of bone resorption
relies on its binding to TNFR-1 at the osteoclast surface. SpA
was also reported to activate osteoclastogenesis through MAPK
signaling (Wang et al., 2017). Trouillet-Assant et al. reported
in vitro experiments that infection of osteoclast precursors by
live planktonic S. aureus inhibits osteoclastogenesis but induces
their differentiation into activated macrophages that actively
secrete pro-inflammatory cytokines. These cytokines enhanced
the bone resorption capacity of uninfected mature osteoclasts
and promoted osteoclastogenesis of the uninfected precursors
at the site of infection. The authors also reported that the
infection of mature osteoclasts by S. aureus directly enhanced

T Lymphocytes in Staphylococcal BiofilmAssociated Prosthetic Joint Infection

Only few papers reported findings about the interaction between
T lymphocytes and staphylococcal biofilm in PJI. However,
lymphocyte infiltrates have been observed in interface membrane
surrounding infected prosthesis (Morawietz et al., 2006). In
2011, Prabhakara et al. developed a chronic model of PJI in
C57BL/6 mice, mimicking human biofilm-associated PJI as the
Frontiers in Microbiology | www.frontiersin.org
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soluble factors produced by osteoblasts directly influence S. aureus
adhesion and could contribute to biofilm formation, suggesting
an impact of the bone environment on biofilm formation
(Reffuveille et al., 2018).

bone resorption by promoting cellular fusion (Trouillet-Assant
et al., 2015). Toxins produced by S. aureus can also directly
affect osteoclasts. Using recombinant toxins, Flammier et al.
reported that osteoclasts displayed similar toxin susceptibility
profiles compared to macrophages. Interestingly, toxic shock
syndrome toxin 1 (TSST-1), mostly known for its role in
menstrual toxic shock syndrome, was not cytotoxic but enhanced
the bone resorption activity of osteoclasts (Flammier et al.,
2016). However, all these results were obtained using S. aureus
in its planktonic phenotype. Still, a direct effect of biofilm on
bone was also observed and reported to directly resorb bone
in vitro (Junka et al., 2017). As bone substrates used in this
study were decellularized, the bone resorption cannot be related
to osteoclastic activity. The authors suggest that the production
of bacterial proteases can consequently be involved in a direct
bone resorption. If this mechanism is confirmed, this ability
to directly resorb bone tissue combined with the capacity to
migrate into canaliculi and to form biofilm in osteocyte lacunae
(de Mesy Bentley et al., 2017) could explain the ability of
biofilm to induce periprosthetic osteolysis.

CONCLUSION
Histological analysis of periprosthetic tissues from staphylococcal
PJI, especially interface membrane, reported the presence of
infiltrates of PMNs and lymphocytes. However, the infiltration
of PMNs is limited in low-grade infections and mostly seen
in acute infections. The presence of PMNs seems to be associated
with the development of an inflammatory environment that
activates bone resorption by osteoclasts, leading to periprosthetic
osteolysis. Colocalization of PMNs and osteoclasts at bone
resorption sites during PJI supports this hypothesis. The presence
of G-MDSCs has also been reported in chronic PJI as a favorable
factor for staphylococcal biofilm persistence. The co-existence
of inflammatory PMNs leading to osteolysis and antiinflammatory G-MDSCs leading to biofilm persistence seems
conflicting to explain the mechanism of biofilm-associated
periprosthetic osteolysis. Moreover, biofilm from S. aureus or
S. epidermidis have different behaviors when interacting with
PMNs. The chronology of events may be the key to explain
the roles of PMNs and G-MDSCs in septic loosening. First,
the interaction between staphylococcal biofilm and PMNs could
bring to the development of inflammation. Then, G-MDSCs
would be recruited in response to the inflammation, inducing
an anti-inflammatory environment that favors the biofilm
persistence. Finally, the recruited G-MDSCs would turn to
PMNs that induce osteoclast activation and bone resorption.
The ability for biofilm to modulate PMNs/G-MDSCs populations
could be the key to explain the prosthetic loosening in PJI.

Osteoblasts

Periprosthetic osteolysis could also be provoked by the impact
of staphylococci on osteoblasts. Indeed, several studies have
reported that planktonic S. aureus could interact with osteoblasts
and inhibit bone formation by three major mechanisms: (1)
decreasing osteoblast activity; (2) inducing osteoblast death;
or (3) inducing RANKL production to enhance osteoclast
activities. These different aspects are reviewed here (Josse et al.,
2015). Focusing especially on interaction between biofilm and
osteoblasts, Sanchez et al. have reported that biofilm-conditioned
medium from clinical S. aureus isolates reduced osteoblast
viability and increased apoptosis. Osteoblastic differentiation
and bone mineralization were also significantly inhibited when
osteoblasts were treated with biofilm supernatant. The authors
also showed that the exposure of osteoblasts to biofilmconditioned medium resulted in an upregulated expression of
RANK-L and increase in the RANK-L/OPG ratio, potentially
leading to the formation and activation of osteoclasts (Sanchez
et al., 2013). Recently, Reffuveille et al. reported in vitro that
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