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Purpose: Hypervirulent klebsiella pneumoniae (hvKP) is responsible for various invasive 
diseases and associated with high mortality. However, the clinical and microbiological 
factors of hvKP infection that influence prognosis have not been well studied. The purpose 
of this study was to evaluate the prognostic factors for in-hospital mortality of patients with 
hvKP infections, mainly focusing on clinical and microbiological characteristics.
Methods: A retrospective study was conducted in hvKP strains which positive for iucA and 
string test. According to the clinical outcomes during hospitalization, hvKP-infected patients 
were divided into non-survivor and survivor groups. The clinical characteristics, capsule 
types, multi-locus sequence types (MLST), virulence genes and antimicrobial susceptibility 
were compared between those of the two groups.
Results: A total of 135 patients were demonstrated to be with hvKP infections, with 
a prevalence rate of 22% among all the klebsiella pneumoniae infected cases. Sixteen of 
these patients died during hospitalization, with an in-hospital mortality rate of 11.9%. 
Univariate analysis confirmed that admission to the intensive care unit (ICU) (p=0.008), 
antimicrobial resistance of hvKP to ampicillin/sulbactam (p=0.028), cefepime (p=0.033), 
aztreonam (p=0.049) and harboring iroN gene (p=0.023) were associated with in-hospital 
mortality. On the contrary, the rmpA gene showed an inverse association with in-hospital 
mortality (p=0.017). Multivariate logistic regression analysis revealed that ICU admission 
(odds ratio [OR]=3.452, 95% confidence interval [CI]=1.052–11.329; P=0.041) and iroN 
carriage (OR=9.278, 95% CI=1.654–52.035; P=0.011) were independent prognostic factors 
for the in-hospital mortality of patients with hvKP infections.
Conclusion: Emerging hvKP infection may lead to relatively high in-hospital mortality. 
ICU admission and iroN carriage were independent prognostic factors for the in-hospital 
mortality of patients with hvKP infections.
Keywords: hypervirulent Klebsiella pneumoniae, prognostic factors, iucA, iroN, in-hospital 
mortality

Introduction
As an opportunistic pathogen, Klebsiella pneumoniae is responsible for various 
infections such as pneumonia, intra-abdominal infection, urinary tract infection and 
bacteremia.1 The elderly and immunocompromised populations are susceptible to 
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the classic Klebsiella pneumoniae (cKP).2 Unlike cKP, the 
emerging hypervirulent Klebsiella pneumonia (hvKP) can 
cause community-acquired infections in patients without 
major comorbidities or even young healthy individuals.3 

Of note, the hvKP strain, generally considered as normal 
intestinal flora, has the ability to invade distal organs and 
tissues of the host, resulting in irreversible severe damage 
and higher clinical mortality.4 However, the reported 
death-rate of hvKP-infected patients fluctuates greatly in 
different countries and regions: 17% in Spain, and up to 
41.2% in China, the huge difference may at least partially 
be caused by the misclassification of cKP and hvKP.5,6 So, 
the effective isolation and accurate classification of these 
strains are of great significance. However, the identifica
tion standard of hvKP is imperfect and controversial. 
Though initially defined as a hypermucoviscous pheno
type, it is now more inclined to be termed as strain carry
ing a series of virulence genes. However, completely 
ignoring their high-mucoid characteristic is infeasible. 
After all, numerous virulence genes have been demon
strated to be associated with bacterial mucoid and capsule 
phenotype. The increasing capsule leads to increased anti- 
phagocytosis of bacteria, attenuated early inflammatory 
response in host and enhanced antagonistic complement- 
mediated effects.7–9 Recently, the combination of hyper
mucoviscous phenotype and aerobactin genotype has been 
suggested as an effective way to differentiate cKP and 
hvKP.10,11 The aerobactin, as one of the siderophores 
secreted by hvKP, has long been appreciated as an impor
tant factor to enhance the virulence and cytotoxicity of 
hvKP.12

Currently, extended-spectrum–lactamases (ESBLs) and 
carbapenemases-producing hvKP strains deserve particular 
attention owing to the difficulty of treatment, which have 
been proposed to be potential prognostic factors for 
mortality.11,13 The ST11 carbapenem-resistant hyperviru
lent Klebsiella pneumoniae (CR-hvKP) strains are formed 
through the acquisition of a pLVPK-like plasmid by the 
ST11 carbapenem-resistant cKP strains, and are especially 
worrisome due to their fatal outcomes.14 Except for the 
virulent characteristics of the bacteria itself elucidating 
partial cause of death, a mounting of latent factors also 
affect the patients’ clinical outcomes, among which 
comorbidities and immunological status are well recog
nized as important host-associated ones. For example, in 
previous studies of risk factors for infection, patients with 
comorbidities of diabetes and malignancy are more vulner
able to hvKP infection.11 Diabetics have impaired 

neutrophil responses and phagocytic capabilities, while 
the amounts of immune cells decreased due to the side 
effects of cytotoxic therapies in patients with malignant 
tumors.15,16 A common feature of both comorbidities is 
that they lead to a decline in the host’s ability to defend 
against bacteria. The deficiency of immune defense ability 
combined with other factors such as increased pathogeni
city and antimicrobial resistance of bacteria may lead to an 
increase in deaths in patients with hvKP infections.

So far, the research on the prevalence and in-hospital 
mortality rates of patients with hvKP infections in China is 
limited, and there is still a lack of systematic research on 
the prognostic factors influencing the in-hospital mortality 
of patients with hvKP infections. Therefore, we conducted 
a retrospective analysis of the prognostic factors for 
patients with hvKP infections, mainly focusing on the 
clinical characteristics of the patients and microbiological 
characteristics of the strains including capsule types, 
multi-locus sequence types (MLST), virulence genes and 
antimicrobial resistance.

Methods
Study Design and Definition
A retrospective study was conducted from February 2018 
to June 2019 in the First Affiliated Hospital of 
Chongqing Medical University, a 3200-bed tertiary 
teaching hospital. Confirmation of Klebsiella pneumo
niae (KP) isolates was performed by VITEK MS system 
or VITEK 2 compact system (BioMérieux, Marcy- 
l’Étoile, France). Firstly, a total of 613 cases positive 
for KP culture were collected consecutively during the 
study period, of which 135 cases with positive string test 
and PCR-amplified iucA (biosynthetic gene for the side
rophore aerobactin) were defined as hvKP.10 String test 
was defined as positive when the bacterial colony can be 
extended to a viscous string at least 5 millimeters long 
from the surface of the agar plate.17 Secondly, in order to 
determine the prognostic factors related to the in-hospital 
mortality of the patients with hvKP infections, 135 
patients with hvKP infections were divided into the sur
vival group and the death group according to prognosis 
(Figure 1). Only the first strain isolated from the patients 
at the time of the first diagnosis of K. pneumoniae infec
tion was collected, and subsequent isolates from the same 
patient were not incorporated into the study. Patient 
information including demographic characteristics, 
comorbidities, laboratory results, clinical manifestations, 
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primary infection sites of hvKP, antimicrobial adminis
tration and clinical outcomes during hospitalization were 
obtained from medical records. Patients with incomplete 
information were excluded.

Typing of hvKP Strains and Their Capsule 
Type
PCR was used to detect the capsular serotypes of K1, K2, K5, 
K20, K54 and K57.18 MLST was tested by amplifying and 
sequencing the partial sequences of seven standard house
keeping genes (gapA, infB, mdh, pgi, phoE, rpoB, and tonB) 
and comparing them with KP MLST database to determine 
the allele types and STs of hvKP isolates (https://pubmlst.org/ 
mlst).

Testing Virulence Genes of hvKP Strains
The presence of the virulence genes, including allantoin 
metabolism (allS), type 1 and type 3 fimbriae biosynthesis 
(fimH and mrkD), biosynthesis of lipopolysaccharide 
(ycfM and wabG), fucose synthesis (wcaG), mucoviscosity 
(prmpA, prmpA2 and magA), siderophore (entB, kfu, iroB, 

iroN, irp-1, irp-2, iutA, ybtS) and putative transporter (peg- 
344) was confirmed by PCR amplification and subsequent 
sequencing using the previously described methods and 
primers.6,19–21 Among them, several genes located on the 
pLVPK-like virulence plasmid, such as peg-344, PrmpA 
and PrmpA2 (regulators of the mucoid phenotype), have 
been proved to be related to the hypervirulence in the 
infection model in vivo.12,22 All the primer sequences for 
the mentioned genes above can be found in Additional file 
1(Table S1).

Antimicrobial Susceptibility Testing and 
Antimicrobial Resistance Genes of hvKP 
Strains
The antimicrobial susceptibility test was performed initi
ally by using AST-GN334 card on the VITEK 2 Compact 
(BioMérieux, Marcy-l’Étoile, France). The antimicrobial 
agents included piperacillin/tazobactam, ampicillin/sulbac
tam, ceftriaxone, ceftazidime, cefoperazone/sulbactam, 
cefepime, cefoxitin, ertapenem, imipenem, meropenem, 
tobramycin, amikacin, levofloxacin, aztreonam, 

Figure 1 Flow chart for study inclusion. 
Abbreviations: KP, Klebsiella pneumoniae; HvKP, hypervirulent Klebsiella pneumoniae.
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sulfamethoxazole, minocycline, furazolidone and tigecy
cline. All the automatically-identified carbapenem resistant 
strains and tigecycline resistant strains were manually 
verified by standard broth microdilution methods on the 
basis of the 2018 Clinical and Laboratory Standards 
Institute (CLSI) guidelines.23 The results of tigecycline 
were judged according to the breakpoint of FDA 
Recognized Susceptibility Test Interpretive Criteria, with 
a minimum inhibitory concentration (MIC) ≥8.0 mg/L 
defined as resistant. The Escherichia coli ATCC 25922 
strain was included as quality control. Genes encoding 
ESBLs (blaCTX-M-1 group, blaCTX-M-9 group, blaSHV and 
blaTEM) and carbapenemase genes (blaKPC, blaNDM, 
blaVIM, blaIMP, and blaOXA-48) were tested when the phe
notypic test was positive, as previously reported.24 All 
positive PCR-amplified products were sequenced to vali
date their identity through BLAST website (https://blast. 
ncbi.nlm.nih.gov/blast.cgi).

Statistical Analysis
All statistical data were analyzed by SPSS statistical 
software (version 25, IBM Corporation, Armonk, NY, 
USA). The normal distribution of the statistical data was 
judged by One-Sample Kolmogorov–Smirnov test. The 
comparison of continuous variables was calculated by 
two simple t-test (normal distribution variables) or 
Mann–Whitney U-test (non-normal distribution vari
ables). The comparison of the categorical variables was 
calculated by Chi-square test or Fisher’s exact test. The 
goodness fit of logistic regression model was evaluated 
by Hosmer-Lemeshow test. All variables with P-value 
<0.10 in the univariate analysis were included in the 
multivariate regression analysis to obtain the indepen
dent risk factors affecting the prognosis of patients. 
A 2-tailed P-value <0.05 was considered to be statisti
cally significant. The odds ratio (OR) and its 95% con
fidence interval (CI) were calculated to evaluate the 
strength of any association.

Ethical Approval Statements
This retrospective study was approved by the Evaluation 
Committee and the Biomedical Ethics Committee of 
Chongqing Medical University (2020–460). In light of 
the retrospective and anonymous nature of the study, the 
Ethics Committee did not require written informed consent 
provided by participants.

Results
Clinical Characteristics of hvKP Infected 
Patients
In the present study, among the 613 cases of KP infec
tions, a total of 135 patients were demonstrated to be 
infected by hvKP, with a prevalence rate of 22% (135/ 
613). Sixteen of these patients died during hospitaliza
tion, with an in-hospital mortality rate of 11.9% (16/ 
135). The detailed characteristics of the 135 patients 
diagnosed with hvKP are summarized in Table 1. The 
non-survivor group consisted of 4 females and 12 males, 
with an average age of 67.4 years. And the survivor 
group consisted of 44 females and 75 males, with an 
average age of 59.5 years. Nosocomial infections were 
predominant in both the two groups (p=0.188). The 
main underlying diseases in the non-survivor group 
included digestive system diseases (75%), respiratory 
diseases (56.3%) and hypertension (50%), while those 
in the survivor group included respiratory diseases 
(63.9%), digestive system diseases (62.2%) and 
Chronic kidney diseases (38.7%). However, there was 
no statistical difference in the underlying diseases 
between the survivor group and the non-survivor 
group. Respiratory tract infection, primary bacteremia 
and urinary tract infection were the main sources of 
infection in the two groups. The antimicrobial exposure 
within 4 weeks had a relatively small effect on mortality 
in both the surviving and non-surviving groups. The 
total length of hospital stays and post-culture of hospital 
stays were also similar in the two groups (p=0.878, 
0.107, respectively). However, univariate analysis 
showed that the proportion of non-survivors admitted 
to ICU was much higher than that of the survivors 
(68.8% versus 34.5%, p=0.008).

Capsular Types and MLST of hvKP Strains
As shown in Table 2, K1 and K2 were the most prevalent 
capsular serotypes, accounted for 31.9% (43/135) and 
25.2% (34/135). Moreover, there were 26.7% (36/135) of 
the strains that do not belong to the most common sero
types of K1, K2, K5, K20, K54, and K57. However, there 
was no statistical difference in the proportion of the above 
mentioned six serotypes between the non-survivor group 
and the survivor group.

MLST analysis was implemented on all the 135 hvKP 
strains and 41 different STs were detected. Overall, ST23 was 
the most prevalent ST in the study (27.4%, 37/135), followed 
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by ST86 (7.4%, 10/135), ST65 (5.2%, 7/135), ST412 (4.4%, 
6/135), ST380 (3.7%, 5/135), ST29 (3.7%, 5/135). The above 
6 STs accounted for 51.9% (70/135). Univariate analysis 
showed no statistical difference in the proportion of the 
above 6 STs between the dead and the survivors.

Virulence Genes of the hvKP Strains
Over 90% of the strains harbored entB, ycfM, peg-344, 
mrkD and fimH, accounting for 99.3%, 98.5%, 97.0%, 
94.1% and 92.6%, respectively. Notably, the positive rate 
of iroN in hospitalized deaths was much higher than in 

Table 1 Clinical Characteristics of Survivor and Non-Survivor Patients with hvKP

Clinical Characteristic Total (n=135) Survivors (n=119) Non-Survivors (n=16) p-valuea

Age, mean ± SD, years 60.4±17.1 59.5±16.5 67.4±20.7 0.082
Male 87(64.4) 75(63.0) 12(75.0) 0.508

Female 48(35.6) 44(37.0) 4(25.0) 0.508

Nosocomial infections 72(53.3) 61(51.3) 11(68.8) 0.188
Community-acquired infections 63(46.7) 58(48.8) 5(31.3) 0.188

Admission to ICU 52(38.5) 41(34.5) 11(68.8) 0.008
Post-culture length of hospital stay, median (IQR), days 4(1–13) 4(1–13) 10(2–26) 0.107
Total length of hospital stay, median (IQR), days 23(13–42) 23(13–37) 18(9–105) 0.878

Underlying diseases

Hypertension 44(32.6) 36(30.3) 8(50.0) 0.114

Diabetes mellitus 48(35.6) 42(35.3) 6(37.5) 0.863
Malignancy 31(23.0) 25(21.0) 6(37.5) 0.141

Tuberculosis 4(3.0) 3(2.5) 1(6.3) 0.981

Cardiovascular disease 34(25.2) 28(23.5) 6(37.5) 0.227
Cerebral vascular disease 37(27.4) 30(25.2) 7(43.8) 0.119

Respiratory diseases 85(63.0) 76(63.9) 9(56.3) 0.554

Digestive system diseases 86(63.7) 74(62.2) 12(75.0) 0.469
Chronic kidney diseases 53(39.3) 46(38.7) 7(43.8) 0.695

Hematological diseases 9(6.7) 8(6.7) 1(6.3) >0.999

Endocrine diseases 47(34.8) 40(33.6) 7(43.8) 0.424
Peripheral vascular diseases 23(17.0) 20(16.8) 3(18.8) >0.999

Immunosuppression 44(32.6) 36(30.3) 8(50.0) 0.114

Infection source

Skin and soft tissue 10(7.4) 8(6.7) 2(12.5) 0.749

Respiratory tract 65(48.1) 58(48.7) 7(43.8) 0.708
Intra-abdomen 7(5.2) 6(5.0) 1(6.3) 0.595

Biliary tract 7(5.2) 7(5.9) 0 >0.999

Urinary tract 15(11.1) 13(10.9) 2(12.5) >0.999
Catheter 5(3.7) 5(4.2) 0 >0.999

Primary bacteremia 26(19.3) 22(18.5) 4(25.0) 0.777

Antimicrobial exposure within 4weeks

Penicillin 27(20.0) 23(19.3) 4(25.0) 0.594

Cephalosporins 90(66.7) 78(65.5) 12(75.0) 0.451
Carbapenem 40(29.6) 33(27.7) 7(43.8) 0.188

Aminoglycosides 1(0.7) 1(0.8) 0 >0.999

Fluoroquinolone 21(15.6) 17(14.3) 4(25.0) 0.458
Tetracycline 2(1.5) 1(0.8) 1(6.3) 0.119

Macrolides 1(0.7) 1(0.8) 0 >0.999

Metronidazole 18(13.3) 16(13.4) 2(12.5) >0.999
Glycopeptide 10(7.4) 8(6.7) 2(12.5) 0.749

Tigecycline 4(3.0) 3(2.5) 1(6.3) 0.968

Notes: Data are expressed as no. (%) unless specified otherwise. Bold represents statistical differences (p< 0.05). 
Abbreviations: SD, standard deviation; IQR, interquartile range; ICU, intensive care unit.
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survivors (87.5% versus 57.9%, p=0.023). In contrast, the 
positive rate of rmpA was higher in survivors than the dead 
(68.8% versus 89.9%, p=0.017). Whereas, our results did 
not find any significant difference in the frequency of other 
virulence genes between the two groups (Table 2).

Antimicrobial Susceptibility Testing of the 
hvKP Strains
Univariate analyses of the prognostic factors for mortality 
related to antimicrobial resistance are presented in Table 3. 
We found that the hvKP strains isolated from the 

Table 2 Bacterial Characteristics of hvKP in Survivor and Non-Survivor Groups

Variables Total (n=135) Survivors (n=119) Non-Survivors (n=16) p-valuea

Capsule types
K1 43(31.9) 40(33.6) 3(18.8) 0.231

K2 34(25.2) 31(26.1) 3(18.8) 0.745

K5 4(3.0) 4(3.4) 0 >0.999
K20 5(3.7) 4(3.4) 1(6.3) >0.999

K54 2(1.5) 1(0.8) 1(6.3) 0.562

K57 11(8.1) 9(7.6) 2(12.5) 0.848

Multi-locus sequence types
ST23 37(27.4) 35(29.4) 2(12.5) 0.26

ST86 10(7.4) 10(8.4) 0 0.607

ST65 7(5.2) 7(5.9) 0 >0.999
ST412 6(4.4) 5(4.2) 1(6.3) >0.999

ST380 5(3.7) 5(4.2) 0 >0.999

ST29 5(3.7) 4(3.4) 1(6.3) >0.999

Allantoin metabolism

alls 48(35.6) 44(37.0) 4(25.0) 0.508

Adhesin

fimH 125(92.6) 109(91.6) 16(100.0) 0.607
mrkD 127(94.1) 113(95.0) 14(87.5) 0.534

Biosynthesis of lipopolysaccharide
ycfM 133(98.5) 117(98.3) 16(100.0) >0.999

wabG 105(77.8) 94(79.0) 11(68.8) 0.355

Fucose synthesis

wcaG 100(74.1) 92(77.3) 8(50.0) 0.26

Mucoviscosity

magA 44(32.6) 41(34.5) 3(18.8) 0.33

PrmpA 118(87.4) 107(89.9) 11(68.8) 0.017

PrmpA2 99(73.3) 90(75.6) 9(56.3) 0.1

Siderophore
entB 134(99.3) 118(99.2) 16(100.0) >0.999

kfu 68(50.4) 60(50.4) 8(50.0) 0.975

iroB 95(70.4) 84(70.6) 11(68.8) 0.880
iroN 83(61.5) 69(58.0) 14(87.5) 0.023
irp-1 116(85.9) 103(86.6) 13(81.3) 0.849

irp-2 116(85.9) 103(86.6) 13(81.3) 0.849
iutA 104(77.0) 93(78.2) 11(68.8) 0.401

ybtS 93(68.9) 82(68.9) 11(68.8) 0.990

Putative transporter

peg-344 131(97.0) 116(97.5) 15(93.8) 0.968

Notes: Data are expressed as no. (%). Bold represents statistical differences (p< 0.05).
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non-survivor group exhibited higher rates of antimicrobial 
resistance for all the antibiotics (except tigecycline) than 
the hvKP strains isolated from the survivor group. Of note, 
the resistance rates for ampicillin/sulbactam, cefepime and 
aztreonam in the non-survivor group were significantly 
higher than those from the survivor group (37.5% versus 
15.1%, p=0.028; 25% versus 5.9%, p=0.033; 25% versus 
7.6%, p=0.049, respectively). Surprisingly, in the multiple 
logistic regression analysis, there was no statistical differ
ence in the resistance rate of these β-lactam antibiotics 
between the two groups.

Antimicrobial Resistance Genes and 
MLST of ESBLs-Producing hvKP and 
CR-hvKP Strains
A total of 13 ESBLs-producing hvKP strains were isolated 
in this study. Among them, 12 strains carried blaCTX-M 

gene, 61.5% (8/13) of which were blaCTX-M-1 group and 
30.8% (4/13) of which were blaCTX-M-9 group. The positive 
rates of blaSHV and blaTEM were 92.3% (12/13) and 23.1% 
(3/13), respectively. The 13 ESBLs-producing hvKP 
strains were divided into 10 different ST genotypes, of 
which 3 strains carrying both blaCTX-M-1 group and blaSHV 

belonged to ST23, and the others belonged to other differ
ent genotypes. The detailed information of 13 ESBLs- 
producing hvKP strains was in Additional file 1 (Table 

S2). Additionally, our study has identified five CR-hvKP 
strains harboring blaKPC-2 gene and several ESBLs genes 
(Table 4). All the five strains showed multiple resistances 
to the third- and fourth-generation cephalosporins, cepha
mycins and carbapenems, but were still susceptible to 
tigecycline. ST11 CR-hvKP were predominant, the 
remaining two strains belong to ST25 and ST2856, respec
tively. It is worth noting that one patient infected with 
ST25 KPC-producing CR-hvKP died of septic shock dur
ing hospitalization.

Prognostic Factors
Based on the study of the clinical characteristics of the 
patients and the microbiological characteristics of the 
strains, the variables in univariate analysis including age, 
admission to ICU, drug resistance to cefepime, aztreonam, 
ampicillin/sulbactam, and harboring iroN, rmpA gene were 
enrolled into the multivariate logistic regression analysis. 
The results displayed in Table 5 demonstrated that admis
sion to ICU and harboring iroN gene were independent 
prognostic factors for in-hospital mortality of patients with 
hvKP infections (Hosmer Lemeshow test, P=0.799).

Discussion
Considering that hvKP tends to cause severe invasive 
diseases and thus elevate mortality, it is necessary to 
investigate the prevalence and mortality rate of hvKP 

Table 3 Antimicrobial Resistance of hvKP in Survivor and Non-Survivor Groups

Antimicrobial Agents Total (n=135) Survivors (n=119) Non-Survivors (n=16) p-valuea

Piperacillin/tazobactam 5(3.7) 3(2.5) 2(12.5) 0.201
Ampicillin/sulbactam 24(17.8) 18(15.1) 6(37.5) 0.028
Ceftriaxone 19(14.1) 15(12.6) 4(25.0) 0.339

Ceftazidime 11(8.1) 8(6.7) 3(18.8) 0.244
Cefoperazone/sulbactam 4(3.0) 3(2.5) 1(6.3) 0.968

Cefepime 11(8.1) 7(5.9) 4(25.0) 0.033
Cefoxitin 11(8.1) 9(7.6) 2(12.5) 0.848
Ertapenem 5(3.7) 3(2.5) 2(12.5) 0.201

Imipenem 5(3.7) 3(2.5) 2(12.5) 0.201
Meropenem 4(3.0) 3(2.5) 1(6.3) 0.968

Tobramycin 5(3.7) 3(2.5) 2(12.5) 0.201

Amikacin 4(3.0) 2(1.7) 2(12.5) 0.107
Levofloxacin 9(6.7) 6(5.0) 3(18.8) 0.126

Aztreonam 13(9.6) 9(7.6) 4(25.0) 0.049
Sulfamethoxazole 19(14.1) 15(12.6) 4(25.0) 0.339
Minocycline 15(11.1) 13(10.9) 2(12.5) >0.999

Furazolidone 5(3.7) 4(3.4) 1(6.3) 0.473

Tigecycline 1(0.7) 1(0.8) 0 >0.999

Notes: Data are expressed as no. (%). Bold represents statistical differences (p< 0.05).
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and further reveal the predictive factors affecting prog
nosis. The prevalence and mortality rates of hvKP vary 
greatly depending on different regions. The prevalence 
rate of hvKP infection in our study is 22%, which is 
slightly lower than 24.5% to 47.5% previously reported 
in China, but much higher than 6% to 21% reported in 
other countries except China.5,25–27 Our consecutive study 
revealed that the in-hospital mortality rate for hvKP infec
tion was 11.9%, slightly lower than the 17.5% reported in 
a previous retrospective study in Beijing, China, but far 
exceeds the in-hospital mortality of 2.3% reported in 
another study conducted in 10 cities of China.10,11

To our best knowledge, this is the first study to explore 
the prognostic factors for in-hospital mortality of patients 
with hvKP infections, which was defined by positive iucA 
and string test. Siderophores are beneficial for bacteria to 
obtain more free iron from their hosts.11,28 In addition to 
this traditional role, siderophores also play a crucial role in 
promoting the dissemination of bacteria, defensing against 
the host’s immune function of neutrophils and regulating 
the production of virulence genes.29–31 HvKP secrets four 
kinds of siderophores, which are enterobactin, salmoche
lin, yersiniabactin and aerobactin. Salmochelin was first 
identified as a C-glucosylated enterobactin produced by 
Salmonella enterica and uropathogenic Escherichia coli 
strains and other Enterobacteriaceae, including 
K. pneumoniae.32 Importantly, this C-glucosylated modifi
cation prevents salmochelin from being bound by lipoca
lin-2, which is capable of specifically sequestering the 
siderophore enterobactin with the highest affinity for 
iron, allowing salmochelin to suck more iron from its 
host.33 In a recent analysis of 2733 genomes of the 
K. pneumoniae complex, it was found that the trend of 
simultaneous existence of iro and iuc loci encoding aero
bactin and salmochelin synthesis, respectively, was 
obvious, indicating the importance of coexistence of aero
bactin and salmochelin to K. pneumoniae.34 The iroN gene 
encodes the outer-membrane receptor of salmochelin.32 

Our statistics showed that in the presence of aerobactin, 
the presence of iroN may be an independent risk factor for 
hospital death in patients with hvKP infection. Magistro 
et al reported that iroN contributed to the formation of 
biofilm of extraintestinal pathogenic Escherichia coli.35 

Moreover, the iroN was located on a large plasmid termed 
as pLVPK, which was demonstrated to be crucial to the 
pathogenicity of hvKP.36,37 Taken together, the above find
ings suggested that iroN is an independent prognostic 
factor for increased in-hospital mortality of patients with Ta
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hvKP infections. However, another report described a fatal 
outbreak of ST11 CR-hvKP carrying pVir-CR-hvKP4 
plasmid with an absence of prmpA and iroN genes.14 It 
may be partly caused by regional differences and different 
clone types of strains. In addition, more virulence genes 
that have not been evaluated in this study should be 
included to analyze their association with mortality in the 
future.

The increased in-hospital mortality associated with 
ICU admission could be explained by the following 
aspects. Firstly, the iroN gene showed a higher positive 
rate in patients with a history of ICU admission (OR 
=3.101, 95% CI =1.428–6.734; P=0.004). Secondly, 
patients admitted to ICU tend to exhibit multiple resis
tances to ampicillin/sulbactam, ceftazidime, cefepime, 
amikacin, aztreonam, which is bound to lead to inappropri
ate empirical treatment. In addition, more severe under
lying illness and more fragile immune defenses in ICU 
patients, as well as the increase in invasive procedures, can 
be elements with fatal outcomes. Previous study has 
reported mortal outcomes in patients with an outbreak of 
hvKP infection admitted to the ICU.14 To sum up, patients 
admitted to ICU tend to have more devastating infection, 
coupled with inappropriate empirical treatment, so it is not 
surprising for the enhanced in-hospital mortality rate.

The resistance rate to β-lactam antibiotics in death 
group was slightly higher than that in the survival group 
in this study. However, the resistances to β-lactams did not 
exhibit a significant association with mortality, which is 
possibly due to the fitness cost, that is, the plasmids 
carrying antimicrobial resistance genes may be worse 
adaptable to hvKP.38 In addition, a total of 13 ESBLs- 
producing hvKP strains were isolated in our study, 
accounting for 9.6%, which is slightly lower than the 12.
6–16.3% previously reported in China.11,26 It is 

troublesome that the dissemination of CTX-M and SHV 
gene through plasmids into hypervirulent variants from 
different STs. Because such strains could produce 
a variety of broad β-lactamases and ESBLs, which has 
a high level of resistance to multiple antimicrobial agents. 
Our findings reported five cases infected with KPC- 
producing CR-hvKP and one died of septic shock during 
hospitalization. All the 5 strains harbored blaKPC-2 and 
several other ESBLs genes. Previous studies have shown 
that blaKPC-2 gene can be transferred to hvKP by plasmid 
conjugation, which highly indicates that the horizontal 
transmission of blaKPC-2 in hvKP results in the generation 
of CR-hvKP in our study.39 As the dominant clone of CR- 
hvKP in our study, ST11’s ability to rapidly disseminate 
carbapenemases and its high pathogenicity were confirmed 
in a study that five patients successively died of severe 
pneumonia due to infection with ST11 KPC-producing 
hvKP in the ICU of a hospital in China.14 In addition, 
one patient infected with ST25 KPC-producing CR-hvKP 
died of septic shock during hospitalization in this study, 
which deserves more attention because ST25 CR-hvKP 
has also been spreading in a Chinese hospital before.40 

In short, this must alert medical staffs to the possibility of 
horizontal transmission of resistant plasmids in hvKP, 
which may cause mortal outcomes in patients.

The generalizability of these results is subject to certain 
limitations. First, in light of hvKP being defined as posi
tive for string test and iucA in this study and the relatively 
small sample size, the results of this study may not be 
applicable to other set of studies. Second, the results of 
this study were based on a retrospective analysis and data 
statistics, prospective studies and animal experiments were 
urgently needed to verify the prognostic factors of hvKP 
infection. Nevertheless, our findings have revealed the 
prevalence and in-hospital mortality of hvKP in 

Table 5 Prognostic Factors Associated with in-Hospital Mortality of Patients with hvKP Infections

Univariable Analysis Multivariable Analysis

Variables OR (95% CI) P-value OR (95% CI) P-valuea

Age NA 0.082

Admission to ICU 4.185(1.362–12.862) 0.008 3.452(1.052–11.329) 0.041
Resistant to Cefepime 5.333(1.362–20.886) 0.033

Resistant to Aztreonam 4.074(1.088–15.250) 0.049

Resistant to SAM 3.367(1.088–10.417) 0.028
iroN 5.072(1.103–23.324) 0.023 9.278(1.654–52.035) 0.011

prmpA 0.247(0.073–0.831) 0.017

Notes: Bold represents statistical differences (p< 0.05). 
Abbreviations: OR, odds ratio; CI, confidence interval; NA, not available; ICU, intensive care unit; SAM, ampicillin/sulbactam.
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southwestern China, and systematically analyzed the prog
nostic factors of death during hospitalization, which pro
vides some predictive factors for clinicians to identify 
patients with poor prognosis in advance.

Conclusions
The prevalence and in-hospital mortality rate attributable 
to hvKP infection defined by positive string test and iucA 
were 22% and 11.9%, respectively. ICU admission and 
iroN carriage may be independent predictors of in- 
hospital mortality of hvKP-infected patients. Given the 
relatively high in-hospital mortality rate of patients with 
hvKP infections, early surveillance and better manage
ment are necessary for patients admitted to ICU and 
infected with iroN -harboring hvKP.

Abbreviations
ICU, intensive care unit; cKP, classic Klebsiella pneumoniae; 
hvKP, hypervirulent Klebsiella pneumoniae; CR-hvKP, car
bapenem-resistant hypervirulent Klebsiella pneumoniae; 
pLVPK, pK2044-like plasmid; KPC, Klebsiella pneumoniae 
carbapenemase; OR, odds ratio; CI, confidence interval.
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