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Abstract

Background: The definition of hypervirulent Klebsiella pneumoniae (hvKp), traditionally regarded as hypermucovis-
cosity, is controversial. However, data based on both phenotype (hypermucoviscous) and genetic (aerobactin) criteria
are limited.

Methods: A retrospective study was conducted in 175 geriatric patients between January 2008 and January 2014.
The clinical and molecular data, including antimicrobial susceptibility testing, extended-spectrum-f3-lactamase (ESBL)
production, virulence gene, and multilocus sequence typing of the hvKp-group (hypermucoviscosity and aerobactin
positive) were compared with those of classic K. pneumoniae (cKp) isolates.

Results: Of 175 Kp isolates, 45.7% were hvKp. In pathogenicity, K1, K2, magA, rmpA, and rmpA2 genes were strongly
associated with hvKp (P <0.01). In the hvKp group, invasive infections (P < 0.000), liver abscess (P =0.008), abdominal
infection (P=0.002) and septic shock (P=0.035) are significantly higher than cKp group. Patients with better nutri-
tional status were frequently infected with hvKp. However, host inflammatory reaction is most severe in hvKp group.
Patients with diabetes (odds ratio [OR] = 2.548) and digestive diseases (OR=2.196) are more likely to be infected with
hvKp. Importantly, the detection of hvKp isolates increased from January 2008 to January 2010, January 2010 to Janu-
ary 2012, and January 2010 to January 2014 (12, 30, and 48 isolates, respectively). Overall, 16.3% of hvKp isolates pro-
duced ESBLs and 20.0% were MDR-hvKp. Multivariate analysis implied that infection occurred in the ICU (OR=5.826)
and patients with indwelling stomach tubes (OR=6.461) are independent risk factors for ESBL-hvKp infection.

Conclusions: HvKp, especially ESBL-hvKp and MDR-hvKp, is emerging in the elderly. It is essential to enhance clinical
awareness and management of hvKp infections.
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Introduction

Klebsiella pneumoniae (Kp) are Gram-negative bacteria
that can cause various infections. There are mainly two
pathotypes that pose a threat to our health: hypervirulent
(hvKp) and classical (cKp). The most common subtype of
the K. pneumoniae strains is classic K. pneumoniae (cKp)
notorious for their resistance to common antibiotics [1-
3]. An emerging subtype, termed hypervirulent K. pneu-
moniae (hvKp), was first described in 1986 [4]. The hvKp
strains exhibit unique features compared to cKp. The
hvKp strains exhibit hypermucoviscosity to cause vari-
ous severe infections in immunocompetent and young
healthy individuals in addition to diseased patients [5-9],
liking pyogenic liver abscesses (PLA) [4, 10]. However,
the definition of hvKp is controversial. Host, pathogen,
and host—pathogen interactions should be considered
comprehensively for defining hvKp. However, most pub-
lished studies have focused on the bacteria alone. A pre-
vious study concluded that major histocompatibility
complex (MHC) variants, eating habits, nutritional sta-
tus, and gut microbiota composition are essential host
factors to investigate to enhance our understanding of
the hypervirulence phenomenon [11]. Moreover, some
controversies exist about the relationship between the
virulent and morphological phenotype (hypermucovis-
cosity) [12, 13]. Using in vitro and in vivo assays, various
studies showed that few hypermucoviscous K. pneumo-
nia (hmvKp) strains are associated with high virulence
[12, 13]. In animal models, hypermucoviscous K. pneu-
monia did not cause more severe infections and a higher
mortality rate than non-hypermucoviscous K. pneumo-
nia. In vitro and in vivo experiments showed that a few
(1/5) hypermucoviscous K. pneumoniae isolates had a
high virulence. Thus, identifying hvKp by the string test
alone is not sufficient [11, 14].

Recently, aerobactin has been regarded as a critical vir-
ulence factor for hvKp [14-16], which is often concomi-
tant with the mucoid phenotype. Based on this finding, a
multi-centre research in China first stated the clinical and
molecular characteristics of hvKp (defined as aerobactin-
positive) isolate [14]. The results showed that invasive
infections (especially PLA), hypermucoviscosity and
most of virulence factors (K1, K2, K20, rmpA) genes are
highly associated with aerobactin-positive Kp. In addi-
tion, some studies have reported that iron acquisition
factors and the genes encoding the hypermucoviscous
phenotype are located on the same virulence plasmid,
which is not frequently present in cKp strains [5, 17-19].
Therefore, aerobactin combined with hypermucoviscos-
ity may be a defining hvKp trait. Additionally, the elderly
often has various underlying diseases, poor nutritional
status and atypical manifestations.
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To date, no data about antimicrobial susceptibility,
epidemiology and risk factor of hvKp in the elderly has
been described. Thus, we conducted a comparison of
hvKp (hypermucoviscous- and aerobactin-positive) and
cKp considering the host nutritional status, pathogen and
host—pathogen interactions.

Methods

Patients

A retrospective study was conducted on K. pneumoniae
culture-positive patients diagnosed at Chinese PLA Gen-
eral Hospital between January 2008 and January 2014.
Duplicate isolates from the same patient were excluded.
The basic demographics and clinical characteristics
(underlying diseases, invasive procedures, nutritional
status, and survival) of patients infected by K. pneumo-
niae were collected. Sequential Organ Failure Assess-
ment (SOFA) scores were evaluated within the first 24 h
after admission. To further assess the host response and
nutritional status between the two pathotypes, we moni-
tored white blood cell count (WBC), percentage of neu-
trophils (NEU%), total protein (TP) and albumin (ALB)
as biomarkers. The study was approved by the Chinese
PLA General Hospital Ethics Committee and the Guide-
lines for Human Experimentation (PR. China) were fol-
lowed throughout. The main inclusion criteria were (1)
the definition of the elderly has being 65 years old or
older (> 65 year); (2) at least one K. pneumoniae positive
culture; (3) Patients with all the indicators(WBC, NEU %,
TP, ALB, SOFA score) were recruited in this study when
their clinical specimens were identified as Kp. The exclu-
sion criterions were (1) insufficient clinical data (lacking
one of these above indicators) or bacterial strain sample
storage and (2) co-infection cases. Infections were con-
sidered to be community-acquired infections if K. pneu-
moniae-positive culture was obtained from a sample
isolated upon admission to the study center within 24 h.
Cases without these conditions were defined as nosoco-
mial infections.

Clinical K. pneumonia isolates

These specimens were from sputum, urine, blood and
drainage fluid. The standardized isolation, culture and
identification were conducted in the Department of Clin-
ical Microbiology. All strains were stored at —80 °C. All
the strains were identified by the API 20 NE system and
the Vitek II system. Moreover, species identification was
further confirmed by 16S rRNA gene sequencing. The
definition of hvKp required that both hypermucoviscos-
ity and aerobactin were positive. Hypermucoviscosity
was confirmed by the positive string test as previously
described [20].
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Antimicrobial susceptibility testing and phenotypic
confirmation of extended spectrum beta lactamases (ESBL)
Antimicrobial susceptibility testing was conducted
using the microbroth dilution method as previously
described [6]. The following antibiotic agents were
included: Amikacin, Gentamicin, Ampicillin/Sulbac-
tam, Aztreonam, Cefazolin, Cefepime, Ceftriaxone,
Ceftazidime, Ciprofloxacin, Levofloxacin, Piperacillin/
Tazobactam, Trimethoprim/Sulfamethoxazole, Imi-
penem, Meropenem and Tobramycin. The results
were interpreted using the 2017 Clinical and Labora-
tory Standards Institute (CLSI) guidelines. ESBL was
confirmed by agar dilution test using ceftazidime and
cefotaxime combined with clavulanate [14]. Multidrug-
resistant isolate was defined as resistant to three or
more antimicrobial classes [21].

Detection of virulence-associated gene and capsular
serotype-specific (cps) genes

Genomic DNA was extracted from all K. pneumo-
niae isolates. Polymerase Chain Reaction (PCR) for
virulence-associated genes (such as rmpA, rmpA2,
magA and aerobactin) were conducted as previously
described [14, 22, 23]. Capsular serotype-specific genes
(K1, K2, K5, K20, K54, and K57) were amplified by PCR
[14, 24]. The primers used are listed in Additional file 1:
Table S1.

Multilocus sequence typing

The primers and reaction conditions of seven house-
keeping genes (gapA, mdh, phoE, tonB, infB, pgi, and
rpoB) were utilized according to the K. pneumoniae
MLST website (http://bigsdb.pasteur.fr.html) (Addi-
tional file 1: Table S1). Allelic profiling and sequence
types (STs) determination were also confirmed using
the above website. In addition, for further analyses the
relationship among different STs, phylogenetic analysis
of housekeeping genes was performed. The concatena-
tion of the seven housekeeping genes of K. pneumonia
was conducted. A dendrogram was constructed from
the concatenated sequences using the neighbour-join-
ing method (MEGA 6.05).

Statistical analysis

SPSS software (version 20.0) was used for data analysis.
Measurement data were reported as the mean + stand-
ard deviation (SD), and count data were analysed as
percentages. Student’s t-tests and the Wilcoxon rank-
sum tests were performed for the analysis of continu-
ous variables. The y* or Fisher’s exact test was used
for categorical variables. All tests were 2-tailed. The
P-value<0.05 was considered statistically significant.
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To determine the risk factors for hvKp, univariate logis-
tic regression analyses were performed. All variables
with a P value <0.05 were included in the multivariate
model.

Results

Patient Characteristics

Between January 2008 and January 2014, 175 cases
are appropriate for this study. Aerobactin-positive and
hypermucoviscous strains were defined as hvKp, which
was determined by PCR and string test. Eighty of 175
(45.7%) isolates were hvKp. The distribution of the main
infection types in the hospital was hospital acquired
pneumonia (130, 72.3%), urinary infection (28, 16.0%),
abdominal infection (24, 13.7%) and bacteraemia (9,
5.14%). Overall, 170 (97.1%) patients were males and five
(2.9%) were females; the mean age was 84.84 + 8.48 years.

Clinical characteristics (including host response

and nutritional status) of hvKp infection

The basic clinical characteristics, host response and
nutritional status of patients with hvKp infections are
shown in Table 1. The mean age of patients infected
with hvKp is significantly younger than the cKp group
(83.2£8.75 years vs 86.2+8.04 years, P=0.020). A sig-
nificantly higher number of patients with hvKp had dia-
betes (76.3% versus 54.7%; P=0.003) as their underlying
diseases. Compared with the cKp group, more patients
with hvKp infections presented with invasive infec-
tions (28.8% versus 6.3%; P=0.000), liver abscess (10.0%
vs 1.1%; P=0.008), other abscesses (16.3% vs 3.2%;
P =0.035), sepsis shock (11.3% versus 3.2%; P=0.035)
and abdominal infection (22.5% vs 6.3%; P=0.035).
However, the rate of urinary infection in the hvKp group
is lower (10.0% vs 21.1%, P=0.047). In addition, stom-
ach tube is also less common in the hvKp group (56.3%
vs 74.7%, P=0.01). With regard to the host response,
both WBC (12.87 £4.24 vs 10.344+2.95, P=0.000) and
NEU % (78.87+£7.60 vs 74.23+7.83, P=0.000) are
higher in patients with hvKp than the cKp group. How-
ever, patients infected with hvKp are more likely to have
a lower TP (65.14+4.93 vs 62.96+4.71, P=0.003) and
ALB (35.54+2.75 vs 34.45+3.44, P=0.021). It was also
noted that although the SOFA score in the hvKp group is
higher (6.844+2.81 vs 4.93+2.59, P=0.000), the mortal-
ity at 28 days (17.5% vs 17.9%, P=0.946) was not signifi-
cantly different between the two groups (Table 1).

Genetic characteristics of hvKp vs cKp

Previous reports showed that the virulence-associated
genes rmpA, rmpA2, magA and (KI, K2, K5, K20, K54,
and K57) genes for capsular K antigens are associated
with hvKp [25-27]. All isolated strains were tested for
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Table 1 Clinical and microbiological characteristics, host
response and nutritional status of hvKp

Characteristic HvKp (80) cKp (95) P value
Kserotype
K1 26 (32.5%) 3(32%) 0.000
K2 11(13.8%) 1(1.1%) 0.001
K5 1(1.3%) 0 (0%) 0.276
K20 2(2.5%) 5(5.3%) 0.354
K54 2(2.5%) 3(3.2%) 0.795
K57 6 (7.5%) 7 (7.4%) 0.974
rmpA 65 (81.3%) 17 (17.9%) 0.000
rmpA2 58 (72.5%) 19 (20.0%) 0.000
magA 63 (78.8%) 58 (61.1%) 0012
Basic demographics
Age 83.2+8.75 86.2£8.04 0.020
Male 77 (96.3%) 92 (96.8%) 0.837
Underlying diseases
Pulmonary disease 73 (91.3%) 90 (94.7%) 0363
Diabetes 61 (76.3%) 52 (54.7%) 0.003
Cardiovascular disease 40 (50.0%) 8(61.1%) 0.142
Cerebrovascular disease 9(11.3%) 0(21.1%) 0.082
Cancer 21 (26.3%) 28 (29.5%) 0.636
Surgery within 1T mo 6 (7.5%) 1(11.6%) 0.364
Digestive disease 25 (31.3%) 20(21.1%) 0.124
Catheter
Central intravenous catheter 0 (62.5%) 5 (68.4%) 0411
Urinary catheter 7 (71.3%) 9 (83.2%) 0.059
Tracheal catheter 4 (30.0%) 33 (34.7%) 0.505
Stomach tube 45 (56.3%) 1 (74.7%) 001
Drainage tube 4 (5.0%) 1(1.1%) 0.119
Infection type
HAP 62 (77.5%) 68 (71.6%) 0372
Urinary infection 8(10.0%) 20(21.1%) 0.047
Invasive infection 23 (28.8%) 6(6.3%) 0.000
Bacteraemia 5(6.3%) 4(4.2%) 0.543
Liver abscess 8 (10.0%) 1(1.1%) 0.008
Other abscess 13 (16.3%) 3(3.2%) 0.003
Abdominal infection 18 (22.5%) 6 (6.3%) 0.002
Sepsis 41 (51.3%) 40 (42.1%) 0.227
Septic shock 9 (11.3%) 3(32%) 0.035
Host response
WBC 1287 +£4.24 10344295 0.000
NEU% 78.87£7.60 74.23+7.83 0.000
Nutrition status
TP 65.14+£493 6296+4.71 0.003
ALB 35544275 34454344 0.021
SOFA score 6.84+2.81 493+£2.59 0.000
Infection occurred in ICU 13 (16.3%) 14 (14.7%) 0.783
Relapse 5 (6.3%) 5(5.3%) 0.779
Mortality at 28 days 14 (17.5%) 17 (17.9%) 0.946

Underline values indicate statistical significance

TP total protein, ALB albumin; HAP hospital acquired pneumonia, WBC white
blood cell count, ESBLs extended spectrum beta lactamases, NEU% percentage
of neutrophils
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the above genes by PCR. K1, K2, rmpA, rmpA2 and magA
were highly associated with hvKp (P=0.000, 0.001, 0.000,
0.000, and 0.012, respectively). However, K5, K20, K54,
and K57 were not associated with hvKp (P=0.276, 0.354,
0.795, and 0.974, respectively). There is no strain in cKp
group with K5 (Table 1).

Antimicrobial resistance and prevalence of ESBL genes
among K. pneumoniae isolates

The resistance rate of almost all antibiotic agents for cKp
was significantly higher than that of the hvKp group, with
the exception of ampicillin, imipenem, and meropenem
(Additional file 1: Table S2). All hvKp strains were resist-
ant to ampicillin. Two hvKp isolates were resistant to car-
bapenems. Among hvKp strains, 16 strains (20.0%) were
identified as multi-drug resistant bacteria (MDR). Fifty-
one strains were identified as ESBL-producing, which
was more common in the cKp group (40.0% vs 16.3%,
P=0.001). In the hvKp group, 16.3% (13/80) samples
were ESBL-producing isolates, and 2 of them presented
with carbapenems resistance. The detailed information
about the 13 ESBL-producing hvKp strains is shown in
Table 2.

The distribution time and the rate of multi-drug resist-
ance of hvKp were investigated. During the periods from
January 2008 to January 2010, February 2010 to Janu-
ary 2012, February 2012 to January 2014, 12, 30, and 48
hvKp isolates were detected, respectively. At the three
time points, 2, 6, and 5 ESBL-hvKp strains and 2, 8, and
6 MDR-hvKp strains were detected, respectively. Fur-
thermore, an increase in the number of ESBL-hvKp iso-
lates was detected during the periods from January 2008
to January 2010 (n=2), February 2010 to January 2012
(n=6), and February 2012 to January 2014 (n=>5). Addi-
tionally, 2, 8 and 6 MDR-hvKp stains were observed in
the above three time points, respectively (Fig. 1).

Risk factors: hvKp vs cKp

In this study, univariate regression analysis showed that
diabetes (odds ratio [OR] =2.655) and digestive diseases
(OR=2.152) were statistically significant risk factors
associated with hvKp infections (Table 2). Indwelling
stomach tube (OR=0.435) is a protective factor for hvKp
infection. Moreover, multivariate analysis revealed that
diabetes (OR = 2.548) and digestive diseases (OR =2.196)
were independent risk factors for hvKp infections
(Table 3).

Risk factors: ESBL-hvKp vs Non-ESBL-hvKp

Patients infected in the ICU department (OR=5.826)
and indwelling stomach tube (OR=6.421) are significant
independent risk factors for ESBL-producing hvKp infec-
tions by regression analysis (Table 4).
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Fig. 1 Number of hypervirulent Klebsiella pneumoniae (hvKp),
ESBL-hvKp and MDR-hvKp strains detected between January 2008
and January 2014. (black, hvKp; red, ESBL-hvKp; blue, MDR-hvKp)

Table 3 Risk factor for hvKp vs cKp
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MLST genotypic analysis

Among the 175 K. pneumoniae isolates, 119 STs were
identified by MLST analysis, including 37 novel STs
(ST2868-2869, ST2871-2878, ST2882-2884, ST2887-
2892, ST2894-2901, ST2905-2906, ST2908-2909,
ST2911, ST2914, ST2916-2918, ST2920). The most prev-
alent ST in this study was ST23 (n=22;18.5%), followed
by ST37 (n=6;5.0%), ST11l (n=5;4.2%), and ST412
(n=5;4.2%). These 4 STs accounted for 27.7% (33/119) of
the total strains. Moreover, 97 isolates identified another
97 distinct STs. ST23, ST412, ST218, ST375, and ST65
were strongly associated with hvKp, while ST11, ST37,
and ST461 were more common in the cKp group. The
most common clone complex (CC) of the ESBL-hvKp
strains were CC1 (N=2), CC23 (N=2) and C292 (N=2),
followed by CC412, CC101, CC17, CC34, CC11 and two
singletons. The phylogenetic tree showed that the ST347
isolate produced a serious infection (SOFA =8), and the

Variable Univariate OR (95% Cl) P value Multivariate OR (95% Cl) P value
Infection occurred in ICU 1.123(0.494-2.552) 0.783

Pulmonary diseases 0.579(0.177-1.901) 0.368

Diabetes 2.655 (1.380-5.108) 0.003 2.548 (1.288-5.042) 0.007
Cardiovascular disease 0.638 (0.349-1.164) 0.143

Cerebrovascular disease 0.475(0.203-1.113) 0.087

Cancer 0.852 (0.438-1.657) 0.636

Surgery within 1 mo 0.619(0.218-1.756) 0.368

Digestive diseases 2.152(1.033-4.483) 0.041 2.196 (1.003-4.806) 0.049
Central intravenous catheter 0.769 (0.411-1.439) 0411

Urinary catheter 0.502 (0.244-1.035) 0.062

Tracheal catheter 0.805 (0.425-1.524) 0.506

Stomach tube 0.435 (0.229-0.824) 0.011

Italic values indicate statistical significance

Table 4 Risk factor for ESBL-hvKp vs Non-ESBL-hvKp

Variable Univariate OR (95% Cl) P value Multivariate OR (95% ClI) P value
Infection occurred in ICU 4.609 (1.208-17.591) 0.025 5.826(1.334-25.446) 0.019
Stomach tube 5.338(1.099-25.941) 0.038 6.461 (1.218-34.259) 0.028
Relapse 3.879 (0.580-25.936) 0.162

Pulmonary diseases 1.180 (0.130-10.713) 0.883

Diabetes 1.046 (0.256-4.271) 0.950

Cardiovascular disease 3(0.139-9.322) 0.732

Cerebrovascular disease 1.558 (0.285-8.513) 0.609

Cancer 96 (0.024-1.609) 0.129

Digestive diseases 0.705 (0.175-2.837) 0.623

Central intravenous catheter 0.952 (0.281-3.233) 0.938

Urinary catheter 0.891 (0.245-3.242) 0.861

Tracheal catheter 1.579 (0458-5.441) 0469

Italic values indicate statistical significance
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Fig. 2 Neighbour-joining dendrogram of concatenated sequences of seven housekeeping genes from the MLST database

other STs (ST595, ST2906, ST1469) resulted in death
(Fig. 2).

Discussion

To our knowledge, our study is the first systematic study
of hvKp defined as hypermucoviscosity and aerobactin
positive and provides a comprehensive assessment of this
definition regarding the host nutritional status, pathogen
and host—pathogen interactions in the elderly. In the pre-
sent study, nearly half of K. pneumonia (45.7%) accounted
for infection in the elderly. Additionally, it is noted that,
in the elderly, the detection of hvKp among the K. pneu-
moniae isolates increased from 2008 to 2014, indicating
an elevated risk for hvKp infection, which is consisted
with a previous study focusing on adults in China [20].
In our study, 45.7% of K. pneumonia were identified as
hypermucoviscous through a positive string test, which
is higher than a previous retrospective study conducted

at a single centre in China, with a prevalence of 33% in
Beijing [20]. HvKp is emerging in the elderly and may
be a potential “superbug” for further clinical practice.
However, the hypermucoviscous phenotype may not the
unique key trait of hvKp. Moreover, patients with WBC,
NEU%, TB, ALB can be included into this study. There-
fore, the prevalence of hvKp in the elderly may be incor-
rectly estimated due to the lack of objective diagnostic
methods and small sample size.

The resistance rate to common antibiotics (except car-
bapenems) in hvKp strains was still significantly lower
than that in the cKp group in this study, particularly with
regard to ESBLs. In addition, 16.3% of ESBL produc-
tion was found among hvKp strains in our study, which
is higher than previous article [14]. It is widely recog-
nized that carbapenemase-producing hvKp (CR-hvKp)
strains have cause various fatal infections, especially an
outbreak in critical patients [17, 28, 29]. It was confirmed
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that the carbapenemase-producing plasmid could be suc-
cessfully transferred into hvKp strains, leading to a large
burden of disease for the public health [30]. In this study,
MDR-hvKp is increasing and 2 hvKp isolates show high
resistant to carbapenems in the elderly. It is alarming that
CR-hvKp isolates are emerging, and it is a big challenge
for medical workers to put forward new clinical interven-
tion and prevention. Taken together, these data revealed
that antimicrobial resistance is increasing among hvKp
strains, which is consisted with a previous study [20].
However, the conclusion requires further investigation
at multi-centres with a larger cohort of individuals to be
confirmed. Moreover, the results show that the ESBL-
hvKp is highly associated with magA in the study. The
genetic characteristics and outer genetic environment
of the two genes need to be further studied by whole
genomic sequencing.

With regard to virulence factors, various types of
K-antigens have been reported by now [24, 31, 32]. The
most important elements are K1 and K2, which fre-
quently result in serious infection [33, 34]. In our study,
K1 and K2 are significantly higher in hvKp group than
cKp group. RmpA/RmpA2 and MagA responsible for
hypermucovicosity phenotype was proposed as another
virulent factor in addition to cps K1/K2 [19, 23, 35, 36].
Our results showed that rmpA, rmpA2 and magA were
closely related to hvKp group. These results revealed that
most of the virulence factors are highly associated with
this new definition of hvKp in the elderly.

Previous studies showed that hmvKp are frequently
cause of invasive severe infection [37] in young people
without underlying disease, such as PLA [2], suppura-
tive endophthalmitis [38], and meningitis [39, 40]. In this
study, the results show that the mean age of hvKp group
is slightly younger than cKp. Invasive infection, especially
liver abscess and other abscesses, occurred significantly
more often with the new definition of hvKp group. In
addition, the nutritional status (TP and ALB), host reac-
tion (WBC and NEU %) and SOFA score of the hvKp
group are significantly higher than cKp group. Moreover,
the above results may also reveal that from the host, path-
ogen, and host—pathogen interactions, the new definition
for hvKp may be highly associated with the real hypervir-
ulence. Thus, focusing only on STs, serotypes, and other
pathogen genomic data may not be sufficient to define
hvKp. Host, pathogen and host—pathogen interactions
should be taken into consideration when defining hvKp.
The inflammatory factors (such as interleukin, C-reactive
protein, tumour necrosis factor) and nutritional status
(prealbumin, thickness of subcutaneous fat) may be more
comprehensively considered in future studies.

It is essential for clinicians to respond immediately to
hvKp infections, which could cause serious infections

Page 9 of 11

and a more severe inflammatory reaction than cKp,
especially in the elderly, children and immunocompro-
mised patients. Thus, developing a better understand-
ing of the risk factors for hvKp is urgent and essential.
Our results demonstrate that patients with diabetes
and digestive diseases are more likely to be infected
with hvKp, which is consistent with a previous study in
China [14, 20]. Additionally, infections in the ICU and
patients with indwelling stomach tube are risk factors
for ESBL-hvKp, which may be related with potentially
prolonged hospitalized course and antibiotic exposure.
Clinicians should pay close attention to these risk fac-
tors in clinical practice to reduce emergence of MDR
isolates. Previous study [28] suggested that wards previ-
ously infected with CR-hvKp should be left unoccupied
for more than 2 weeks after disinfection and before the
admission of new patients. However, it may be difficult
to be implemented in China, a populous and develop-
ing country. Thus, it is urgent to make a cluster strategy
from the host nutritional status, pathogen invasiveness
and host—pathogen reaction to prevent MDR-hvKp,
especially CR-hvKp.

There were some limitations in our study. First, it was a
retrospective study at a single centre over 6 years. More
inflammatory factors and nutrition indicators were not
measured. Second, in vitro and in vivo experiments, such
as galleria mellonella model, mouse models and a human
neutrophil assay, may be further needed for identify-
ing this new definition of hvKp. Third, to further explore
the pathogen genomic characteristics, whole genome
sequencing may be needed for further study. A prospec-
tive multi-centre study that includes more isolates, focus-
ing on host, pathogen and host—pathogen interactions, is
needed to better define the hvKp strains.

Conclusions

The hvKp strains defined as hypermucoviscous and
aerobactin positive are more likely to cause more severe
inflammatory reaction in host and invasive infection,
such as PLA and sepsis shock. To further understand
hvKp, the host, pathogen and host—pathogen interac-
tions may be the key element. At present, the preva-
lence of hvKp in the elderly, especially ESBL-hvKp and
MDR-hvKp is increasing. It is essential to enhance the
clinical awareness and management of hvKp infections.

Additional file

Additional file 1: Table S1. Primers. Table S2. Comparison of antimicro-
bial resistance to hvKp and cKp.
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