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Genomically defined hypervirulent Klebsiella
pneumoniae contributed to early-onset
increased mortality
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The presence of all five of the virulence-associated genes iucA, iroB, peg-344,
rmpA, and rmpA2 is presently the most accurate genomic means for predicting
hypervirulent Klebsiella pneumoniae (hvKp-p). With this longitudinal cohort
study, we firstly provide novel insights into the clinical and genomic char-
acteristics of hvKp-p in high-risk regions. Through propensity score matching,

we show that hvKp-p is less likely to acquire antimicrobial resistance but
develops more severe disease and result in increased mortality. HvKp-p are
predominantly isolated from hospital settings and caused pneumonia in
majority of the cases. ST23 and KL1 are the most common types in the hvKp-p
cohort. Community-acquired and healthcare-associated infections are also
identified as independent risk factors for hvKp-p. This genomic definition,
albeit imperfect, offers a practical and efficient alternative to murine models,
allowing for early identification and timely intervention in clinical settings.

Klebsiella pneumoniae (Kp) is an important Gram-negative pathogen,
which is responsible for various infections'. Notably, Kp is highly
prevalent in China’ and has evolved into two pathotypes: hyper-
virulent Klebsiella pneumoniae (hvKp) and classical Klebsiella pneu-
moniae (cKp)’. cKp is an important member of critical threats
reported by the World Health Organization (WHO), is typically
associated with hospital-acquired infections (HAI), and is known for
its ability to acquire multiple antimicrobial resistance (AMR)
genes™**. By contrast, hvKp was initially associated with community-
acquired infections (CAl), is known for its ability to cause pyogenic
liver abscess (PLA), endophthalmitis® and metastatic infection. A
recent WHO warning’ was issued to heighten awareness of the cap-
ability of hvKp to cause life-threatening conditions, and significant
morbidity and mortality rates in healthy individuals, thereby posing a
threat to the public health. Moreover, hvKp has recently been
reported as an emerging and concerning global pathogen, particu-
larly for isolates that have acquired carbapenem resistance®'°. The

epicenter for hvKp infections still appears to be centered in the Asian
Pacific rim and has imposed a significant health threat in China due to
its rapidly increasing prevalence in recent years'’. Therefore, the
ability to accurately identify hvKp for surveillance and clinical man-
agement is of great importance.

Since the first report of hvKp emergence in Taiwan in the 1980s,
the definition of hvKp is evolving®*". Initial studies identified a
hypermucoviscous phenotype with positive string test results
(>5mm) as the definition of hvKp*. However, this diagnostic test is
not optimally accurate®. Similarly, the Galleria mellonella infection
model is also unable to differentiate hvKp from cKp®. The current
gold standard for hvKp identification is murine infection models.
However, this modality has a pragmatic limitation due to high costs,
ethical concerns, and operational complexity, making it impractical
for clinical studies, surveillance of large strain collections, and
patient care. Albeit imperfect, recent data support the presence of all
five of the hvKp virulence plasmid-associated genes peg-344, rmpA,
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rmpA2, iroB, and iucA as being the most accurate means to identify
hvKp'. The possession of these five biomarkers does not fully reflect
the overall hypervirulent phenotype due to the complexity of
pathogenesis”. However, assays targeting these markers can be
efficiently developed and validated for use in clinical settings. This
approach provides a practical and effective solution for clinical uti-
lity, enabling early detection and timely interventions to improve
patient outcomes. Unfortunately, many studies in the literature have
not defined hvKp by either murine studies or the presence of all 5 of
peg-344, rmpA, rmpA2, iroB, and iucA.

Therefore, we performed a study in a large cohort to system-
atically investigate the clinical and genomic characteristics of hvKp-p
(as defined by possessing all 5 of these biomarkers) compared to cKp-p
(0—4 of these biomarkers). Our findings revealed that hvKp-p was
associated with significantly lower AMR carriage but increased severity
of disease and increased mortality compared to matched cKp-p
cohorts. These data highlight the importance of accurately identifying
hvKp, which may lead to improved surveillance, management, and
outcomes.

Results

Comparisons between the hvKp-p and cKp-p cohorts revealed
different clinical characteristics and outcomes

From 2017 to 2023, a total of 1179 Kp infection cases with information
on 14, 28, and 90-day outcomes were enrolled in the study (Fig. 1A
and Table 1). Detailed clinical characteristics of the cohort are
described in Supplementary Information (Supplementary Fig. 1
and Fig. 1B).

Among them, Kp isolates from 127 cases (10.7%, 127/1179) that
harbored the biomarkers iucA, rmpA, rmpA2, iroB, and peg-344
comprised the hvKp-p cohort, while the remaining 1052 cases com-
prised the cKp-p cohort. For the initial analysis, these cohorts were
not propensity-matched. In the hvKp-p and cKp-p cohorts, over half
of the patients were male (58.3% and 55.9%; P=0.610), and the mean
age of the hvKp-p cohort was slightly lower than that of the cKp-p
cohort (63.3+18.0 vs 65.2+23.5; P=0.275). No significant differ-
ences were observed among various socio-economic factors. The
mean CCl in the hvKp-p cohort was 2.7 + 2.5 (Supplementary Fig. 1B).
The hvKp-p cohort had fewer comorbid conditions with a sig-
nificantly lower percentage of high CCI (CCI=3) compared to the
cKp-p cohort (38.6% vs 51.7%; P=0.005). Fewer patients in the hvKp-
p cohort suffered from digestive disorders (27.6% vs 37.3%;
P=0.032) and urinary diseases (20.5% vs 33.4%; P=0.003, Table 1).

Patients in the hvKp-p cohort were numerically more likely to
acquire infection in the ambulatory setting compared to the cKp-p
cohort (24.4% vs 17.7%; P=0.065), but this difference was not sta-
tistically significant. Surprisingly, the majority of infections in the
hvKp-p cohort were either HAI or HCAI (45.7% and 29.9%), and as
expected the majority of infections in the cKp-p cohort were also
either HAI or HCAI (60.3% and 22.1%); HAI infections were sig-
nificantly more common in cKp-p cohort (P=0.002) and HCAI
infections were significantly more common in hvKp-p cohort
(P=0.046). However, the hvKp-p cohort was more likely to acquire
infections outside of the hospital (CAl and HCAI) (54.3% vs 39.8%,
P=0.002). In the hvKp-p cohort, pneumonia was the most common
infection, which accounted for 64.5% (20/31) in CAl, 67.2% (39/58) in
HAI, and 57.9% (22/38) in HCAI respectively (Supplementary Fig. 1C).
Pneumonia was also significantly more common than in the cKp-p
cohort (49.9%, P=0.003). By contrast, urinary tract infection was
significantly more common in the cKp-p cohort (16.7% vs 7.1%;
P=0.005) (Table 1).

Interestingly, the hvKp-p cohort had a significantly lower ICU
admission rate than cKp-p cohort (19.7% vs 30.4%; P=0.012), where
most of the ICU-admitted hvKp-p cohort presented with respiratory
tract infection (Supplementary Fig. 1C). In addition, patients with

respiratory tract infections also exhibited the highest mortality rate
(Supplementary Fig. 1D). However, in the unmatched comparison, no
statistical differences were observed between the hvKp-p and cKp-p
cohorts for 14, 28, and 90-day poor prognosis and mortality (Table 1).

Increased mortality occurred at 14 days in hvKp-p cohort com-
pared to cKp-p cohort

To more accurately investigate the impact of hvKp-p infection on both
disease severity and outcomes, a PSM case-control analysis was per-
formed. The propensity score was calculated using a multivariate
logistic regression model that included all of the imbalanced factors
listed in Table 1, generating 126 pairs of fully matched cases (Supple-
mentary Table 1). The baseline characteristics were balanced between
matched cohorts with SMDs < 0.1.

The results showed that the hvKp-p cohort experienced sig-
nificantly more severe infections and poor prognosis compared to the
cKp-p cohort (Table 2). The incidence of sepsis (62.7% vs 29.4%;
P<0.001) and septic shock (23.0% vs 9.5%; P=0.004) was notably
higher in the hvKp-p cohort. This increased infection severity was also
reflected in greater treatment needs, as the hvKp-p cohort required
more oxygen therapy (40.5% vs 27.0%; P=0.024) and invasive
mechanical ventilation (22.2% vs 12.7%; P=0.046). Interestingly, drai-
nage was performed more often in the hvKp-p cohort (18.3% vs 7.1%;
P=0.008), suggesting a greater need for source control. In terms of
clinical outcomes, the poor prognosis was significantly higher in the
hvKp-p cohort compared to the cKp-p cohort at 14 days (19.0% vs
10.3%, P=0.050) and at 28 days (23.0% vs 12.7%; P=0.032). The rate at
90 days (31.0% vs 20.6%; P=0.061) demonstrated a similar trend, but
statistical significance was not achieved. Mortality was significantly
higher in the hvKp-p cohort at 14 days (17.0% vs 7.4%; P=0.032). This
trend was also exhibited at 28 days (18.9% vs 10.2%; P=0.071) and
90 days (19.8% vs 16.7%; P= 0.551), but statistical significance was not
achieved. The Kaplan-Meier curves showed the impact of the number
of biomarkers. The cKp-p cohort had a significant 14-day survival
benefit compared to the hvKp-p cohort (P=0.037) (Supplemen-
tary Fig. 1E).

Initial treatment failure (20.6% vs 19.8%; P=0.875), and the mean
length of hospital stay (12.4 +18.6 days vs 11.0 +10.8 days; P=0.224)
were similar between two cohorts. Notably, the cKp-p cohort had
significantly higher rates of re-admission (19.0% vs 4.0%; P < 0.001) and
re-infection (19.8% vs 4.8%; P<0.001), indicating potentially worse
long-term outcomes despite the less severe acute presentation.
Additionally, there was a trend for greater alcohol use in the hvKp-p
cohort, which was not statistically significant (23.8% vs 15.1%;
P=0.080). No statistically significant difference was observed in the
immunodeficiency status (21.2% vs 18.6%; P=0.625) (Table 2).

Increased mortality occurred in hvKp-p cohort compared to
different cKp-p sub-cohorts

Next, we explored whether there was also a difference in disease
severity and outcomes between the hvKp-p cohort (all 5 biomarkers),
cKp-p sub-cohort 1 (1-4 biomarkers) and cKp-p sub-cohort 2 (0 bio-
markers). The hvKp-p cohort was then subjected to 1:1 matching with
these sub-cohorts, resulting in two additional sets of outcome com-
parisons (Supplementary Table 2, 3).

In the propensity match analysis comparing hvKp-p with cKp-p
sub-cohort 1, the hvKp-p cohort was significantly more likely to
develop sepsis compared to the cKp-p sub-cohort 1 (61.7% vs 40.9%;
P=0.002) but not septic shock (23.5% vs 18.3%; P = 0.330). Further, the
hvKp-p cohort showed higher rates of poor prognosis and mortality at
14, 28, and 90 days compared to the cKp-p sub-cohort 1, although no
statistical significance was observed (Supplementary Table 4 and
Supplementary Fig. 1F).

Increased disease severity was also seen when comparing the
matched hvKp-p cohort to the cKp-p sub-cohort 2 (Table 3), with
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significantly higher rates of sepsis (61.9% vs 26.3%; P < 0.001) and septic
shock (23.7% vs 7.6%; P<0.001). In addition, the poor prognosis was
significantly greater in the hvKp-p cohort compared to the cKp-p sub-
cohort 2 at 14, 28, and 90 days (19.5%, 23.7%, 31.4% vs 8.5%, 9.3%, 18.6%;
P=0.015, 0.003, 0.024). Similarly, mortality was significantly increased

at 14 days (17.2% vs 7.3%; P=0.029) and 28 days (19.2% vs 8.3%;
P=0.021). The cKp-p sub-cohort 2 had a higher 14-day (P=0.055) and
28-day (P=0.042) survival benefit compared to the hvKp-p cohort
(Fig. 1C). However, no significant difference was observed at 90 days
(P=0.810). In addition, the hvKp-p cohort showed a greater need for
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Fig. 1| Clinical characteristics of patients with Kp infections. A Annual isolate
counts from 2017 to 2023 (total n =1179), colored by specimen type. The blue line
shows the number of hvKp-p isolates per year according to the right-hand y-axis.
Data are presented as mean values + SEM (central point indicates frequency, error
bars indicate standard error of the mean). B Charlson Comorbidity Index (CCI)
distribution colored by specimen type: Respiratory Tract (n = 605), Urogenital
Tract (n=276), Bloodstream (n =141), Abdominal Cavity (n = 64), Skin and Soft
Tissue (n =53), Others (n=40). Each point represents an individual patient. The
half-violin plots show the density of CCI. The half-box plots indicate the median,
interquartile range (IQR) including 25th and 75th percentiles, and the whiskers
extend up to 1.5 x IQR. A two-tailed Kruskal-Wallis test was performed, followed by
Dunn’s post-test with Bonferroni correction for multiple comparisons. P-values

from left to right: < 0.001, 0.020, < 0.001. *: P-value between 0.01 and 0.05, **: P-
value between 0.001 and 0.01, ***: P-value < 0.001. C Survival up to days 14, 28, and
90 for the hvKp-p (n=118) and cKp-p cohort 2 (n=118) after PSM. The corre-
sponding table shows the number at risk over time. A two-tailed log-rank test was
performed, and p-values are indicated in the figures. D Risk factors associated with
hvKp-p infection (n=127). Horizontal lines indicate 95% confidence intervals (CI),
and squares represent odds ratios (ORs) calculated for each predictor. In the uni-
variate logistic regression model, ORs were calculated for each listed variable. In
the multivariable regression, variables with p < 0.1 in the univariate analysis were
included to calculate adjusted ORs. A two-sided Wald test was performed. Source
data are provided as a Source Data file.

Table 1| Clinical characteristics of patients with Kp infections

Items hvKp-p cohort (n=127) cKp-p cohort (n=1052) P-value
Basic demographics

Age (yr) (means + SD) 63.3+18.0 65.2+23.5 0.275
Male 74127 58.3% 588/1052 55.9% 0.6M
Underlying disease

Diabetes mellitus 50/127 39.4% 386/1052 36.7% 0.555
Cardiovascular disease 73/127 57.5% 694/1052 66.0% 0.058
Pulmonary disease 25127 19.7% 197/1052 18.7% 0.794
Digestive disease 35/127 27.6% 392/1052 37.3% 0.032
Urinary disease 26/127 20.5% 351/1052 33.4% 0.003
Rheumatic disease 5/127 3.9% 59/1052 5.6% 0.432
Cerebrovascular disease 0/127 32.3% 399/1052 37.9% 0.214
Cancer 22/127 17.3% 217/1052 20.6% 0.382
Non-solid tumor 4127 3.1% 36/1052 3.4% 0.873
CCl=3 49127 38.6% 544/1052 51.7% 0.005
Acquisition site

CAl 31127 24.4% 186/1052 17.7% 0.065
HAI 58/127 45.7% 634/1052 60.3% 0.002
HCAI 38/127 29.9% 232/1052 22.1% 0.046
Specimen types

Respiratory tract 81/127 63.8% 524/1052 49.8% 0.003
Urogenital tract 1127 8.7% 265/1052 25.2% <0.001
Bloodstream 21127 16.5% 120/1052 1.4% 0.092
Abdominal cavity 8/127 6.3% 56/1052 5.3% 0.647
Skin and soft tissue 2/127 1.6% 38/1052 3.6% 0.231
Others 4127 3.1% 49/1052 4.7% 0.438
Social economics

Superior medical insurance® 95/110 86.4% 828/974 85.0% 0.705
Urban residence 107/126 84.9% 891/1031 86.4% 0.644
ICU admission 25/127 19.7% 320/1052 30.4% 0.012
Outcomes

14-day poor prognosis 24/127 18.9% 171/1052 16.3% 0.449
14-day mortality’ 18/107 16.8% 130/853 15.2% 0.669
28-day poor prognosis 29/127 22.8% 232/1052 22.1% 0.841
28-day mortality” 20/107 18.7% 177/853 20.8% 0.619
90-day poor prognosis 39/127 30.7% 350/1052 33.3% 0.562
90-day mortality” 21/107 19.6% 239/853 28.0% 0.066

The P-value < 0.05 was shown in the bold values. Subheadings are presented in bold. CCI Charlson comorbidity index, CAl Community-acquired infection, HAI Hospital-acquired infection, HCAI
Healthcare-associated infection. #: medical insurance was classified by reimbursement ratios into two categories and patients with unknown medical insurance were excluded. Superior medical
insurance: patients covered by Urban Employee Basic Medical Insurance (UEBMI) and Urban Resident Basic Medical Insurance (URBMI). Non-superior medical insurance: patients covered by the New
Rural Cooperative Medical Scheme (NRCMS). *: statistical tests were performed only for the patients with a clear survival status. Two-sided Chi-square and t tests were performed.

oxygen therapy or respiratory support compared to the cKp-p sub-
cohorts, and the hvKp-p cohort had a longer mean hospital stay com-
pared to cKp-p sub-cohort 2 (12.7 +19.1 vs 9.0 + 8.7 days; P=0.058).

Taken together, these data strongly support that the severity of
disease and poor prognosis is greater in the hvKp-p cohort compared
to the cKp-p sub-cohorts.

Risk factors of infection by hvKp-p isolates

Univariate analysis revealed that patients with HCAI (P=0.047, OR =
1.228) and CAI (P=0.066, OR =1.503) were more likely to have hvKp-p
infection compared to the cKp-p cohort. Whereas, ICU admission
(OR=0.561), CCI=3 (OR=0.587), HAI (OR =0.821), the presence of
digestive (OR=0.641), or urologic diseases (OR=0.514) were
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Table 2 | Clinical difference between hvKp-p and cKp-p cohorts after PSM

Items hvKp-p cohort (n=126) cKp-p cohort (n=126) P value
Risk factor

Alcohol use 30/126 23.8% 19/126 15.1% 0.080
Immunosuppression 27/126 21.4% 24/126 19.0% 0.638
Severe infection

Sepsis 79/126 62.7% 37/126 29.4% <0.001
Septic shock 29/126 23.0% 12/126 9.5% 0.004
Treatment interventions

Oxygen therapy 51/126 40.5% 34/126 27.0% 0.024
Respiratory support 38/126 30.2% 27/126 21.4% 0.13
Non-invasive 1/126 8.7% 17/126 13.5% 0.229
mechanical ventilation

Invasive 28/126 22.2% 16/126 12.7% 0.046
mechanical ventilation

ECMO 2126 1.6% 0/126 0.0% 0.156
Vasoactive agents 25/126 19.8% 19/126 15.1% 0.319
Dopamine 3/126 2.4% 5/126 4.0% 0.472
Norepinephrine 19/126 15.1% 13/126 10.3% 0.256
Metaraminol 6/126 4.8% 2/126 1.6% 0.151
Renal replacement therapy 5/126 4.0% 3/126 2.4% 0.472
Debridement 8/126 6.3% 5/126 4.0% 0.393
Drainage 23/126 18.3% 9/126 7.1% 0.008
Outcomes

Mean length of hospital stay 12.4+£18.6 11.0+£10.8 0.449
Initial treatment failure 26/126 20.6% 25/126 19.8% 0.875
14-day poor prognosis 24/126 19.0% 13/126 10.3% 0.050
14-day mortality” 18/106 17.0% 8/108 7.4% 0.032
28-day poor prognosis 29/126 23.0% 16/126 12.7% 0.032
28-day mortality” 20/106 18.9% 11/108 10.2% 0.07
90-day poor prognosis 39/126 31.0% 26/126 20.6% 0.061
90-day mortality” 21/106 19.8% 18/108 16.7% 0.551
Re-admission 5/126 4.0% 24/126 19.0% <0.001
Re-infection 6/126 4.8% 25/126 19.8% <0.001

The P-value < 0.05 was shown in the bold values. Subheadings are presented in bold. ECMO Extracorporeal Membrane Oxygenation. *: statistical tests were performed only for the patients with a

clear survival status. A two-sided Chi-square test was performed.

statistically more likely to occur in the cKp-p cohort (Fig. 1D). With
multivariate analysis, CAI (P=0.035, OR =1.664) and HCAI (P=0.021,
OR=1.296) were identified as being more common in the hvKp-p
cohort, and conversely, CCI >3 (P=0.023, OR = 0.640) was identified
as being more common in the cKp-p cohort (Fig. 1D). Taken together,
although these data suggest that hvKp-p infection is more likely than
cKp-p infection with CAI or HCAI caused by Kp in the patients with
fewer underlying diseases. However, it should be noted that 45.7% of
infections in the hvKp-p cohort were hospital-acquired.

Molecular and phylogenetic characteristics of the hvKp-p and
cKp-p isolates
By WGS and analysis, we generated a phylogenetic map of the hvKp-p
and cKp-p isolates (Fig. 2A). In line with the relatedness revealed by
MLST (Fig. 2B), genomes of the same clonal groups (CGs) and STs were
clustered together, and different CGs and STs were separated on the
tree. CGs and STs, including hvKp-p isolates, were also dispersed. The
isolates belonging to the clinically more common CGs and STs were
closely clustered into different clades, including CGI1, CG23, CGI5,
CG65, CG412, ST307, and ST86, supporting the ongoing spread of
these STs and CGs within the hospital.

Among the total 1179 Kp isolates, 127 (10.8%) were categorized as
hvKp-p with 23 distinct STs (Supplementary Fig. 2A), including common
CGs and STs like CG23, CG65, CG412 and ST86, but no hvKp-p isolates

were present in other common CGs and STs such as CG11, CG15 and
ST307. ST23 was the most common ST in the hvKp-p cohort (30.7%, 39/
127); although significantly less common, 9.3% (98/1052) of the cKp-p
cohort was also ST23 (P<0.001). Other common STs in the hvKp-p
cohort were ST412 (n =24, 18.9%), ST86 (n=10, 7.9%), and ST65 (n=7,
5.5%) (Supplementary Table 5), including ST23 accounted for 63.0% of
the hvKp-p isolates. ST11 was the most common ST in the cKp-p cohort
(22.9%, 241/1052); none of the isolates in the hvKp-p cohort were STI11.
Notably, up to 18 different STs were detected in the remaining hvKp-p
isolates, showing high genetic diversity within this cohort.

In total, 101 distinct K locus (KL) types were identified among the
Kp isolates. The most common was KL1 (156/1179,13.2%), which was
mainly associated with pneumonia (92/156), followed by bloodstream
(27/156) and abdominal infections (20/156) (Fig. 3A). Furthermore, the
diversity of KL types was also exhibited across different cohorts
(Fig. 3B). Among them, KL1 (35.4% vs 10.6%; P< 0.001), KL2 (24.4% vs
8.2%; P<0.001), KL57 (27.6% vs 2.7%; P<0.001) were significantly
more common in the hvKp-p isolates compared to the cKp-p isolates.
By contrast, KL47 (0.0% vs 11.0%; P < 0.001) and KL102 (0.0% vs 7.8%;
P=0.001) were only found in the cKp-p isolates. Further, not all hvKp-p
KL1 isolates possessed ST23. Among the 45 hvKp-p KL1 isolates, 86.7%
were ST23 (39/45), and 8.9% (4/45) belonged to three other STs in the
CG23 group including ST1265 (2/45, 4.4%), ST1769 (1/45, 2.2%) and
ST23-1LV (1/45, 2.2%). Two isolates (2/45, 4.4%) belonged to ST2159 but
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Table 3 | Clinical difference between hvKp-p and cKp-p sub-cohort 2 after PSM

Items hvKp-p cohort (n=118) cKp-p sub-cohort 2 (n=118) P-value
Risk factor

Alcohol use 28/118 23.7% 21/18 17.8% 0.261
Immunosuppression 25/118 21.2% 22/118 18.6% 0.625
Severe infection

Sepsis 73/18 61.9% 31/18 26.3% <0.001
Septic shock 28/118 23.7% 9/118 7.6% <0.001
Treatment interventions

Oxygen therapy 47/118 39.8% 31/18 26.3% 0.027
Respiratory support 35/118 29.7% 23/118 19.5% 0.070
Non-invasive mechanical ventilation 10/18 8.5% 1/18 9.3% 0.819
Invasive mechanical ventilation 26/118 22.0% 14/118 11.9% 0.037
ECMO 2/18 1.7% 2/18 1.7% 1.000
Vasoactive agents 24/118 20.3% 15/118 12.7% 0.115
Dopamine 3/18 2.5% 4/18 3.4% 0.701
Norepinephrine 18/118 15.3% 12/18 10.2% 0.241
Metaraminol 5/118 4.2% 2/118 1.7% 0.250
Renal replacement therapy 5/118 4.2% 2/118 1.7% 0.250
Debridement 7/18 5.9% 4/118 3.4% 0.354
Drainage 20/118 16.9% 6/118 5.1% 0.004
Outcomes

Mean days of hospital stay 12.7+19.1 9.0+8.7 0.058
Initial treatment failure 25/118 21.2% 20/118 16.9% 0.407
14-day poor prognosis 23/118 19.5% 10/18 8.5% 0.015
14-day mortality’ 17/99 17.2% 8/109 7.3% 0.029
28-day poor prognosis 28/118 23.7% 1/M8 9.3% 0.003
28-day mortality” 19/99 19.2% 9/109 8.3% 0.021
90-day poor prognosis 37/18 31.4% 22/18 18.6% 0.024
90-day mortality’ 20/99 20.2% 20/109 18.3% 0.735
Re-infection 6/118 5.1% 30/118 25.4% <0.001
Re-admission 5/18 4.2% 29/118 24.6% <0.001

The P-value < 0.05 was shown in the bold values. Subheadings are presented in bold. ECMO Extracorporeal Membrane Oxygenation. *: statistical tests were performed only for the patients with a

clear survival status. Two-sided Chi-square and t tests were performed.

were not in the CG23 group. Fourteen O-antigen types were detected
in this study (Fig. 3C). The 01 (61.4% vs 37.1%; P < 0.001) and O3b (19.7%
vs 8.4%; P<0.001) were more likely to be identified in hvKp-p cohort
compared to the cKp-p (Fig. 3D), suggesting a potential target for the
vaccine (Supplementary Table 5).

Possession of genetic elements associated with virulence and
resistance among the hvKp-p and cKp-p isolates
The canonical hvKp capsule types KL1 and KL2 were present in isolates
categorized as cKp-p that variably possessed iucA, iroB, rmpA, rmpA2,
and peg-344, suggesting the presence of incomplete pVir plasmids. The
virulence-associated factors possessed by the three cohorts are deli-
neated in the Supplementary Information (Supplementary Fig. 2B, C).
The possession of various gene combinations in cKp-p isolates
showed high diversity (Supplementary Table 6). The majority (616/
1052, 58.6%) harbored none of the five virulence genes, 19.8% (n =208)
with four genes, 9.7% (n =102) with three genes, 4.4% (n = 46) with two
genes, and 11.9% (n=_80) with one gene (Supplementary Table 7). In
addition to these five genes, another gene, peg-589, that is present on
the hvKp-associated virulence plasmid was significantly more com-
monly detected in the hvKp-p isolates compared to the cKp-p isolates
(99.2% (126/127) vs 33.2% (349/1052); P<0.001) (Supplementary
Table 5). In addition, the IncHI1B plasmid replication was significantly
more commonly present in hvKp-p isolates compared to the cKp-p
isolates (63.0% vs 30.4%; P<0.001) (Supplementary Table 5), whereas
AMR-associated plasmid replications were more common in cKp-p

isolates. The overall characteristics of antimicrobial resistance were
described in the Supplementary Information (Supplementary
Fig. 2D, E and Supplementary Table 8, 9). Interestingly, hvKp-p isolates
were more likely to be antimicrobial sensitive. The cKp-p cohort
exhibited a significantly higher AMR gene carriage compared to the
hvKp-p cohort (4.8+5.2 vs 0.2+ 0.9; P<0.001). In the cKp-p cohort,
skin and soft tissue infections showed the highest AMR gene carriage
(5.8 £5.9), whereas in the hvKp-p cohort, pneumonia had the highest
AMR gene carriage (0.2+1.0) (Fig. 3E). In the cKp-p cohort, ICU-
admitted patients were further found to have a significantly higher
AMR gene carriage (6.3 +£5.1 vs 4.1+5.1; P<0.001) (Fig. 3F). Addition-
ally, only two hvKp-p isolates were identified as ESBL-producing
(Fig. 3G). The detailed clinical and molecular characteristics of these
two isolates were shown in Supplementary Table 9.

Discussion

One of the challenges with studies on hvKp is the lack of an accurate
consensus definition. Murine studies are the gold standard but are
less pragmatic when assessing a large number of strains. Presently,
the best alternative is using the co-presence of all five of the genes
rmpA, rmpA2, iroB, iucA, and peg-344, which are located on the hvKp-
associated virulence plasmid. The presence of all of these biomarkers
increases the likelihood that a complete virulence plasmid is present.
Therefore, in this report, we assembled a large, contemporary cohort
infected with Kp from 2017 to 2023. In total, we collected over 1000
infection cases from a hvKp high-risk region. Cases were divided into

Nature Communications | (2025)16:2096


www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-025-57379-4

Article
A
Ny,
5VFs Septic shock Al 11 EImng Iy,
- i 'my ”m”ﬁﬂ '~.
O Cw v e |l|-l-l"~l'lllﬁl' “ay
wst Iy, v, Vg
m- mr ey, 0 Ve
0, Y //,
Sepsis Poor prognosis //.'. e, ) ,'
(4 %, ‘%,
N N (4 7 74
@y O o,
- W % %
% © 7
~ ® 0‘
~ % 2 %
~ . @ ’,
s % %Y
s y L
f 8 L
& v % .
- ) - -
s g s \ ¢ Y
' X -
Ll F AR R
o & i
| -
N | H e
-~ -
EENF ST1764 ‘ = W
= _§s cG218 \\“ i E
= 3{ ST268 /T;aﬂ% R RS
EER / ) EcE
- - = = % %’ ] B
g E E i
- =
== 8 - 4 g
T e "\ CG23 -
| W — = -
- g = -
ERRE \ )\, ST420 §Er
== 8 = ~ = L]
| | | CG412 | /|
s - 7 I~
Y ~ ST202 _/CGe5 SN
- T e cG29 \ / §. =
2 P S
- \ "’ \ //ﬁ '. g \:
2% r
2 L% $FL s
‘0 ‘\¢ Y 4 \~0 \\ §
A \ & &S
% @ & S & SN
% % @ P \\\\ & &
v 7 2 LN ‘\‘ S
‘% '/ 273 S S
7z 7z z, S
(4 Y $
2 ., //,'/ p \‘$\ s &
v, % ’ '} <«
Ny N Il/,l'“, iy, . \‘“"‘ . o
7 g, Ve E\ 3 o
' u,' ,," T g
I
iz ,”I S T I T L =
LN TRTT I T LA
B

Fig. 2 | Phylogenetic relationships of the Kp isolates and subtypes collected in
this study. A Circular phylogenetic tree of the 1179 isolates reconstructed from
whole genome data by the maximum likelihood method. From the inner to outer
circles, the first circle adjacent to the isolate names shows whether the isolates
carry all of the five virulence genes, whether the patients infected by the isolate
present sepsis, septic shock, or poor prognosis (N: negative; P: positive).

B Minimum spanning tree constructed based on the allelic profiles of the asso-
ciated STs by the goeBURST algorithm. The circles represent the STs, and the red
fans represent the proportion of isolates (n =127) carrying all of the five virulence
genes among each ST. The numbers on the lines represent the numbers of different
alleles between two STs. Source data are provided as a Source Data file.
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a cohort that was putatively infected with hvKp based on the pre-
sence of all 5 biomarkers (hvKp-p) and a cohort that was putatively
infected with cKp based on having less than 5 of these markers (cKp-
p). Further for some analyses, the cKp-p cohort was divided into 2
sub-cohorts, one that was infected with isolates variably possessed
1-4 of these biomarkers (cKp-p sub-cohort 1) and one that was
infected with isolates that possessed none of these biomarkers (cKp-

p sub-cohort 2). To fully characterize the predicted hypervirulent
phenotype, the hvKp-p cohort was compared to each of the three
cKp-p cohorts using PSM. It ensured that the differences in early-
onset mortality were attributable to the hypervirulent phenotype.
These patient cohorts were compared to assess for severity of dis-
ease, management, and outcomes. The isolates from these cohorts
also underwent comparison.
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Fig. 3 | Molecular characteristics of Kp isolates. A, B) Cumulative prevalence of
K-loci ordered by mean prevalence across specimen type and virulence factors
(VFs). Lines in Fig. 3A are colored by specimen type as per panel A of Fig. 1. Lines in
Fig. 3B are colored by VFs. SVF: isolates harboring all five key virulence factors,
including iucA, iroB, peg-344, rmpA, and rmpA2. 1-4VF: isolates harboring any
combination of fewer than five key virulence factors. OVF: isolates harboring none
of the five key virulence factors. C, D Cumulative prevalence of predicted O-types
ordered by mean prevalence across specimen type and VFs. E Distribution of the
number of acquired antimicrobial resistance (AMR) genes between the hvKp-p and
cKp-p isolates, stratified by specimen type. F Distribution of the number of AMR
genes across four groups: cKp-p cohort without ICU admission (n =732), cKp-p

cohort with ICU admission (n =320), hvKp-p cohort without ICU admission
(n=102) and hvKp-p cohort with ICU admission (n =25). Bars are colored by ICU
admission status (blue = not admitted, red = admitted). The center line represents
the median, the box bounds the 25th and 75th percentiles, and the whiskers extend
up to 1.5 x IQR. A two-tailed Kruskal-Wallis test was performed, followed by Dunn’s
post-test with Bonferroni correction for multiple comparisons. P-values from left to
right: <0.001, <0.001, < 0.001. *: P-value between 0.01 and 0.05, **: P-value
between 0.001 and 0.01, ***: P-value < 0.001. G Frequency of genomes with differ-
ent VFs, shown by ESBL, CRKP, and KPC gene status. Bars are colored by specimen
type as shown in Panel A of Fig. 1. Source data are provided as a Source Data file.

The strain comparison revealed that strains with a predicted
hypervirulent phenotype possessed remarkably low AMR, only 2/127
possessed ESBL and none carbapenemases. Although the impact of
acquired antimicrobial resistance on the hvKp phenotype has not been
completely resolved, hvKp isolates that possess ESBLs and/or carba-
penemases have been appropriately validated via murine studies™.
Other reports that have described a higher prevalence of drug-
resistant hvKp isolates but have not always used rigorous definitions
for the hvKp phenotype®". The Galleria model, serum resistance, a
positive string test, or the presence of 1-2 biomarkers are often used
but have been shown not to be able to differentiate between the cKp
and hvKp phenotype™7"%, Short of murine studies, which is the gold
standard but not always pragmatic due to their high costs, time
demands, and availability, the genomic definition used in this study is
the most accurate means to identify hvKp* and provides a more
practical and efficient way to identify hvKp strains, enabling surveil-
lance, early diagnosis, and timely intervention. Interestingly, not all of
the hvKp-p isolates that possessed KL1 were ST23. This capsule locus
was also identified in ST1265, ST1769, and ST23-1LV. Future studies
assessing the relative virulence of these isolates compared to ST23/KL1
would be of interest, and ongoing surveillance would be important.

Clinical comparisons of these cohorts revealed that infection with
hvKp-p isolates generally resulted in more severe disease, as measured
by sepsis, septic shock, and mortality as compared to the cKp-p, cKp-p
sub-cohort 1, and cKp-p sub-cohort 2. Some’, but not all studies” have
had similar findings. One explanation for studies that did not
demonstrate more severe disease with hvKp infection could be that
attribution of infection being due to an hvKp isolate may not have used
rigorous criteria and, as a result, the isolate(s), in reality, possessed the
cKp phenotype as discussed above. Another potential explanation is
that hvKp infection can occur in younger, healthier patients than cKp
infection. Therefore, propensity-matching controls for this potential
variable, as was done in this study, is important.

An interesting finding in this study was that pneumonia was
more common in the hvKp-p cohort than the cKp-p cohort and
accounted for 63.8% of hvKp infections. Although prior studies
have recognized that hvKp is a common cause of community-
acquired pneumonia in the Asian Pacific Rim, and in some studies
a similar prevalence as Streptococcus pneumoniae®, this study
further strengthens that observation and has important clinical
management implications since the management of infection
caused by these two agents would differ such as searching for
occult abscesses, vigilance for endophthalmitis, and infection
control for hvKp infection. This study also reinforces earlier work
that although hvKp infection can occur in individuals from the
community (24.4% in this study), HCAI (29.9% in this study) and
HAI (45.7% in this study) are becoming increasing common.

This study has some limitations. Since the cases are primarily from
the Beijing municipality, this study reflects a relatively narrow geo-
graphic region and may not be representative of all locales. In addition,
differentiating infection from colonization can be challenging, parti-
cularly for isolates obtained from non-sterile sites. While it is not
entirely possible to exclude the possibility that some Kp isolates were

colonizers, we employed a rigorous definition and carefully designed
inclusion process, independently assessed by two physicians, to
minimize this likelihood. Further, we used a genomic definition for
putative hvKp isolates, which was defined by possessing all 5 of the
biomarkers rmpA, rmpA2, iroB, iucA, and peg-344 (hvKp-p cohort).
Although presently, this is the most accurate and efficient means to
genomically define hvKp, it is imperfect. Some strains can harbor all 5
of these markers but not possess the hvKp pathotype™. Likewise, it is
possible that strains in this study that were categorized as being
putatively cKp that possessed 3-4 of these biomarkers could possess
the hvKp pathotype. However, miscategorization of strains would
blunt, and not inappropriately magnify, the identified differences
between cohorts. Therefore, this limitation will not invalidate the
results and conclusions.

The use of more rigorous criteria to define hvKp and propensity
matching of patient cohorts in this study demonstrated that putative
hvKp strains possessed less antimicrobial resistance than expected.
Infection due to putative hvKp strains resulted in more severe disease
and worse outcomes compared to putative cKp strains. Further, this
genomic definition, albeit imperfect, provided an efficient and prag-
matic alternative to murine models and can enable prompt identifi-
cation for use in surveillance and clinical management.

Methods

Enrolled patients and demographic and clinical data collection
We conducted a systematic retrospective investigation on a large
cohort infected with K. pneumoniae from 2017 to 2023 in Beijing,
China*. Demographic information was obtained from electronic medi-
cal records. Social-economical characteristics, including the permanent
residence area and medical insurance, were also recorded. Residence in
either a village or a city was determined by the detailed address
recorded in the medical record. We also collected the medical insurance
types of the patients, which were categorized into superior and non-
superior groups. Clinical characteristics, including underlying diseases,
the Charlson Comorbidity Index (CCI), ICU admission, and specimen
types, were also collected. Infection was defined as: (1) signs, symptoms,
and/or laboratory and radiographic findings were consistent with
infection from the site where Kp was cultured; (2) antibiotic therapy
initiation following the positive culture result; (3) Kp was cultured from
a sterile site. The inclusion of infection cases was first assessed by a
junior physician and then reviewed by a senior physician. The process
was independently conducted to ensure accuracy and reliability.
Meeting any of the above criteria was defined as infection. Hospital-
acquired infection (HAI) was defined as patients who developed the
infection after being admitted for more than 48 h. Community-acquired
infection (CAI) was defined as cases without any prior exposure to
healthcare facilities, and healthcare-associated infection (HCAI) was
defined as an infection in a patient who had prior interaction with the
healthcare system before developing their infection. Sepsis and septic
shock were defined as previous described’. Poor prognosis, measured
at 14, 28, and 90 days, was defined as death or withdrawal of life-
sustaining therapy. Patients lost to follow-up who do not have the 90-
day outcome were excluded from the mortality analysis.
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In addition, alcohol usage, immunodeficiency state, life-support
strategy, treatment failure, length of stay, re-admission, and re-
infection were also collected and assessed for the propensity score-
matched analysis. Life-support interventions included supplemental
oxygen, mechanical ventilation, usage of vasoactive agents, extra-
corporeal membrane oxygenation (ECMO), renal replacement, debri-
dement, and abscess drainage. Treatment failure was defined as
infection-attributable death or the need to re-treat. The immunodefi-
ciency state was determined as previously described’. Re-infection was
defined as Kp infection in a patient with a previous Kp infection and re-
admission was defined as an admission for a Kp infection after being
discharged for a previous Kp infection. The protocol for this study was
approved by the Peking University Third Hospital Medical Science
Research Ethics Committee (M2021545). Consent waiver granted due
to the retrospective nature of the study, no additional health risks
beyond standard care, no personally identifiable information, and no
commercial interests.

Clinical isolates identification and classification

All strains were stored at — 80 °C. Strain identification was performed
by the Vitek Compact 2 system and MALDI-TOF mass spectrometry.
The Klebsiella species were further characterized through whole-
genome sequencing (WGS), analyzed using the Kleborate software
v2.3.2 as well as additional bioinformatic analyses. K. pneumoniae
isolates that harbored all five of the biomarkers rmpA, rmpA2, iroB,
icuA, and peg-344 were defined as hvKp-p (n=127)". All other strains
were classified as cKp-p (n=1052).

DNA extraction and whole genome sequencing

Briefly, the whole genomic DNA for all isolates was extracted and
sequenced using the Illumina sequencing method on the NovaSeq
platform by constructing a paired-end (PE) library (NEB dsDNA Frag-
mentase) with average insertion lengths of 150 bp’. We obtained the
clean data by using fastp and assembly using SPAdes v3.13%.

Detection of virulence-associated genes, serotypes, sequence
types, and AMR genes

The determination of virulence-associated genes (VF), serotypes,
O-antigen types, and sequence types (STs) was conducted using gen-
ome sequences analyzed as described previously? . A complete
minimum spanning tree was generated based on the allelic profiles of
the STs by the goeBURST algorithm using PHYLOViZ V2.0 software
(http://www.phyloviz.net/). To further understand the distribution of
AMR genes, we evaluated the AMR classes, resistance score, and genes
using Kleborate software v2.3.2%. The definition of the resistance score
was shown in the Supplementary Methods.

Whole genome phylogenetic analysis

The complete genome sequence of K. pneumoniae HS11286 (accession
no.: NC_016845) was used as the reference to perform phylogenetic
analysis"”?'. The sequencing read of all Kp isolates was mapped to the
reference by using bowtie 2 v2.2.8 with the --sensitive mode (https://
github.com/BenLangmead/bowtie2). We identified single nucleotide
polymorphisms (SNPs) by using Samtools v1.9 (https://github.com/
samtools/samtools) and the polymorphic sites among these genomes
were distilled according to the reference using the iSNV-calling pipe-
line (https://github.com/generality/iSNVcalling)’, then detected and
retained the high-quality SNPs defined as those supported by more
than 5 reads of mapping quality >20 in the query genome. Subse-
quently, recombination sites were further identified and filtered by
Gubbins®. The concatenated sequences of remained polymorphic
sites conserved in all genomes (core genome SNPs) were used to
perform phylogenetic analysis using the maximum likelihood method
with a generalized time-reversible substitution model by FastTree”
and visualized using iTOL (https:/itol.embl.de/).

Statistical analysis

Continuous variables were represented as means + standard deviation
(SD) or median * interquartile range (IQR), and comparisons between
the hvKp-p and cKp-p cohorts employed either the independent ¢ test
or Wilcoxon rank sum test as appropriate. For multiple group com-
parisons, the Kruskal-Wallis test was used, followed by Dunn’s test for
pairwise comparisons. For categorical variables, cohort comparisons
were analyzed by Pearson’s chi-square test, Yates’ Correction for
Continuity, or Fisher exact test. Risk factors were assessed using uni-
variate analysis. Variables with P< 0.1 were included in multivariable
logistic regression to determine independent risk factors.

To minimize the potential bias, we performed a 1:1 propensity
score matching study between the hvKp-p cohort (all 5 biomarkers)
and the cKp-p cohort (0-4 biomarkers) (n =126). The cKp-p cohort was
further subcategorized as cKp-p sub-cohort 1 (1-4 biomarkers) (n =115)
or as cKp-p sub-cohort 2 (O biomarkers) (n=118). The propensity
scores were calculated using multiple logistic regression models
including all prespecified covariates. The balance of baseline covari-
ates between groups was assessed using standardized mean differ-
ences (SMDs). The cohorts were then subjected to further matching
comparison of clinical outcomes. The Kaplan-Meier (KM) survival
curves were constructed to compare the outcomes between matched
cohorts.

All tests were two-tailed, and the P < 0.05 were considered to be
statistically significant. All analysis were performed by using the SPSS
software v29.0 and R v4.4.1 (packages: ggplot2, Matchlt, survival,
survminer, dplyr).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study have been deposited in
the National Center for Biotechnology Information (NCBI) database
under the accession number PRJNA1219236 (http://www.ncbi.nlm.nih.
gov/bioproject/1219236) and in the National Microbiology Data Center
(NMDC) under the accession number NMDC10019410. Source data are
provided in this paper.

Code availability

The source code for SNP and iSNV calling is available on GitHub (http://
github.com/generality/iSNV-calling/). The source code for data analy-
sis and visualization in this study is available on GitHub (https://github.
com/Wendy-Tang01/data_analysis).
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