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ABSTRACT

Many of the deadliest bacterial diseases that plague humanity in the modern age are caused by bacterial biofilms that
produce chronic infections. However, most of our knowledge of the host immune response comes from the study of
planktonic pathogens. While there are similarities in the host response to planktonic and biofilm bacteria, specific immune
responses toward biofilms have not been well studied; the only apparent difference is the inability to clear the bacteria
allowing the biofilm infection to become chronic. In some cases, the biofilms skew T-cell response toward a balance that
allows a stalemate between the host and the pathogen, in which the infection can become persistent. In this minireview,
we will summarize well-known examples of this phenomena as well as some emerging studies that may indicate that this
situation is much more common than initially thought.
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INTRODUCTION

Devastating plagues have shaped the course of human history,
resulting in massive morbidity and mortality. Many of these
pandemic infections have been attributed to acute bacterial in-
fections, perhaps themost notorious being the plague caused by
Yersinia pestis. Other examples include cholera, typhoid fever, tu-
berculosis and anthrax; all caused by planktonic (free living; sin-
gle) bacteria. Accordingly, most of the immune response studies
have been focused toward this type of bacterial growth. This re-
search has led to a great wealth of information describing the
immune response to bacterial pathogens, the data on which
goes back to the beginning of the 20th century. Many of the ba-
sic mechanisms by which a host responds to different invading
microorganism have been described in great detail.

Constant exposure to bacteria has been an unavoidable re-
ality for humans and our ancestral species. While often ben-

eficial, these interactions also pose the risk of encountering
pathogens that must be addressed by the host without disrupt-
ing commensal homeostasis. The evolutionary pressure associ-
ated with this development helped to create two branches of the
immune system: innate immunity (II) and acquired immunity
(AI). Germline-encoded immunity emerged in sponges 700 mil-
lion years ago (Yatim and Lakkis 2015). These phylogenetically
ancient processes include antimicrobial peptides (AMPs), com-
plement systems, phagocytes and pattern recognition receptors
(PRRs). Though lacking fine molecular specificity and immuno-
genic memory, the genetic requirements for II are passed gen-
erationally (Wilmanski, Petnicki-Ocwieja and Kobayashi 2008;
Yatim and Lakkis 2015). AI was found first in jawed fish 450
million years ago and is restricted to vertebrates (Akira and
Takeda 2004; Yatim and Lakkis 2015). AI permits identifica-
tion and memory of a range of molecular signatures far more
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expansive than germline genetics permits, and includes lym-
phocytes, the major histocompatibility complex (MHC), im-
munoglobulin (Ig) molecules and recombinase activating genes
(Yatim and Lakkis 2015).

The short timeline between evolution of II and AI highlights
the importance of synergy between the systems. While AI has
a wide range of capabilities, the slow response cannot defend
against the initial stages of infection (Akira and Takeda 2004).
Classical understanding of II describes that it responds to in-
fection immediately but simply contains infection until AI re-
sponds (Medzhitov and Janeway 2000). However, it is now un-
derstood that II has a critical role in activation and regulation of
subsequent AI. Here, we will discuss the cross-talk that occurs
between these two systems—specifically with regard to chronic
infections.

CANNONICAL IMMUNE RESPONSE

The first defenses encountered by pathogens are physical barri-
ers at epithelial tissues. These barriers produce conditions that
damage bacteria or physically exclude their interaction. AMPs,
which are rich in positively charged domains, selectively target
negatively charged phospholipid head groups at the outermost
leaflet of bacterial membranes (Zasloff 2002). The exact mecha-
nism for AMP function is unclear though several are proposed.
However, AMPs are clearly stimulated by LPS, IL-1β and TNF, all
of which are upregulated by inflammation from bacterial chal-
lenge and are important for downstream immune modulation
(Zasloff 2002). Additionally, the concentration of electrolytes on
the luminal side is regulated by ion pumps; this activity main-
tains optimal conditions for AMP function (Zasloff 2002).

Complement killing is another innate response that elicits
inflammation and interacts with AI. Complement may proceed
through one of three pathways (classical, lectin or alternative
pathway). The classical pathway is activated by the C1 antigen–
antibody complex and thus, while innate, is related to AI. In
contrast, the lectin and alternative pathways are dependent
on pathogen-associated molecular patterns (PAMPs, discussed
below). The lectin pathway is activated by the PRR mannose-
binding lectin binding to mannose residues on bacterial carbo-
hydrates and the alternative pathway is dependent on C3b op-
sonization at microbial surfaces. The three pathways coalesce
at C3 cleavage and activation of the lytic pathway. The lytic
pathway produces C5a, a chemoattractant for macrophages and
neutrophils (Killick et al. 2017). Many intermediate proteins in
the complement cascade are signals for activation and differ-
entiation of lymphocytes important for AI (reviewed by Killick
et al.). Complement opsonization improves antigen uptake by
dendritic cells (DCs), generates local production of C3a/C5a at
the APC-T cell interface and regulates the activation of the lym-
phocytes. Additionally, C3d-opsonized antigens activate B cells
via co-engagement of BCR and CD21 at concentrations 25%–50%
of concentrations required for activation by antigen alone (Kil-
lick et al. 2017). Therefore, C3d is an adjuvant for B cells.

PRRs are important for II and for immunologic memory. Al-
though PRRs bind specific PAMPs, genetic limitations restrict the
number of ligands recognized. PAMPs are structures produced
only by microbial life forms, are essential to pathogenicity and
are shared across classes of pathogens (Medzhitov and Janeway
2000). Common PAMPs include LPS, peptidoglycan, lipoteichoic
acids,mannans, bacterial DNA, dsRNA and glucans. Upon ligand
binding, PRRs activate pathways for the production of inflam-
matory cytokines. Cytokine release, if further amplified through

complement opsonization, recruits lymphocytes and amplifies
the response (Medzhitov and Janeway 2000; Keestra-Gounder,
Tsolis and Bäumler 2015).

It is clear that II functions are also integral to AI. Activation
of T cells is dependent on DCs, which package antigenic pep-
tides onto MHC class I or MHC class II while also upregulating
costimulatory molecules, that together lead to full activation of
APC function (Yatim and Lakkis 2015). The process is controlled
by the presence or absence of costimulatory signals. While APCs
may express self-antigens on MHC structures, they do not pro-
duce proper costimulation signals. The costimulatory signals
CD80 and CD86 are only expressed by APCs when presenting
non-self-antigens. Expression of CD80 and CD86 is dependent
on TLR signals produced upon PRR/PAMP binding (Medzhitov
and Janeway 2000). T cells recognizing the MHC-bound antigen
in the absence of these molecules are targeted for senescence
or apoptosis (Medzhitov and Janeway 2000; Killick et al. 2017).
Therefore, the longevity and function of activated T cells is de-
pendent on signaling events that result only from activated II.

Upon activation, CD4+ helper T cells (Th) demonstrate a reg-
ulatory role in AI and activate cytotoxic T cells, B cells and
macrophages (Medzhitov and Janeway 2000) (Fig. 1). Th exist in
two polarized forms; type 1 Th produce interferon-gamma (IFN-
γ ), IL-2 and TNF-α. These signals produce phagocyte-dependent
inflammation and affect opsonization and complement-fixing
antibodies from B cells, macrophage activation, cell cytotoxic-
ity and induce cell-mediated immunity (Romagnani 2000). Al-
ternatively, type 2 Th produce IL-4, IL-5, IL-6, IL-9, IL-10 and IL-
13 and regulate immunoglobulin production. Additionally, type
2 Th activate eosinophil differentiation and are inhibitory toward
phagocytes (Romagnani 2000). These effects ultimately dampen
a proinflammatory environment. About a decade ago a new sub-
set of Th cells was discovered. Th17 cells produce IL-17A, IL-17F,
IL-21 and IL-22. Th17 cells play a role in the defense against
extracellular pathogens by mediating the recruitment of neu-
trophils and macrophages to infected tissues and are involved
in B cell recruitment through CXCL13 chemokine signaling (Korn
et al. 2009).

The regulation of II and AI is a hallmark of the immune
response to bacteria. Measured and appropriate responses are
integral to health as protection from pathogens is maintained
without disrupting beneficial commensals. Both systems work
in conjunction to maintain this balance. Although activation
is often dependent on two or more signals, redundancies per-
mit detection and response to a variety of infections. This fea-
ture adds intrinsic safety by preventing inappropriate activation
while also providing a fine-tuned response to the molecular sig-
nature encountered.

In themodern age, after the discovery of vaccines and antibi-
otics, infections caused by bacterial biofilms have gained great
importance. In fact, the US National Institutes of Health has
estimated that biofilms are responsible formore than 80% ofmi-
crobial infections (Davies 2003) and cause a significant amount
of nosocomial diseases (Wenzel 2007). The recent revelation
of the importance of biofilms in human infections is probably
due to their involvement in chronic infection, which was not
elucidated until the 1980s/1990s. Biofilms are generally more re-
sistant to environmental stress than planktonic cells, including
resistance to physical stress, UV radiation, desiccation, antibi-
otics and the host immune system (Hall-Stoodley, Costerton and
Stoodley 2004). The consensus in the field indicates that the AI
responds to biofilm infections in the samemanner as it responds
to that same pathogen in planktonic form. As a specific immune
response toward biofilms has not been found, the fundamental
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Figure 1. Schematic representation of the immune response to a bacterial biofilm. Different organisms appear to skew T-cell response toward a balance more favorable
for chronic infection (Th1 or Th2). The case for Salmonella is still speculative and thus depicted with a question mark (?).

difference appears to be the inability to clear the biofilm (Jensen
et al. 2010; Hänsch 2012; Moser et al. 2017). Biofilms evade the
immune response by various mechanisms including (i) acting
as physical barriers, helping bacteria to avoid detection and
phagocytosis (ii) genetically by activating response regulators,
genetic switches or suppressors that affect immune cell activity
(Leid 2009). One of the key characteristics that allow biofilms to
persist is that they can keep the bacteria ‘under the radar’ of
the immune system. This is usually attributed to the action of
the extracellular polymeric substance (EPS). Perhaps the best-
studied EPS is Pseudomonas aeruginosa alginate, which has been
shown to reduce chemotaxis, inhibit activation of complement,
scavenge hypochlorite and inhibit phagocytosis bymacrophages
and neutrophils (Jensen et al. 2010; Moser et al. 2017). The op-
portunistic pathogens belonging to the Burkholderia cenocepacia
complex (BCC) have an EPS with a different chemical composi-
tion from alginate but can also inhibit important components of
the II response by inhibiting neutrophil chemotactic migration
and scavenging of reactive oxygen species (Bylund et al. 2006).
Established biofilms have been shown to induce necrosis in
neutrophil-like dHL60 cell lines, act as a barrier to migration,
mask the bacteria from detection and reduce IL-8 production.
Interestingly, biofilm production by BCC was induced by growth
in the presence of dHL60 cells (Murphy and Caraher 2015).
There are many excellent reviews available that cover in great
detail the ways in which bacterial biofilms evade, dampen or
actively counterattack the host immune response (Jensen et al.
2010; Moser and Jensen 2010; Hänsch 2012; Roilides et al. 2015;
Watters et al. 2016; Gunn, Bakaletz and Wozniak 2016; Mulcahy,
Isabella and Lewis 2014) and are beyond the scope of this review.

The above-mentioned characteristics allow biofilm in-
fections to become chronic; some examples include chronic
bacterial prostatitis, chronic lung infections of cystic fibrosis,
periodontitis, typhoid carriers and infections on medical de-
vices like prosthetic heart valves and catheters (Donlan and

Costerton 2002). It has been demonstrated that the host and
bacterial biofilm reach a stalemate in which the host physically
contains the pathogen without complete elimination. The
pathogen persists in a state of decreased activity and invasive-
ness, but survives within the host for a long period of time that
has been hypothesized to be in the best interest of the bacteria
(Parsek and Singh 2003).

We will discuss how the type of microbial infection that has
occurred alters the immune system. As mentioned above, there
is a delicate equilibrium between II and IA, each one with its in-
dividual responsibilities, strengths and weaknesses, but when
working together can efficiently clear invading pathogens and
rapidly respond to returning microbial attacks. During chronic
infections, the situation differs, as there appears to be amiscoor-
dination between the two arms of the immune system, neither
being able to clear the infection and, in some instances, caus-
ing tissue damage that further aggravates the infection. There
are situations in which biofilms appear to activate the immune
response to their benefit. Depending on the pathogen, bene-
fit can vary from either activation of a strong proinflammatory
response or premature activation of an anti-inflammatory re-
sponse.

SKEWING THE BALANCE

Most bacterial infections induce inflammation by activating the
II response. The cells of the II system play a key role in the
ensuing activation of the AI response, which usually has a de-
lay before taking full effect (Watters et al. 2016). Ideally, there
is maintenance of the delicate balance between pro- and anti-
inflammatory responses. As discussed earlier, T lymphocytes
can differentiate into Th1 cells, which tend to be proinflam-
matory. These cells activate macrophages and the cellular im-
mune response, generating responses active against intracel-
lular pathogens. T lymphocytes can also differentiate into Th2
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cells that stimulate amore anti-inflammatory environment that
results in the induction of the humoral immune response, mast
cells and defense against extracellular bacteria, metazoan par-
asites such as helminthes and toxins (Romagnani 2000; Moser
and Jensen 2010). Inmany chronic biofilm infections, this system
seems to be skewed in a direction that does not lead to clearance
(Fig. 1).

Biofilms are bacterial populations that adhere to each other
and/or to surfaces and interfaces and are enclosed by a matrix
(Costerton et al. 1995). The matrix or EPS is composed of var-
ious polymers like polysaccharides, proteins and nucleic acid
that are secreted by cells. Aggregation as a result of this matrix
gives bacteria protection from various forms of environmental
stress such as dehydration, UV exposure, salinity, metal toxi-
city, antimicrobials and phagocytosis (Hall-Stoodley, Costerton
and Stoodley 2004).

Pseudomonas aeruginosa and cystic fibrosis

For many biofilm-related phenomena, the best-studied exam-
ples involve P. aeruginosa. This opportunistic pathogen forms
biofilms in the cyctic fibrosis (CF) lung and skews the balance
between Th1 and Th2 responses in this environment (Moser and
Jensen 2010; Moser et al. 2017; Mauch et al. 2017). Typically, CF
patients suffering from chronic lung infection display an abun-
dance of polymorphonuclar neutrophils (PMN) and a very ro-
bust antibody response, but a feeble cellular response (Moser
et al. 2017; Mauch et al. 2017). In a study of chronically vs. non-
chronically infected CF patients (n = 14), the levels of the Th2
marker interleukin 4 (IL-4) were significantly higher in persis-
tently infected patients, while the levels of the IFNγ in non-
chronic patients were elevated, indicating that chronic patients
have a predominantly Th2 type immune response (Moser et al.
2000). Similar findings were observed in animal models: his-
tological analysis of rats vaccinated with alginate in depoly-
merized form (D-ALG) covalently coupled to P. aeruginosa toxin
A (D-Alg toxin A) survived challenge and showed a significant
reduction in lung inflammation compared to control animals.
Histopathologic analysis showed that the immune infiltrate
shifted within 1 week from predominantly innate immune cells
(PMNs) to adaptive immune cells (mononuclear cells), as op-
posed to control animals that showed a response dominated by
numerous PMNs, typical of CF patients (Johansen et al. 1995). In-
terestingly, this same group found that Th1 responder C3H/HeN
mice (biased toward a Th1-type response) cleared P. aeruginosa
infection more efficiently and had higher amounts of IFNγ than
Th2 responder BALB/cmice (biased toward a Th2-type response),
which had higher amounts of IL-4 (Moser et al. 1997). Another
group showed that freshly isolated blood PMN and CD4+ T
cells from CF patients showed higher anti-inflammatory IL-10
gene transcription than controls (Moss, Hsu and Olds 2000). Fur-
thermore, high levels of B-cells and IgA have been found in P.
aeruginosa-infected CF patients (Yonker et al. 2015; Mauch et al.
2017), again indicating a Th2 response.

Human DCs can also produce different cytokines depend-
ing on their surface markers and on environment factors,
all of which can induce different Th responses. DCs are di-
vided into myeloid (mDCs) or lymphoid (pDCs) types. mDCs
(DCi cells) induce Th1 responses, produce IL-12 and are de-
pendent on granulocyte-macrophage-colony-stimulating factor
(GM-CSF). pDCs depend on IL-3, are induced by granulocyte-
colony-stimulating factor (G-CSF), induce a Th2 response and
are designated DC2 cells. Based on the hypothesis that G-CSF
in CF patients should recruit PMNs and induce a DC2 and Th2

response, Moser et al. (2005) found a positive correlation be-
tween the GM-CSF/G-CSF ratio, IFNγ and lung responses in CF
patients with chronic infection, and an inverse correlation be-
tween IL-3 and IFNγ . Furthermore, in an in vivo experiment,
these researchers found that treating infected mice with GM-
CSF from day 3 to day 6 changed the response from Th2- to Th1-
dominated.

Staphylococcus aureus

An opposite phenomenon regarding immune skewing was ob-
served in chronic infections caused by the Gram-positive bac-
terium, Staphylococcus aureus. C57BL/6J mice were shown to be
prone to chronic biofilm infections demonstrating an upregu-
lation of the Th1-linked cytokines TNFα, IL-1β, IL-2, IL-12p70
and the Th17-linked cytokines IL-6 and IL-17. Furthermore, the
amount of Th1-type antibodies IgG2a and IgG2b was increased
during early infection while the levels of Th2-type Ab IgG1
and suppressive Tregs were not upregulated until late in infec-
tion. The authors concluded that an early Th1 and Th17 proin-
flammatory response, coupled with a downregulated Th2 re-
sponse, occurred during the early phases of biofilm infection
and may cause tissue damage that allowed S. aureus to attach
and grow as a biofilm (Prabhakara et al. 2011a). In a follow-up
experiment, this same group compared the course of infection
in Th1-biased C57BL/6J vs. Th2-biased BALB/c mice and found
that all C57BL/6J developed chronic infection while about 75%
of BALB/c mice spontaneously cleared the bacteria. Addition-
ally, BALB/c mice had higher levels of IL-4 and IL-10 and Treg
cell populations than the C57BL/6J, indicating that the anti-
inflammatory Th2 response plays a protective role in S. aureus
clearance (Prabhakara et al. 2011b). Nippe et al. (2011) found
similar results using a subcutaneous footpad infection model,
C57BL/6 mice were more susceptible than BALB/c and DBA/2.
(Th2 biased). C57BL/6 mice showed a lower influx of PMNs, were
associated with a Th1 response and displayed a higher secre-
tion of the chemokine CXCL-2. BALB/c and DBA/2 were associ-
ated with Th2 response. Interestingly, the lower influx of PMN
in susceptible mice was not correlated to a difference in the
chemoattractant CXCL-1. Staphylococcus aureus has also been
shown to skew the macrophage response from an M1 to an
M2 phenotype that is not optimal for bacterial clearance and
could favor persistence (Thurlow et al. 2011; Hanke, Angle and
Kielian 2012).

Periodontal disease

Periodontal disease is another well-known example of a chronic
infection that results in skewed T-cell-mediated responses. Al-
though there is conflicting evidence, there seems to be an in-
nate susceptibility in some individuals or the presence of an
environmental factor, which switches the response from a T-
cell-focused lesion to a B-cell-focused one in periodontal le-
sions. This subject has been extensively reviewed elsewhere
(Berglundh and Donati 2005; Kinane and Mark Bartold 2007;
Ohlrich, Cullinan and Seymour 2009). In summary, gingivitis le-
sions are primarily the result of a Th1 response, while chronic
periodontitis is caused by a Th2 response. During gingivitis,
there is a strong innate immune response where macrophages
and PMNs produce high levels of IL-12 that in turn leads to
Th1 cell secretion of IL2 and IFNγ along with suppression of B
cells and plasma cells. On the other hand, it has been observed
that 65%–70% of periodontitis lesions are composed of plasma
or B cells (Berglundh and Donati 2005), leading to the belief
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that amodest innate immune response primes polyclonal B-cell
activation and a Th2 response, followed by progressive periodon-
tal lesions and finally to chronic periodontitis (Ohlrich, Cullinan
and Seymour 2009). Th-biased animal models have been used
and although conflicting evidence exists, CBA andC57BL/6J (Th1-
biased) are more resistant (Baker, Dixon and Roopenian 2000)
andhave a stronger Th1 response andhigher levels of IgG2a (Th1)
and lower levels of IL4 (Th2) than BALB/c and DBA/2 (Th2-biased)
during periodontal disease.

Emerging stories of chronic infection immune skewing

Bordetella pertussis is the causal agent of whooping cough. It is
traditionally known as an acute disease and, although vacci-
nation against the disease was very successful, it has recently
resurged in vaccinated adolescents and adults that became
silent carriers (Cattelan et al. 2015). It has been proposed that
this persistent colonization is due to the adoption of a biofilm
lifestyle. Safety concerns in the past have led to the change
from whole cell vaccines (wPV) to acellular (aPV) vaccines. It
has been shown that wPV induce a strong Th1 response that
bestows better protection against the pathogen (Barnard et al.
1996; Ross et al. 2013) than aPV, which induces a Th2 response.
This difference has been hypothesized as a possible reason for
the failure of the newer vaccine to protect vaccinated individu-
als, as the Th2 response allows biofilms to develop and persist
(Cattelan et al. 2015).

The commensal organism Enterococcus faecalis can cause op-
portunistic infections, especially when biofilms are associated
to medical implants. Dislodged biofilms have been shown to in-
voke reduced levels of the proinflammatory cytokines TNF-α and
IL6 inmacrophages. Furthermore, biofilms increased the expres-
sion of CD80 and CD86, which induce Th1 and Th2 respectively,
suggesting a possible skew in T-cell response (Slavik, Hutchcroft
and Bierer 1999; Daw et al. 2012).

Salmonellae encompass a group of enteric bacteria causing
a wide range of diseases that can be divided into two broad
groups: those that cause gastroenteritis (e.g. S. enterica serovar
Typhimurium) and those that cause systemic infections (e.g.
serovar Typhi). Most studies have focused on the planktonic
phase of infections where, during initial intestinal invasion, the
bacteria induce a potent inflammatory response characterized
by a massive influx of neutrophils. More in line with this re-
view is the Salmonella carriage displayed by chronically infected
patients. These carriers are usually asymptomatic and are the
only known reservoir of the human-restricted S. Typhi. The gall-
bladder (GB) is the primary site of carriage and there is a direct
correlation between presence of gallstones (GSs) and carriage
(Schiøler et al. 1983). Salmonella biofilms exist on the surface of
patient GSs and this condition can be replicated in a mouse GS
model of typhoid carriage (Crawford et al. 2010). These biofilms
are believed to bestow upon Salmonella the recalcitrance to bac-
tericidal bile in the GB environment and to treatment by an-
tibiotics. The GB becomes inflamed during initial infection but
we have observed a return to a more normal GB architecture
at approximately 21 days post-infection, even though the bac-
teria are not cleared. Our group is interested in the dynamics
that allow this stalemate between the host and the bacteria.
Recent transcriptomic analysis using our GS mouse model in-
dicates a shift from a Th1 response during early infection to a
Th2 response at 21 DPI (unpublished results). It is yet to be de-
termined whether the host promotes this stalemate in order to
protect the GB from the damaging inflammatory response or if
Salmonella induces this shift in order to establish a chronic infec-

tion. In support of these findings, the balance between Th1 and
Th2 has been shown to play a role in Salmonella chronic infec-
tion. This pathogen can persist in macrophages in the mesen-
teric lymph nodes of some mouse models; these chronically in-
fected mice can remain disease-free for a year, but treatment
with anti-IFNγ reactivated acute systemic infection symptoms
(Monack, Bouley and Falkow 2004). Finally, soluble Salmonella
flagellin has been shown to induce a Th2 response (Cunningham
et al. 2004).

POSSIBLE TREATMENT ALTERNATIVES

Tipping the Th balance toward a more beneficial state has
been proposed to improve the course of the chronic bacterial
infections. For example, research has been performed to at-
tempt to tip the P. aeruginosa lung infection to a Th1-dominated
response. In one study, IFNγ treatment decreased the inflam-
matory response to chronic P. aeruginosa pneumonia in a rat
model (Johansen et al. 1996). Additionally, if susceptible BALB/c
mice were re-inoculated with P. aeruginosa, the mice became
resistant and had a more favorable Th1-type response, similar
to that in resistant C3H/HeN mice (Moser et al. 2002). Different
mechanisms have been proposed as the cause of observed
benefit of a Th1 response in CF including (i) an increased
stimulation of alveolar macrophages that remove apoptotic
and necrotic neutrophils thereby decreasing inflammation,
(ii) reduced production of IL-8 that reduces chemoattraction
of neutrophils and (iii) downregulation of Th2 responses that
reduce B-cell stimulation, antibody response and formation of
immune complexes, thereby decreasing tissue damage (Jensen
et al. 2010). Similar hypotheses have been tested in the case of
S. aureus chronic biofilm infections. As mentioned above, M1
macrophages improve the outcome of S. aureus biofilm infec-
tions. Treatment with exogenous M1 macrophages inhibited
S. aureus biofilms and improved proinflammatory cytokine
production in a catheter model (Hanke et al. 2013).

CONCLUSIONS

Do bacteria in a biofilm skew the immune response in order
to induce a chronic infection? New technologies that allow the
analysis of distinct immune cells populations like single-cell
RNA sequencing (Papalexi and Satija 2017) and new flow cy-
tometry methods (Perfetto, Chattopadhyay and Roederer 2004)
could lead to a better understanding of how the host responds
to biofilms and which factors determine the path that immune
response might take. Additionally, methods like dual RNA-seq
(Westermann et al. 2016) could unveil host–pathogen interac-
tions during infection. These might include the release of bac-
terial effectors by the pathogen or the activation of genetic
switches by both organisms. Whether bacterial biofilms are tak-
ing advantage of vulnerabilities in our defenses or if they are
actively inducing a skewed immune response remains to be elu-
cidated. Given the well-established examples and the emerging
studies it is clear that it is a widespread phenomenon in biofilm-
related chronic illnesses. A better understanding of the mecha-
nisms and details could lead to possible generalized treatment
options or those tailored toward a particular pathogen.
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