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Abstract: In recent years, reports of hypervirulent (hv) carbapenem-resistant (CR) Klebsiella pneumoniae (Kp) (hv-CRKp) have
gradually increased. hv-CRKp may emerge from hvKp acquiring mobile genetic elements carrying multiple antibiotic-resistance genes
or multi-drug-resistant Kp acquiring virulence genes, with subsequent convergence of resistance and virulence. Thus, hv-CRKp
simultaneously harbors resistance and virulence genes and may even show resistance to colistin and tigecycline, suggesting potential
for causing severe infections and placing a serious burden on the health care system. In this study, we review and summarize published
literature on the epidemiology, virulence, resistance genes, and treatment of hv-CRKp.
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Introduction
Klebsiella pneumoniae (Kp) is a gram-negative bacterium that exists as normal flora in the respiratory and digestive
tracts; however, it can cause opportunistic infections. The virulence-related factors contributing to Kp pathophysiology
include bacterial capsular polysaccharides (polymorphic), lipopolysaccharides, pili (types 1 and 3), outer membrane
proteins, and iron-binding siderophores (aerobactin, enterobactin, salmochelin, and yersiniabactin).'* These virulence
factors are resistant to antimicrobial peptides, enabling bacteria to resist the phagocytic influence of host immune cells,
adhere to biological and abiotic surfaces, and alter their permeability to antibiotics.> > Siderophores tightly bind to
extracellular iron and re-enter bacteria via specific import mechanisms.®

Clinically isolated Kp can be divided into two types.”® The first is classical (cKp), which is typically isolated from
immunocompromised persons and can easily cause nosocomial infections. cKp strains are not virulent in mouse infection
models but often harbor genes that confer multiple drug-resistance, including carbapenem resistance. Carbapenemases
are classified into Ambler class A ((carbapenemase) KPC, GES, IMI, NMC, SME), B (IMP, VIM, New Delhi metal-§3-
lactamase (NDM), GIM, SIM, SPM), or D (OXA-48).”' A previous study showed that the proportion of drug-resistant
Kp carbapenemases increases with age, with the highest resistance rates found in patients > 60 years and higher
proportions of drug-resistant strains in blood and urine than in sputum.''"'> The antibiotics tigecycline and colistin are
considered last-resort treatments for carbapenem-resistant Kp (CRKp). Key mechanisms of resistance to tigecycline in
Kp include the overexpression of efflux pumps (such as AcrAB and OqxAB), inactivation of efflux-pump negative
feedback factors, acquisition of the plasmid-borne tet(A) variant gene, and mutation of the rpsJ gene.'* "> Colistin
resistance is associated with genetic changes in lipid A modifications, including the overexpression of two-component
regulatory systems (PmrAB and PhoPQ), inactivation of MgrB proteins, and the presence of mcr-1-carrying
plasmids.'®'®

The second type, hypervirulent Kp (hvKp) (Figure 1), is characterized by capsular hyperproduction and
a hypermucoviscous colony phenotype. hvKp typically causes community-acquired infections, as well as multi-site
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Figure | Virulence mechanisms of hypermucoviscous Klebsiella pneumoniae: This figure illustrates the key mechanisms of virulence of the recently isolated hypermucov-
iscous Klebsiella pneumoniae.

infections occurring rapidly in sequence, such as liver abscess, encephalitis, endophthalmitis, bacteremia, pneumonia,
and empyema, and is usually sensitive to antibiotics.'”*° The hypervirulent phenotype may be caused by the cumulative
effect of different combinations of helper genes that work together to increase bacterial virulence. However, no clinical
molecular diagnosis or microbial consensus currently exists for hvKp strains.'*'* Moreover, although the high capsular
production and hypermucoviscous phenotype may be closely related to the high virulence of hvKp, this correlation is not
consistent.

In recent years, an increasing number of reports on drug-resistant Kp strains have led to an awareness of hypervirulent
CRKp (hv-CRKp) strains. hv-CRKp strains emerge from hvKp acquiring mobile genetic elements carrying multiple
antibiotic-resistance genes (such as genes encoding extended-spectrum beta-lactamases (ESBLs) and carbapenemases) or
multi-drug-resistant (MDR)-Kp acquiring virulence genes (such as rmpA and siderophores), with the subsequent
convergence of resistance and virulence.'”* Some studies suggest that MDR-Kp is more likely to acquire virulence
genes."?

Owing to the highly pathogenic nature of the hv-CRKp strain and its resistance to many antibiotics, many researchers
have analyzed its characteristics. In this review, we summarize existing literature on the clinical characteristics, virulence,
drug resistance, and treatment of hv-CRKp infection.

Epidemiological and Clinical Features

The combination of hypervirulence and multi-drug resistance in hv-CRKp represents a major medical and health
challenge. Multivariate analysis has revealed that a strong biofilm-producing strain, an independent predictor of CRKp
mortality, is associated with increased CRKp infection-related deaths.>* The dominant strain of CRKp in the United
States and European countries is Kp sequence type (ST) 258, whereas that in China is ST11.>>*® The main carbape-
nemase genes in CRKp strains are bla KPC-2, bla NDM-1, and bla OXA-48. The prevalence of hypervirulence among
CRKp strains ranges from 7.5% to 15%.>°>' According to a study by the top three hospitals in Shanghai, China, the
isolation rate of the hv-CRKp strain is 1.5%, and the dominant ST is ST11/K64, followed by ST11/K47, ST23/K1, and
ST86/K2. ST11 is the most common ST among hv-CRKp isolates in China.?> An Iranian study indicated that 85.7% of
hvKp isolates produce ESBL; the carrying rates of bla NDM-6, bla OXA-48, bla CTX-M, blaSHV, and blaTEM were
7.1, 14.3, 21.4, 28.6, and 78.6%, respectively. Of the hvKP isolates, 42.9% were CR-hvKP. Moreover, XDR-hvKP
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isolates belong to ST15, ST377, ST442, and ST147, respectively.>? hv-CRKp is mainly isolated from respiratory tract
and bile specimens but is also detected in other specimens, including urine, blood, and pleural effusion.”>2° Among
infected men, those aged 50—-60 years have the highest risk of disease. Other studies have confirmed that older people are
more susceptible to hv-CRKp infection, although CRKp has also been isolated from hospitalized infants.*>2%-33-34
Diabetes mellitus is a high-risk factor for hvKp infection.>>*® Surgery and ICU are the major endemic departments.

Furthermore, the mortality rate of hv-CRKp infection is approximately 17.1%.

Laboratory Analyses

Kp strains have been identified via traditional culture isolation, and virulence-related and drug-resistance genes have
been detected using a variety of bacterial strain identification and gene detection methods.?” Classical detection methods
include antimicrobial susceptibility testing approaches, such as disk diffusion, AGAR dilution, broth microdilution,
MALDI-TOF MS, VITEK MS, and biomsamrieux, which test for antibiotic sensitivity. The string test can be used to
determine the hyperviscous phenotype; here, when a loop applied to a colony pulls a “string” of >5 mm, it indicates
a positive result; however, this test is affected by many factors, such as culture conditions. The sedimentation assay is
more reliable than the string test for determining the hyperviscous phenotype.® The virulence profiles of Kp isolates have
been evaluated using a Galleria mellonella infection model. In addition, virulence phenotype identification can be
achieved using in vivo virulence models, biofilm formation assays, neutrophil assays, and iron carrier production
assays.”®>*° PCR, sequencing, PCR-based multilocus sequence typing, and phylogenetic multilocus sequence typing
are also used to detect strains and serotypes.*' A microdilution checkerboard method can be used to determine the
activity of Kp strains against various drugs. In recent years, the application of next-generation and whole-gene
sequencing technology, which can rapidly detect strains, drug resistance, and virulence genes, has gradually increased
and been applied in clinical practice.*?

Virulence and Drug Resistance

Host factors and antibiotics may drive the adaptive evolution of Kp virulence-related and drug-resistance genes.** Prior
antibiotic therapy, previous hospitalization for five days or more, invasive procedures, and mechanical ventilation are all
notable risk factors for hv-CRKp strain colonization. When combined with underlying diseases (such as diabetes),
carbapenem exposure is an independent risk factor for hv-CRKp strain colonization.***® The common capsular antigens
of hv-CRKp in China are K1, K2, and K54 and the ST is ST11.>"***7 A study in Malaysia confirmed that all strains
isolated from hypermucoviscous CRKp contained carbapenemase-resistance genes and showed multi-drug resistance,
whereas the virulence genes detected in hypermucoviscous CRKp harbored the aerobactin siderophore receptor gene
(iutA), iroB, rmpA, and rmpA2, with no K1/K serotype, peg-344, allS, or magA.>® As mentioned previously, hv-CRKp
has two evolution patterns (Figure 2): CRKp acquiring virulence genes or hv-Kp acquiring resistance genes. Specifically,
through the horizontal gene transfer of outer membrane vesicles (OMVs) carrying virulence or resistance genes, OMVs
can carry blaNDM-1 genes and pass them to the hvKp strain NTUH-K2044; similarly, OMVs containing virulence genes
isolated from hvKp can also be horizontally transferred to ESBL-producing cKp strains, thereby promoting the
emergence of hv-CRKp.*****’ The hypervirulence and multi-drug resistance of hv-CRKp are mainly due to the
existence of large plasmids containing multiple virulence genes (such as pLVPK) or hybrid conjugation plasmids with
both virulence-related and carbapenem-resistance genes.”®>%>! Capsular evolution may lead to the convergence of
carbapenem resistance and high virulence in Kp. According to research on the ST23-K1 strain, the wcal gene was
interrupted by insertion sequence elements, resulting in small capsule synthesis and decreased virulence. However, the
blaKPC-2 plasmid coupling frequency increased, which promoted high virulence and carbapenem resistance in the
strain.’> Hypervirulent ST11-KL64 can rapidly diversify its resistance to tigecycline and polymyxin treatment.
Sequencing analysis has revealed that ramR and lon frameshift mutations are the main causes of tigecycline resistance
and that ceftazidime—avibactam (CZA) resistance is associated with the blaKPC-2 mutation. Several mechanisms have
been shown to contribute to polymyxin resistance: increased expression of blaKPC-2 that increases the minimum
inhibitory concentration of CZA; mutations in pmrB, phoQ, and mgrB; and the insertion of IS (ISKpn74 and IS903B)
into the same location of mgrB, as well as a mutation associated with the efflux pumping system.'®** Deletion of the
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Figure 2 Mechanisms of carbapenem-resistant hypermucoviscous Klebsiella pneumoniae formation: This figure presents the formation mechanisms contributing to
carbapenem-resistant hypermucoviscous Klebsiella pneumoniae.

acyltransferase gene (act) at the cps site plays a crucial role in the virulence evolution of ST11 CRKp.’**>> Wang et al
isolated a strain of hv-CRKp from patients with scrotal abscess and urinary tract infection and observed its phenotypic
transition from high viscosity to low viscosity, which was attributed to either defective or low expression of rmpADC or
the capsule synthesis gene wcal, or mediated by ISKpn26 insertion/deletion or base pair insertion. Their experiments on
mice confirmed that the invasiveness of the strain decreased significantly after transformation to the low-viscosity
phenotype; however, the residence time of the strain in the urinary tract and gallbladder of mice was significantly
extended.*?

The hv-CRKp isolates reported in recent years often harbor multiple resistance genes and a large plasmid containing
multiple virulence genes. The Kp0179 strain (found in routine monitoring of clinical samples isolated from a patient in
China) was confirmed to belong to K2-ST375. Six resistance genes were identified, including blaSHV-99, fosA, oqxAB,
blaNDM-1, qnrS1, and blaSHV-12, the last three of which were located on the binding plasmid pNDM-Kp0179 (IncX3
type), as well as the plasmid pLVPK, of approximately 121 kb (carrying iroBCDN, iucABCDiutA, rmpA, rmpA2, and
other virulence genes).’® KP18-3-8 and KP18-2079, which are ST11-KL64 CRKp clinical isolate strains, harbor the
positive resistance genes blaKPC-2 and rmpA2. Two new hybrid virulence plasmids, KP18-3-8 (pKP1838-KPC-vir,
228,158 bp) and KP18-2079 (pKP1838-KPC-vir, 182,326 bp), have been identified. The IncFIl/incr virulence plasmid,
pKP18-2079-vir, may be the result of recombinant PLVPK-like virulence and MDR plasmids.”” LABACER 01 has
a genome sequence of 5,598,020 bp, belongs to ST25, and contains 19 antibiotic-resistance and virulence-related genes,
including mrkA-F and ecpD, as well as iron acquisition systems, such as iutA, iron, entB, entS, and entH. The ferric
enterobactin-binding periplasmic protein fepB-D is also encoded by basic structural genes cyoA/B, tamA/B, hemN, and
gltB associated with dense intestinal colonization. LABACER 27 has a genome sequence of 5,622,382 bp, belongs to
ST25, and contains 20 different antibiotic-resistance and virulence factor-related genes, including ycfM, mrkD, kpn, and
entB.>® SZ651 is a ST15/K19 clone containing multiple resistance genes, including aac(3)-I1d, aac(6”)-Ib-cr, blaSHV-28,
blaSHV-106, blaTEM-1B, blaOXA-1, blaCTX-M-15, blaKPC-2, mph(A), and tet(A). Several key virulence factors have
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also been identified in this strain, including genes encoding type 3 fimbria virulence determinants (mrkA, mrkB, mrkE,
mrkF, mrkl, and mrkJ) and the iron-containing factor yersiniabactin (ybtA, ybtP, ybtQ, ybtS, ybtT, and ybtU).>

A previous study analyzed RJ-8061, a urine isolate from an 86-year-old female patient with pneumonia, which
contains KPC-2 and NDM —5 enzymes. This study identified the pRJ-8061-hybrid plasmid as a 294,249 bp hybrid
plasmid that contains both resistance genes [blatemm-1b, mph(a), aac(3)-IId] and virulence genes (iucABCDiutA,
rmpA?2), although rmpA2 was truncated. In addition, blaKPC-2 and blaNDM-5 are located on the pRJ-8061-KPC-2
(IncFII/IncR) plasmid (171,321 bp) and pRJ-8061-NDM-5 (IncX3) plasmid (46,161 bp), respectively.®® The Kpn216
strain (French isolate) is resistant to penicillin and its combination with beta-lactamase inhibitors, as well as carbape-
nems, third-generation cephalosporins, quinolones, and tigecycline. blaCTX-M-15, encoded by a new ST9-IncN plasmid,
is found in an 1S26-based composite transposon, the downstream of which is a truncated isecpl insertion sequence. Each
isolate carries one IncHI1B/IncFIB replicator and is numbered VIR-KPN154 and VIR-KPN2166.>° KP75w, which
belongs to STI11, harbors resistance genes, including carbapenemase genes (blaNDM-1), as well as highly virulent
genes (rmpA2, iucABCD-iutA, fyuA, irp, mrk, ybt, fep, and virB2).%!

Treatment

A meta-analysis of 77 studies from 17 countries showed widespread resistance among hvKp strains, including resistance
to ampicillin sulbactam, cefazolin, cefuroxime, ceftazidine (57.1%), cefepime (51.3%), and carbapenems, with all
resistance rates greater than 40%.*” Drug-resistance analysis of hv-CRKp in China revealed resistance to ampicillin,
ampicillin/sulbactam, cefoperazone/sulbactam, piperacillin/tazobactam, cefazolin, cefuroxime, ceftazidime, imipenem,
meropenem, and amikacin, with resistance rates ranging from more than 60% for ciprofloxacin and 43.8% for benzidine-
sulfamethoxazole.?

CZA is a novel combination preparation with good antibacterial activity against MDR gram-negative bacteria that is
well-tolerated by patients, with few adverse reactions. Accordingly, CZA is used as salvage therapy in patients infected
with CRKp but is ineffective against carbapenemase B.%** Polymyxins and tigecycline are considered critical
therapeutics for resistant strains and represent the last line of defense against CRKp infections.®>~®° However, reports
of polymyxin and tigecycline resistance have gradually increased. A Chinese study reported that the percentages of
tigecycline- and colistin B-resistance in isolated CRKp strains were 1.2% and 4.8%, respectively.*’ Furthermore,
elacycline is a novel preparation that can be used to treat hv-CRKp.

In recent years, non-antibiotic treatments have gradually received attention. For example, the application of
Corynebacterium pseudodiphtheriticum to the nasal cavity of mice challenged with the MDR-Kp strain ST25 reduced
lung bacterial cell counts and tissue damage.”® This was attributed to modulation of the recruitment of white blood cells
into the lung and the production of TNF-a, IFN-y, and IL-10 in the respiratory tract and serum. Thus, this bacterium
could represent a novel respiratory tract probiotic, replacing antibiotic therapy and reducing the generation of drug-
resistance genes under the burden of antibiotics. However, further studies are required to confirm these findings.
Additionally, treatment with the phage kpssk3 improved the survival rate of mice with hypermucoviscous CRKp
infection by 100%, with no significant changes in the intestinal microbiota and no serious side effects.”' Thus, kpssk3
may represent an effective method for treating hypermucoviscous CRKp.

Conclusions

Owing to the annual increase in the number of hv-CRKp strains, the high mortality rate of hv-CRKp infection, and the
lack of effective anti-infective drugs, hv-CRKp has become an important burden on global medicine and health. The
dominant endemic CRKp strain in the United States and European countries is ST258, whereas that in China is ST11. hv-
CRKp can emerge from two main pathways: CRKp acquiring virulence genes or hvKp acquiring drug-resistance genes
via the horizontal gene transfer of OMVs. The detection rate of hv-CRKp is the highest in sputum specimens but also
very high in bile specimens. The incidence of hv-CRKp is higher in males and increases with age; however, hv-CRKp is
also detected in newborns. ICU stays, carbapenem exposure, and diabetes are major risk factors for infection with this
strain. The identification of hv-CRKp strains primarily involves the detection of virulence-related and drug-resistance
genes. Whole-gene detection has recently emerged as an efficient method, although other detection methods, including

Infection and Drug Resistance 2025:18 hetps: 4693



Yu et al

16sRNA and PCR, are also commonly used. Despite this availability of various detection methods for rapid diagnosis for
drug resistance genes, it is sometimes difficult to determine whether a specific strain is pathogenic, and the responses of
some patients to antibiotics do not match the results of drug resistance gene tests. It is therefore necessary to develop
more accurate detection methods to distinguish pathogenic Kp, especially for drug resistance gene detection and drug
selection. The drug-resistance rate of hv-CRKp is high. Currently, the commonly used drugs for the treatment of hv-
CRKp in clinical practice include CZA, tigecycline, and polymyxin. However, in recent years, the resistance rates to the
above-mentioned drugs have gradually increased, including tigecycline resistance caused by ramR and long frame shift
mutations, and CZA resistance caused by blaKPC-2 mutations. Additionally, the expression of blaKPC-2 increased,
raising the minimum inhibitory concentration of CZA. Mutations in pmrB, phoQ and mgrB, insertion of IS (ISKpn74 and
IS903B) into the same position of mgrB, and mutations related to the drainage pump system are all associated with
polymyxin resistance. It is therefore recommended to combine antibacterial drugs for the treatment of hv-CRKp.
Moreover, new drugs, including elacycline, have gradually emerged for the treatment of hv-CRKp. Furthermore, non-
antibiotic therapies, such as C. pseudodiphtheriticum 090104 and kpssk3, represent promising therapies for hv-CRKp
that require further research.
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