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ABSTRACT

The Gram-negative proteobacteria genus Burkholderia encompasses multiple bacterial species that are pathogenic to
humans and other vertebrates. Two pathogenic species of interest within this genus are Burkholderia pseudomallei (Bpm) and
the B. cepacia complex (Bcc); the former is the causative agent of melioidosis in humans and other mammals, and the latter
is associated with pneumonia in immunocompromised patients. One understudied and shared characteristic of these two
pathogenic groups is their ability to persist and establish chronic infection within the host. In this review, we will explore
the depth of knowledge about chronic infections caused by persistent Bpm and Bcc. We examine the host risk factors and
immune responses associated with more severe chronic infections. We also discuss host adaptation and phenotypes
associated with persistent Burkholderia species. Lastly, we survey how other intracellular bacteria associated with chronic
infections are combatted and explore possible future applications to target Burkholderia. Our goal is to highlight
understudied areas that should be addressed for a more thorough understanding of chronic Burkholderia infections and how
to combat them.
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INTRODUCTION

The Gram-negative Burkholderia genus is composed of obligate
aerobic, rod-shaped bacteria that have diverse ecological niches
and life cycles (Compant et al. 2008). These niches range from en-
vironmental soil and plant reservoirs to mammalian host reser-
voirs (Coenye and Vandamme 2003). Some Burkholderia species
are also mammalian pathogens (Allwood et al. 2011; Valvano
2015), but their pathogenicity varies widely. The duration of an
infection depends on a combination of factors, including the
causative Burkholderia species, as well as underlying conditions

of the infected host. Burkholderia infections are particularly dif-
ficult to treat, as most pathogenic species are intrinsically re-
sistant to major classes of antibiotics. There are currently no
commercially available vaccines to protect mammals against
Burkholderia infections. Thus, an important research area involv-
ing medically relevant microorganisms, including those of the
pathogenic Burkholderia genus, is to understand the ability of
such microorganisms to establish persistent, chronic infections
within the host. In this literature review, we discuss chronic
infections caused by two pathogenic Burkholderia: Burkholderia
pseudomallei (Bpm) and B. cepacia complex (Bcc). We examine the
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factors that contribute to bacterial persistence in the host and
the responses associated with those chronic infections. To con-
clude, we also discuss theories and putative therapeutics devel-
oped for other persistent bacterial pathogens to incite ideas for
future research directions to address Burkholderia persistence.
And though Bpm and Bcc are themore prevalent andmore stud-
ied Burkholderia species, it is important to note that there are
other pathogenic Burkholderia including B. mallei that are able to
cause persistence infections, yet the research of this subject is
limited. The literature pertaining to persistence factors in Bpm
and Bcc can be used to design experiments and test hypotheses
concerning persistence in other Burkholderia species.

OVERVIEW OF MELIOIDOSIS AND BCC
INFECTIONS

Bpm is a highly virulent pathogen and causative agent of me-
lioidosis in humans and other mammals. This bacterium is a
motile, saprophyte soil-dwelling microorganism (Dance 2000).
Bpm species are found in tropical and subtropical regions of the
world, and while Thailand and northern Australia are the pre-
dominant endemic regions for melioidosis infections, recently
other parts of the world have been also declared endemic ar-
eas (Limmathurotsakul and Peacock 2011; Khan et al. 2013; Lim-
mathurotsakul et al. 2016). Inhalation, skin inoculation and in-
gestion are the most common infection routes, with inhalation
causing the most severe clinical disease. The incubation period
after exposure ranges from 1 to 21 days, with an average incu-
bation time of 9 days (Currie et al. 2000). Localized clinical mani-
festations may occur at the exposure site, including pneumonia
after pulmonary inoculation or localized skin lesion after a cuta-
neous inoculation. The infection may also translocate from the
exposure site to other organs; for example, cutaneous inocula-
tion can lead to the development of pulmonary melioidosis, the
most common manifestation of disease (Currie 2003). Arthritis,
osteomyelitis, musculoskeletal melioidosis and/or neurological
melioidosis are other localized disease manifestations. More-
over, if an active, localized infection is not resolved, a systemic
infection or sepsis may result, presenting as acute, recurrent or
chronic symptomatic infection, but also as asymptomatic infec-
tion (Gan 2005). However, the variety of melioidosis signs and
symptoms, some of which are common in other infectious dis-
eases, can often lead to misdiagnosis. Risk factors for devel-
oping melioidosis include diabetes mellitus, hazardous alcohol
use, chronic lung and/or renal diseases, thalassemia, and oc-
cupational and environmental exposure (Suputtamongkol et al.
1999; Currie, Ward and Cheng 2010). Patients with an immun-
odeficiency, including patients with cystic fibrosis (CF), are also
susceptible to developing melioidosis when they visit endemic
regions (O’Carroll et al. 2003).

Recent epidemiological studies of melioidosis predict an av-
erage of 165 000 human cases per year worldwide, from which
89 000 people die (Limmathurotsakul et al. 2016). In a study
in Northern Thailand from 1997 to 2006, the average mortal-
ity rate from melioidosis was 42.6% (Limmathurotsakul et al.
2010). With respect to potential existing treatments such as an-
tibiotics, Bpm has been found to be intrinsically resistant to
many antibiotics, including penicillin, ampicillin, streptomycin,
polymyxin, and first- and second-generation cephalosporins
(Wiersinga, Currie and Peacock 2012). Effective antibiotic regi-
mens usually involve an intensive 10–14 days intravenous ad-
ministration of a third-generation cephalosporin ceftazidime or
a carbapenem class antibiotic, such as meropenem, followed by

Table 1. List of Bcc species.

Species name Reference

Burkholderia ambifaria Coenye et al. (2001)
Burkholderia anthina Vandamme et al. (2002)
Burkholderia arboris Vanlaere et al. (2008)
Burkholderia cenocepacia Vandamme et al. (2003)
Burkholderia cepacia Palleroni and Holmes (1981)
Burkholderiacontaminans Vanlaere et al. (2009)
Burkholderia diffusa Vanlaere et al. (2008)
Burkholderia dolosa Vermis et al. (2004)
Burkholderia lata Vanlaere et al. (2009)
Burkholderia latens Vanlaere et al. (2008)
Burkholderia metallica Vanlaere et al. (2008)
Burkholderia multivorans Vandamme et al. (1997)
Burkholderia pseudomultivorans Peeters et al. (2013)
Burkholderia pyrrocinia Imanaka et al. (1965);

Vandamme et al. (1997, 2002)
Burkholderia seminalis Vanlaere et al. (2008)
Burkholderia stabilis Vandamme et al. (2000)
Burkholderia stagnalis De Smet et al. (2015)
Burkholderia territorii De Smet et al. (2015)
Burkholderia ubonensis Yabuuchi et al. (2000)
Burkholderia vietnamiensis Gillis et al. (1995)

trimethoprim–sulfamethoxazole treatment taken orally for 3 to
6 months (Wiersinga, Currie and Peacock 2012). However, cur-
rently nomelioidosis vaccines are commercially available. Thus,
based on its high virulence, limited effective therapeutics and
potential use as a biological weapon, Bpm is classified by the
US Departments of Health and Human Services and Agriculture
as a Tier 1 select agent. This classification requires that many
of the studies performed on this bacterial species be conducted
within a high containment facility and in a regulated manner.
This Tier 1 status also emphasizes the importance of gaining a
better understanding of how to combat this pathogen.

The Bcc is a group made up of at least 20 closely related
species (Table 1), which are opportunistic pathogens in individ-
uals with an immunodeficiency, most notably CF and chronic
granulomatous disease (CGD) (Vial et al. 2011; Peeters et al. 2013;
De Smet et al. 2015). Originally referred to as genomovars, be-
cause they are phenotypically indistinguishable but phylogenet-
ically different, these pathogens are now classified by formal
species names that began to replace the genomovar designa-
tions in the early 2000s (Lipuma 2005). Additionally, Bcc species
are ubiquitous soil bacteria that are distantly related to Bpm and
other Burkholderia species (Sawana, Adeolu and Gupta 2014). In-
halation of bacteria from the environment is a common infec-
tion route and can lead to acute, recurrent, chronic or latent
forms of disease in susceptible individuals. Acute pneumonia
that can progress into recurrent and/or chronic pneumonia is
themost prevalent clinical course of a Bcc infection. Osteomyeli-
tis and meningitis are also other complications. A severe mani-
festation, known as ‘cepacia syndrome’, occurs in 10% of cases,
and is characterized by necrotizing pneumonia and bacteremia,
leading to early death (Mahenthiralingam, Urban and Goldberg
2005; Mahenthiralingam, Baldwin and Dowson 2008).

Multiple studies have elucidated the epidemiology and
species ecology of Bcc infections in susceptible populations, es-
pecially in patients with CF. For instance, in a microbiological
study using a CF registry in the USA from 1995 to 2005, in which
the number of patients increased from 19 735 to 23 347, the
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reported prevalence of Bcc isolates collected significantly de-
clined from 3.6% to 3.1% (P < 0.001) during that time period
(Razvi et al. 2009). Despite these encouraging findings indicat-
ing a possibly decreasing threat, Bcc is still present in the USA.
Meanwhile a European molecular epidemiological study exam-
ining chronic bacterial respiratory infections in patients with CF
found that Bcc species were isolated from 3.6% of 164 respira-
tory samples from patients examined at the CF Regional Cen-
tre of Florence, Italy from 1998 to 2000 (Campana et al. 2004). In
a combination of epidemiological studies performed in a ma-
jor Portuguese CF center over the span of 16 years, Bcc species
were isolated from 41 of 124 patients with CF (33%) (Coutinho
et al. 2011b). Of those with Bcc infections, 28 patients (68%) had
persistent infections (Coutinho et al. 2011b). There is also evi-
dence that Bcc infections are transmissible among patients with
CF (Biddick et al. 2003). Burkholderia multivorans and B. cenocepacia
were the most commonly isolated species from Bcc infections
in patients with CF in Canada (Lipuma 2010; Zlosnik et al. 2015),
United Kingdom (Govan, Brown and Jones 2007) and the United
States (Lipuma 2010). More recently, B. contaminans has become
the most common species isolated in Argentina (Martina et al.
2013), Portugal (Coutinho et al. 2015) and Spain (Medina-Pascual
et al. 2015).

There is currently no commercially available vaccine that
protects humans from Bcc infections. Typically, Bcc infections
are treated with a combination antibiotic treatment regimen of-
ten composed of ceftazidime and meropenem in a similar man-
ner to Bpm infections (Avgeri et al. 2009). Still, Bcc ubiquity in
the environment, especially near hospitals and other areas that
have a high prevalence of susceptible populations, has made
these understudied pathogens a relevant area of research.

CHRONIC INFECTIONS

Chronic Burkholderia infections, like other chronic illnesses, are
especially debilitating diseases. A chronic Bpm infection is of-
ten defined as a symptomatic infection that lasts longer than 2
months. Further, chronic melioidosis may have localized and/or
systemic manifestations. The epidemiology of chronic melioi-
dosis has been examined in endemic regions. In the Darwin
20-year prospective melioidosis study in the Northern Terri-
tory of Australia (1989–2009), the epidemiology of 540 culture-
confirmed melioidosis cases was examined (Currie et al. 2000;
Currie, Ward and Cheng 2010). Of those cases, 11% were con-
sidered chronic infections, 4% were relapse infections and the
remaining 85% were acute infections (Currie, Ward and Cheng
2010). In that study, patients with chronic melioidosis were sig-
nificantly less likely to be diabetic than were patients with acute
melioidosis (Currie, Ward and Cheng 2010). Also, these chronic
infections were more commonly acquired during the wet sea-
sons (Currie, Ward and Cheng 2010). In a retrospective hospi-
tal study of 95 culture-confirmed melioidosis cases collected
from 2005 to 2010 in the western coastal region of India, 28.4%
were chronic infections and 71.6% acute infections (Vidyalak-
shmi et al. 2012). Of these chronic melioidosis cases, 70.4% pre-
sented during themonsoon season.Melioidosis cases overall are
seasonal and, therefore, increase of cases during monsoons is
linked to endemic populations whichmight have increased con-
tact with Bpm-contaminated environmental sources (Wiersinga
et al. 2006). In the case of rice farmers, they plant at the begin-
ning of the monsoon season and they work in the flooded rice
paddies until the rice is harvested (Wiersinga et al. 2006). This
puts them in direct contact with soil and water that might con-
tain Bpm. Chronic melioidosis has also been associated with

CF (Schulin and Steinmetz 2001). Quite often the melioidosis
cases, especially in non-endemic regions, are misdiagnosed for
more common chronic infectious diseases, such as tuberculosis
(TB) caused by Mycobacterium tuberculosis. This was the case for
one diabetic patient in India, who presented with lung fibrosis,
small joint arthritis and splenic abscess (Kunnathuparambil et
al. 2013). The patient initially received anti-TB therapy before the
correct diagnosis and then received effective anti-melioidosis
therapy (Kunnathuparambil et al. 2013), providing an example
of howmisdiagnosis can delay and/or prevent a patient from re-
ceiving the proper treatment.

Murine models of melioidosis have been examined to gain a
better understanding of the biology of a chronic infection. For
example, C57BL/6 mice have been found to live for weeks after
receiving intravenous (i.v.) Bpm challenges, making them a use-
ful murine model for studying chronic infections (Leakey, Ulett
and Hirst 1998; Hoppe et al. 1999). The i.v. challenge route mim-
ics the systemic disease in human melioidosis cases. Other in-
fection routes have also been used, including intranasal (i.n.) ad-
ministration tomimic pulmonary exposure in humans. Another
chronic infection model includes inoculating C57BL/6 mice i.n.
with a low dose of Bpm (Conejero et al. 2011). In that study, the
chronically infected C57BL/6 mice survived for over 3 months
(Conejero et al. 2011). Additionally, survival is dependent on the
infectious dose (Hoppe et al. 1999), with lower infectious doses
of Bpm leading to a longer survival of mice. Further studies
using C57BL/6 mice indicated that they mount a more protec-
tive interferon gamma (IFN-γ )-mediated macrophage response
(Breitbach, Kohler and Steinmetz 2008), effective NADPH oxi-
dase (Breitbach, Wongprompitak and Steinmetz 2011), higher
immunoglobulin IgG2a/IgG1 ratio (Hoppe et al. 1999) and proin-
flammatory cytokines (Conejero et al. 2011). Interestingly, BALB/c
mice, a strain highly susceptible to infection and more suit-
able for studying acute infections, produce significantly higher
amounts of IFN-γ than C57BL/6 mice during infection (Ulett,
Ketheesan and Hirst 2000; Liu et al. 2002). The higher production
of IFN-γ in the BALB/c mouse strain than the C57BL/6 mouse
strain may indicate that higher IFN-γ production has a delete-
rious effect on some of the mouse strains examined. The de-
velopment of a persistent infection also depends on the Bpm
strain used. In a study comparing the infection dynamics of Bpm
strains 1106a and a more virulent HBPUB10134a in BALB/c mice
injected intraperitoneally (i.p.), the more virulent strain caused
a higher bacterial burden in the animals’ spleens and induced
a higher amount of proinflammatory cytokines in the sera and
spleens (Amemiya et al. 2015). Though occurring later in the in-
fection, the detectable cytokines decreased overall and inflam-
matory cells increased in the spleens for both groups, and all
of the mice infected with Bpm strain 1106a survived longer on
average (Amemiya et al. 2015). The murine target organs associ-
ated with Bpm persistence are often the lungs, spleen and liver.
In addition, other infection routes or mouse strains have been
used to develop chronic infection models. For instance, a per-
sistent gastric colonization model of melioidosis was developed
in BALB/c mice (Goodyear et al. 2012) by inoculating the mice
with Bpm clinical strains orally at a low dose, which lead to a
chronic gastric infection that disseminated to the spleen and
liver (Goodyear et al. 2012). In another study using Taylor Out-
bred (TO) mice, the animals received sublethal doses of Bpm by
i.p. injection, which lead to an early IFN-γ response and develop-
ment of chronic infection (Santanirand et al. 1999). Those mice
survived from2 to 16months before succumbing to a reactivated
infection (Santanirand et al. 1999). It is important to note that
early production of IFN-γ in BALB/c mice appears to be linked
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to severe susceptibility to infection, which is in contrast to what
has been shown in TOmice. These contrasting results ultimately
suggest thatmultiple factors influence the severity and duration
of infection in murine models of melioidosis.

Bcc species can also cause chronic infections. Chronic pneu-
monia is the most common presentation of bacterial persis-
tence. Such infections have mainly been observed and exten-
sively studied in patients with CF. In other populations suscep-
tible to Bcc infections, such as patients with CGD, only recur-
rent infections have been observed (Greenberg et al. 2009). In
particular, the Bcc species distribution during chronic infections
has been studied in patients with CF. In one extensive study
of patients with CF with chronic Burkholderia infection, 1095
Burkholderia isolates were recovered from serial sputum cultures
from a total of 379 patients with CF in 112 US treatment centers.
Of those patients with CF, 347 were chronically infected with
Bcc species, and the most commonly identified species were
Burkholderia cenocepacia (56% of isolates) and B. multivorans (33%
of isolates). Burkholderia cenocepacia was also the most common
replacement species/strain during chronic infections, in which
the subsequent isolate collected from a specific patient was of a
different strain/species from those initially collected in the same
patient (Bernhardt et al. 2003). Other studies of Bcc species distri-
bution in patients with CF have also shown that the Bcc species
causing a chronic infection may remain stable or be replaced by
another strain or Bcc species over time (LiPuma et al. 1991).

Long-term Bcc infections have also been characterized in
murine models of chronic infection, in which both clinical and
environmental B. cenocepacia isolates have been shown to be able
to persist in the lungs of infected mice (Pirone et al. 2008). In
a BALB/c mouse model, in which the animals were rendered
leukopenic by administration of cyclophosphamide prior to i.n.
challenge, not all Bcc species and strains were able to persist in
the lungs (Chu et al. 2002). Those that did persist in the murine
lungs for at least 16 days represented six of seven B. multivorans
strains, as well as B. cepacia strain Cep873 and B. vietnamiensis
strain FC811 (Chu et al. 2002). In contrast, B. multivorans strain
C3430, all of the B. cenocepacia strains and B. stabilis strain C7322
were cleared from the lungs by day 16 post-infection (Chu et al.

2002). A subsequent study in immunocompetent BALB/c mice
found that B. multivorans persisted in the lungs by localizing in
macrophages, while an increase in interleukin (IL)-1β and neu-
trophil responses led to the clearance of B. cenocepacia (Chu et
al. 2004). This study showed that the lungs, spleen and liver
were often target organs of bacterial persistence, findings simi-
lar to those with Bpm. In studies using BALB/c and C57BL/6 mice
inoculated i.p. with B. cepacia, which models systemic disease,
mice developed chronic splenic infections that lasted up to 2
months (Speert et al. 1999). The ability of B. cepacia to persist
in a murine model of infection has also been explored in the
endotoxin-resistant C3H/HeJ mouse strain, in which sublethal
i.n. inoculations led to bacterial persistence in the lungs and ce-
cum and to dissemination to other sites (George et al. 1999). In
another study, Swiss CD-1 mice were inoculated intratracheal
(i.t.) with B. cepacia enmeshed in agarose beads, and viable bac-
teria were collected as late as day 21 of infection (Starke et al.
1987). Persistence has also been confirmed and examined with-
out the use of bacterium-immobilizing agents in amurinemodel
of CF (Cftr−/−) for a 9-day infection study (Sajjan et al. 2001). The
bacterial mechanisms of persistence that have been discovered
for Burkholderia species are discussed in more detail in the next
section.

PERSISTENCE AND ADAPTATION

Research groups have identified and started characterizing dif-
ferent strategies that Bpm utilizes to persist in a host (Fig. 1).
These persistence factors include toxin–antitoxin (TA) systems,
metabolic enzymes and adaptive mutations that lead to persis-
tence. Some of these persistence factors have been associated
with chronic, recurrent and latent infections. One such mecha-
nism that has been characterized is the functionality of the HicA
toxin of theHicABTA system in Bpm (Butt et al. 2014). TheTA sys-
tems have been found in multiple bacteria species and function
in the bacteria’s ability to survive in a stressful environment (e.g.
antibiotic treatment) by entering a slower growth state (Otsuka
2016). Toxin activity results in reduced bacterial growth, and
can lead to cell death if prolonged. The antitoxin functions to

Figure 1. A depiction of Bpm and Bcc predicted mechanisms of persistence and other factors that influence persistence within the host. The number of chromosomes

(Chr) in the different species is also illustrated.
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neutralize the toxin under normal conditions, but is often de-
graded under stressful conditions, allowing the toxin to af-
fect bacterial cell growth. Five classes of antitoxins have been
described according to how they function. The toxins are al-
ways protein molecules, while the antitoxins are either pro-
tein molecules for types II, IV and V or small non-coding RNA
molecules for types I and III (Otsuka 2016). Type II is the most
commonly studied and is an apparent protein-to-protein TA sys-
tem (Otsuka 2016). As with TA systems that have been described
in persistent bacteria, the HicAB system in Bpm is possibly in-
volved in the production of antibiotic-tolerant persister cells
that cannot be eradicated during antibiotic treatment (Butt et
al. 2013, 2014). In this case, overexpression in vitro of HipA in-
creased the number of persister cells tolerant to ciprofloxacin
or ceftazidime (Butt et al. 2014). Moreover, some metabolic en-
zymes and stages have also been shown to be important for
persistence. For instance, deletion of kynB in Bpm, which en-
codes for kynurenine formamidase of the kynurenine pathway,
led to increased tolerance and more persister cells tolerant to
ciprofloxacin (Butt et al. 2016). Isocitrate lyase, the first enzyme
in the glyoxylate shunt, is a persistence factor important for
both chronic TB and persistent pulmonary melioidosis in a rat
infection model (van Schaik, Tom and Woods 2009). Environ-
mental variables were demonstrated to alter the proportion of
persister cells that may develop from a population (Nierman, Yu
and Losada 2015). Subpopulations of Bpm have also been found
capable of shifting into a physiological state that allows them
to live in a moderately acidic anaerobic environment, which is
analogous to a host abscess (Hamad et al. 2011). In thismetabolic
shift, Bpm were able to survive for at least a year in a non-
replicative state and were tolerant to conventional antibiotics,
but susceptible to nitroimidazole antibiotics (Hamad et al. 2011).
Lastly, in two separate studies, whole-genome sequencing anal-
ysis of Bpm isolates was used to examine persistent infections
that had developed in melioidosis cohorts. One study examined
two isolates, collected 139 months apart, from an Australian pa-
tient that developed an asymptomatic persistent infection (Price
et al. 2013). Over that time period, the bacteria had undergone
several adaptive changes, genome reduction and apparent at-
tenuation, leading to the development of long-term colonization
(Price et al. 2013). In another study that examined isolates col-
lected between 6 months and 6 years apart from four adult Thai
patients with recurrent melioidosis, whole-genome sequencing
revealed changes associatedwith increased antibiotic resistance
over the course of the study (Hayden et al. 2012). Additionally, in-
activating mutations in a TetR family transcriptional regulator
were identified in other clinical isolates analyzed in that study,
and it was suggested that TetR is important for bacterial survival
and adaptation in the host (Hayden et al. 2012).

For Bcc species, TA systems, metabolism shifts and hyper-
mutation have also been associated with persistence (Fig. 1).
One study characterized 16 putative TA systems in the Burkholde-
ria cenocepacia strain J2315, 12 of which were conserved in other
strains and 9 of those were identified in other Bcc and Burkholde-
ria species (Van Acker et al. 2014). Five of the putative TA systems
were also identified in Bpm (Van Acker et al. 2014). When overex-
pressed, six of those toxins led to the development of persister
cells after treatment with ciprofloxacin, while two of those same
toxins also led to the development of persisters after tobramycin
treatment (VanAcker et al. 2014). Some toxin overexpression also
induced biofilm formation, another factor possibly linked to per-
sistence that is discussed later (Van Acker et al. 2014). Isocitrate
lyase has also been shown to be important for the fraction of Bcc-
persistent cells present within a biofilm (Van Acker et al. 2013).

To further elucidate the mechanisms of persistence during
the course of an infection, extensive analyses were performed
on B. cenocepacia clonal isolates collected from the same Por-
tuguese patient with CF over the course of 3.5 years, from the
onset of infection until the patient succumbed to cepacia syn-
drome (Cunha et al. 2003; Coutinho et al. 2011a; Madeira et al.
2013). In a phenotypic comparison study of 11 of these isolates,
B. cenocepacia appeared to make an adaptive shift to a fatty acid
metabolism. This shift was accompanied by the synthesis of
membranes with a different fatty acid composition, more suited
for survival in the severely oxygen-limited conditions encoun-
tered in the lungs over the time course of the infection (Coutinho
et al. 2011a). In a proteomic profiling study of three isolates also
collected during this chronic infection, increases in proteins in-
volved in purine and pyrimidine synthesis and iron uptake were
identified (Madeira et al. 2013).

Hypermutation has also been associated with persistence in
human patients. In a study of the prevalence of hypermutators
in 125 Bcc isolates recovered from 48 patients with CF, 10 pa-
tients without CF and 15 environmental samples, 17 (13.6%) of
isolates were identified as hypermutators (Martina et al. 2014).
Of those patients, 27 had chronic Bcc infections, with hyper-
mutator isolates collected from 40.7%; however, hypermuta-
tors were not isolated from the patients with acute infections
(Martina et al. 2014). Thirteen (76.5%) of the hypermutators iden-
tified had defects in mutS and/or mutL, genes encoding proteins
that are involved in mismatch repair (Martina et al. 2014). In
an agar bead rat model that mimics chronic lung infection, re-
searchers also identified multiple Bcc genes related to cellular
metabolism, global regulation, DNA replication and repair, and
bacterial surface structures genes that are needed for in vivo sur-
vival and persistence (Hunt et al. 2004).

There are other potential persistent strategies that both Bpm
and Bcc share, such as intracellular survival within host cells, as
well as biofilm formation and related phenotypes (Fig. 1). Intra-
cellular survival within host cells, including epithelial cells and
macrophages, has also been explored and discussed as a possi-
ble persistencemechanism utilized by Bcc and Bpm species (All-
wood et al. 2011; Valvano 2015). However, we do not discuss that
information in this review. Biofilm formation, on the other hand,
has not been as well discussed for Burkholderia species. Forming
biofilms during infection has been linked to the ability of related
pathogenic bacterial species, such as Pseudomonas aeruginosa, to
cause persistent infections in patientswith CF and other suscep-
tible populations (Costerton, Stewart and Greenberg 1999). Both
Bpm and Bcc species are able to form biofilms in vitro, which is
associated with exopolysaccharide (EPS) production and other
factors (Cunha et al. 2004; Mongkolrob, Taweechaisupapong and
Tungpradabkul 2015). Both Bpm and Bcc are also able to form
small colony variants in vitro, a colony morphology that is asso-
ciated with biofilm formation, antibiotic resistance and persis-
tence (Haussler, Rohde and Steinmetz 1999; Haussler et al. 2003).
Researchers have also explored if forming biofilms is a persis-
tence factor for Burkholderia species infections. Bpm biofilms ap-
pear more resistant to antibiotics than are planktonic bacteria
(Sawasdidoln et al. 2010; Pibalpakdee et al. 2012). However, no
correlation between Bpm biofilms and virulence has been found
(Taweechaisupapong et al. 2005), nor it is known if biofilm forma-
tion contributes to Bpm survival within a host (Chantratita et al.
2007). More extensive studies have been performed to charac-
terize the importance of biofilm formation in Bcc biology. The
Bcc biofilms have been shown to contain persister cells able
to survive reactive oxygen species (Van Acker et al. 2013) and
neutrophil-like dHL60 cells (Murphy and Caraher 2015). Studies
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have also shown that Bcc biofilms are sometimes more tolerant
to multiple antibiotics than are planktonic cells (Peeters, Nelis
and Coenye 2009), though that is not always the case (Caraher
et al. 2007). A shiny colony morphology associated with abun-
dant EPS production and piliation has been linked with persis-
tent infection in a pulmonary mouse model of disease (Chung
et al. 2003). Overexpression of EPS led to a mucoid colony mor-
phology that was also linked to persistent infection in an an-
imal model, while non-mucoid colony morphology was asso-
ciated with a more virulent acute infection (Chung et al. 2003;
Conway et al. 2004; Zlosnik et al. 2011). Interestingly, Bcc strains
isolated from patients with chronic infections have been shown
to convert from mucoid phenotypes to non-mucoid phenotypes
(Zlosnik et al. 2008). Zlosnik et al. (2008) noted that this result
is opposite to what has been found in P. aeruginosa, where it is
the mucoid phenotype which was associated with higher viru-
lence (Zlosnik et al. 2008). A subsequent study found that non-
mucoid Bcc appear to overexpress multiple virulence factors,
thus indicating that this phenotype is associated with virulent
acute infection (Zlosnik and Speert 2010). When examining clin-
ical Bcc isolates, no direct association has been established be-
tween the ability of the strains to produce EPS and/or to form
biofilms in vitro and cause persistent respiratory infections in
humans (Cunha et al. 2004). Overall, the importance of such
abilities as biofilm formation, bacterial cell morphology and re-
lated properties during chronic infection should be explored
further.

IMMUNE RESPONSES TO CHRONIC INFECTION

The ability of Bpm and Bcc species to evade the host im-
mune response often leads to a chronic infection, and this has
been examined in great detail by multiple groups (Gan 2005;
Valvano 2015; Aschenbroich, Lafontaine and Hogan 2016). Im-
mune responses to persistent Bpm infections have been exam-
ined in both natural human infections and murine models of
disease. Asmentioned earlier, persistent Bpmbacteria often sur-
vive in localized organ abscesses. Over time, a granuloma con-
taining neutrophils, macrophages, lymphocytes and giant cells
will form at the infection site in human patients with melioi-
dosis (Wong, Puthucheary and Vadivelu 1995). The dynamics of
granuloma formation around the invading bacteria has not been
as thoroughly studied for melioidosis as it has for TB. Strong an-
tibody responses involving the classes IgA, IgM and IgG (espe-
cially IgG1 and IgG2) have also been detected during the course
of infection in patients with chronic melioidosis (Vasu, Vadivelu
and Puthucheary 2003).

The host immune response has been examined in more de-
tail in murine models of disease. In a C57BL/6 mouse model
of chronic infection, animals that had active chronic dis-
ease produced proinflammatory cytokines, including IFN-γ , tu-
mor necrosis factor-α (TNF-α), IL-6 and monocyte chemotactic
protein-1. However, in the same study, uninfected and asymp-
tomatic mice did not produce proinflammatory cytokines.
(Conejero et al. 2011). Lesions containing infiltrating lympho-
cytes, epithelioid macrophages and multinucleated giant cells
developed within themouse lungs, livers and spleens harvested
between days 20 and 60 of infection (Conejero et al. 2011). Fibrous
capsules, found surrounding lesions with necrotic cores (Cone-
jero et al. 2011), are also associated with granulomas caused by
other persistent bacterial infections such as chronic TB (Russell
et al. 2009). When examining the role of T cells in host resis-
tance against Bpm infections in C57BL/6 mice, it was found that

CD4+ T cells, more so than CD8+ T cells, contributed to host
resistance in the later stages of infection (Haque et al. 2006).
When comparing the survival of Bpm-infected mice antibody
depleted of either CD4+, CD8+ or both subsets of T cells to
mice that received a control antibody, the mean survival time
(MST) of the control mice was 58 days, the MST of the CD4+
T-cell-depleted mice was 22 days, the MST of the CD8+ T-cell-
depleted mice was 32.5 days and the MST of the CD4+/CD8+
T-cell-depleted mice was 20.5 days (Haque et al. 2006). In the
study, the MSTs of the CD4+ T-cell-depleted and CD4+/CD8+ T-
cell-depleted mice were statistically significant when compared
to the control mice, while the MST of the CD8+ T-cell-depleted
micewas not statistically significant when compared to the con-
trols (Haque et al. 2006). When examining the CD4+/CD8+ T-cell
ratio in mice with persistent Bpm infections, researchers ob-
served a decrease in CD4+ T cells and increase in CD8+ T cells
(See et al. 2016). Also, both CD4+ and CD8+ T cells were found
to have an increased expression of programmed death-1 pro-
tein (PD-1) during chronic infection, whereas expression of cy-
totoxic, T lymphocyte-associated protein 4 (CTLA-4) remained
unchanged. Both proteins are members of the CD28-B7 super-
family and are increased and expressed during chronic TB and
persistent human immunodeficiency virus infections (See et al.
2016). Increased expression of PD-1 and/or CTLA-4may be linked
to T-cell exhaustion in TB (See et al. 2016), and the higher expres-
sion of PD-1 during Bpm infection suggests that T-cell exhaus-
tion may also occur in chronic melioidosis.

The host immune responses to persistent Bcc infections
have also been examined, though it is important to note
that Bcc infections often occur in patients with impaired im-
mune systems and/or patients that have contributing comor-
bidities. Research suggests that the immune response of pa-
tients with CF to opportunistic pathogens, like Pseudomonas
aeruginosa and Aspergillus fumigatus, is altered and may con-
tribute to the occurrence and immunopathology of disease (Rat-
ner and Mueller 2012). As a result, more research has been
focused on gaining a better understanding of the early im-
mune responses to chronic Bcc infections, which may con-
tribute to disease versus immune responses in susceptible pop-
ulations. It is known that patients with CF with Bcc infec-
tions do produce IgG and IgA to Bcc antigens (Mohr, Tomich
and Herfst 2001). Additionally, some work has been performed
in murine infection models. In one study, mice were inocu-
lated i.p. with Bcc strains leading to persistence in the spleen:
though interestingly no consistent histological abnormalities
were observed in the spleens, lungs or livers harvested from
the mice (Speert et al. 1999). In another study, MyD88−/− mice
i.t. challenged with Burkholderia cenocepacia displayed signif-
icantly reduced levels of proinflammatory cytokines, includ-
ing granulocyte-colony stimulating factor, IL-6, keratinocyte-
derived cytokine, macrophage inflammatory protein-2 and TNF-
α in blood and lung airspace. Additionally, these mice sur-
vived longer than wild-type mice despite bacterial persistence
(Ventura et al. 2009). It was also suggested that TNF-α may con-
tribute to exacerbated disease (Ventura et al. 2009). Informative
data concerning the immune response to persistent Bcc were
gathered from a murine model of CF (Cftr−/−) (Sajjan et al. 2001).
These knockout mice mounted an ineffective pulmonary in-
flammatory response to an i.n. challenge with bacteria, result-
ing in chronic infection (Sajjan et al. 2001). Both macrophages
and neutrophils were able to infiltrate the infection site, but fur-
ther evidence suggested that they were suboptimally activated
(Sajjan et al. 2001).
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STRATEGIES FOR COMBATING PERSISTENT
BACTERIAL INFECTIONS

As mentioned in previous sections, chronic Burkholderia infec-
tions share some persistence factors and host immune evasion
strategies that are similar to those in other persistent bacteria,
such as Mycobacterium tuberculosis and Pseudomonas aeruginosa.
Because of this, we think that it is important to consider exam-
ining, in chronic Burkholderia infection models and potentially
in preclinical studies, infection protection strategies that have
worked in other persistent bacteria. We have already discussed
the extensive antibiotic regimens used to treat Burkholderia in-
fections, and potential vaccine strategies have also been dis-
cussed and reviewed in great detail by other groups (Aschen-
broich, Lafontaine and Hogan 2016; Pradenas, Ross and Torres
2016); therefore, we will not discuss that ongoing research here.
However, it is important to emphasize that as more persistence
factors are identified in Burkholderia species, their immunogenic-
ity and potential use as candidate vaccines should be explored.
One approach that is being examined as a potential strategy
to combat chronic bacterial pathogens, including M. tuberculosis
(Hawn et al. 2013), is using small molecules or other compounds
to beneficially modulate the host-cell-mediated response to in-
fection, conferring an advantage to the host. One group has re-
cently identified macrophage signaling pathways and potential
targets of modulation that are activated in murine macrophage
RAW264.7 cells infected with Bpm clade species (Chiang et al.
2015). The ability of small molecules to act as a direct antimicro-
bial agent or synergistically with other antibiotics has also been
explored for P. aeruginosa (Guo et al. 2016). One study showed
that quorum-sensing inhibitors made biofilm-forming P. aerugi-
nosa and Bcc species more susceptible to antibiotic treatment in
vitro and in vivo (Brackman et al. 2011). A small molecule called
compound 939, which inhibits type III secretion system clus-
ter 3 ATPase, was shown to reduce the intracellular survival
of Bpm in infected RAW264.7 cells, thus becoming a potential
therapeutic approach for treating melioidosis (Gong et al. 2015).
The compound AFN-1252, which was developed to inhibit the
fatty acid biosynthesis pathway enzyme enoyl-ACP reductase in
Staphylococcus aureus, was found to also inhibit the enoyl-ACP
reductase isoform from Bpm (Rao et al. 2015). It is a pending as-
signment to further examine the potential of these compounds
to treat Burkholderia infections. However, the small molecules
and/or compounds that are already approved for humanuse and
appear promising during in vitro and in vivo studies could quickly
be examined in human trials.

Host responses including the cellular-mediated and subse-
quent granuloma responses to persistent Burkholderia bacteria,
especially Bpm, may also have unique characteristics that treat-
ments can exploit. In the case ofmodulating a cellular-mediated
response, cyclooxygenase-2 inhibition led to growth suppres-
sion of Bpm in macrophages and survival in a mouse model of
pneumonic melioidosis, when the mice received the inhibitor
post-Bpm infection (Asakrah et al. 2013). Examining this path-
way further may elucidate new potential therapies for infec-
tion. Because there is a wealth of knowledge about granuloma
formation in TB, potential therapeutics that target granulomas
formed during a Bpm infection should also be explored. Many
of the inflammatory cells, cytokine signaling and other factors
involved in the granuloma formation process have been identi-
fied (Miranda et al. 2012; Ramakrishnan 2012). Some researchers
have hypothesized that these pathways involved in granuloma
formation might be modulated in a manner beneficial to the
host and detrimental to the pathogen (Ramakrishnan 2012). One

potential host target associated with granuloma formation is
host matrix metalloproteinase 9 (Mmp9). The Mmp9-knockout
mice infected with M. tuberculosis were found to have decreased
macrophage recruitment to the lungs and poor granuloma de-
velopment (Taylor et al. 2006; Ramakrishnan 2012). Interestingly,
Mmp9 expression was found to be upregulated in C57BL/6 mice
infected with Bpm (Conejero et al. 2015). Therefore, Mmp9, a po-
tential therapeutic target for TB should also be explored for Bpm
infections.

CONCLUSION

Bpm and Bcc species, like many pathogenic bacteria, are able
to cause persistent infections that can lead to symptomatic
chronic disease. With this review, we attempted to summarize
the literature pertaining to Burkholderia persistence and the host
immune response to chronic infection. We gave an overview
of the epidemiology of chronic Burkholderia infections, persis-
tent factors of these Burkholderia species, and host humoral and
cellular responses to persistent infections. Many Burkholderia
species are still relatively understudied when compared to My-
cobacterium tuberculosis and Pseudomonas. Accordingly, we have
much to learn about persistent Burkholderia species and their
ability to cause long-term infections.
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