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Abstract: The World Health Organization (WHO)’s list of neglected tropical diseases (NTDs) high-
lights conditions that are responsible for devastating health, social and economic consequences, and
yet, they are overlooked and poorly resourced. The NTD list does not include conditions caused
by Gram-negative bacilli (GNB). Infections due to GNB cause significant morbidity and mortality
and are prevalent worldwide. Southeast Asia is a WHO region of low- and middle-income countries
carrying the largest burden of NTDs. Two significant health threats in Southeast Asia are Burkholderia
pseudomallei (causing melioidosis) and hypervirulent Klebsiella pneumoniae (HvKp). Both diseases
have high mortality and increasing prevalence, yet both suffer from a lack of awareness, significant
under-resourcing, incomplete epidemiological data, limited diagnostics, and a lack of evidence-based
treatment. Emerging evidence shows that both melioidosis and HvKp are spreading globally, in-
cluding in high-income countries, highlighting the potential future global threat they pose. In this
article, we review both conditions, identifying current trends and challenges in Southeast Asia and
areas for future research. We also argue that melioidosis and HvKp merit inclusion as NTDs, and
that mandatory global surveillance and reporting systems should be established, and we make an
urgent call for research to better understand, detect, and treat these neglected diseases.

Keywords: NTDs; neglected tropical disease; melioidosis; Klebsiella pneumoniae; Burkholderia
pseudomallei; hypervirulent

1. Introduction

The global effort to control infectious diseases, especially in Southeast Asia, has
focused on reducing tuberculosis, HIV, and malaria. In 2020, the World Health Organization
(WHO) produced a roadmap identifying 20 neglected tropical diseases (NTDs), aiming to
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eradicate these diseases globally by 2030 [1]. NTDs are defined by the WHO as a diverse
range of conditions caused by a variety of pathogens (viruses, bacteria, parasites, fungi,
and toxins) and associated with devastating health, social, and economic consequences.
The WHO list currently sits at 21 conditions that are recognised as NTDs; however, it
is felt by many that this list is too small, and other conditions should be considered on
this list, including melioidosis [2]. Southeast Asia has been identified as the WHO region
with the largest NTD burden, with 857 million individuals requiring interventions. Yet,
the current WHO list of NTDs does not include any Gram-negative bacilli (GNB). In
particular, melioidosis and hypervirulent Klebsiella pneumoniae cause significant morbidity
and mortality across Southeast Asia and we argue that they meet the criteria to be listed as
NTDs. The data on the incidence of melioidosis are scant; however, there are estimated
to be 165,000 cases annually, with nearly 90,000 deaths [3]. Although these data are likely
to represent a significant underestimate, it is known that Southeast Asia is the region
most significantly affected by melioidosis. Another GNB which has significant health
implications in the region is hypervirulent Klebsiella pneumoniae (HvKp). First emerging in
Taiwan in the 1980s, HvKp has rapidly spread throughout Asia, including Southeast Asia.
The true burden of disease, especially in low-resource settings, remains unknown. HvKp
can result in mortality ranging from 10-40% in community-acquired infections [4] and up
to 80% in hospital-acquired infections [5]. Classic HvKp is usually fully susceptible to most
used antimicrobials, although multi-drug resistant strains are being increasingly detected.
Burkholderia pseudomallei (the causative agent of melioidosis) has a unique antibiogram but
acquired resistance is rare [6].

With both diseases, there is a paucity of evidence, especially surveillance data, support-
ing diagnostics and treatment. There are unanswered questions regarding both diseases,
such as the benefit of monotherapy versus dual therapy and the role of adjuvant thera-
pies in addition to antimicrobials. In this article, we discuss both diseases, highlight the
case for both to be included in the WHO NTD list, and propose a strategy to tackle these
neglected pathogens.

2. Melioidosis
2.1. Introduction

Burkholderia pseudomallei (B. pseudomallei) is a GNB that resides in moist soil and
ground water, mostly in tropical climates. It is the causative pathogen of melioidosis.
Human infection is usually acquired through the inoculation of the bacilli through the
skin; inhalation and ingestion are also routes of exposure [7]. Although the bacterium has
been recognised for over 100 years, its epidemiology is not well understood, and questions
remain about the optimal way to diagnose and treat this condition.

2.2. Epidemiology

B. pseudomallei is found throughout the tropical and subtropical regions. Southeast Asia
has an estimated 44% of the world’s global disease burden [3]. The prevalence of B. pseu-
domallei is difficult to calculate due to the lack of mandatory reporting systems in many
countries with high burdens of disease. Melioidosis is a notifiable condition in Australia,
Singapore, and Thailand; it is an administratively notifiable disease in Sabah, Malaysia;
however, other countries do not have compulsory notification systems in place [8]. It is
also poorly recognised by many clinicians and laboratory staff, contributing to significant
under-reporting. A modelling paper estimated that B. pseudomallei would be responsible
for 165,000 cases and 89,000 deaths globally in 2015. This study suggested that the highest
rates of melioidosis would be found in areas with environmental suitability: high rainfall,
warmer temperatures, high soil salinity, and certain types of soil, such as those rich in
clay. Low country incomes and areas with a high prevalence of diabetes mellitus were also
associated with higher rates of melioidosis [3].

A more recent review paper estimated the overall prevalence of B. pseudomallei in
Southeast Asia to be between 0.02% and 74.4% [9]. There is variation in the burden of
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disease between different geographic locations and patient groups; for example, in rural
northeast Thailand, a study found an annual incidence of bacteraemic melioidosis to be
14-17 per 100,000 [10], whereas a study of children with suppurative parotitis in Cambodia
found 74% had culture-confirmed B. pseudomallei [11]. A further study looking at the
causes of sepsis in teenagers and adults from Yangon, Myanmar found B. pseudomallei only
responsible for 1.1% of cases [12]. It is not clear if this heterogeneity of epidemiology is
due to true variations in disease burden or due to difficulties in detecting the organism
and confirming the diagnosis. This highlights the need for robust surveillance systems.
Although melioidosis was first reported over 100 years ago, the true prevalence has been
historically difficult to determine prior to the development of local internal laboratory
systems with the ability to perform bacterial culture at scale.

Melioidosis mainly affects rural agricultural workers, especially those who work in
waterlogged areas such as rice paddies [3]. Cases peak during monsoon seasons or after
extreme weather events when B. pseudomallei is forced to the surface of the soil, increasing
the risk of infection [7,13].

Basic prevention measures, such as clean drinking water, waterproof knee-high boots,
and improved glycaemic control, are likely to significantly reduce cases [14]. However,
many of these precautions are not practised by at-risk groups [15]. Widespread chlorina-
tion or the UV light treatment of drinking water may help reduce infections caused by
ingestion but has little impact on the majority of cases who are infected via skin inoculation,
especially feet, and is unlikely to be feasible in resource-limited settings [13]. Furthermore,
there is a lack of awareness of melioidosis in the at-risk community. A study in northwest
Thailand amongst diabetic rural agricultural workers found that 97% had no awareness
of melioidosis, although the reasons for this are unclear [15]. As the disease is not spread
person-to-person, large-scale epidemics do not occur, meaning case numbers in discrete
locations may stay relatively low. This is further compounded by the challenges of diagno-
sis, meaning the proportion of the at-risk population that ever receives a formal diagnosis
of melioidosis is likely to be very small. In addition, large-scale public health information
campaigns may be harder to establish due to the heterogenicity of acquisition and clinical
presentation of the disease. Further research is required to fully understand why there is
such low awareness of the condition amongst at-risk populations, which could also help to
develop successful future public health interventions.

2.3. Clinical Syndrome

Melioidosis is known as the great mimic and can present with a range of symptoms.
Many immunocompetent individuals will have asymptomatic disease and successfully
clear the infection. There is a strong association with diabetes, with melioidosis ten times
more likely to occur in people with type 2 diabetes than non-diabetics. This is due to a
combination of dysregulated immune responses including poor IL-12 production, which is
linked to a lack of intracellular glutathione and reduced bacterial cell killing [16]. Reduced
macrophage function, decreased production of regulatory CD4+ cells, and reduced CD4+ T
cell function also seem to contribute to the excess disease seen in diabetic patients. [7,17].
There is also a weaker association with chronic renal failure and with alcoholism [13].
Fever is the most common symptom associated with melioidosis. A review of cases from
Sabah, Malaysia also found that fever was significantly associated with patients being
bacteraemic [18]. Localised cutaneous disease, such as rash or abscess, commonly occurs
following skin inoculation and accounted for 50% of all cases in a retrospective study in
Southern Thailand [19]. In those with severe disease, most patients present with sepsis
with or without pneumonia, which is independent of the route of exposure [7,18]. Other
common presentations include visceral abscess formation (for example, in the liver, spleen,
urinary tract, and prostate) [20,21]. Due to the wide variety of presentations, it is very
challenging to diagnose melioidosis clinically [7].

Recurrence is estimated to occur in 5-28% of patients. This is most commonly seen in
the form of relapse in patients who have not completely cleared their disease. Research
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suggests that this is partly due to bacterial adaptative changes leading to increased antibiotic
resistance, although the bacterial mechanisms contributing to persistent infections are not
yet fully understood [22]. Reported mortality varies but is estimated to be 30-50%. With
improvements in recognition and management in Northern Australia, this has fallen to
6% [23,24].

2.4. Diagnosis

Microbiological diagnosis is highly challenging. Although B. pseudomallei grows easily
on horse blood or chocolate agar, it may be overgrown by other organisms. Additionally, it
can look similar to Pseudomonas species, particularly Pseudomonas stutzeri, and, therefore,
it may be dismissed as an environmental contaminant [25]. This is compounded by a
lack of awareness of the bacterium amongst laboratory staff and by the fact that only
50-75% of patients are bacteraemic at the time of presentation [26]. The gold standard of
diagnosis is culture from any human sample, grown on selective media. The antibiogram
is very characteristic with intrinsic resistance to gentamicin and colistin but susceptibility
to co-amoxiclav. This can be combined with the Gram stain and a positive oxidase test to
presumptively identify the organism [7].

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) has
recently developed a minimum inhibitory concentration (MIC) and zone diameter break-
points for B. pseudomallei; however, these include an “1” category for “susceptible, increased
exposure”. This new category in other bacterial organisms has caused global confusion
amongst clinicians and requires education to ensure the most suitable drug is used and
organisms labelled “I” are not treated as resistant [27]. The Clinical and Laboratory Stan-
dards Institute (CLSI) recommends a broth dilution method which has been calibrated for
relevant antibiotics [28]. However, many laboratories in B. pseudomallei endemic regions do
not have the expertise and infrastructure to perform broth dilution testing. Matrix-assisted
laser desorption/ionisation time-of-flight mass spectrometry (MADLI- TOF) systems are
increasingly used for organism identification, and this may explain the increased detection
of B. pseudomallei in areas where the bacterium has not previously been identified. Detec-
tion via MALDI-TOF generally has high sensitivity and specificity; however, occasionally,
B. pseudomallei is misidentified, most frequently as Burkholderia thailandensis. Additionally,
MALDI machines are expensive, require reliable electricity and maintenance, and are un-
likely to be available in rural laboratories where most cases occur [29]. Compounding this,
appropriate laboratory infrastructure should be available to handle B. pseudomallei as it is a
hazard group 3 pathogen [30].

Serology is of limited use in melioidosis due to the lack of international standardisation.
A variety of assays target differing antigens with variable sensitivities and specificities.
The traditional serological assay used is the indirect haemagglutination assay, but it is
poorly standardised as it uses rabbit red blood cells sensitised to crude B. pseudomallei
antigens. Newer serological assays using enzyme-linked immunosorbent assay (ELISA)
for the detection of antibodies to the O polysaccharide or haemolysin-coregulated protein
(Hcp1) have better sensitivity but are challenging to interpret in endemic areas where there
is high background seropositivity [8]. PCR is available to detect B. pseudomallei, but its high
genetic variation and low levels of colony-forming unit (CFU) in the bloodstream result
in low sensitivity, limiting its use. PCR is also expensive and unlikely to be available in
lower-resource settings [7,13].

More recently, a lateral flow assay (LFA) detecting B. pseudomallei capsular polysaccha-
ride using a monoclonal antibody has been developed (Active Melioidosis Detect (AMD
LFA)). The test is easy to carry out and can be performed with minimal training. The result
is available within an hour and is cheap at approximately USD 2 per test [31]. In a review
of eight studies, 56% of melioidosis patients were positive on one or more AMD tests, in-
creasing positivity was seen in patients with a higher burden of disease, and AMD reached
sensitivities of >80% in sputum and pus that were culture positive. Some limitations of the
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test are that it cannot distinguish between dead and viable bacteria, and there is limited
data on its specificity [32].

B. pseudomallei commonly causes abscesses which can be present in a variety of organs.
Access to cross-sectional imaging to investigate is essential, especially for the liver, spleen,
urinary tract, and prostatic foci [33]. Identifying abscesses helps to establish the diagnosis of
melioidosis but requires sophisticated radiology techniques such as computed tomography
(CT) along with staff trained in how to interpret images [13,20]. Furthermore, radiological
imaging is critical to establish the presence and site of infection in order to guide the
treatment duration. These imaging platforms are unlikely to be available in resource-
limited or remote rural settings.

2.5. Treatment

Current treatment regimens are divided into two phases (Table 1): an intensive phase of
intravenous therapy, usually with ceftazidime or meropenem for at least 14 days, followed
by an eradication phase for a minimum of 3 months (Table 2) [34,35].

Table 1. Antibiotic Treatment Guidelines. Adapted from the 2015 Darwin Guidelines [35].

Phase Antibiotic Adult Dose
1gIV TDS (2 g TDS if

Meropenem neurological involvement)
Intensive
Ceftazidime 2 g IV QDS
Co-trimoxazole 320 + 1600 mg PO BD (over 60 kg)
Eradication Amoxicillin-clavulanate 20/mg/kg PO TDS
Doxycycline 100 mg PO BD

IV: intravenous, TDS: three times daily, PO: orally, BD: twice daily.

Table 2. Recommended duration of antibiotic by site of infection; adapted from 2020 updated Darwin
Guidelines [34].

Site of Infection Minimum Intensive Phase Eradication Phase
Duration (Weeks) Duration (Months)
Cutaneous only 2 3
Bacteraemia without focus 2 3
Pneumonia without 2 3
lymphadenopathy or ICU admission
Pneumonia with lymphadenopathy or 4 3

ICU admission

4 (from the last drainage sample

Deep-seated collection growing B. pseudomallei) 3
Septic arthritis 4 (from the last drainage sample 3

growing B. pseudomallei)
Osteomyelitis 6 6
Central Nervous System infection 8 6
Arterial infection or 8 6

mycotic aneurysm

ICU: intensive care unit.

Ceftazidime or meropenem are the drugs of choice for the intensive phase of treatment.
In Thailand in 2016, a 14-day course of ceftazidime cost USD 60, and meropenem cost
USD 1080. Depending on how healthcare is funded, many patients or hospitals in lower-
income countries may find this unaffordable, whilst drug availability can also be an issue
in remote settings [7]. Evidence is conflicted as to whether meropenem or ceftazidime
is better in the intensive phase. Data from Australia suggest meropenem has a survival
benefit in patients requiring the intensive care unit (ICU). It is not clear if this is also
true for non-ICU patients [36,37]. Studies have looked at reducing the duration of the
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eradication phase to less than 3 months, but relapse is common, especially in those treated
for less than 8 weeks [37]. Recent data suggest that having a longer intensive phase may
allow for shorter oral continuation therapy, which could improve compliance, but this
has yet to be confirmed in further studies [38]. Up to 40% of patients have adverse effects
during the course of therapy. Fortunately, drug-resistant B. pseudomallei appears to be
rare. Some studies suggested co-trimoxazole resistance was common; however, this is
likely to be due to difficulties interpreting disk diffusion rather than true resistance [39].
Sporadic cefiderocol resistance has been reported from parts of Southeast Asia, including
Thailand and Malaysia, which may have implications for patients who develop resistance
to first-line treatment options [40]. Cefiderocol is not commonly used in Southeast Asia;
therefore, the emergence of this resistance pattern is particularly concerning and requires
further evaluation.

Source control is also an essential part of treatment if abscesses are present, and this
requires surgical infrastructure and expertise [13,23]. There is a paucity of data regarding
adjunctive therapy. Observational data suggested that granulocyte colony-stimulating
factor (G-CSF) increased survival, but a large randomised controlled trial (RCT) in Thailand
did not replicate this finding [41]. Anecdotally, G-CSF is still commonly used in critically
unwell patients in high-resource settings although the evidence base for this is lacking.
Specifically, multinational RCTs examining the effect of adjunctive therapies in different
clinical settings are required [41,42].

2.6. Challenges

There are many challenges to combating melioidosis. We do not clearly understand
the epidemiology or the reasons behind the emergence of this disease in new countries.
The burden of melioidosis is likely to increase over the coming decades partially due to
rising rates of diabetes in addition to environmental factors which may also have an impact.
It has been shown the seroprevalence of melioidosis increased after a large tsunami in
Thailand [43]; therefore, an increasing frequency of severe weather events secondary to
climate change may increase the population at risk from B. pseudomallei.

Most melioidosis occurs in the world’s rural poor, who have the least access to hos-
pitals and laboratories able to diagnose and treat this condition successfully. The lack
of awareness amongst clinical and laboratory staff contributes to poor outcomes. Gold-
standard diagnostic methods require sophisticated laboratories with well-trained staff
who understand the bacteria, its growth requirements, and classic antibacterial sensitivity
patterns [13].

Management requires prompt treatment with an extended period of intravenous
antibiotics and, in many cases, advanced critical care facilities that may not be available in
resource-limited settings. First-line antibiotics are expensive and may not be accessible to
remote hospitals. The eradication stage requires a prolonged course of antibiotics, with the
associated problems of adherence and adverse effects, and the risk of relapses. Best-practice
treatment regimens, including the duration of antibiotic treatment and the use of adjuncts,
have not been clearly established by RCTs.

There is a lack of awareness of the disease amongst at-risk populations, and public
health measures such as boiling water and wearing rubber boots whilst outside are not
widely practised [7].

B. pseudomallei also has the potential to be used as a biological warfare agent, lead-
ing to mass casualties which could overrun healthcare facilities, even in well-resourced
countries [44]. There are several vaccine candidates, including one targeting a capsular
polysaccharide and another based on outer membrane vesicles, which are scheduled to start
phase 1 clinical trials. These are unlikely to be clinically available in the near future [32].
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3. Hypervirulent Klebsiella pneumoniae
3.1. Introduction

Klebsiella pneumoniae is a Gram-negative, encapsulated rod of the Enterobacterales
family found in soil, water, and animals. The organism colonises human skin, the nasophar-
ynx, and the gastrointestinal tract, especially in healthcare settings. Classical K. pneumoniae
(cKp) infection commonly results in pneumonia, urinary tract infections, and bacteraemia,
typically in immunocompromised patients in healthcare settings [45]. HvKp was first
described in 1986, in a case series of seven healthy patients with primary liver abscess
and septic endophthalmitis [46]. Subsequent research has identified HvKp as a separate
pathotype from cKp that has unique epidemiology and is more virulent than cKp [47].
HvKp most commonly causes community-acquired infection in healthy individuals and is
also associated with diabetes mellitus [48-51]. It typically causes cryptogenic, rapidly pro-
gressive, and metastatic abscess-forming disease, which is often fatal [52]. The remarkable
ability of Klebsiella pneumoniae to share genetic information has led to the convergence of
cKp and HvKp, leading to multi-drug resistant (MDR), hypervirulent strains [53] that pose
an unmet, global health threat.

The individual contribution of virulence factors towards the hypervirulence pheno-
type is complex and reviewed extensively elsewhere [45]. Virulence plasmids are the
best-described mechanism of the acquisition of hypervirulence [54,55]. Nevertheless, re-
cent studies have shown that virulence plasmids are not always present in hypervirulent
strains [56], with integrative conjugative elements and other mechanisms playing a signifi-
cant role in the acquisition of virulence factors [53].

Key virulence factors include the development of a bacterial polysaccharide hypermu-
coid capsule and increased iron acquisition [45]. The bacterial capsule interacts with the
external environment and protects against phagocytosis and complement-mediated activ-
ity [57]. The capsule serotypes K1 and K2 are most commonly associated with HvKp [4].
HvKp typically has an overproduction of polysaccharide capsule, upregulated by virulence
factors such as rmpA/rmpA2 [55,58], providing enhanced protection from neutrophil-
mediated killing [59], and commonly resulting in a hypermucoviscous (HMV) pheno-
type [57,58].

Iron is essential for bacterial metabolism. In extracellular bacterial infection, the host
responds by restricting the availability of free iron via hepcidin synthesis [45,60]. To counter
this, Klebsiella pneumoniae secretes four siderophores, which can efficiently sequester both
free and bound iron. The siderophores aerobactin and salmochelin are highly expressed in
HvKp compared to cKp [52] and are associated with hypermucoid capsule production [61].
A high total siderophore concentration is also strongly predictive of HvKp [62].

3.2. Epidemiology

HvKp is predominantly found in Asia. It was first discovered in Taiwan [46], with
populations in Asia having the highest known prevalence rates [51]. Interestingly, in the
West, HvKp infections are more common in those of Asian ethnicity [63,64], whilst in Singa-
pore, patients of Chinese ethnicity had higher rates of virulent Klebsiella pneumoniae disease
than the non-Chinese [65]. The reasons for these associations are unknown. Environmental
transmission, with or without genetic susceptibility, is likely responsible. Residents of
Southeast Asian countries have particularly high rates of Klebsiella pneumoniae colonisation
in stool, including capsular serotypes associated with hypervirulence [66]. Hypervirulent
stains have also been observed to transmit amongst families, causing disease [67]. A genetic
predisposition has been hypothesised, but no convincing evidence exists to support this.

The true, or estimated, burden of HvKp disease in either Southeast Asia or globally
is unknown. HvKp cases have been reported throughout Southeast Asia, for example, in
Malaysia [68,69], Myanmar [70], Singapore [65,71], and Thailand [72]. A study investigating
the prevalence of virulence genes in Klebsiella pneumoniae bloodstream infections from India,
Nepal, Vietnam, Thailand, Laos, Cambodia, and Hong Kong found virulence genes in 28%



Trop. Med. Infect. Dis. 2024, 9, 80

8 of 18

of isolates, more than double the rate seen in similar studies focused outside of Southeast
Asia [73,74].

Southeast Asia predominantly consists of low- and middle-income countries (LMICs).
Resource limitations can hamper their ability to detect and report disease, especially in
rural areas. For example, significant data gaps exist in the epidemiology of antimicrobial-
resistant Enterobacterales in Southeast Asia [75]. Many HvKp cases likely go undetected or
unreported in these countries, in contrast to high-income neighbours such as Taiwan and
South Korea. Between 1996 and 2004, an almost 60% increase in the annual incidence of liver
abscesses caused by HvKp was observed in Taiwan [76]. In South Korea, the proportion of
liver abscesses caused by K. pneumoniae rose from 3.3% in the 1970s to 78.2% in the mid-
2000s [77]. Singapore, a Southeast Asian high-income country (HIC), has similarly high
rates of cryptogenic K. pneumoniae liver abscess [78]. Whether the wealth of epidemiological
data from HIC Asian Pacific Rim and Southeast Asian countries, compared to LMICs, is
due to more robust case detection and reporting, is unknown.

Cases of HvKp are being reported more frequently globally, in wider Asia [71,79-81],
Western Europe [82-86], Scandinavia [87,88], North America [63,88-90], South America [91],
and Southern Africa [51,88]. This shows an ability for HvKp to spread into new environ-
ments and populations.

3.3. Clinical Syndrome

Following colonisation, what triggers HvKp to cross the gastrointestinal mucosal
and epithelial barrier to cause infection is unclear. Colonisation with HvKp, compared
to cKp, is more likely to result in infection [92]. Serosurveillance studies have shown
that Southeast Asian populations have a high prevalence of virulent-serotype Klebsiella
pneumoniae colonisation in stool [66]. Infection mainly occurs in healthy hosts [93], without
evidence of gastrointestinal mucosal disruption. Increasing the K. pneumoniae burden within
the gastrointestinal system through selection after antibiotic administration increases the
risk of infection [94]. Pulmonary disease and hospital-acquired infection are caused by
aspiration and the introduction of invasive devices, respectively.

The presentation of HvKp is non-specific but classically presents as bacteraemia
and hepatic abscess, often rapidly metastasising to distant sites, with septic shock that is
potentially fatal in young, immunocompetent patients [49]. Hepatic abscesses are typically
solitary and often associated with hepatic thrombophlebitis, splenic abscesses, and normal
biliary anatomy [93,95]. However, presentations are varied. Bacteraemia is common and
may be primary (without any obvious cause) or secondary to liver abscess [96]. Patients
may also show signs of metastatic spread at presentation, most commonly endophthalmitis,
meningitis, and lung abscesses [97]. The mechanism by which HvKp has a predilection for
metastatic spread over cKp is unknown [93]. The effects, particularly of endophthalmitis,
can be devastating [98]. The benefit of routine ophthalmological assessment in the presence
of a liver abscess, or the benefit of routine liver imaging in the presence of endophthalmitis,
has not been established and warrants further investigation.

3.4. Diagnosis

Klebsiella pneumoniae can be readily identified in blood or tissue sampling by standard
microbiological techniques. Differentiating HvKp from cKp can be more challenging,
especially so in resource-limited, rural areas of Southeast Asia. Bioassays, such as BALB/c
mice lethality models [47] and Galleria mellonella lethality models [99], have been used,
but are not practical and have varying results [99,100].

A positive string test (i.e., when viscous strings >5 mm in length are formed when a
wire loop is used to stretch a colony on an agar plate) was traditionally used to identify an
HMYV phenotype [51]. HMV strains correlated with higher serum resistance and were more
prevalent in invasive infection than non-HMYV strains [4]. However, the HMV phenotype
and string test were neither sensitive nor specific for HvKp [62], and the need for more
accurate biomarkers has been identified [101].
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Predictive biomarkers for HvKp (peg-344, iroB, icuA, rmpA, rmpA2, and total siderophore
production >30 pg/mL) have been shown to differentiate HvKp from cKp accurately [62].
A multiplex PCR was validated to identify certain carbapenem-resistant (CR) HvKp
strains [102]. These methods have limitations as the genetic determinants of a hyper-
virulent phenotype are complex, and biomarkers may not always be expressed [103]. They
are also expensive and require significant laboratory infrastructure. In the absence of
reliable and accessible diagnostics, the clinical features and epidemiology of HvKp remain
important tools to differentiate HvKp from cKp; but, with changing epidemiology, the need
for an accurate and practical test to differentiate HvKp is required.

3.5. Treatment

The treatment of HvKp is difficult and lacks high-quality evidence in Southeast Asia
and globally. In undifferentiated K. pneumoniae liver abscess in Singapore, the A-KLASS
trial [104] established oral therapy as non-inferior to intravenous therapy. The generalis-
ability of these results to patients with metastatic HvKp in settings of high antimicrobial
resistance is unclear. Empiric antibiotic treatment will depend on the site of infection (for
antibiotic tissue penetration) and the likelihood of antibiotic resistance [93]. Further, the
high frequency of HMV phenotype amongst HvKp strains makes draining viscous abscess
contents difficult, necessitating large bore drains. There is a lack of studies assessing the
optimum method of source control (antibiotics alone vs. percutaneous drainage vs. surgical
drainage) specifically for HvKp [93]. Another therapeutic question that needs answering is
the benefit of antibiotic monotherapy vs. dual therapy in complicated infections.

The development of drug resistance in HvKp strains is of particular concern. His-
torically, HvKp has harboured less antibiotic resistance than cKp [49,105]. MDR-cKp is
genetically diverse, with frequent losses and gains of plasmids [106]. In contrast, HvKp
may have a restriction on horizontal gene transfer, possibly hampered by the hypercap-
sule [45], though the acquisition of resistance plasmids by HvKp does occur [107]. As
a result, MDR-cKp appears to acquire HvKp virulence factors more easily than HvKp
acquires resistance plasmids [101,106]. In addition, cKp may acquire the hypermucoid phe-
notype independent of plasmid-borne virulence genes such as rmpA, through mutations in
chromosomal wzc [108].

The confluence of multi-drug resistance and hypervirulence has led to the devel-
opment of extended-spectrum f3-lactamase-producing HvKp (ESBL-HvKp) [49,109] and
hypervirulent carbapenem-resistant Klebsiella pneumoniae (Hv-CRKp) strains [49,72,103].
These MDR-HvKp strains have been detected in Southeast Asia [68,72] and are spreading
worldwide [49,79,103,109-111].

MDR-HvKp is becoming more prevalent in nosocomial infections, affecting more co-
morbid patients, and blurring the lines between the traditional clinical and epidemiological
differentiation of HvKp from cKp. Carbapenem-resistant cKp strains that have acquired
hypervirulence plasmids (Hv-CRKp) are more effective at colonising hospital settings than
HvKp strains that have acquired carbapenem resistance (CR-HvKp); Hv-CRKp is becoming
the dominant hypervirulent, carbapenem-resistant K. pneumoniae in hospital settings [112].

The prevention of the spread of MDR-HvKp is essential. CR-HvKp and Hv-CRKp
strains survive better in both community and healthcare settings, due to their extreme
drug resistance and virulence [45]. In intensive care units (ICUs), they are 3.7 times more
transmissible than Escherichia coli [113]. Effective infection prevention and control (IPC) is
essential for all drug-resistant Enterobacterales but may also be required for drug-sensitive
HvKp to prevent the transfer of virulence factors [93]. In addition, effective surveillance
systems are required to successfully identify CR-HvKp strains [114].

3.6. Challenges

Since the rapid emergence of HvKp in the 1980s, much research has focused on
understanding the mechanisms of virulence. Yet, fundamentally, there remains a lack of
understanding of the epidemiology, diagnostics, and effective treatment of HvKp. Research
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and clinical practice are hampered by the lack of a global definition or accurate methods of
the distinction of HvKp from cKp. These diagnostics are urgently required, especially in
laboratories with limited resources, such as many in Southeast Asia [115].

As previously discussed, HvKp is present in Southeast Asia [66]. Studies have shown
higher rates of cKp and HvKp carriage in stool in LMICs compared to HICs [116,117]. In
Southeast Asia, high rates of MDR-cKp stool carriage [118] combined with high rates of
HvKp stool carriage [66] and inadequate surveillance systems, create the perfect conditions
for MDR-HvKp to develop and spread.

MDR Enterobacterales (including CRKp) are already a WHO critical priority pathogen
for research and development. Southeast Asia is particularly vulnerable to the devastating
effects of antimicrobial resistance [119]. Amongst MDR Enterobacterales, CR-HvKp and Hv-
CRKp appear to be particularly worrying subtypes that have the potential for devastating
infections in both community and hospital settings.

The shifting epidemiology of HvKp from being a community-acquired infection in
healthy adults to a hospital-acquired infection in patients with co-morbidities has made the
traditional clinical delineation of HvKp from cKp more difficult. Clinicians require either
a clinical suspicion (which is now more blurred), or a timely identification of HvKp, for
early and intensive investigation for metastatic spread, as well as to guide effective surgical
treatment for the HMV phenotype and to guide the duration of antibiotic courses. This is
increasingly difficult to achieve.

Even once a diagnosis of HvKp is made, treatment lacks a strong evidence base, with
mortality >30% in a K1/K2 predominant K. pneumoniae case series [120] and up to 100% in
MDR-HvKp [103] strains.

These challenges, already difficult for high-income countries (HICs) to address, will
be amplified in LMICs, where resource availability may limit future genomic diagnostics,
surveillance, access to antibiotics of last resort and timely surgical treatment.

4. Strategy

Both melioidosis and HvKp are neglected Gram-negative infections that have many
parallels. In both diseases, patient outcomes suffer from a lack of awareness and evidence.
Progress is hampered by a dearth of information on basic epidemiology, with a lack of
regional or global surveillance systems. Furthermore, obtaining an accurate and timely
diagnosis is challenging and there is a paucity of evidence for effective treatment. It is
likely with improved diagnostics at regional and district levels, plus increasing awareness
of these diseases amongst clinicians, that more cases are being detected, thus contributing
to their rapid emergence. With further development and rollout of point-of-care testing,
molecular testing, and /or mass spectrometry, the ability of local laboratories to diagnose
these infections becomes easier, therefore contributing to the overall surveillance efforts of
these diseases.

A significant milestone for these diseases would be their inclusion in the NTD list
by the WHO. NTDs are a diverse group of conditions that are mainly seen in the tropics
and affect poorer members of society with devastating health consequences (Table 3).
Once a disease has been classified as an NTD, it becomes more visible to health partners
and investors across many sectors, including medication development, and water and
sanitation projects and is prioritised for research and funding. Melioidosis has much higher
mortality and morbidity than many of the current NTDs, and it meets many of the criteria
for being an NTD. It disproportionally affects those from a lower socioeconomic class, it is
found in tropical and subtropical regions; strategies already exist for improved treatment
and control, and it receives far less funding than other diseases with a similar health
impact [121]. HvKp has a high mortality and morbidity, currently affecting predominantly
tropical and subtropical regions; worryingly, HvKp does not appear to be bound by the
tropical environment or population and is spreading globally. Whilst also affecting HICs,
HvKp is present in LMICs, potentially to a greater degree [73,122]. The detection and
management of HvKp is resource-intensive and the continued spread, particularly of MDR-
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HvKp, will disproportionately impact LMICs [123]. There is neither global data on the
prevalence of HvKp, nor evidence for its optimum treatment. A lack of global consensus
definition and research has hampered the proper understanding of its epidemiology, but
effective (albeit evidence-scarce) treatment does exist, and evidence for control is largely
extrapolated from the wealth of evidence for the control of other Enterobacterales.

Table 3. Common Features of Neglected Tropical Diseases.

A proxy for poverty and disadvantage;

Affect populations with low visibility and little political voice;

Do not travel widely;

Cause stigma and discrimination, especially of girls and women;

Have an important impact on morbidity and mortality;

Are relatively neglected by research;

Can be controlled, prevented, and possibly eliminated using effective and feasible solutions.

From the first WHO report on neglected tropical diseases: working to overcome the global impact of neglected
tropical diseases [124].

A pre-requisite for WHO considering a disease as an NTD is the requirement for
countries to have a robust routine surveillance system to capture the burden of disease.
Currently, B. pseudomdallei is only notifiable in a few countries, such as Australia and
Thailand. There are voluntary reporting networks such as “The International Melioidosis
Network”, a Thailand-based, online registry that hopes to improve the understanding of
the distribution and impact of disease [125]. Although these are useful data, they rely on
individual centres voluntarily reporting cases and only record culture-confirmed cases,
which is not always possible in endemic regions, leading to incomplete data. Requiring
B. pseudomallei to be notifiable in high-prevalence countries would allow for a better under-
standing of the epidemiology and the identification of public health intervention targets
and provide evidence to WHO to consider B. pseudomallei as an NTD.

At present, for HvKp, there are no formal surveillance systems in place, with only
a few studies demonstrating passive surveillance [114,126]. Kleborate-viz [122] is a tool
developed by Monash University that compiles genomic data for HvKp; however, this is
purely voluntary. Therefore, there is a need for WHO-approved surveillance systems for
both diseases.

There are many benefits in both diseases being recognised as NTDs (Figure 1). Firstly,
awareness of both diseases would increase significantly, not just in endemic countries,
but globally. Awareness needs to increase amongst clinicians, laboratory staff (especially
for melioidosis to prevent occupational exposures), public health clinicians and govern-
mental health agencies. Awareness would then lead to strengthened surveillance via
clinical and laboratory reporting. Linked to this development are improving diagnostics,
especially for resource-limited laboratories, where molecular diagnostics are preserved
for national/regional reference laboratories due to resourcing. Rapid diagnostic tests will
likely become a mainstay of diagnosis for areas where laboratory support is impractical.

Increased funding could also expedite further clinical trials for diagnosis and treatment.
Further research is needed to establish the best treatment practices, including antibiotic combi-
nations, treatment length, adjuncts such as G-CSF for melioidosis, and vaccination development.
Ideally, these trials should be multicentre and international to allow for the development of
global guidelines, following the success of the Recovery trial for COVID-19 [127].
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Recognition as NTD

1 Awareness ‘* Funding /™ Surveillance

Understanding epidemiology
New Diagnostics
Improved Treatments
Improved Prevention
Standardisation

Improved outcomes

Figure 1. Expected benefits of recognition of melioidosis and hypervirulent Klebsiella pneumoniae as
neglected tropical diseases.

5. Conclusions

Both melioidosis and HvKp pose significant health threats in Southeast Asia, and
with increasing co-morbidities, particularly diabetes, it is anticipated that the prevalence of
these diseases will significantly increase. Anti-microbial resistance will negatively impact
the morbidity, mortality, and associated cost of treating these infections. Both diseases are
unrecognised as NTDs, and as such, funding in relation to their surveillance and clinical
research is minimal. Key priorities for these diseases include the development of WHO
surveillance systems, the development of diagnostics, and treatment trials.

Author Contributions: Conceptualisation, S.D.W.; writing—original draft preparation, M.JWK.,
N.L.R. and S.D.W,; writing—review and editing, G.S.R. and D.L.P,; supervision, C.M.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. World Health Organization. Ending the Neglect to Attain the Sustainable Development Goals: A Road Map for Neglected Tropical Diseases
2021-2030; World Health Organization: Geneva, Switzerland, 2020.

2. Hotez, PJ.; Aksoy, S.; Brindley, PJ.; Kamhawi, S. What Constitutes a Neglected Tropical Disease? PLoS Negl. Trop. Dis. 2020, 14,
e0008001. [CrossRef] [PubMed]

3. Limmathurotsakul, D.; Golding, N.; Dance, D.A.B.; Messina, ].P; Pigott, D.M.; Moyes, C.L.; Rolim, D.B.; Bertherat, E.; Day, N.PJ.;
Peacock, S.J.; et al. Predicted Global Distribution of Burkholderia Pseudomallei and Burden of Melioidosis. Nat. Microbiol. 2016, 1,
15008. [CrossRef] [PubMed]

4. Fang, C.T.; Chuang, Y.P; Shun, C.T.,; Chang, S.C.; Wang, J.T. A Novel Virulence Gene in Klebsiella pneumoniae Strains Causing
Primary Liver Abscess and Septic Metastatic Complications. J. Exp. Med. 2004, 199, 697-705. [CrossRef] [PubMed]

5. Shankar, C.; Nabarro, L.E.; Anandan, S.; Ravi, R.; Babu, P.; Munusamy, E.; Jeyaseelan, V.; Rupali, P.; Verghese, V.P; Veeraraghavan,
B. Extremely High Mortality Rates in Patients with Carbapenem-Resistant, Hypermucoviscous Klebsiella pneumoniae Blood Stream
Infections. J. Assoc. Physicians India 2018, 66, 13-16. [PubMed]

6. Wauthiekanun, V.; Cheng, A.C.; Chierakul, W.; Amornchai, P.; Limmathurotsakul, D.; Chaowagul, W.; Simpson, A.J.H.; Short, ] M.;
Wongsuvan, G.; Maharjan, B.; et al. Trimethoprim/Sulfamethoxazole Resistance in Clinical Isolates of Burkholderia pseudomallei. ].
Antimicrob. Chemother. 2005, 55, 1029-1031. [CrossRef] [PubMed]

7. Wiersinga, W.J.; Virk, H.S,; Torres, A.G.; Currie, B.].; Peacock, S.J.; Dance, D.A.B.; Limmathurotsakul, D. Melioidosis. Nat. Rev.

Dis. Primers 2018, 4, 17107. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.pntd.0008001
https://www.ncbi.nlm.nih.gov/pubmed/31999732
https://doi.org/10.1038/nmicrobiol.2015.8
https://www.ncbi.nlm.nih.gov/pubmed/27571754
https://doi.org/10.1084/jem.20030857
https://www.ncbi.nlm.nih.gov/pubmed/14993253
https://www.ncbi.nlm.nih.gov/pubmed/31313543
https://doi.org/10.1093/jac/dki151
https://www.ncbi.nlm.nih.gov/pubmed/15886263
https://doi.org/10.1038/nrdp.2017.107
https://www.ncbi.nlm.nih.gov/pubmed/29388572

Trop. Med. Infect. Dis. 2024, 9, 80 13 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Meumann, E.M.; Limmathurotsakul, D.; Dunachie, S.J.; Wiersinga, W.J.; Currie, B.]. Burkholderia pseudomallei and Melioidosis. Nat.
Rev. Microbiol. 2023, 22, 155-169. [CrossRef] [PubMed]

Selvam, K.; Ganapathy, T.; Najib, M.A.; Khalid, M.E; Abdullah, N.A.; Harun, A.; Wan Mohammad, WM.Z.; Aziah, I. Burden and
Risk Factors of Melioidosis in Southeast Asia: A Scoping Review. Int. ]. Environ. Res. Public Health 2022, 19, 15475. [CrossRef]
[PubMed]

Jatapai, A.; Gregory, C.J.; Thamthitiwat, S.; Tanwisaid, K.; Bhengsri, S.; Baggett, H.C.; Sangwichian, O.; Jorakate, P.; MacArthur, J.R.
Hospitalized Bacteremic Melioidosis in Rural Thailand: 2009-2013. Am. |. Trop. Med. Hyg. 2018, 98, 1585. [CrossRef] [PubMed]
Stoesser, N.; Pocock, J.; Moore, C.E.; Soeng, S.; Chhat, H.P; Sar, P.; Limmathurotsakul, D.; Day, N.; Thy, V.; Sar, V.; et al. Pediatric
Suppurative Parotitis in Cambodia between 2007 and 2011. Pediatr. Infect. Dis. |. 2012, 31, 865-868. [CrossRef] [PubMed]

Win, M.M.; Win, K.K.N.; Wah, T.T.; Aye, S.N.; Htwe, T.T; Zin, K.N.; Aung, M.T.,; Aung, W.W.; Ashley, E.A.; Smithuis, F; et al.
Enhanced Melioidosis Surveillance in Patients Attending Four Tertiary Hospitals in Yangon, Myanmar. Epidemiol. Infect. 2021,
149, 1-23. [CrossRef] [PubMed]

Gassiep, I.; Armstrong, M.; Norton, R. Human Melioidosis. Clin. Microbiol. Rev. 2020, 33, €00006-19. [CrossRef] [PubMed]
Mohapatra, P.R.; Mishra, B. Burden of Melioidosis in India and South Asia: Challenges and Ways Forward. Lancet Reg. Health
Southeast. Asia 2022, 2, 100004. [CrossRef] [PubMed]

Suntornsut, P; Wongsuwan, N.; Malasit, M.; Kitphati, R.; Michie, S.; Peacock, S.J.; Limmathurotsakul, D. Barriers and Recom-
mended Interventions to Prevent Melioidosis in Northeast Thailand: A Focus Group Study Using the Behaviour Change Wheel.
PLoS Negl. Trop. Dis. 2016, 10, €0004823. [CrossRef] [PubMed]

Tan, K.S; Lee, K.O.; Low, K.C.; Gamage, A.M,; Liu, Y.; Tan, G.Y.G.; Koh, H.Q.V,; Alonso, S.; Gan, Y.H. Glutathione Deficiency in
Type 2 Diabetes Impairs Cytokine Responses and Control of Intracellular Bacteria. J. Clin. Investig. 2012, 122, 2289. [CrossRef]
Morris, J.L.; Govan, B.L.; Rush, C.M.; Ketheesan, N. Identification of Defective Early Immune Responses to Burkholderia
Pseudomallei Infection in a Diet-Induced Murine Model of Type 2 Diabetes. Microbes Infect. 2021, 23, 104793. [CrossRef] [PubMed]
Hussin, A.; Nor Rahim, M.Y.; Dalusim, F,; Shahidan, M.A.; Nathan, S.; Ibrahim, N. Improving the Clinical Recognition, Prognosis,
and Treatment of Melioidosis through Epidemiology and Clinical Findings: The Sabah Perspective. PLoS Negl. Trop. Dis. 2023, 17,
€0011696. [CrossRef] [PubMed]

Churuangsuk, C.; Chusri, S.; Hortiwakul, T.; Charernmak, B.; Silpapojakul, K. Characteristics, Clinical Outcomes and Factors
Influencing Mortality of Patients with Melioidosis in Southern Thailand: A 10-Year Retrospective Study. Asian Pac. ]. Trop. Med.
2016, 9, 256-260. [CrossRef] [PubMed]

Dance, D.A.B.; Limmathurotsakul, D. Global Burden and Challenges of Melioidosis. Trop. Med. Infect. Dis. 2018, 3, 13. [CrossRef]
[PubMed]

Smith, S.; Hanson, J.; Currie, B.J. Melioidosis: An Australian Perspective. Trop. Med. Infect. Dis. 2018, 3, 27. [CrossRef]

Hayden, H.S.; Lim, R.; Brittnacher, M.].; Sims, E.H.; Ramage, E.R.; Fong, C.; Wu, Z.; Crist, E.; Chang, J.; Zhou, Y.; et al. Evolution
of Burkholderia Pseudomallei in Recurrent Melioidosis. PLoS ONE 2012, 7, e36507. [CrossRef] [PubMed]

Chantratita, N.; Phunpang, R.; Yarasai, A.; Dulsuk, A.; Yimthin, T.; Onofrey, L.A.; Coston, T.D.; Thiansukhon, E.; Chaisuksant, S.;
Tanwisaid, K.; et al. Characteristics and One Year Outcomes of Melioidosis Patients in Northeastern Thailand: A Prospective,
Multicenter Cohort Study. Lancet Reg. Health Southeast. Asia 2023, 9, 100118. [CrossRef] [PubMed]

Chakravorty, A.; Heath, C.H. Melioidosis: An Updated Review. Aust. |. Gen. Pract. 2019, 48, 327-332. [CrossRef] [PubMed]
Public Health England. Identification of Pseudomonas Species and Other Non Glucose Fermenters. In UK Standards for
Microbiology Investigations; Public Health England: London, UK, 2015.

Zueter, A.R.; Yean, C.Y.; Abumarzouq, M.; Rahman, Z.A.; Deris, Z.Z.; Harun, A. The Epidemiology and Clinical Spectrum of
Melioidosis in a Teaching Hospital in a North-Eastern State of Malaysia: A Fifteen-Year Review. BMC Infect. Dis. 2016, 16, 333.
[CrossRef] [PubMed]

Burkholderia Pseudomallei Calibration of Zone Diameter Breakpoints to MIC Values. Available online: https://www.eucast.org/
eucast_news/news_singleview?tx_ttnews[tt_news]=390&cHash=92ef60baaab9a71ed77e722f4b1a7766 (accessed on 7 April 2024).
Wayne, P. M45 Methods for Antimicrobial Dilution and Disk Susceptibility Testing of Infrequently Isolated or Fastidious Bacteria, 3rd ed.;
Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2015.

Suttisunhakul, V.; Pumpuang, A.; Ekchariyawat, P.; Wuthiekanun, V,; Elrod, M.G.; Turner, P.; Currie, B.].; Phetsouvanh, R.; Dance,
D.A.B.; Limmathurotsakul, D.; et al. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry for the
Identification of Burkholderia pseudomallei from Asia and Australia and Differentiation between Burkholderia Species. PLoS ONE
2017, 12, e0175294. [CrossRef] [PubMed]

Health and Safety Executive. The Approved List of Biological Agents: Advisory Committee on Dangerous Pathogens; Health and Safety
Executive: Bootle, UK, 2023.

Woods, K.L.; Boutthasavong, L.; NicFhogartaigh, C.; Lee, S.J.; Davong, V.; AuCoin, D.P.; Dancea, D.A.B. Evaluation of a Rapid
Diagnostic Test for Detection of Burkholderia pseudomallei in the Lao People’s Democratic Republic. J. Clin. Microbiol. 2018, 56,
€02002-17. [CrossRef] [PubMed]

Currie, B.J.; Woerle, C.; Mayo, M.; Meumann, E.M.; Baird, R.W. What Is the Role of Lateral Flow Immunoassay for the Diagnosis
of Melioidosis? Open Forum Infect. Dis. 2022, 9, ofac149. [CrossRef] [PubMed]

Hoffmaster, A.R.; Aucoin, D.; Baccam, P.; Baggett, H.C.; Baird, R.; Bhengsri, S.; Blaney, D.D.; Brett, PJ.; Brooks, T.].G.; Brown, K.A ;
et al. Melioidosis Diagnostic Workshop, 2013. Emerg. Infect. Dis. 2015, 21, €141045. [CrossRef] [PubMed]


https://doi.org/10.1038/s41579-023-00972-5
https://www.ncbi.nlm.nih.gov/pubmed/37794173
https://doi.org/10.3390/ijerph192315475
https://www.ncbi.nlm.nih.gov/pubmed/36497549
https://doi.org/10.4269/ajtmh.17-0402
https://www.ncbi.nlm.nih.gov/pubmed/29611505
https://doi.org/10.1097/INF.0b013e318258873b
https://www.ncbi.nlm.nih.gov/pubmed/22531239
https://doi.org/10.1017/S095026882100128X
https://www.ncbi.nlm.nih.gov/pubmed/34158136
https://doi.org/10.1128/CMR.00006-19
https://www.ncbi.nlm.nih.gov/pubmed/32161067
https://doi.org/10.1016/j.lansea.2022.03.004
https://www.ncbi.nlm.nih.gov/pubmed/37383295
https://doi.org/10.1371/journal.pntd.0004823
https://www.ncbi.nlm.nih.gov/pubmed/27472421
https://doi.org/10.1172/JCI57817
https://doi.org/10.1016/j.micinf.2021.104793
https://www.ncbi.nlm.nih.gov/pubmed/33571673
https://doi.org/10.1371/journal.pntd.0011696
https://www.ncbi.nlm.nih.gov/pubmed/37844130
https://doi.org/10.1016/j.apjtm.2016.01.034
https://www.ncbi.nlm.nih.gov/pubmed/26972397
https://doi.org/10.3390/tropicalmed3010013
https://www.ncbi.nlm.nih.gov/pubmed/30274411
https://doi.org/10.3390/tropicalmed3010027
https://doi.org/10.1371/journal.pone.0036507
https://www.ncbi.nlm.nih.gov/pubmed/22615773
https://doi.org/10.1016/j.lansea.2022.100118
https://www.ncbi.nlm.nih.gov/pubmed/36570973
https://doi.org/10.31128/AJGP-04-18-4558
https://www.ncbi.nlm.nih.gov/pubmed/31129946
https://doi.org/10.1186/s12879-016-1583-2
https://www.ncbi.nlm.nih.gov/pubmed/27423906
https://www.eucast.org/eucast_news/news_singleview?tx_ttnews[tt_news]=390&cHash=92ef60baaab9a71ed77e722f4b1a7766
https://www.eucast.org/eucast_news/news_singleview?tx_ttnews[tt_news]=390&cHash=92ef60baaab9a71ed77e722f4b1a7766
https://doi.org/10.1371/journal.pone.0175294
https://www.ncbi.nlm.nih.gov/pubmed/28384252
https://doi.org/10.1128/JCM.02002-17
https://www.ncbi.nlm.nih.gov/pubmed/29720430
https://doi.org/10.1093/ofid/ofac149
https://www.ncbi.nlm.nih.gov/pubmed/35493111
https://doi.org/10.3201/EID2102.141045
https://www.ncbi.nlm.nih.gov/pubmed/25626057

Trop. Med. Infect. Dis. 2024, 9, 80 14 of 18

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Sullivan, R.P.; Marshall, C.S.; Anstey, N.M.; Ward, L.; Currie, B.J. 2020 Review and Revision of the 2015 Darwin Melioidosis
Treatment Guideline; Paradigm Drift Not Shift. PLoS Neglected Trop. Dis. 2020, 14, e0008659. [CrossRef] [PubMed]

Pitman, M.C.; Luck, T.; Marshall, C.S.; Anstey, N.M.; Ward, L.; Currie, B.J. Intravenous Therapy Duration and Outcomes in
Melioidosis: A New Treatment Paradigm. PLoS Neglected Trop. Dis. 2015, 9, e0003586. [CrossRef] [PubMed]

Currie, B.J.; Mayo, M.; Ward, L.M.; Kaestli, M.; Meumann, E.M.; Webb, ].R.; Woerle, C.; Baird, R.W.; Price, R.N.; Marshall, C.S,;
et al. The Darwin Prospective Melioidosis Study: A 30-Year Prospective, Observational Investigation. Lancet Infect. Dis. 2021, 21,
1737-1746. [CrossRef]

Inglis, T.].].; Rodrigues, E; Rigby, P.; Norton, R.; Currie, B.]. Comparison of the Susceptibilities of Burkholderia Pseudomallei to
Meropenem and Ceftazidime by Conventional and Intracellular Methods. Antimicrob. Agents Chemother. 2004, 48, 2999-3005.
[CrossRef] [PubMed]

Wauthiekanun, V.; Amornchai, P.; Saiprom, N.; Chantratita, N.; Chierakul, W.; Koh, G.C.K.W.; Chaowagul, W.; Day, N.PJ.;
Limmathurotsakul, D.; Peacock, S.J. Survey of Antimicrobial Resistance in Clinical Burkholderia Pseudomallei Isolates over Two
Decades in Northeast Thailand. Antimicrob. Agents Chemother. 2011, 55, 5388-5391. [CrossRef] [PubMed]

Dance, D.A.B.; Davong, V.; Soeng, S.; Phetsouvanh, R.; Newton, P.N.; Turner, P. Trimethoprim/Sulfamethoxazole Resistance in
Burkholderia Pseudomallei. Int. ]. Antimicrob. Agents 2014, 44, 368-369. [CrossRef] [PubMed]

Hall, C.M.; Somprasong, N.; Hagen, ].P.; Nottingham, R.; Sahl, ].W.; Webb, ].R.; Mayo, M.; Currie, B.J.; Podin, Y.; Wagner, D.M.;
et al. Exploring Cefiderocol Resistance Mechanisms in Burkholderia Pseudomallei. Antimicrob. Agents Chemother. 2023, 67,
€0017123. [CrossRef]

Cheng, A.C.; Limmathurotsakul, D.; Chierakul, W.; Getchalarat, N.; Wuthiekanun, V.; Stephens, D.P.; Day, N.PJ.; White, N.J.;
Chaowagul, W.; Currie, B.J.; et al. A Randomized Controlled Trial of Granulocyte Colony-Stimulating Factor for the Treatment of
Severe Sepsis Due to Melioidosis in Thailand. Clin. Infect. Dis. 2007, 45, 308-314. [CrossRef] [PubMed]

Cheng, A.C,; Stephens, D.P; Anstey, N.M.; Currie, B.]. Adjunctive Granulocyte Colony-Stimulating Factor for Treatment of Septic
Shock Due to Melioidosis. Clin. Infect. Dis. 2004, 38, 32-37. [CrossRef] [PubMed]

Wauthiekanun, V.; Chierakul, W.; Rattanalertnavee, J.; Langa, S.; Sirodom, D.; Wattanawaitunechai, C.; Winothai, W.; White, N.J.;
Day, N.; Peacock, S.J. Serological Evidence for Increased Human Exposure to Burkholderia Pseudomallei Following the Tsunami
in Southern Thailand. J. Clin. Microbiol. 2006, 44, 239. [CrossRef] [PubMed]

Centers for Disease Control and Prevention Bioterrorism: Melioidosis. Available online: https://www.cdc.gov/melioidosis/
bioterrorism/index.html (accessed on 26 January 2024).

Dai, P.; Hu, D. The Making of Hypervirulent Klebsiella pneumoniae. J. Clin. Lab. Anal. 2022, 36, €24743. [CrossRef] [PubMed]

Liu, Y.C.; Cheng, D.L; Lin, C.L. Klebsiella pneumoniae Liver Abscess Associated with Septic Endophthalmitis. Arch. Intern. Med.
1986, 146, 1913-1916. [CrossRef] [PubMed]

Fodah, R.A.; Scott, ].B.; Tam, H.H.; Yan, P.,; Pfeffer, T.L.; Bundschuh, R.; Warawa, ].M. Correlation of Klebsiella pneumoniae
Comparative Genetic Analyses with Virulence Profiles in a Murine Respiratory Disease Model. PLoS ONE 2014, 9, e107394.
[CrossRef] [PubMed]

Lin, Y.T.; Der Wang, F.; Wu, PE,; Fung, C.P. Klebsiella pneumoniae Liver Abscess in Diabetic Patients: Association of Glycemic
Control with the Clinical Characteristics. BMC Infect. Dis. 2013, 13, 56. [CrossRef] [PubMed]

Liu, C.; Guo, J. Hypervirulent Klebsiella pneumoniae (Hypermucoviscous and Aerobactin Positive) Infection over 6 Years in the
Elderly in China: Antimicrobial Resistance Patterns, Molecular Epidemiology and Risk Factor. Ann. Clin. Microbiol. Antimicrob.
2019, 18, 4. [CrossRef] [PubMed]

Lee, LR.; Sng, E.; Lee, K.O.; Molton, ].S.; Chan, M.; Kalimuddin, S.; Izharuddin, E.; Lye, D.C.; Archuleta, S.; Gan, Y.H. Comparison
of Diabetic and Non-Diabetic Human Leukocytic Responses to Different Capsule Types of Klebsiella pneumoniae Responsible for
Causing Pyogenic Liver Abscess. Front. Cell Infect. Microbiol. 2017, 7, 275758. [CrossRef] [PubMed]

Yu, VL.; Hansen, D.S.; Wen, C.K,; Sagnimeni, A.; Klugman, K.P.; Von Gottberg, A.; Goossens, H.; Wagener, M.M.; Benedi, V.J.;
Casellas, ].M; et al. Virulence Characteristics of Klebsiella and Clinical Manifestations of K. pneumoniae Bloodstream Infections.
Emerg. Infect. Dis. 2007, 13, 986-993. [CrossRef] [PubMed]

Chen, J.; Zhang, H.; Liao, X. Hypervirulent Klebsiella pneumoniae. Infect. Drug Resist. 2023, 16, 5243-5249. [CrossRef] [PubMed]
Dong, N.; Yang, X.; Chan, EW.C.; Zhang, R.; Chen, S. Klebsiella Species: Taxonomy, Hypervirulence and Multidrug Resistance.
EBioMedicine 2022, 79, 103998. [CrossRef] [PubMed]

Wu, KM,; Li, N.H,; Yan, ].J.; Tsao, N.; Liao, T.L.; Tsai, H.C.; Fung, C.P; Chen, H.J.; Liu, YM.; Wang, ].T.; et al. Genome Sequencing
and Comparative Analysis of Klebsiella pneumoniae NTUH-K2044, a Strain Causing Liver Abscess and Meningitis. J. Bacteriol.
2009, 191, 4492-4501. [CrossRef] [PubMed]

Chen, Y.T,; Chang, H.Y.; Lai, Y.C.; Pan, C.C; Tsai, S.F,; Peng, H.L. Sequencing and Analysis of the Large Virulence Plasmid PLVPK
of Klebsiella pneumoniae CG43. Gene 2004, 337, 189-198. [CrossRef]

Yang, X.; Sun, Q.; Li, J; Jiang, Y.; Li, Y,; Lin, J.; Chen, K.; Chan, EW.C.; Zhang, R.; Chen, S. Molecular Epidemiology of
Carbapenem-Resistant Hypervirulent Klebsiella pneumoniae in China. Emerg. Microbes Infect. 2022, 11, 841-849. [CrossRef]
[PubMed]

Cortés, G.; Borrell, N.; De Astorza, B.; Gémez, C.; Sauleda, J.; Alberti, S. Molecular Analysis of the Contribution of the Capsular
Polysaccharide and the Lipopolysaccharide O Side Chain to the Virulence of Klebsiella pneumoniae in a Murine Model of Pneumonia.
Infect. Immun. 2002, 70, 2583-2590. [CrossRef] [PubMed]


https://doi.org/10.1371/journal.pntd.0008659
https://www.ncbi.nlm.nih.gov/pubmed/32986699
https://doi.org/10.1371/journal.pntd.0003586
https://www.ncbi.nlm.nih.gov/pubmed/25811783
https://doi.org/10.1016/S1473-3099(21)00022-0
https://doi.org/10.1128/AAC.48.8.2999-3005.2004
https://www.ncbi.nlm.nih.gov/pubmed/15273112
https://doi.org/10.1128/AAC.05517-11
https://www.ncbi.nlm.nih.gov/pubmed/21876049
https://doi.org/10.1016/j.ijantimicag.2014.06.003
https://www.ncbi.nlm.nih.gov/pubmed/25245211
https://doi.org/10.1128/aac.00171-23
https://doi.org/10.1086/519261
https://www.ncbi.nlm.nih.gov/pubmed/17599307
https://doi.org/10.1086/380456
https://www.ncbi.nlm.nih.gov/pubmed/14679445
https://doi.org/10.1128/JCM.44.1.239-240.2006
https://www.ncbi.nlm.nih.gov/pubmed/16390980
https://www.cdc.gov/melioidosis/bioterrorism/index.html
https://www.cdc.gov/melioidosis/bioterrorism/index.html
https://doi.org/10.1002/jcla.24743
https://www.ncbi.nlm.nih.gov/pubmed/36347819
https://doi.org/10.1001/archinte.1986.00360220057011
https://www.ncbi.nlm.nih.gov/pubmed/3532983
https://doi.org/10.1371/journal.pone.0107394
https://www.ncbi.nlm.nih.gov/pubmed/25203254
https://doi.org/10.1186/1471-2334-13-56
https://www.ncbi.nlm.nih.gov/pubmed/23363608
https://doi.org/10.1186/s12941-018-0302-9
https://www.ncbi.nlm.nih.gov/pubmed/30665418
https://doi.org/10.3389/fcimb.2017.00401
https://www.ncbi.nlm.nih.gov/pubmed/28936426
https://doi.org/10.3201/eid1307.070187
https://www.ncbi.nlm.nih.gov/pubmed/18214169
https://doi.org/10.2147/IDR.S418523
https://www.ncbi.nlm.nih.gov/pubmed/37589017
https://doi.org/10.1016/j.ebiom.2022.103998
https://www.ncbi.nlm.nih.gov/pubmed/35405387
https://doi.org/10.1128/JB.00315-09
https://www.ncbi.nlm.nih.gov/pubmed/19447910
https://doi.org/10.1016/j.gene.2004.05.008
https://doi.org/10.1080/22221751.2022.2049458
https://www.ncbi.nlm.nih.gov/pubmed/35236251
https://doi.org/10.1128/IAI.70.5.2583-2590.2002
https://www.ncbi.nlm.nih.gov/pubmed/11953399

Trop. Med. Infect. Dis. 2024, 9, 80 15 of 18

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Lai, Y.C.; Peng, H.L.; Chang, H.Y. RmpAZ2, an Activator of Capsule Biosynthesis in Klebsiella pneumoniae CG43, Regulates K2 Cps
Gene Expression at the Transcriptional Level. |. Bacteriol. 2003, 185, 788-800. [CrossRef] [PubMed]

Wang, L.; Shen, D.; Wu, H.; Ma, Y. Resistance of Hypervirulent Klebsiella pneumoniae to Both Intracellular and Extracellular Killing
of Neutrophils. PLoS ONE 2017, 12, e0173638. [CrossRef] [PubMed]

Drakesmith, H.; Prentice, A.M. Hepcidin and the Iron-Infection Axis. Science 2012, 338, 768-772. [CrossRef] [PubMed]

Russo, T.A.; Olson, R.; MacDonald, U.; Beanan, J.; Davidsona, B.A. Aerobactin, but Not Yersiniabactin, Salmochelin, or Enter-
obactin, Enables the Growth/Survival of Hypervirulent (Hypermucoviscous) Klebsiella pneumoniae Ex Vivo and in Vivo. Infect.
Immun. 2015, 83, 3325-3333. [CrossRef] [PubMed]

Russo, T.A.; Olson, R.; Fang, C.T.; Stoesser, N.; Miller, M.; MacDonald, U.; Hutson, A.; Barker, ].H.; La Hoz, R.M.; Johnson, J.R,;
et al. Identification of Biomarkers for Differentiation of Hypervirulent Klebsiella pneumoniae from Classical K. pneumoniae. J. Clin.
Microbiol. 2018, 56, 776-794. [CrossRef] [PubMed]

Fazili, T.; Sharngoe, C.; Endy, T; Kiska, D.; Javaid, W.; Polhemus, M. Klebsiella pneumoniae Liver Abscess: An Emerging Disease.
Am. J. Med. Sci. 2016, 351, 297-304. [CrossRef] [PubMed]

Lee, C.R; Lee, J.H,; Park, K.S.; Jeon, ].H.; Kim, Y.B.; Cha, C.J.; Jeong, B.C.; Lee, S.H. Antimicrobial Resistance of Hypervirulent
Klebsiella pneumoniae: Epidemiology, Hypervirulence-Associated Determinants, and Resistance Mechanisms. Front. Cell Infect.
Microbiol. 2017, 7, 483. [CrossRef] [PubMed]

Lee, LR.; Molton, J.S.; Wyres, K.L.; Gorrie, C.; Wong, J.; Hoh, C.H.; Teo, J.; Kalimuddin, S.; Lye, D.C.; Archuleta, S.; et al. Differential
Host Susceptibility and Bacterial Virulence Factors Driving Klebsiella Liver Abscess in an Ethnically Diverse Population. Sci. Rep.
2016, 6, 29316. [CrossRef] [PubMed]

Lin, Y.T,; Siu, L.K,; Lin, J.C.; Chen, T.L.; Tseng, C.P; Yeh, KM.; Chang, EY.; Fung, C.P. Seroepidemiology of Klebsiella pneumoniae
Colonizing the Intestinal Tract of Healthy Chinese and Overseas Chinese Adults in Asian Countries. BMC Microbiol. 2012, 12, 13.
[CrossRef] [PubMed]

Harada, S.; Tateda, K.; Mitsui, H.; Hattori, Y.; Okubo, M.; Kimura, S.; Sekigawa, K.; Kobayashi, K.; Hashimoto, N.; Itoyama, S.;
et al. Familial Spread of a Virulent Clone of Klebsiella pneumoniae Causing Primary Liver Abscess. J. Clin. Microbiol. 2011, 49,
2354-2356. [CrossRef] [PubMed]

Kong, Z.X.; Karunakaran, R.; Abdul Jabar, K.; Ponnampalavanar, S.; Chong, C.W.; Teh, C.S.J. The Detection of Hypermucoviscous
Carbapenem-Resistant Klebsiella pneumoniae from a Tertiary Teaching Hospital in Malaysia and Assessment of Hypermucoviscous
as Marker of Hypervirulence. Microb. Drug Resist. 2021, 27, 1319-1327. [CrossRef]

En, E.T.S.; Ismail, N.; Nasir, N.S.M.; Ismadi, Y.K.M.; Zuraina, N.M.N.N.; Hassan, S.A. Pediatric Brain Abscess with Fatal Outcome
Caused by Hypervirulent Klebsiella pneumoniae, Serotype K2-ST65. J. Infect. Public Health 2023, 16, 1089-1092. [CrossRef] [PubMed]
Nakamura, K.; Nomoto, H.; Harada, S.; Suzuki, M.; Yomono, K.; Yokochi, R.; Hagino, N.; Nakamoto, T.; Moriyama, Y.; Yamamoto,
K, et al. Infection with Capsular Genotype K1-ST23 Hypervirulent Klebsiella pneumoniae Isolates in Japan after a Stay in East Asia:
Two Cases and a Literature Review. J. Infect. Chemother. 2021, 27, 1508-1512. [CrossRef] [PubMed]

Lin, J.C.; Koh, TH.; Lee, N.; Fung, C.P; Chang, EY.; Tsai, YK.; Ip, M.; Siu, L.K. Genotypes and Virulence in Serotype K2 Klebsiella
pneumoniae from Liver Abscess and Non-Infectious Carriers in Hong Kong, Singapore and Taiwan. Gut Pathog. 2014, 6, 21.
[CrossRef]

Spadar, A.; Perdigao, J.; Campino, S.; Clark, T.G. Large-Scale Genomic Analysis of Global Klebsiella pneumoniae Plasmids Reveals
Multiple Simultaneous Clusters of Carbapenem-Resistant Hypervirulent Strains. Genome Med. 2023, 15, 3. [CrossRef] [PubMed]
Wyres, K.L.; Nguyen, TN.T.; Lam, M.M.C,; Judd, L.M.; Van Vinh Chau, N.; Dance, D.A.B.; Ip, M.; Karkey, A.; Ling, C.L.; Miliya,
T.; et al. Genomic Surveillance for Hypervirulence and Multi-Drug Resistance in Invasive Klebsiella pneumoniae from South and
Southeast Asia. Genome Med. 2020, 12, 11. [CrossRef]

Lam, M.M.C.; Wyres, K.L.; Judd, L.M.; Wick, RR; Jenney, A.; Brisse, S.; Holt, K.E. Tracking Key Virulence Loci Encoding
Aerobactin and Salmochelin Siderophore Synthesis in Klebsiella pneumoniae. Genome Med. 2018, 10, 77. [CrossRef] [PubMed]
Singh, S.R.; Teo, A.KJ.; Prem, K.; Ong, RT.H.; Ashley, E.A.; van Doorn, H.R.; Limmathurotsakul, D.; Turner, P.; Hsu, L.Y.
Epidemiology of Extended-Spectrum Beta-Lactamase and Carbapenemase-Producing Enterobacterales in the Greater Mekong
Subregion: A Systematic-Review and Meta-Analysis of Risk Factors Associated with Extended-Spectrum Beta-Lactamase and
Carbapenemase Isolation. Front. Microbiol. 2021, 12, 695027. [CrossRef]

Tsai, EC.; Huang, Y.T.; Chang, L.Y.; Wang, ].T. Pyogenic Liver Abscess as Endemic Disease, Taiwan. Emerg. Infect. Dis. 2008, 14,
1592-1600. [CrossRef] [PubMed]

Chung, D.R;; Lee, S.S.; Lee, HR.; Kim, H.B.; Choi, HJ.; Eom, ].S.; Kim, J.S.; Choi, YH.; Lee, ].S.; Chung, M.H.; et al. Emerging
Invasive Liver Abscess Caused by K1 Serotype Klebsiella pneumoniae in Korea. J. Infect. 2007, 54, 578-583. [CrossRef]

Lo, J.Z.W.; Leow, ].].].; Ng, PL.E; Lee, H.Q.; Mohd Noor, N.A.; Low, ].K.; Junnarkar, S.P.; Woon, W.W.L. Predictors of Therapy
Failure in a Series of 741 Adult Pyogenic Liver Abscesses. ]. Hepatobiliary Pancreat. Sci. 2015, 22, 156-165. [CrossRef] [PubMed]
Aslam, B,; Siddique, M.H.; Siddique, A.B.; Shafique, M.; Muzammil, S.; Khurshid, M.; Rasool, M.H.; Ahmad, M.; Chaudhry, TH,;
Amir, A.; et al. Distribution of Mcr-1 Harboring Hypervirulent Klebsiella pneumoniae in Clinical Specimens and Lytic Activity of
Bacteriophage KpnM Against Isolates. Infect. Drug Resist. 2022, 15, 5795. [CrossRef]

Shankar, C.; Veeraraghavan, B.; Nabarro, L.E.B.; Ravi, R.; Ragupathi, N.K.D.; Rupali, P. Whole Genome Analysis of Hypervirulent
Klebsiella pneumoniae Isolates from Community and Hospital Acquired Bloodstream Infection. BMC Microbiol. 2018, 18, 6.
[CrossRef] [PubMed]


https://doi.org/10.1128/JB.185.3.788-800.2003
https://www.ncbi.nlm.nih.gov/pubmed/12533454
https://doi.org/10.1371/journal.pone.0173638
https://www.ncbi.nlm.nih.gov/pubmed/28282434
https://doi.org/10.1126/science.1224577
https://www.ncbi.nlm.nih.gov/pubmed/23139325
https://doi.org/10.1128/IAI.00430-15
https://www.ncbi.nlm.nih.gov/pubmed/26056379
https://doi.org/10.1128/JCM.00776-18
https://www.ncbi.nlm.nih.gov/pubmed/29925642
https://doi.org/10.1016/j.amjms.2015.12.018
https://www.ncbi.nlm.nih.gov/pubmed/26992260
https://doi.org/10.3389/fcimb.2017.00483
https://www.ncbi.nlm.nih.gov/pubmed/29209595
https://doi.org/10.1038/srep29316
https://www.ncbi.nlm.nih.gov/pubmed/27406977
https://doi.org/10.1186/1471-2180-12-13
https://www.ncbi.nlm.nih.gov/pubmed/22260182
https://doi.org/10.1128/JCM.00034-11
https://www.ncbi.nlm.nih.gov/pubmed/21490191
https://doi.org/10.1089/mdr.2020.0096
https://doi.org/10.1016/j.jiph.2023.05.015
https://www.ncbi.nlm.nih.gov/pubmed/37224619
https://doi.org/10.1016/j.jiac.2021.05.011
https://www.ncbi.nlm.nih.gov/pubmed/34088602
https://doi.org/10.1186/1757-4749-6-21
https://doi.org/10.1186/s13073-023-01153-y
https://www.ncbi.nlm.nih.gov/pubmed/36658655
https://doi.org/10.1186/s13073-019-0706-y
https://doi.org/10.1186/s13073-018-0587-5
https://www.ncbi.nlm.nih.gov/pubmed/30371343
https://doi.org/10.3389/FMICB.2021.695027
https://doi.org/10.3201/eid1410.071254
https://www.ncbi.nlm.nih.gov/pubmed/18826824
https://doi.org/10.1016/j.jinf.2006.11.008
https://doi.org/10.1002/jhbp.174
https://www.ncbi.nlm.nih.gov/pubmed/25339111
https://doi.org/10.2147/IDR.S374503
https://doi.org/10.1186/s12866-017-1148-6
https://www.ncbi.nlm.nih.gov/pubmed/29433440

Trop. Med. Infect. Dis. 2024, 9, 80 16 of 18

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Zamani, A.; Mashouf, R.Y.; Namvar, A M.E.; Alikhani, M.Y. Detection of MagA Gene in Klebsiella Spp. Isolated from Clinical
Samples Detection of MagA. Iran. |. Basic. Med. Sci. 2013, 16, 173. [PubMed]

Rossi, B.; Gasperini, M.L.; Leflon-Guibout, V.; Gioanni, A.; de Lastours, V.; Rossi, G.; Dokmak, S.; Ronot, M.; Roux, O.; Nicolas-
Chanoine, M.H.; et al. Hypervirulent Kiebsiella pneumoniaein Cryptogenic Liver Abscesses, Paris, France. Emerg. Infect. Dis. 2018,
24,221-229. [CrossRef] [PubMed]

Surgers, L.; Boyd, A.; Girard, PM.; Arlet, G.; Decré, D. ESBL-Producing Strain of Hypervirulent Klebsiella pneumoniae K2, France.
Emerg. Infect. Dis. 2016, 22, 1687. [CrossRef]

Rafat, C.; Messika, J.; Barnaud, G.; Dufour, N.; Magdoud, F; Billard-Pomareés, T.; Gaudry, S.; Dreyfuss, D.; Branger, C.; Decré,
D.; et al. Hypervirulent Klebsiella pneumoniae, a 5-Year Study in a French ICU. J. Med. Microbiol. 2018, 67, 1083-1089. [CrossRef]
[PubMed]

Piazza, A.; Perini, M.; Mauri, C.; Comandatore, F.; Meroni, E.; Luzzaro, F; Principe, L. Antimicrobial Susceptibility, Virulence, and
Genomic Features of a Hypervirulent Serotype K2, ST65 Klebsiella pneumoniae Causing Meningitis in Italy. Antibiotics 2022, 11, 261.
[CrossRef] [PubMed]

Cubero, M.; Grau, I; Tubau, E; Pallarés, R.; Dominguez, M.A ; Lifiares, J.; Ardanuy, C. Hypervirulent Klebsiella pneumoniae Clones
Causing Bacteraemia in Adults in a Teaching Hospital in Barcelona, Spain (2007-2013). Clin. Microbiol. Infect. 2016, 22, 154-160.
[CrossRef]

Gundestrup, S.; Struve, C.; Stahlhut, S.G.; Hansen, D.S. First Case of Liver Abscess in Scandinavia Due to the International
Hypervirulent Klebsiella pneumoniae Clone ST23. Open Microbiol. |. 2014, 8, 22. [CrossRef] [PubMed]

Struve, C.; Roe, C.C.; Stegger, M.; Stahlhut, S.G.; Hansen, D.S.; Engelthaler, D.M.; Andersen, P.S.; Driebe, E.M.; Keim, P; Krogfelt,
K.A. Mapping the Evolution of Hypervirulent Klebsiella pneumoniae. mBio 2015, 6, e€00630-15. [CrossRef] [PubMed]

Parrott, A.M.; Shi, J.; Aaron, J.; Green, D.A.; Whittier, S.; Wu, F. Detection of Multiple Hypervirulent Klebsiella pneumoniae Strains
in a New York City Hospital through Screening of Virulence Genes. Clin. Microbiol. Infect. 2021, 27, 583-589. [CrossRef] [PubMed]
Lederman, E.R.; Crum, N.E. Pyogenic Liver Abscess with a Focus on Klebsiella pneumoniae as a Primary Pathogen: An Emerging
Disease with Unique Clinical Characteristics. Am. |. Gastroenterol. 2005, 100, 322-331. [CrossRef] [PubMed]

Coutinho, R.L.; Visconde, M.E; Descio, FJ.; Nicoletti, A.G.; Pinto, EC.L.; da Silva, A.C.R.; Rodrigues-Costa, F.; Gales, A.C,;
Furtado, G.H.C. Community-Acquired Invasive Liver Abscess Syndrome Caused by a K1 Serotype Klebsiella pneumoniae Isolate in
Brazil: A Case Report of Hypervirulent ST23. Mem. Inst. Oswaldo Cruz 2014, 109, 973-974. [CrossRef] [PubMed]

Martin, R.M.; Cao, J.; Brisse, S.; Passet, V.; Wu, W.; Zhao, L.; Malani, PN.; Rao, K.; Bachman, M.A. Molecular Epidemiology of
Colonizing and Infecting Isolates of Klebsiella pneumoniae. mSphere 2016, 1, 261-277. [CrossRef] [PubMed]

Russo, T.A.; Marr, C.M. Hypervirulent Klebsiella pneumoniae. Clin. Microbiol. Rev. 2019, 32, e€00001-19. [CrossRef] [PubMed]

Lin, Y.T,; Liu, C.J.; Yeh, Y.C.; Chen, T.J.; Fung, C.P. Ampicillin and Amoxicillin Use and the Risk of Klebsiella pneumoniae Liver
Abscess in Taiwan. J. Infect. Dis. 2013, 208, 211-217. [CrossRef]

Lee, H.C.; Chuang, Y.C; Yu, W.L.; Lee, N.Y.; Chang, C.M.; Ko, N.Y.; Wang, L.R.; Ko, W.C. Clinical Implications of Hypermucovis-
cosity Phenotype in Klebsiella pneumoniae Isolates: Association with Invasive Syndrome in Patients with Community-Acquired
Bacteraemia. . Intern. Med. 2006, 259, 606—-614. [CrossRef]

Wu, H,; Li, D.,; Zhou, H.; Sun, Y.; Guo, L.; Shen, D. Bacteremia and Other Body Site Infection Caused by Hypervirulent and
Classic Klebsiella pneumoniae. Microb. Pathog. 2017, 104, 254-262. [CrossRef]

Wang, ]. H.; Liu, Y.C; Lee, S.S.].; Yen, M.Y,; Chen, Y.S.; Wang, ].H.; Wann, S.R.; Lin, H.H. Primary Liver Abscess Due to Klebsiella
pneumoniae in Taiwan. Clin. Infect. Dis. 1998, 26, 1434-1438. [CrossRef] [PubMed]

Yang, C.S.; Tsai, H.Y.; Sung, C.S.; Lin, K.H.; Lee, FL.; Hsu, WM. Endogenous Klebsiella Endophthalmitis Associated with
Pyogenic Liver Abscess. Ophthalmology 2007, 114, 876-880.e2. [CrossRef] [PubMed]

McLaughlin, M.M.; Advincula, M.R.; Malczynski, M.; Barajas, G.; Qi, C.; Scheetz, M.H. Quantifying the Clinical Virulence of
Klebsiella pneumoniae Producing Carbapenemase Klebsiella pneumoniae with a Galleria Mellonella Model and a Pilot Study to
Translate to Patient Outcomes. BMC Infect. Dis. 2014, 14, 31. [CrossRef] [PubMed]

Russo, T.A.; MacDonald, U. The Galleria mellonella Infection Model Does Not Accurately Differentiate between Hypervirulent and
Classical Klebsiella pneumoniae. mSphere 2020, 5, €00850-19. [CrossRef] [PubMed]

Catalan-Najera, J.C.; Garza-Ramos, U.; Barrios-Camacho, H. Hypervirulence and Hypermucoviscosity: Two Different but
Complementary Klebsiella Spp. Phenotypes? Virulence 2017, 8, 1111-1123. [CrossRef] [PubMed]

Yu, F; Lv, ].; Niu, S.; Du, H.; Tang, Y.W.,; Pitout, ].D.D.; Bonomo, R.A.; Kreiswirth, B.N.; Chen, L. Multiplex PCR Analysis for
Rapid Detection of Kiebsiella pneumoniae Carbapenem-Resistant (Sequence Type 258 [ST258] and ST11) and Hypervirulent (5T23,
ST65, ST86, and ST375) Strains. |. Clin. Microbiol. 2018, 56, 731-749. [CrossRef]

Gu, D.; Dong, N.; Zheng, Z; Lin, D.; Huang, M.; Wang, L.; Chan, EW.C.; Shu, L.; Yu, J.; Zhang, R.; et al. A Fatal Outbreak of ST11
Carbapenem-Resistant Hypervirulent Klebsiella pneumoniae in a Chinese Hospital: A Molecular Epidemiological Study. Lancet
Infect. Dis. 2018, 18, 37-46. [CrossRef] [PubMed]

Molton, J.S.; Chan, M.; Kalimuddin, S.; Oon, J.; Young, B.E.; Low, ].G.; Salada, BM.A.; Lee, TH.; Wijaya, L.; Fisher, D.A.; et al.
Oral vs Intravenous Antibiotics for Patients with Klebsiella pneumoniae Liver Abscess: A Randomized, Controlled Noninferiority
Study. Clin. Infect. Dis. 2020, 71, 952-959. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/pubmed/24298386
https://doi.org/10.3201/eid2402.170957
https://www.ncbi.nlm.nih.gov/pubmed/29350134
https://doi.org/10.3201/eid2209.160681
https://doi.org/10.1099/jmm.0.000788
https://www.ncbi.nlm.nih.gov/pubmed/29972348
https://doi.org/10.3390/antibiotics11020261
https://www.ncbi.nlm.nih.gov/pubmed/35203864
https://doi.org/10.1016/j.cmi.2015.09.025
https://doi.org/10.2174/1874285801408010022
https://www.ncbi.nlm.nih.gov/pubmed/24688609
https://doi.org/10.1128/mBio.00630-15
https://www.ncbi.nlm.nih.gov/pubmed/26199326
https://doi.org/10.1016/j.cmi.2020.05.012
https://www.ncbi.nlm.nih.gov/pubmed/32461145
https://doi.org/10.1111/j.1572-0241.2005.40310.x
https://www.ncbi.nlm.nih.gov/pubmed/15667489
https://doi.org/10.1590/0074-0276140196
https://www.ncbi.nlm.nih.gov/pubmed/25411006
https://doi.org/10.1128/mSphere.00261-16
https://www.ncbi.nlm.nih.gov/pubmed/27777984
https://doi.org/10.1128/CMR.00001-19
https://www.ncbi.nlm.nih.gov/pubmed/31092506
https://doi.org/10.1093/infdis/jit157
https://doi.org/10.1111/j.1365-2796.2006.01641.x
https://doi.org/10.1016/j.micpath.2017.01.049
https://doi.org/10.1086/516369
https://www.ncbi.nlm.nih.gov/pubmed/9636876
https://doi.org/10.1016/j.ophtha.2006.12.035
https://www.ncbi.nlm.nih.gov/pubmed/17467526
https://doi.org/10.1186/1471-2334-14-31
https://www.ncbi.nlm.nih.gov/pubmed/24428847
https://doi.org/10.1128/mSphere.00850-19
https://www.ncbi.nlm.nih.gov/pubmed/31915230
https://doi.org/10.1080/21505594.2017.1317412
https://www.ncbi.nlm.nih.gov/pubmed/28402698
https://doi.org/10.1128/JCM.00731-18
https://doi.org/10.1016/S1473-3099(17)30489-9
https://www.ncbi.nlm.nih.gov/pubmed/28864030
https://doi.org/10.1093/cid/ciz881
https://www.ncbi.nlm.nih.gov/pubmed/31641767

Trop. Med. Infect. Dis. 2024, 9, 80 17 of 18

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Jin, M; Jia, T.; Liu, X.; Yang, M.; Zhang, N.; Chen, J.; Yang, X.; Qin, S.; Liu, E; Tang, Y.; et al. Clinical and Genomic Analysis of
Hypermucoviscous Klebsiella pneumoniae Isolates: Identification of New Hypermucoviscosity Associated Genes. Front. Cell Infect.
Microbiol. 2023, 12, 1063406. [CrossRef] [PubMed]

Wyres, K.L.; Wick, R.R.; Judd, L.M.; Froumine, R.; Tokolyi, A.; Gorrie, C.L.; Lam, M.M.C.; Duchéne, S.; Jenney, A.; Holt, K.E.
Distinct Evolutionary Dynamics of Horizontal Gene Transfer in Drug Resistant and Virulent Clones of Klebsiella pneumoniae. PLoS
Genet. 2019, 15, €1008114. [CrossRef] [PubMed]

Cejas, D.; Canigia, L.F,; Cruz, G.R; Elena, A.X.; Maldonado, I.; Gutkind, G.O.; Radice, M.A. First Isolate of KPC-2-Producing
Klebsiella Pneumonaie Sequence Type 23 from the Americas. J. Clin. Microbiol. 2014, 52, 3483. [CrossRef] [PubMed]

Saroj Khadka, A.; Ring, B.; Krzeminski, L.R.; Hathaway, M.; Walker, R.S.; Mobley, H.L.; Mike, L.A. Regulation of Kiebsiella
pneumoniae Mucoidy by the Bacterial Tyrosine Kinase Wzc. bioRxiv 2022. [CrossRef]

Tanimoto, H.; Shigemura, K.; Osawa, K.; Kado, M.; Onishi, R.; Fang, 5.B.; Sung, S.Y.; Miyara, T.; Fujisawa, M. Comparative Genetic
Analysis of the Antimicrobial Susceptibilities and Virulence of Hypermucoviscous and Non-Hypermucoviscous ESBL-Producing
Klebsiella pneumoniae in Japan. J. Microbiol. Immunol. Infect. 2023, 56, 93-103. [CrossRef] [PubMed]

Shankar, C.; Nabarro, L.E.B.; Ragupathi, N.K.D.; Sethuvel, D.P.M.; Daniel, ].L.K.; Doss, C.G.P.; Veeraraghavan, B. Draft Genome
Sequences of Three Hypervirulent Carbapenem-Resistant Klebsiella pneumoniae Isolates from Bacteremia. Genome Announc. 2016,
4, e01081-16. [CrossRef] [PubMed]

Tang, M.; Kong, X.; Hao, J.; Liu, J. Epidemiological Characteristics and Formation Mechanisms of Multidrug-Resistant Hyperviru-
lent Klebsiella pneumoniae. Front. Microbiol. 2020, 11, 581543. [CrossRef] [PubMed]

Tian, D.; Liu, X.; Chen, W.; Zhou, Y.; Hu, D.; Wang, W.; Wu, J.; Mu, Q.; Jiang, X. Prevalence of Hypervirulent and Carbapenem-
Resistant Klebsiella pneumoniae under Divergent Evolutionary Patterns. Emerg. Microbes Infect. 2022, 11, 1936-1949. [CrossRef]
[PubMed]

Gurieva, T.; Dautzenberg, M.].D.; Gniadkowski, M.; Derde, L.P.G.; Bonten, M.].M.; Bootsma, M.C.]. The Transmissibility of
Antibiotic-Resistant Enterobacteriaceae in Intensive Care Units. Clin. Infect. Dis. 2018, 66, 489-493. [CrossRef]

Wozniak, J.E.; Band, V.I.; Conley, A.B.; Rishishwar, L.; Burd, E.M.; Satola, S.W.; Hardy, D.J.; Tsay, R.; Farley, M.M.; Jacob, ].T.; et al.
A Nationwide Screen of Carbapenem-Resistant Klebsiella pneumoniae Reveals an Isolate with Enhanced Virulence and Clinically
Undetected Colistin Heteroresistance. Antimicrob. Agents Chemother. 2019, 63, €00107-19. [CrossRef] [PubMed]

Harada, S.; Doia, Y. Hypervirulent Klebsiella pneumoniae: A Call for Consensus Definition and International Collaboration. J. Clin.
Microbiol. 2018, 56, €00959-18. [CrossRef] [PubMed]

Huynh, B.T.; Passet, V.; Rakotondrasoa, A.; Diallo, T.; Kerleguer, A.; Hennart, M.; De Lauzanne, A.; Herindrainy, P.; Seck, A.;
Bercion, R.; et al. Klebsiella pneumoniae Carriage in Low-Income Countries: Antimicrobial Resistance, Genomic Diversity and Risk
Factors. Gut Microbes 2020, 11, 1287-1299. [CrossRef] [PubMed]

Gorrie, C.L.; Mirc Eta, M.; Wick, R.R.; Edwards, D.J.; Thomson, N.R.; Strugnell, R.A.; Pratt, N.F.; Garlick, ].S.; Watson, K.M.;
Pilcher, D.V,; et al. Gastrointestinal Carriage Is a Major Reservoir of Klebsiella pneumoniae Infection in Intensive Care Patients. Clin.
Infect. Dis. 2017, 65, 208-215. [CrossRef] [PubMed]

Van Aartsen, J.J.; Moore, C.E.; Parry, C.M.; Turner, P.; Phot, N.; Mao, S.; Suy, K.; Davies, T.; Giess, A.; Sheppard, A.E.; et al.
Epidemiology of Paediatric Gastrointestinal Colonisation by Extended Spectrum Cephalosporin-Resistant Escherichia Coli and
Klebsiella pneumoniae Isolates in North-West Cambodia. BMC Microbiol. 2019, 19, 59. [CrossRef] [PubMed]

Yam, E.L.Y,; Hsu, L.Y,; Yap, EP.H.; Yeo, TW.,; Lee, V.; Schlundyt, J.; Lwin, M.O.; Limmathurotsakul, D.; Jit, M.; Dedon, P; et al.
Antimicrobial Resistance in the Asia Pacific Region: A Meeting Report. Antimicrob. Resist. Infect. Control 2019, 8, 202. [CrossRef]
[PubMed]

Lin, Y.T,; Chen, T.L.; Siu, L.K.; Hsu, S.F; Fung, C.P. Clinical and Microbiological Characteristics of Community-Acquired Thoracic
Empyema or Complicated Parapneumonic Effusion Caused by Klebsiella pneumoniae in Taiwan. Eur. |. Clin. Microbiol. Infect. Dis.
2010, 29, 1003-1010. [CrossRef] [PubMed]

Savelkoel, J.; Dance, D.A.B.; Currie, B.J.; Limmathurotsakul, D.; Wiersinga, W.J. A Call to Action: Time to Recognise Melioidosis
as a Neglected Tropical Disease. Lancet Infect. Dis. 2022, 22, e176—€182. [CrossRef] [PubMed]

Lam, M.M.C.; Wick, R.R.; Watts, S.C.; Cerdeira, L.T.; Wyres, K.L.; Holt, K.E. A Genomic Surveillance Framework and Genotyping
Tool for Klebsiella pneumoniae and Its Related Species Complex. Nat. Commun. 2021, 12, 4188. [CrossRef] [PubMed]

Pokharel, S.; Raut, S.; Adhikari, B. Tackling Antimicrobial Resistance in Low-Income and Middle-Income Countries. BMJ Glob.
Health 2019, 4, e002104. [CrossRef] [PubMed]

Savioli, L.; Daumerie, D. First WHO Report on Neglected Tropical Diseases: Working to Overcome the Global Impact of Neglected Tropical
Diseases; WHO: Geneva, Switzerland, 2010.

Raising Awareness of Melioidosis. Available online: https://www.melioidosis.info/infobox.aspx?pagelD=101 (accessed on 22
January 2024).


https://doi.org/10.3389/fcimb.2022.1063406
https://www.ncbi.nlm.nih.gov/pubmed/36683676
https://doi.org/10.1371/journal.pgen.1008114
https://www.ncbi.nlm.nih.gov/pubmed/30986243
https://doi.org/10.1128/JCM.00726-14
https://www.ncbi.nlm.nih.gov/pubmed/25031447
https://doi.org/10.1101/2022.06.05.494587
https://doi.org/10.1016/j.jmii.2022.08.010
https://www.ncbi.nlm.nih.gov/pubmed/36068121
https://doi.org/10.1128/genomeA.01081-16
https://www.ncbi.nlm.nih.gov/pubmed/27932638
https://doi.org/10.3389/fmicb.2020.581543
https://www.ncbi.nlm.nih.gov/pubmed/33329444
https://doi.org/10.1080/22221751.2022.2103454
https://www.ncbi.nlm.nih.gov/pubmed/35844192
https://doi.org/10.1093/cid/cix825
https://doi.org/10.1128/AAC.00107-19
https://www.ncbi.nlm.nih.gov/pubmed/30803966
https://doi.org/10.1128/JCM.00959-18
https://www.ncbi.nlm.nih.gov/pubmed/29950337
https://doi.org/10.1080/19490976.2020.1748257
https://www.ncbi.nlm.nih.gov/pubmed/32404021
https://doi.org/10.1093/cid/cix270
https://www.ncbi.nlm.nih.gov/pubmed/28369261
https://doi.org/10.1186/s12866-019-1431-9
https://www.ncbi.nlm.nih.gov/pubmed/30866820
https://doi.org/10.1186/s13756-019-0654-8
https://www.ncbi.nlm.nih.gov/pubmed/31890158
https://doi.org/10.1007/s10096-010-0961-8
https://www.ncbi.nlm.nih.gov/pubmed/20505967
https://doi.org/10.1016/S1473-3099(21)00394-7
https://www.ncbi.nlm.nih.gov/pubmed/34953519
https://doi.org/10.1038/s41467-021-24448-3
https://www.ncbi.nlm.nih.gov/pubmed/34234121
https://doi.org/10.1136/bmjgh-2019-002104
https://www.ncbi.nlm.nih.gov/pubmed/31799007
https://www.melioidosis.info/infobox.aspx?pageID=101

Trop. Med. Infect. Dis. 2024, 9, 80 18 of 18

126. Kamau, E.; Ranson, E.L.; Tsan, A.T.; Bergmann-Leitner, E.S.; Garner, O.B.; Yang, S. Clinical and Genomic Characterization of
Hypervirulent Kiebsiella pneumoniae (HvKp) Infections via Passive Surveillance in Southern California, 2020-2022. Front Microbiol
2022, 13, 1001169. [CrossRef] [PubMed]

127. Abani, O.; Abbas, A.; Abbas, F.; Abbas, M.; Abbasi, S.; Abbass, H.; Abbott, A.; Abdallah, N.; Abdelaziz, A.; Abdelfattah, M.; et al.
Tocilizumab in Patients Admitted to Hospital with COVID-19 (RECOVERY): A Randomised, Controlled, Open-Label, Platform
Trial. Lancet 2021, 397, 1637-1645. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fmicb.2022.1001169
https://www.ncbi.nlm.nih.gov/pubmed/36312975
https://doi.org/10.1016/S0140-6736(21)00676-0

	Introduction 
	Melioidosis 
	Introduction 
	Epidemiology 
	Clinical Syndrome 
	Diagnosis 
	Treatment 
	Challenges 

	Hypervirulent Klebsiella pneumoniae 
	Introduction 
	Epidemiology 
	Clinical Syndrome 
	Diagnosis 
	Treatment 
	Challenges 

	Strategy 
	Conclusions 
	References

