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Summary eBioMedicine
Background Carbapenem-resistant hypervirulent Klebsiella pneumoniae (CR-hvKp) has been increasingly reported 2925113 105627
worldwide, posing a severe challenge to public health; however, the mechanisms driving its emergence and global ~ PuPlished Online xx

dissemination remain unclear. https://doi.org/10.
1016/j.ebiom.2025.

105627
Methods We analysed CR-hvKp strains derived from canonical hvKp backgrounds, and acquired a carbapenemase-

encoding gene. These strains were identified from 485 CRKp isolates in the CRACKLE-2 China cohort, 259 CRKp
isolates from a multi-centre study, and 67,631 K. pneumoniae genomes available in GenBank. Clinical isolates
harbouring the IncFlIgs, KPC-2 plasmid were selected for genome sequencing, RNA-Seq, conjugation assays,
in vivo, ex vivo, and in vitro phenotypic characterisation.

Findings Analysis of clinical CR-hvKp isolates and the 414 genomes from 24 countries available in GenBank identified
an IncFlIgs, KPC-2 plasmid as the prevalent KPC plasmid (detected in 25%, 45/178 of KPC-producing CR-hvKp).
Compared with the epidemic IncFIIx, KPC-2 plasmid, the IncFlIlx;, KPC-2 plasmid exhibited a 100- to 1000-fold
increase in conjugation frequency (107*-10~ vs. 107) and an in vitro growth advantage under meropenem
challenge-likely due to the overexpression of conjugation-related genes and an increased blaxpc copy number and
expression. CR-hvKp isolates and hvKp transconjugants carrying this plasmid often exhibited reduced
mucoviscosity, while retaining hypervirulence in both murine models and human neutrophil assays.

Interpretation The IncFIIgs, plasmid may be a key factor driving the global dissemination of CR-hvKp, underscoring
the urgent need for enhanced molecular surveillance of this emerging pathogen.
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Research in context

Evidence before this study

We conducted a comprehensive PubMed search without
language restrictions for articles published prior to August 17,
2024, using keywords “Carbapenem resistant”,
“Hypervirulent”, and “Klebsiella pneumoniae”. The search
primarily yielded studies focussing on the epidemiology and
characterisation of ST11 carbapenem-resistant K. pneumoniae
strains that had acquired hypervirulence plasmid (Hv-CRKp).
Notably, research on carbapenem-resistant hypervirulent

K. pneumoniae (CR-hvKp) strains, particularly canonical hvKp
lineages of ST23, ST86, and ST65 that acquired carbapenem
resistance, is limited. One study provided a genomic
epidemiological characterisation of carbapenem-resistant and
hypervirulent K. pneumoniae in China. Among the 784
blaypco-bearing CRKp strains, six ST86 CR-hvKp strains were
identified. Phenotypic characterisation underscored that,
despite the rapid increase and prevalence of ST11 Hv-CRKp
strains carrying the virulence plasmid, the majority did not
exhibit hypervirulent phenotypes. Another study reported an
outbreak of KPC-2-encoding ST23 and ST65 CR-hvKp strains
in Singapore in 2010-2015. Other cases of CR-hvKp isolates
have been reported sporadically. For example, one KPC-2-
encoding ST23 CR-hvKp strain was reported from the United
States in 2019; two KPC-2-encoding ST86 CR-hvKp strains
were reported from Canada in 2019; one OXA-48-producing
ST86 CR-hvKp strain was reported from France in 2020 and
one OXA-232-producing ST23 CR-hvKp strain was reported
from India in 2020. A recent study documented the
emergence of a conjugative plasmid formed through the

Introduction
Hypervirulent Klebsiella pneumoniae (hvKp) causes se-
vere community-associated infections like liver ab-
scesses and meningitis in otherwise healthy individuals,
leading to high mortality rates.' Of particular concern is
the emergence of carbapenem-resistant hvKp (CR-hvKp)
that shows resistance to most clinically available p-lac-
tams, greatly limiting treatment options.? On July 31,
2024, the World Health Organization reported a rising
global incidence of CR-hvKp, particularly of sequence
type (ST) 23.° Furthermore, inadequate laboratory ca-
pacity for detecting these strains has likely resulted in a
substantial underestimation of the true global burden of
both hvKp and CR-hvKp.

Compared with classic carbapenem-resistant
K. pneumoniae (CRKp) strains, such as those from
ST11 and ST15 that have acquired hypervirulence plas-
mids (the primary virulence factor of hvKp), canonical
hvKp strains like ST23, ST86, and ST65 that have ac-
quired resistance plasmids encoding a carbapenemase
gene exhibit significantly higher virulence,” warranting
greater attention. For instance, a study of 784 blagpc ,-
bearing CRKp strains in China revealed that, although

fusion of a non-conjugative pK2044-like plasmid with a
conjugative KPC-2 plasmid in ST86 CR-hvKp. Nevertheless,
understanding of the formation and spread of CR-hvKp is still
limited.

Added value of this study

In this study, we analysed all available genome sequences of
canonical CR-hvKp strains from two multi-centre studies and
the NCBI GenBank, and identified an IncFlly34 KPC-2 plasmid
that predominates among CR-hvKp. The plasmid was found
in K. pneumoniae reported from 33 countries. We found that
the IncFlly34 KPC-2 plasmid exhibited high conjugation
frequency due to the elevated expression of conjugation-
associated genes. Furthermore, the plasmid provided CR-hvKp
a survival advantage over the IncFllg, KPC-2 plasmid
harbouring CR-hvKp under carbapenem exposure, which may
be conferred by increased blaypc, expression. These
discoveries bring valuable insights to our current
understanding of the formation and spread of CR-hvKp,
which is rapidly becoming a global public health concern.

Implications of all the available evidence

Building upon prior evidence, our study underscores the
emergence and prevalence of an IncFllgs, KPC-2 plasmid in
CR-hvKp. The noteworthy characteristics of this plasmid,
including its high conjugation rate and elevated carbapenem
resistance, highlight the critical importance of global
surveillance of the IncFlly3, KPC-2 plasmids and CR-hvKp
strains.

ST11 Hv-CRKp strains carrying the virulence plasmid
are rapidly increasing in prevalence, most do not exhibit
hypervirulent phenotypes.’

Several factors are thought to constrain the forma-
tion and spread of CR-hvKp strains. One primary factor
is the hypermucoviscosity of hvKp strains, which re-
duces the likelihood of carbapenemase-encoding plas-
mids entering the cells.® Another factor is the
incompatibility between carbapenemase-encoding plas-
mids and hvKp strains, which makes hvKp strains
susceptible to carbapenems.’” Additionally, the
chromosome-borne type I-E CRISPR-Cas system may
restrict the transfer and maintenance of carbapenemase-
encoding plasmids in ST23 hvKp strains.®

Despite these barriers, various carbapenemase-
encoding plasmids have been identified in the recent
global spread of CR-hvKp. For example, an IncFlly,
KPC-2 plasmid that originated from the prototypical
pKPQIL plasmid was identified in an ST23 CR-hvKp
strain from the United States in 2019% an IncFlIIgy;
KPC-2 plasmid was found in two ST86 CR-hvKp strains
from Canada in 2019'°; a nontypable KPC-2 plasmid was
reported in three ST23 CR-hvKp strains collected from a
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patient in Singapore in 2020'; and an IncP1 KPC-2
plasmid was documented in one ST23 CR-hvKp strain
from China in 2021.” Additionally, other
carbapenemase-encoding plasmids, such as an IncL
OXA-48 plasmid in an ST86 CR-hvKp strain from
France” and a ColKP3 OXA-232 plasmid in an ST23
CR-hvKp strain from India,* have been reported.
Notably, a recent study documented the emergence of a
conjugative plasmid formed through the fusion of a
non-conjugative pK2044-like plasmid with a conjugative
KPC-2 plasmid in ST86 CR-hvKp."

However, these reports remain largely sporadic, and
it is unclear how common these plasmids are within the
broader CR-hvKp population. While carbapenemase-
encoding plasmids play a crucial role in the spread of
CRKp clones (e.g., IncFIlx, KPC plasmids bolstering
ST11 and ST258)," their role in CR-hvKp dissemination
is less well understood. Investigating how these plas-
mids overcome the barriers to establish themselves in
hvKp is essential for improving our knowledge of CR-
hvKp formation and dissemination.

In this study, we identified an IncFllxs;, KPC-2
plasmid in CR-hvKp clinical isolates, which was preva-
lent in the 414 CR-hvKp genomics currently available in
GenBank. This plasmid appears to play a key role in
overcoming the barriers typically restricting CR-hvKp
formation and may be driving its global spread. These
discoveries advance our understanding of the evolution
of CR-hvKp and underscore the importance of moni-
toring CR-hvKp in both clinical and environmental
settings.

Methods

Identification of the carbapenemase-encoding
plasmid in canonical hvKp-derived CR-hvKp

In this study, CR-hvKp was defined as canonical hvKp-
derived CR-hvKp strains, belonging to ST23, ST86, or
ST65, and harbouring both a pK2044-like virulence
plasmid and a carbapenemase gene. A total of 485 and
259 CRKp clinical isolates from two previous multi-
centre studies were genomically screened for canonical
CR-hvKp."”'* A nontypeable IncFIIy allele was compared
with 33 known alleles in the plasmid MLST database
and submitted as IncFIlgs4. All complete IncFIlx plas-
mids from PLSDB 2021_06_23_v2" were analysed. A
total of 67,631 K. pneumoniae genomes, each with fewer
than 400 contigs and a genome size between 4.5 Mbp
and 6.5 Mbp, were retrieved from the NCBI GenBank
(accessed on August 12, 2024) to assess the prevalence
of CR-hvKp and the distribution of IncFIlgs4 plasmid.

Conjugation of KPC-2 plasmids and antimicrobial
susceptibility testing

Conjugation experiments were conducted using the
filter-mating method. In the conjugation of blaypc.,
plasmids from the donors CR-hvKp (K. pneumoniae
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H39, DD02357, DD01665, and DD02201) and CRKp
(K. pneumoniage HS11286), the sodium azide-resistant
E. coli J53 was used as the recipient. Transconjugants
were selected on Luria-Bertani (LB) agar plates supple-
mented with meropenem (0.5 pg/mL) and sodium azide
(100 pg/mlL). In the conjugation of blaxpc, plasmids
from the donors (J53::pKPC-H39, J53::pKPC-DD02357,
J53::pKPC-DD01665, J53::pKPC-DD02201, and J]53:
pKPC-HS11286), K. pneumoniae NTUH-K2044 (dipo-
tassium tellurite-resistance due to the presence of ter
operon) was used as the recipient. Transconjugants
were selected on LB agar plates supplemented with
meropenem (0.5 pg/ml) and dipotassium tellurite
(3 pg/mL). Twenty-four colonies were randomly selected
for each transconjugant and tested for mucoviscosity
using low-speed centrifugation, followed by the mea-
surement of ODgoo values of the supernatant. Six
transconjugants colonies with reduced mucovisity were
selected for PCR amplification of rmpA and wzc genes,
followed by Sanger sequencing. In the conjugation of
hypervirulence plasmids from the donors (NTUH-
K2044::pKPC-H39, NTUH-K2044::pKPC-DD02357,
NTUH-K2044::pKPC-DD01665, NTUH-K2044::pKPC-
DD02201, and NTUH-K2044:pKPC-HS11286), the
sodium azide-resistant E. coli J53 was used as the
recipient. Transconjugants were selected on LB agar
plates supplemented with sodium azide (100 pg/mL)
and dipotassium tellurite (3 pg/mL). The success of
plasmid transfer was confirmed through PCR detection
and Sl-nuclease pulsed-field gel electrophoresis (S1-
PFGE). A CRKp clinical isolate HS11286, which be-
longs to ST11 and harbours an IncFIIx, KPC-2 plasmid,
was used for comparison. Conjugation frequency was
calculated as the ratio of transconjugants to recipients.
The minimum inhibitory concentrations (MICs) of
antimicrobial agents were determined using the broth
microdilution method following the guidelines provided
by the Clinical and Laboratory Standards Institute (CLSI).*

Bacterial growth curves and in vitro competition
experiment

Bacterial growth was measured in LB broth. Briefly,
isolates were cultured overnight in LB broth, diluted to
an ODgoo of 0.01 and grown at 37 °C with shaking
(200 rpm). Each isolate was tested in triplicate. The
culture cell density was determined every 2 h over a 24-h
period by measuring the OD at 600 nm (Thermo Fisher
Scientific, Shanghai, China).

In the in vitro competition assays, NTUH-K2044
transconjugants carrying either pKPC-H39 (IncFllks4)
or pKPC-HS11286 (IncFIly,) were cultured overnight in
LB broth at 37 °C. The bacteria were diluted to
0.5 x 10° colony-forming units (CFU)/mL, and equal
volumes of NTUH-K2044:pKPC-H39 and NTUH-
K2044::pKPC-HS11286 were combined and cultured at
37 °C with shaking (200 rpm) in LB containing 1 pg/mL
meropenem and LB broth without meropenem,
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respectively. At 0, 4, 8, 12, and 24 h, aliquots of the
mixed culture were diluted with 0.9% saline solution
and plated on LB agar plates with meropenem (0.5 pg/
mL). At each time point, 100 colonies were randomly
selected from the plate and qPCR targeting the plasmid
specific fragments was used to determine the presence
of each strain.

Murine intraperitoneal infection model

The mouse intraperitoneal infection assay was con-
ducted as previously described.”’ Briefly, K. pneumoniae
were grown overnight, and subcultured to logarithmic
phase. In the mouse intraperitoneal infection assay,
male ICR mice (6-8 weeks old, weighing 20-25 g) were
infected intraperitoneally with 10* CFUs of
K. pneumoniae (10 mice/group). The survival of mice
was monitored for 7 days. To quantify tissue bacterial
burdens, a separate group of mice was intraperitoneally
infected with 10* CFUs of K. pneumonige (6 mice/
group). After 24 h of infection, tissues were collected
within 5 min of euthanasia. The lungs, livers, kidneys
and spleens were segregated and homogenized with
PBS (100 pL PBS/100 mg tissue) by a tissue homoge-
nizer. Bacterial loads were counted by plating serial di-
lutions on LB agar plates. The hvKp ST23-K1 reference
strain K. pneumoniage NTUH-K2044 and the non-virulent
strain K. pneumoniae ATCC 13883 were used as con-
trols. Each experiment was conducted in duplicate.

Proinflammatory cytokine induction assay

For cytokine enzyme-linked immunosorbent assay
(ELISA) assay,”’ male ICR mice (6-8 weeks old, weigh-
ing 20-25 g) were infected intraperitoneally with
10° CFUs of K. pneumoniae (12 mice/group) or 100 pl of
PBS (3 mice/group as controls). Blood samples were
collected at five timepoints post infection (2, 6, 9, 12 h
and 24 h), and coagulated at room temperature for
20 min. Supernatants were collected by centrifugation,
and the concentrations of TNF-a and IL-6 were deter-
mined using the ELISA kits (NeoBioscience, Shenzhen,
China) according to the manufacturer’s instructions.
The hvKp ST23-K1 reference strain K. pneumoniae
NTUH-K2044 and the non-virulent strain K. pneumoniae
ATCC 13883 were used as controls. Each experiment
was repeated twice with at least three biological repli-
cates. All animal experiments were carried out in
accordance with the protocols approved by the Animal
Ethics Committee of Huashan Hospital (reference
number: 2022-03-HSYY-XXG-34).

Mucoviscosity and biofilm production assays

The mucoviscosity was evaluated through low-speed
centrifugation of liquid cultures.”? Briefly, overnight
cultures were centrifuged at 9400 g and resuspended in
PBS to an ODgoo of 1. The suspensions were then
centrifuged for 5 min at 1000 g, and the ODg( values of
the supernatant were measured. These experiments

were conducted twice with at least three biological rep-
licates. For biofilm production, 1 pl of an overnight
culture was transferred to 100 pl of fresh LB broth in
each well of untreated 96-well polystyrene plates and
cultured at 37 °C for 5 h. Bacteria were stained with
25 pl of 0.5% crystal violet for 20 min. Then, unbound
dye was removed, and the wells were washed three
times with water. The biofilm-bound dye was then
eluted with 200 pl of 95% ethanol. Absorbance at ODsgs
was measured using a microplate reader to quantify
biofilm production.

Anti-neutrophil killing assay

For neutrophil killing assays,”' neutrophils were isolated
from blood of healthy volunteers by density gradient
centrifugation with Polymorphprep™, and adjusted to
1 x 107 cell/mL in PBS. Neutrophils (1 x 10°) were
precultured in flat-bottom plates for 30 min, and incu-
bated with 4 x 10’ CFU of opsonized K. pneumoniae.
Neutrophils were subsequently lysed with 0.1% Triton
X-100 on ice for 15 min. Viable bacteria were counted by
plating serial dilutions on LB agar. A control experiment
without neutrophils was conducted for each
K. pneumoniae isolate. The bacterial survival rate was
calculated as the CFU ratio of experimental group to
control group. The hvKp ST23-K1 reference strain
K. pneumoniae NTUH-K2044 and the non-virulent strain
K. pneumoniae ATCC 13883 were used as controls. The
study was approved by the institutional review board of
Huashan Hospital in China (approval no. 2018-461-1)
with informed consent obtained from all participants.

Whole genome sequencing and bioinformatic
analysis

The whole genomes were sequenced using the
HiSeq x10 Sequencer (Illumina, San Diego, CA, USA)
and MinION (Nanopore, Oxford, United Kingdom), and
assembled to closure by wusing Unicycler v0.5.0.
Sequence types, capsule types, virulence factors, ICEKp
types, and antimicrobial resistance genes were identified
by using Kleborate v2.2.0.* CRISPR-Cas was identified
by using cctyper v1.8.0 and anti-CRISPR proteins were
detected by BLAST against the AcrDB* database. Plasmid
replicons were analysed by using PlasmidFinder and
plasmid MLST.” The phylogenetic tree of plasmid repli-
con alleles was constructed by using the Neighbour-
Joining method in MEGA v11.* Circular and linear
sequence alignments were plotted by using BRIG v0.95%
and Easyfig v2.1,* respectively. Copy numbers of blaxpc.,
and plasmids were analysed by using CCNE v1.1.0.*'

A total of 342 ST23-K1 genomes were randomly
selected for phylogenetic analysis (see Table S1).
Recombination events were detected and removed by
using Gubbins v3.3.5.”> A recombination-free phyloge-
netic tree from Gubbins was visualized with iTOL v5.%
Date phylogenies were constructed by using BactDat-
ing v1.1.**
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RNA sequencing and differential expression
analysis

Overnight cultures of the NTUH-K2044 transconjugants
harbouring pKPC-H39 (IncFllgs4), pKPC-DDO02357
(IncFIIks4) and pKPC-HS11286 (IncFlly,) were diluted
1:100 in LB and cultured at 37 °C with shaking until
they reach the mid-log-phase. Total RNA was extracted
from bacterial cultures using the RNeasy Minikit (Qia-
gen). Three biological replicates were used for each
transconjugant. RNA sequencing was performed on the
Mumina Novaseq platform. The sequencing reads were
mapped to the NTUH-K2044 chromosome as well as
pK2044 and pKPC-H39 sequences by Bowtie2 v2.4.2.
Differentially expressed genes were identified by using
DESeq v1.18.0 with adjusted P value < 0.05 (Wald test)
and fold change >2. The transconjugant NTUH-
K2044::pKPC-HS11286 was served as control. Heat-
maps were generated by pheatmap v1.0.12 and volcano
plots were generated by EnhancedVolcano v1.22.0 in R.

Statistical analysis

Statistical analysis was conducted using R v4.2.3. The
Mantel-Cox log-rank test was employed to compare the
Kaplan—Meier survival curves and to calculate the asso-
ciated P values for in vivo studies. For the analysis of
proportions, Fisher’s exact test was employed. For other
comparisons and P value calculations, the t-test was
used.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report.

Results
Identification of an IncFllg;, KPC-2 plasmid in CR-
hvKp in China and the global epidemiology of the
plasmid in CR-hvKp
A total of 485 CRKp isolates from a recent multi-centre
cohort study (CRACKLE-2 China cohort') between July
2017 and July 2018, and 259 CRKp isolates from 11
hospitals in China between July 2018 and January 2019
were screened for CR-hvKp. Among the 485 CRKp
isolates, three CR-hvKp isolates, belonging to ST23-K1
(DD01665 [ARLG-6634], DD02357 [ARLG-7144], and
DDO02201 [ARLG-6922]), were identified, which were
collected from three different tertiary-care hospitals
located in Beijing, Shanghai, and Hangzhou. Among
the 259 CRKp isolates, one ST23-K1 CR-hvKp isolate
(H39) collected from a hospital in Shanghai was iden-
tified. Among the four CR-hvKp isolates, one isolate
carried an IncN KPC-2 plasmid, while the other three
isolates harboured a nontypeable IncFIlx KPC-2
plasmid (Table 1).

The pMLST analysis classified the nontypeable KPC-
2 plasmid as an IncFIIg plasmid, with an IncFlly allele
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distinct from the 33 known IncFIlx alleles (ranging
from IncFllg; to IncFllks;) in the plasmid MLST data-
base (Fig. 1a). This new allele, designated IncFllksy,
showed 84% sequence coverage and 95% BLASTn
identity compared with the most common IncFIly,
allele (Fig. 1b). Interestingly, based on the data from the
PLSDB, the IncFllxs, plasmid exhibited the highest
carriage rate of carbapenemase genes (64.9%, 24/37),
significantly higher than that observed in other IncFIIx
plasmids, including IncFIly, (45.5%, 91/200, P = 0.033,
Fisher’s exact test) and IncFllx; (11.2%, 15/134,
P < 0.001, Fisher’s exact test) plasmids (Fig. 1c). These
findings were noteworthy since IncFIly, and IncFIlx,
are the two most common carbapenemase-encoding
plasmids among CRKp.*

To explore the epidemiology of carbapenemase-
encoding plasmids in CR-hvKp, 67,631 K. pneumoniae
genomes were downloaded from GenBank, of which
2,343 (3.5%) were ST23, ST86 or ST65 hvKp (Fig. S1).
These hvKp genomes were reported from 60 countries,
including China (n = 1,003), Singapore (n = 175), Viet-
nam (n = 123), USA (n = 96) and Ireland (n = 94)
(Fig. 1d). ST23 was the most dominant clone accounting
for 67% (1,566/2,343) of all the hvKp genomes, followed
by ST8G (18%, 417/2,343) and STG65 (15%, 360/2,343)
(Fig. le).

Among the 2,343 genomes, 414 were identified as
CR-hvKp, reported from 24 countries. Of these, 174
genomes (42%) carried a KPC gene (166 were KPC-2),
followed by an OXA-48-like gene (30%, 124/414, 109
were OXA-48) and an NDM gene (17%, 72/414, 41 were
NDM-1 and 31 were NDM-5). The remainder included
IMP (5%, 19/414), VIM (1%, 5/414) and genomes
encoding two carbapenemases (5%, 20/414) (Fig. 1f).
Geographically, KPC-2 was common in China (n = 72),
Singapore (n = 65), and Vietnam (n = 12); OXA-48 was
common in Russia (n = 16) and Ireland (n = 72); NDM-5
was common in Bangladesh (n = 23), and OXA-232 was
common in Thailand (n = 8). Interestingly, nine ge-
nomes reported from Germany encoded both NDM-1
and OXA-48 (Fig. 1d). Among the 414 CR-hvKp ge-
nomes, ST23 was the most common, accounting for
73% (303/414), followed by STG5 (16%, 65/414) and
ST86 (11%, 46/414).

Among the 174 KPC-encoding genomes out of the
414 global CR-hvKp genomes, IncFllys4 KPC plasmid
(24%, 42/174) was the most prevalent IncF KPC
plasmid, followed by F33 (9%, 16/174) and F35 (8%, 14/
174) plasmids (Fig. 1g). The F33 KPC-2 plasmid, a
prevalent non-conjugative plasmid, is associated with
the ST11 CRKp endemic in China.** The non-IncF KPC
plasmids primarily include the IncP KPC-2 plasmid
(n = 65), which has been reported as a dominant
carbapenemase-encoding plasmid in CR-hvKp strains
from Singapore.”” Among the 124 OXA-48-encoding
genomes out of the 414 CR-hvKp genomes, the IncL/
M OXA-48 plasmid was dominant, detected in 72
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Klebsiella pneumoniae DD01665 DD02201 DD02357 H39
Genome size (bp) 5,460,441 5,533,569 5,464,265 5,451,033
K locus-sequence type KL1-ST23 KL1-ST23 KL1-ST23 KL1-ST23
Number of plasmids 3 3 3 3

Replicon of blaypc, harbouring
plasmid [size (bp)]

Replicon of large virulence plasmid
[size (bp)]

Replicon of other plasmid

[size (bp)]

Antimicrobial resistance
associated genes®

ompk35/36°
Virulence associated genes
rmpADC*

rmpA2°
Aerobactin-ST*

Salmochelin-ST*

Yersiniabactin-ST¢

IncFllz4 [94,000]

IncHI1B/IncFIB
[228,900]

ColRNAI [10,060]

blagpc.

WT/WT

ArmpA, rmpD-3,
rmpC-2
ArmpA2

AbST1:
iucA1B1C1D1iutAl

SmST2: iroB1C4D1N1
YbST46: ybt 1;

IncN [62,344]
IncHI1B/IncFIB [234,915]
IncFll [97,079]

blagpc.>, blatem.-1e,
blacry-m-3, dfrA14, qnrS1,
arr-3, aac (6')-Ib-cr, qnrB52,
mph(A), sull

WT/WT
ArmpA, rmpD-3, rmpC-2

ArmpA2
AbST1: iucA1B1C1D1iutA1

SmST2-1LV: iroB1C4DIN1
YbST46: ybt 1; ICEKp10

IncFllgs, [103,167]
IncHI1B/IncFIB [229,626]
ColRNAI [9,996]

blaypc2, gnrS1

WT/WT

rmpA-2, rmpD-3, rmpC-2

ArmpA2
AbST1: iucA1B1C1D1iutA1

SMST2-1LV: iroB1C4DIN1
YbST46-2LV: ybt 1; ICEKp10

IncFllgs4 [114,748]
IncFIB [229,037]
ColRNAI [10,058]

blagpc_, blarem-1e,
blasyy.12, aac(3)-ld

WT/WT

rmpA-2, rmpD-28,
rmpC-2
ArmpA2

AbST1:
iucA1B1C1D1iutA1

SmST2: iroB1C4D1N1
YbST47-1LV: ybt 1;

virulence genes. “Chromosomal virulence genes.

ICEKp10 (truncated) ICEKp10
Colibactin-ST® CbST29: clb 2 CbST29-1LV: clb 2 CbST29: clb 2 CbST29-1LV: clb 2
CPS mutations WcaG:Tyr36His; CpsAB:Ser91Arg; Wzi:Ser221Ala; CspAB:Leu173%; WcaG:Tyr36His;
WcaJ:Gly32Leu Wzc:Val586Asp; Wzy:Leu393Phe;  WcaG:Tyr36His Woca):Gly32Leu
WcaG:Tyr36His
CRISPR-Cas system Type I-E Type I-E Type I-E Type I-E
Anti-CRISPR AacrlE9.2 acrle9.2 acrlE9.2 acrlE9.2

WT, wild type. “The chromosome borne antimicrobial resistance genes including blasyy-11 and fosA were excluded. PReference to K. pneumoniae ATCC 13883. “Plasmid borne

Table 1: Genomic features of four KL1-ST23 carbapenem-resistant hypervirulent Klebsiella pneumoniae.

genomes from Ireland and 14 from Russia. Similarly,
among the 72 NDM-encoding genomes within the 414
CR-hvKp genomes, the IncX3 NDM plasmid was pre-
dominantly found in CR-hvKp genomes from
Bangladesh (n = 23) and China (n = 26).

To explore the epidemiology of K. pneumoniae ge-
nomes harbouring IncFllxs, plasmids, we examined
data from GenBank and identified 834 genomes har-
bouring this plasmid, reported from 33 countries
(Fig. S2a). Of them, 82% (685/834) were classified as
CRKp, 64% (530/834) carried the KPC gene (506 were
KPC-2) (Fig. S2b), and 49% (405/834) were classified as
ST15 (Fig. S2¢). ST23, ST86 and ST65 together
accounted for 5% (43/834) of all these genomes. Addi-
tionally, the reports of IncFllxss plasmids in
K. pneumoniae have shown a steady increase from 2003
to 2024 (Fig. S2d).

Genomic features of the CR-hvKp isolates
harbouring IncFllgs4 KPC-2 plasmids and the
phylogenetic analysis of hvKp and CR-hvKp strains
Complete genomic analysis revealed that the four CR-
hvKp isolates harboured two copies of chromosomal

type I-E CRISPR-Cas systems, which commonly target
IncF plasmids, and a ~220-Kb, pK2044-like hyper-
virulence plasmid (Fig. S3). Additionally, isolates
DD01665, DD02357, and H39 contained an extra ~100-
Kb IncFllg3s KPC-2 plasmid that encoded the anti-
CRISPR AcrlE9.2 (Fig. 2a), and a ~100-Kb ColRNA
plasmid (Fig. S3a—c). The blaypc, was located on the
NTEgpc-Ib element (Fig. 2b). In contrast, DD02201
harboured a 62-Kb IncN KPC-2 plasmid (Fig. 2¢) with
the blaxpc., on the NTEgpc-Id element (Fig. 2d), and a
~97-Kb IncFlIlg, multidrug-resistance plasmid that
encoded AcrIE9.2 (Fig. S3d). AcrlE9.2 has been reported
to protect the IncF KPC-2 plasmid from elimination by
type I-E CRISPR-Cas system.*®

Virulence genes, including regulator genes of
mucoid phenotype (rmpADC and rmpA2), aerobactin
(iucABCD, and iutA), and salmochelin (iroBCDN), were
identified on all the four hypervirulence plasmids. Other
virulence genes, including yersiniabactin  (ybtI;
ICEKp10) and colibactin (clb), were identified on the
chromosomes. Of note, both rmpA and rmpA2 were
truncated in DDO01665, while rmpA was intact and
rmpA2 was truncated in DD02201, DD02357 and H39.
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Fig. 1: Analysis of IncFllg;.34 alleles and global epidemiology of CR-hvKp. a. The classification tree for different IncFllg; 34 alleles was
constructed using the Neighbour-Joining method in MEGA and was rooted at the midpoint. Sequences from the copA region of the IncFlly replicon
were used in the tree construction. b. The alignment of the IncFlls, allele with 33 known IncFll, alleles is shown. Dots indicate nucleotides identical
to the consensus sequence, and dashes in grey represent gaps. c. The proportion of plasmids harbouring carbapenemase-encoding genes in each
IncFll plasmid type was calculated using data from PLSDB v. 2021_06_23_v2. d. The global distribution of 2,168 hvKp and CR-hvKp genomes with
country information available from the NCBI GenBank is illustrated. Countries with more than 20 reported hvKp and CR-hvKp genomes were
presented, and the predominant carbapenemase type within the country is highlighted on the top of the bar. e. The percentages of ST23, ST86,
and ST65 among 2,343 hvKp and CR-hvKp strains are presented. f. The percentages of carbapenemases found among 414 CR-hvKp strains are
detailed. g. The distribution of different IncF plasmid replicons among 174 KPC-encoding CR-hvKp strains is depicted.
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Fig. 2: Comparative analysis of KPC plasmids in CR-hvKp dlinical isolates and phylogenetic analysis of ST23 hvKp and CR-hvKp strains. a. Circular
comparison of the three IncFllg34 plasmids (pKPC-H39, pKPC-DD02357 and pKPC-DD01665) in CR-hvKp with pDD02172-2 (CP087613), p1140-KPC
(CP047689) and pKP18069-KPC (CP059890). b. Genetic elements of blagpc, on IncFllgs, plasmid. c. Circular comparison of the IncN plasmid
(pKPC-DD02201) in CR-hvKp with pNB5_KPC-2 (CP092655), pSZN_KPC (MH917123) and pECN580 (KF914891). d. Genetic elements of blagpc., on
IncN plasmid. Open reading frames (ORFs) are indicated by arrows and coloured based on predicted gene function. The replication-associated genes are
denoted as blue arrows. Resistance genes are indicated by red arrows, while insertion sequences are shown by yellow arrows. Genes in the conjugation
module are shown by green arrows. Other genes are indicated by grey arrows. e. Time-based phylogenetic analysis of 342 ST23 hvKp and CR-hvKp
strains. Colours in columns illustrate region of origin, BAPS cluster, host, source of isolation, K locus type, ICE type, carbapenemase type and presence of
replicons. Selected divergence time and 95% Cls are shown at the nodes. All the representative genomes are complete, and strains with red dots on the
graph are hvKp and with blue dots are CR-hvKp. The nine CR-hvKp strains harbouring the IncFllyz, blagec., plasmids are indicated by black arrows.
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Sequence analyses showed that these hypervirulence
plasmids exhibited high sequence identity with the
prototype virulence plasmid pK2044 (>99.97% BLASTn
identity and >98% coverage, accession number:
AP006726) (Fig. S4).

To investigate the genomic difference between the
IncFllgsy blagpc., plasmids and published plasmids, we
compared these IncFIlgs4 blaxpc , plasmid sequences to
all the complete plasmid sequences from the NCBI.
Sequence analyses indicated that pKPC-H39 displayed
high sequence identity with the IncFIIg;, pDD02172-2
(99.97% BLASTn identity and 87% coverage, accession
number: CP087613), a blagpc., plasmid from ST15
K. pneumoniae collected in China in 2017; pKPC-
DDO02357 was identical to the IncFllgs4 p1140-KPC
plasmid from Serratia marcescens collected in China in
2018 (100% identity and 100% coverage, accession
number: CP047689); and pKPC-DD01665 showed high
sequence similarity with the IncFIIx;, pKP18069-KPC
plasmid from ST15 K. pneumoniae collected in China
(99.59% identity and 99% coverage, accession number:
CP059890) (Fig. 2a). Further genomic analysis of these
IncFIlgs, plasmids showed that the blaxpc, was
embedded on NTEgpc-Ib element,' and the main dif-
ferences were the regions containing genes encoding
antimicrobial resistance genes (such as blargy.ip and
blasiv.1z) (Fig. 2b). The sequence of pKPC-DD02201
was identical to the IncN pNB5_KPC-2 plasmid from
ST11 K. pneumoniae collected in China in 2017 (100%
identity and 100% coverage, accession number:
CP092655); and showed high similarity with IncN
PSZN_KPC plasmid from ST11 K. pneumoniae collected
in China in 2015 (99.98% identity and 100% coverage,
accession number: MH917123); and IncN pECN580
plasmid from ST131 Escherichia coli collected in China
(99.98% identity and 100% coverage, accession number:
KF914891) (Fig. 2c). The blaxpc., on IncN plasmids was
harboured by the NTEgpc-Id element (Fig. 2d).'°
Furthermore, conjugation modules were identified on
both the IncFIIys, and IncN plasmids.

Comparative analysis of the IncFllxs, KPC-2 plas-
mids (pKPC-H39, pKPC-DD02357, and pKPC-
DDO01665) and the IncFIlx, KPC-2 plasmid pKPHS2
(pKPC-HS11286 in this study) from K. pneumoniae
HS11286, one of the most prevalent blaxpc., vectors
among the CRKp lineages,"” revealed a highly similar
backbone (Fig. S5). Both plasmids contained the same
blaxpc., containing the NTEgpc-Ib element'® and similar
conjugation-associated tra gene clusters. However, the
region containing tra] (the primary activator of the tra
operon), traM (relaxosome component), and oriT (the
origin region of transfer) exhibited significant sequence
differences (Fig. S4), implying potential difference in
conjugation capabilities.

A total of 342 genomes of ST23-K1 genomes were
randomly selected for phylogenetic analysis (Table S1).
In a previous study, Lam et al. identified the CG23-I
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sublineage of ST23, which likely emerged around 1928
after acquiring ICEKp10 and subsequently spread
globally within humans.* Here, we demonstrate that the
CG23-I sublineage has become the most extensively
disseminated group globally. Temporal phylogenetic
analysis indicated that the most recent common ances-
tors (MRCAs) for the entire ST23 population and the
CG23-1 sublineage likely emerged around 1882 (95%
confidence interval [CI]: 1845-1910) and 1922 (95% CI:
1894-1942), respectively, consistent with the estimates
reported in the aforementioned study.” Additionally,
within the CG23-I sublineage, a regionally distributed
sub-clade (China sub-clade) emerged around 1944 (95%
CI: 1924-1958), which contains most of the IncFIIxs4
plasmid-harbouring CR-hvKp strains (Fig. 2e). Strains
in the China subclade were mainly isolated in China and
its neighbouring countries. Notably, CR-hvKp strains
harbouring the IncFlIIg;4 KPC-2 plasmid exhibited sig-
nificant phylogenetic distances from each other, indi-
cating that the IncFllgs, KPC-2 plasmids were
horizontally disseminated among hvKp strains.

High conjugation frequency of IncFlly;, KPC-2
plasmids via enhanced expression of transfer genes
Given the sequence differences in the tra region, we
investigated the conjugation capability of IncFIIgs4
KPC-2 plasmids. Compared with the IncFIIy, plasmid,
the conjugation frequencies of IncFIlgs4 plasmids were
100 times higher when transferred from three clinical
CR-hvKp isolates to E. coli J53 (Fig. 3a), and were 100 to
1,000 times higher when transferred from their E. coli
]J53 transconjugants to K. pneumoniae NTUH-K2044
(Fig. 3b). Interestingly, the IncN KPC-2 plasmid
exhibited a high conjugation frequency (1073 when
transferred from K. pneumoniae to E. coli, but showed a
low conjugation frequency (107’) when transferred from
E. coli to K. pneumoniae.

The pK2044-like virulence plasmid is typically non-
conjugative due to the absence of the tra transfer
operon. However, a previous study demonstrated that
this virulence plasmid can be mobilized with the assis-
tance of a suitable helper plasmid, such as the IncFIIy,
plasmid pKPC-HS11286.* Our findings indicate that
the three IncFllxs4 and the IncN plasmids can indeed
serve as helper plasmids, facilitating the mobilization of
nonconjugative hypervirulence plasmids at higher
transfer frequencies (10°~107°) than the IncFIIg, KPC-
2 plasmid pKPC-HS11286 (107®) (Fig. 3c). The sche-
matic diagram of the conjugation experiments is shown
in Fig. 3d. S1-PFGE plasmid profiles of the CR-hvKp
isolates and the transconjugants are shown in Fig. S6,
and the MIC data of all the strains are presented in
Table S2.

To investigate the molecular mechanism underlying
the high conjugation frequencies of IncFllys4 plasmids,
we conducted RNA-seq analysis on NTUH-K2044 con-
jugated with IncFlIIxs4 (NTUH-K2044::pKPC-H39 and
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Fig. 3: Conjugation assays of blagpc, bearing plasmids and RNA-seq analysis of transconjugants. Conjugation frequencies of KPC-2
plasmids a from CR-hvKp or CRKp isolates to E. coli J53, and b from E. coli J53 to K. pneumoniae NTUH-K2044. c. Conjugation frequencies
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NTUH-K2044::pKPC-DD02357) and IncFlIlx, (NTUH-
K2044::pKPC-HS11286) KPC-2 plasmids, respectively
(Fig. 3e). The analysis identified 85 (Fig. 3f) differen-
tially expressed genes (DEGs). Among them, 69 DEGs
were located on the KPC-2 plasmid, of which 27
conjugation-associated genes were overexpressed in
IncFllgs,4 conjugants (Fig. 3g). Besides, 15 DEGs on the
chromosome and 1 DEG on the virulence plasmid were
identified (Table S3). This expression pattern aligns with
the higher conjugation capability observed for the
IncFIlgs, KPC-2 plasmids.

Competitive advantage of IncFllg3, KPC-2 plasmid
is associated with increased blagpc., copy numbers
and expression in CR-hvKp

To explore factors contributing to the increased preva-
lence of IncFllgs, KPC-2 plasmids in CR-hvKp, we
assessed the in vitro fitness of hvKp strains that
acquired the KPC-2 plasmids. Specifically, we evaluated
the growth of NTUH-K2044 conjugated with either
IncFllgs4 or IncFllg, KPC-2 plasmids at varying mer-
openem concentrations (0 pg/mL, 0.5 pg/mL, 1 pg/mL,
and 2 pg/mlL). The MICs of NTUH-K2044 strains con-
jugated with IncFlIlxs, KPC-2 plasmids to meropenem
were 8 pg/mlL, while the strain conjugated with the
IncFllx, KPC-2 plasmid were 4 pg/mL. Both IncFllxs4
and IncFIlg, KPC-2 plasmids showed minimal impact
on NTUH-K2044 growth (Fig. 4a). However, at mer-
openem concentrations of 0.5 pg/mL (Fig. 4b), 1 pg/mL
(Fig. 4c), and 2 pg/mL (Fig. 4d), NTUH-K2044 with
IncFllg, exhibited a ~6-h growth lag, whereas those
with IncFllxs, did not. The competition assays
demonstrated that NTUH-K2044 harbouring the
IncFllgs4 KPC-2 plasmid outcompeted those carrying
the IncFIIgx, KPC-2 plasmid in the presence of 1 pg/mL
meropenem (Fig. 4e).

Copy number analysis revealed that IncFllgs4
exhibited elevated blaxpc, (Fig. 4f) and plasmid copy
numbers (Fig. 4g) compared with IncFIlx, in NTUH-
K2044, supporting the competitive advantage of
IncFIlgs4 plasmids in CR-hvKp strains. Furthermore,
both RNA-seq (Fig. 4h) and qRT-PCR (Fig. 4i) analyses
revealed significantly higher expression levels of blaxpc.,
in NTUH-K2044 harbouring the IncFllgs;4 plasmid
compared with those with the IncFIIg, plasmid without
drug pressure.

Low mucoviscosity observed among CR-hvKp
isolates

To determine whether carbapenem resistance affects
the pathogenicity of hvKp, we evaluated the in vivo,
ex vivo, and in vitro virulence profiles of the four clinical
CR-hvKp isolates. The pathogenicity of the ST23-K1
isolates harbouring IncFIlxs;4 KPC-2 plasmids, evaluated
through assessments of mouse lethality (Fig. 5a), organ
invasiveness (Fig. 5b), induction of proinflammatory
cytokines (Fig. 5¢ and d), and resistance to neutrophil-
mediated killing (Fig. 5e), was found to be comparable
to that of the canonical ST23-K1 hvKp strain, NTUH-
K2044. Interestingly, the clinical CR-hvKp isolates,
including three harbouring IncFIIx;, and one with an
IncN KPC-2 plasmids, exhibited low mucoviscosity
(Fig. 5f) and biofilm formation (Fig. 5g) compared with
NTUH-K2044.

To investigate whether carbapenem resistance leads to
reduced mucoviscosity in CR-hvKp, we introduced KPC-2
plasmids (IncFIlgss IncN, and IncFIlg,, as shown in
Fig. 3d) into NTUH-K2044. Interestingly, most of the
transconjugants showed low mucoviscosity. Overall, the
NTUH-K2044 strains conjugated with any KPC plasmid
exhibited reduced mucoviscosity, characterized by
significantly decreased mean ODggo values (Fig. S7).
Notably, the mean ODggo values of transconjugants car-
rying IncFllgs, plasmids were significantly higher
compared with those with IncFIlg, plasmids (0.20 vs.
0.12, P = 0.017, t-test) or IncN plasmids (0.20 vs. 0.07,
P <0.001, t-test). Using an ODgq value of less than 0.1 as
the cutoff to define low mucoviscosity, the low muco-
viscosity rates were 29% (7/24) for NTUH-K2044::pKPC-
H39, 46% (11/24) for NTUH-K2044::pKPC-DD02357,
42% (10/24) for NTUH-K2044::pKPC-DD01665, 82%
(20/24) for NTUH-K2044:pKPC-DD02201, and 58%
(14/24) for NTUH-K2044:pKPC-HS11286. PCR and
Sanger sequencing analysis of six colonies with low
mucoviscosity from each transconjugant revealed that
one NTUH-K2044::.pKPC-H39 (IncFllks4), one NTUH-
K2044::pKPC-DD02357 (IncFlIlgxs;4), and one NTUH-
K2044::pKPC-HS11286 (IncFll,) transconjugant had a
rmpA frameshift or deletion, while no mutations in wzc
were detected. Whole genome sequencing of the rmpA
mutated clones observed that the rmpA was truncated
while rmpDC were intact in NTUH-K2044::pKPC-
DD02357 and NTUH-K2044::pKPC-HS11286, whereas

of virulence plasmids from K. pneumoniae NTUH-K2044 to E. coli J53. Three biologic repeats were performed for each strain. Conjugation
frequencies are calculated by dividing the number of transconjugants (CFU/mL) by the number of recipients (CFU/mL) and indicated by
mean + SD. P values were calculated from student t-tests, *P < 0.05, **P < 0.01, ***P < 0.001. d. The schematic diagram of the conjugation
experiments. The numbers on the arrows are conjugation frequencies. The drugs on the bottom were used for selection in each conjugation
experiment. MEM is meropenem, NaNj is sodium azide and K,TeOs is potassium tellurite. Only plasmids were shown in the figure. Plasmid
profiles were from the results of Nanopore sequencing. The plasmid profile of HS11286 were from the GenBank. e. Heatmap of the RNA-seq
analysis of NTUH-K2044 conjugated with IncFllys,4 and IncFll, KPC-2 plasmids. Three biologic repeats were performed for each strain.
f. Volcano plot of DEGs between NTUH-K2044 conjugated with IncFllgs4 and IncFllg, plasmids. g. Heatmap of expression of conjugation-

associated genes.
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Fig. 4: The competition experiments of NTUH-K2044 conjugated with IncFll3, and IncFllg, blagpc, bearing plasmids. Growth curves of
isolates cultured with no meropenem a, 0.5 pg/mL meropenem b, 1 pg/mL meropenem c and 2 pg/mL meropenem d. e. The competition
between isolates under conditions with and without 1 pg/mL meropenem. NTUH-K2044::pKPC-H39 and NTUH-K2044::pKPC-HS11286 were
used in the competition assays. The copies of blagpc., f and pKPC-H39, pKPC-DD02357 and pKPC-HS11286 in NTUH-K2044 g, respectively.
Transcriptional levels of blagpc, in qRT-PCR h and RNA-seq i. The transcriptional levels of blaypc, in gRT-PCR were normalized to the
endogenous reference gene rrsk. The normalized read counts of blagpc, in RNA-seq were from the DESeq analysis results. The MICs of NTUH-
K2044::pKPC-H39 and NTUH-K2044:: pKPC-DD02357 harbouring IncFllgz4 KPC-2 plasmids to meropenem were 8 pg/mL, while NTUH-
K2044::pKPC-HS11286 with the IncFlly, KPC-2 plasmid were 4 pg/mL. Three biologic repeats were performed for each strain. P values were

calculated from student t-tests, *P < 0.05, **P < 0.01, ***P < 0.001.

the rmpADC operon was disrupted by an insertion
sequence in NTUH-K2044::;pKPC-H39 (Table S4).

The mutation rate of both rmpADC and rmpA2 in
CR-hvKp genomes from GenBank was 42% (145/349),
significantly higher (P < 0.001, Fisher’s exact test) than
the 18% observed in hvKp genomes without acquired
antimicrobial resistance genes (253/1376, odds ratio,
95% CI [3.2, 2.4-4.1]). However, it was significantly
lower than the 60% mutation rate observed in ST11 hv-
CRKp genomes (2,548/4,240, odds ratio, 95% CI [0.28,
0.22-0.34], P < 0.001, Fisher’s exact test) that harboured
acquired virulence genes iro or iuc. The most common
mutation in rmpADC in CR-hvKp was the deletion of
the entire operon (48%, 69/145), followed by the dele-
tion or truncation of rmpA (41%, 60/145). For rmpA2 in
CR-hvKp, 63% (92/145) were truncated and 37% (53/
145) were deleted. ST65 was excluded from the

mutation analysis, as nearly all genomes (99.7%, 359/
360), including those of CR-hvKp and hvKp, harboured
truncated or deleted rmpADC and rmpA2.

Subsequently, we subjected hypermucoviscous
NTUH-K2044 transconjugants (with pKPC-DD01665 or
pKPC-DD02201) to 1 pg/mL meropenem treatment for
24 h and found these NTUH-K2044 transconjugants lost
their hypermucoviscosity (Fig. S8A and b). Additional
incubation of the meropenem treated transconjugants
on agar plates identified a mixture of small low muco-
viscosity colonies and large hypermucoviscous colonies
(Fig. S8c—f). Meropenem time-kill assays found no dif-
ference between CR-hvKp with hypermucoviscous and
low mucoviscosity phenotypes (Fig. S9). Interestingly,
despite the reduction in mucoviscosity, the in vivo
virulence of the low mucoviscous transconjugants did
not significantly decrease (Fig. S10).

www.thelancet.com Vol 113 March, 2025


http://www.thelancet.com

Articles

a ATCC13883 ~ NTUH-K2044 H39 b
DDO01665 - DD02357 DD02201
100%| 10° "
" - f—
1084 — 2 R i S
S 7su L I : ;_: Foen = - i -
H o107 L - . = - i i
3 RSy
@ 50% @ 10°
E=1 10%+
(1]
= 10° Lung Liver Spleen Kidney
£ 25%
3 10 - #
101-
0% 100
0 1 2 3 4 5 6 7
) 2 D B A ND D HAND BB DA NS DO HAN S
Time (Days) ) m’p&,@*’@",&ﬁ,@ SR SGERN Q“P&\e?’,is"@@‘b@w&\é’@%}“q‘b
O SR W ST W POIAANEL PN
CF PTOORT PR IO VOO
c < v v v
800 250!
2h 6h 9h 12h 24h « 2h 6h 9h 12h 24h
. 2000
__ 600 . . = : .
£ N = :
< = L= 5, 150 e= L
Sa000q DT o = i 5
© —r _’_ 3 100 - o .
~ 200 " L X H = 500 . Kot = o
. w. T _ S e T I
0 - » o oy o Hd ey o, 0 o 3
R R AT R R TN IR R B R AR SR T PR AR LR TR D DDA N DB DA N D D D AN D DD AN DD DA NS
S SR RS RIS S R R R R
S PPILYT PPy PFTLE REF FES L PPEERT PPN FERLYT PR PP P
$ v AN A S v & v N
e g
100+ —_ __ - e o
g 06 e 25 [
801 305 = 20 hd
—~ 8 ks T
R 601 0 04 g s ol
s 5o g ¢
2 404 § g 0.5
g YO
» _ E - ]
20 3 04 — 8 02
] _ - — <01
0 T T T T 0.0 T T T «ﬁ T 0.0-— T T T T T
o D Y %) A N P N oD & 3 * & Y o A N
'(‘-’@ & Y a"é’ é{‘b‘) 6"’19 0"@ @*39 N OQ& 06{? os{,b o® ’1399 € o“"g’6 06{5’ 06{}9
) S Q Q Q O Rl Q Q Q o’ L P
éo é& Q Q & & &

Fig. 5: The pathogenesis analysis of 4 CR-hvKp isolates. a. Kaplan-Meier survival curves of mice intraperitoneally challenged with
K. pneumoniae ATCC 13883, NTUH-K2044, H39, DD01665, DD02201 and DD02357. Ten mice for each group were injected with 10* CFUs and
monitored for 7 days. b. Bacterial burdens in the lung, liver, spleen and kidney homogenates of mice. #, the lower limit of detection. Horizontal
lines represent median values, and each data point represents an individual mouse. n = 6 per strain. IL-6 ¢ and TNF-a d of mice serum
quantified by ELISA assay. n = 6 per time point per strain. Neutrophil-killing resistance e, mucoviscosity f, biofilm formation g of ATCC13883,
NTUH-K2044, H39, DD01665, DD02201 and DD02357. Three biologic repeats were performed for each strain. P values were calculated from

student t-tests, *P < 0.05, **P < 0.01, ***P < 0.001.

Discussion
Our analysis of public genomic data revealed that hvKp
genomes have been identified in 60 countries across all
continents, with ST23 being the most dominant lineage,
representing 67% of the genomes. Of these, 18% of the
genomes, reported from 24 countries, were classified as
CR-hvKp, indicating that CR-hvKp has already achieved
global distribution. The blagpc gene was a dominate
carbapenemase gene among these CR-hvKp strains,
with the IncFIIgs4 plasmid being the prevalent vector.
In this study, we identified an IncFllg;, KPC-2
plasmid in K. pneumoniae isolates reported from 33
countries. This plasmid exhibited higher expressions of
transfer-associated genes, leading to a higher

www.thelancet.com Vol 113 March, 2025

conjugation frequency. Additionally, the plasmid dis-
played higher copy numbers and expression of blaxpc.,,
suggesting a competitive advantage under carbapenem
exposure, enabling it to outcompete other plasmids.
Notably, clinical CR-hvKp isolates exhibited low muco-
viscosity while maintaining hypervirulence, under-
scoring the need for enhanced molecular diagnostics to
accurately detect CR-hvKp. Inadequate laboratory ca-
pacity for such diagnostics could lead to an underesti-
mation of the global incidence of hvKp and CR-hvKp.
The increased conjugation frequency significantly
promotes plasmid dissemination among bacteria, and
plasmid-mediated outbreaks are well-documented.” A
previous study demonstrated that low fitness costs and
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high conjugation frequency contribute to the spread of
the IncP KPC-2 plasmid in CR-hvKp strains.” In this
study, the elevated conjugation frequency of the
IncFllx;, KPC-2 plasmid, driven by the enhanced
expression of conjugation associated genes, likely facil-
itates its transfer into hvKp strains. Plasmid-mediated
antimicrobial resistance also plays a crucial role in
plasmid distribution.” We observed that the expression
levels of blaxpc., were higher in NTUH-K2044 strains
conjugated with IncFllx;, KPC-2 plasmids compared
with those with IncFlly, KPC-2 plasmids. This
increased expression may enable CR-hvKp strains with
the IncFIIx;, KPC-2 plasmid to outcompete others in
clinical settings. Furthermore, we found that the
carbapenemase-encoding plasmids could act as helper
plasmids to facilitate the dissemination of hyper-
virulence plasmid to other bacteria. Given that hvKp
could outcompete other bacteria in the gut, the
increasing prevalence of IncFIlxs4 plasmid harbouring
CR-hvKp could facilitate the dissemination of hyper-
virulence plasmid, posing a significant threat to public
health and complicating clinical treatment.

Typically, acquisition of antimicrobial resistance
genes or plasmids imposes fitness costs on the host.*
We found that the four clinical CR-hvKp isolates
exhibited low mucoviscosity, and most NTUH-K2044
strains conjugated with the KPC-2 plasmids experi-
enced a loss of mucoviscosity. Furthermore, we
observed that highly mucoviscous transconjugants lost
their mucoviscosity under carbapenem exposure. The
reduced mucoviscosity in clinical CR-hvKp isolates and
NTUH-K2044 transconjugants was associated with
mutations in mucoid regulators. We hypothesized that
CR-hvKp may reduce mucoviscosity as a compensatory
mechanism to offset the fitness costs associated with
acquiring or maintaining carbapenemase-encoding
plasmids, with the interference of the mucoid regu-
lator gene rmpA being a key mechanism. Hyper-
mucoviscosity provides CR-hvKp with a fitness
advantage for invasive infections but incurs a metabolic
cost due to the overproduction of CPS.* Maintaining
both hypervirulence and drug resistance likely imposes
a significant burden on CR-hvKp, potentially dis-
advantaging their survival in hospital settings. The
trade-off between CPS biosynthesis and the ability to
utilize sufficient energy sources required to resist anti-
biotic stress may explain the loss of hypermucoviscosity
in CR-hvKp strains. Under meropenem treatment, car-
bapenem resistance becomes the primary factor for
survival, leading to the loss of the hypermucoviscosity
phenotype as more energy is directed toward resistance
mechanisms in CR-hvKp. For example, the acquisition
of colistin® or tigecycline* resistance in hvKp strains
leads to reduced capsular production. To offset the
fitness cost associated with the acquisition of antimi-
crobial resistance gene-a critical key factor for bacterial
survival in hospital environments—the CR-hvKp likely

undergoes compensatory adaptations, such as the loss
hypermucoviscosity phenotype.

While hypermucoviscosity has long been regarded as
a critical virulence determinant in hvKp, our observa-
tions suggest that CR-hvKp strains maintain in vivo
virulence and carbapenem resistance even with low
mucoviscosity. This finding highlights a significant
limitation in the clinical detection of such strains, as the
commonly used string test frequently fails to effectively
identify these hypervirulent variants.”” It underscores
the need for molecular diagnostics to detect CR-hvKp
lacking the hypermucoviscous phenotype in clinical
settings. We propose a diagnostic approach incorpo-
rating the detection of (a) the 5 plasmid-borne virulence
factors including iucA, iroB, peg-344, rmpA, and rmpA2*;
(b) key capsular types” including wild-type K1 and K2,
or sequence types® including ST23, ST86 and ST65, and
(c) carbapenemase-encoding genes’' such as blagpc,
blaoxa.asiike and blanpy, to identify canonical hvKp-
derived CR-hvKp strains. Additionally, plasmid multi-
locus sequence typing can further differentiate
carbapenemase-encoding  plasmid  types.  Future
research should prioritise global and regional molecular
surveillance of CR-hvKp and prevalent carbapenemase
gene-encoding plasmids to monitor their spread. These
efforts will support the development of infection pre-
vention and control strategies, as well as novel therapies
to combat highly resistant and virulent infections.
Additionally, tracking the dissemination of IncFlIks4
KPC plasmids and virulence plasmids across various
environments—including the gut microbiome and
broader ecological niches—will be crucial in identifying
the emergence of other carbapenem-resistant and
hypervirulent bacteria.

This study has several limitations. Firstly, it includes
only three IncFlIx;4 KPC-2 plasmid-harbouring CR-
hvKp clinical isolates in the phenotypic characterisa-
tion. Nevertheless, a notable strength of our study is the
collection of these CR-hvKp isolates from hospitals
across different regions of China. The phylogenetic
analysis suggests the independent acquisition of
IncFllx3, KPC-2 plasmids by different ST23 hvKp
strains, supporting the generalizability of our findings.
Secondly, while our study primarily compares IncFIIxs;,
and IncFIly, KPC-2 plasmids, it is important to
acknowledge that other KPC-2 plasmids, as well as
plasmids encoding other carbapenemases, may also
transfer into hvKp and compete with those carrying the
IncFlIgs, plasmid. Thirdly, the prevalence data inferred
from GenBank may not fully reflect the true epidemio-
logical distribution, highlighting the need for expanded
molecular surveillance is needed in the future studies.

In conclusion, our findings suggest that the global
spread of CR-hvKp may be driven by the IncFllxs;4 KPC-
2 plasmids, which we identified in CR-hvKp clinical
isolates from China. Despite the loss of hyper-
mucoviscosity, these CR-hvKp strains retain
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hypervirulence, posing significant challenges for detec-
tion. The global spread of the IncFIlg;4 KPC-2 plasmid
underscores the urgent need for coordinated, molecular
surveillance of CR-hvKp.
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