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Abstract

Background: Carbapenem-resistant Klebsiella pneumoniae (CRKP) is a critical-
priority pathogen, yet how carbapenemase mechanism, co-esistance to lastline
agents, and the emergence of convergent resistance—virulence lineages jointly shape
clinical outcomes remains incompletely resolved. We integrated genomic
determinants with phenotypic resistance and clinical data to identify independent
predictors of mortality.

Methods: We analysed 200 non-duplicate CRKP isolates from invasive and
respiratory infections across three hospitals (2021-2024). Each isolate was
characterised for sequence type (ST), clonal group (CG), capsular (KL) and O-
antigen loci, carbapenemase class and allele, acquired resistance and porin
determinants, and a defined virulencelocus panel (rmpA/rmpA2, aerobactin,
salmochelin, yersiniabactin, colibactin, peg-344). A convergent genotype was
defined as co-carriage of a carbapenemase with a hypervirulence-associated
siderophore or regulator locus. Minimum inhibitory concentrations (MICs) were
determined for seven agents. Associations with 30-day mortality were assessed by
logistic and Cox proportional-hazards regression.

Results: Thirty-day mortality was 32.5% (65/200). KPC (33.5%) and OXA-
48like (30.5%) predominated, followed by metallo-Blactamases (MBLs: NDM,
VIM, IMP; 27.5%). All isolates were -ceftazidimeresistant and 85.0%
meropenem~esistant. Ceftazidime—avibactam resistance (30.5% overall) was
almost entirely explained by MBL production (100% of MBL producers vs 4.1%
of non-MBL isolates; p<0.001). Convergent resistance—virulence genotypes were
present in 22.0% of isolates and carried higher 30-day mortality than non-
convergent isolates (45.5% wvs 28.8%; logrank p=0.020). In multivariable
analysis, independent predictors of 30-day mortality were patient age (adjusted
OR [aOR] 1.03 per year, 95% CI 1.00-1.05), Pitt bacteraemia score (aOR
1.29, 1.07-1.56), ceftazidime—avibactam resistance (aOR 2.11, 1.06-4.20),
and convergent genotype (aOR 2.28, 1.08-4.85). The convergent genotype
remained independently associated with mortality in Cox analysis (HR 2.03,
1.17-3.54).

Conclusions: In this integrated genomic-epidemiological cohort, CRKP mortality
was driven less by carbapenem resistance per se than by the loss of ceftazidime

https://fmhr.net

| Naseer et al., 2026 | Page 5097


mailto:*3malaikajameelbutt@gmail.com
https://doi.org/10.5281/zenodo.23760535

Frontier in

Medical & Health
Research

Volume 4, Issue 3, 2026

ISSN: (e) 3007-1607 (p) 3007-1593

avibactam activity in MBL producers and by the convergence of carbapenem

resistance with hypervirulence determinants. Genomic surveillance that reports

carbapenemase class and virulence convergence not carbapenem resistance alone
offers actionable prognostic and stewardship value.

1. Introduction

Carbapenem-resistant ~ Klebsiella ~ pneumoniae
(CRKP) sits at the top of the World Health
Organization's priority-pathogen list and is
among the leading causes of attributable deaths
from antimicrobial resistance worldwide (1).
Invasive CRKP infection carries crude mortality
of 30-50% in most case series, and therapeutic
options are constrained to a small number of last-
line agents whose activity is itself eroding (2).
Understanding why some CRKP infections prove
lethal while others are survivable is therefore a
question of direct clinical and public-health
consequence (3). The genomic architecture
underlying  CRKP is heterogeneous in three
respects that are usually studied in isolation.
First, carbapenem resistance is mediated by
mechanistically ~ distinct ~ enzymes  serine
carbapenemases (KPC), OXA-48-like
oxacillinases, and metallo-8-lactamases (MBLs:
NDM, VIM, IMP) that differ critically in their
susceptibility to B-lactamase inhibitors (4).
Ceftazidime-avibactam, a mainstay of modern
CRKP therapy, retains activity against KPC and
OXA-48like producers but is intrinsically inactive
against MBLs, so carbapenemase class, not merely
its presence, governs whether a frontline regimen
will work (5). Second, K. pneumoniae lineages
carry a spectrum of virulence determinants the
regulators rmpA/rmpA2 and the siderophore
systems aerobactin, salmochelin and
yersiniabactin historically partitioned between
"classical" multidrug-resistant and "hypervirulent"
community strains (6). Third, this partition is
breaking down: convergent lineages that combine
carbapenemases with hypervirulence loci have
been reported globally and are feared to unite
transmissibility, resistance and invasiveness in a
single organism (7). Most published cohorts
analyse these axes separately resistance genotype,
virulence genotype, or clinical outcome and the
few integrative studies are  frequently
underpowered for the multivariable modelling

needed to separate pathogen genomics from host
and treatment factors (8). As a result, it remains
unclear whether the convergence of resistance
and virulence carries measurable prognostic
weight once host severity and appropriate therapy
are accounted (9) for, and whether the loss of
ceftazidime-avibactam activity in MBL producers
translates into worse survival at the bedside. We
addressed these gaps with an integrated genomic-
epidemiological analysis of 200 CRKP isolates,
linking carbapenemase class and allele, a curated
virulence-locus panel, phenotypic MICs, and
granular clinical data within a single analytic
framework designed to identify the determinants
that independently predict mortality.

1.1 Objectives and hypotheses

. Primary objective. To identify genomic
and  clinical  determinants  independently
associated with 30-day all-cause mortality in
patients with CRKP infection.

. Secondary objectives.

< To describe the population structure of
CRKP (ST, clonal group, capsular and O-antigen
loci) and the distribution of carbapenemase
classes and alleles, including temporal trends over
2021-2024.

< To quantify phenotypic resistance to last-
line agents ceftazidime-avibactam, colistin,
tigecycline and amikacin and to test whether
ceftazidime-avibactam resistance is explained by
carbapenemase class.

< To estimate the prevalence of convergent
resistance-virulence genotypes and to evaluate
their association with survival.

Pre-specified hypotheses.

. H1. Ceftazidime-avibactam resistance is
concentrated in, and largely attributable to,
metallo-B-lactamase  production rather than
isolate-level multidrug resistance.

. H2. The convergent resistance-virulence
genotype is independently associated with higher
mortality after adjustment for host severity (age,
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Pitt bacteraemia score) and appropriateness of
therapy.

i H3. Among phenotypic resistance
markers, loss of ceftazidime-avibactam activity
the frontline option carries greater prognostic
weight than carbapenem MIC level itself.

2. Materials and methods

2.1 Study design and population

We conducted a multi-centre genomic-
epidemiological study of 200 non-duplicate,
patientunique CRKP isolates recovered from
clinical specimens at three hospitals (two tertiary
referral centres and one secondary centre)
between 2021 and 2024. Only the first CRKP
isolate per patient per infection episode was
included. Carbapenem resistance was defined per
EUCAST/CLSI breakpoints (meropenem MIC
>8 mg/L or ertapenem MIC >0.5 mg/L).
Specimens spanned blood, respiratory, urine,
wound/softtissue and intra-abdominal sources,
reflecting the clinical spectrum of invasive and
non-invasive CRKP disease.

2.2 Clinical data

For each patient we recorded demographics,
comorbidity burden (Charlson comorbidity
index) (10), acute illness severity (Pitt bacteraemia
score) (11), exposures (prior carbapenem use,
hospitalisation within 90 days, central venous
catheter, mechanical ventilation,
immunosuppression), infection acquisition
mode, septic shock, appropriateness and timing
of empirical therapy (time to appropriate therapy,
hours), definitive regimen, source control, ICU
admission, length of stay, microbiological
clearance and recurrence. The primary outcome
was 30-day all-cause mortality; 14-day mortality
and survival time (right-censored at 30 days) were
secondary outcomes.

2.3 Genomic characterization

Isolates were characterized by whole-genome
sequencing (12) with lineage assignment to multi-
locus sequence type (ST) and clonal group (CG),
and typing of the capsular (KL) and O-antigen
loci. Carbapenemase genes were assigned to

mechanistic classes (KPC, OXA-48like, NDM,

VIM, IMP) at the allele level, with porin-loss-only
isolates (ompK35/ompK36 disruption without a
carbapenemase)  recorded  separately.  We
catalogued accessory [-lactamases (CTX-M-15,
SHV-ESBL, plasmid AmpC, OXA-1), 16S rRNA
methyltransferases (armA, ™mtB, rmtF), plasmid-
mediated quinolone and QRDR determinants,
mer, and plasmid replicon content. Genotypic
virulence was summarised with a standardised
panel rmpA, rmpA2, aerobactin (iucABCD/iutA),
salmochelin  (irnBCDN), vyersiniabactin ~ (ybt),
colibactin  (clb), peg344, allS together with
Kleborate virulence and resistance scores.

2.4 Key definitions

. Carbapenemase class was used as the
primary resistance-mechanism variable; metallo-§3-
lactamase (MBL) status grouped NDM, VIM and
IMP, which are not inhibited by avibactam (13).

. Convergent genotype was defined a priori
as co-carriage of a carbapenemase gene with at
least one hypervirulence-associated acquired locus
(rmpA, rmpA2, aerobactin or salmochelin),
capturing the resistance-virulence convergence of
public-health concern (14).

. Difficult-to-treat resistance (DTR) and
XDR phenotypes were defined by established

consensus criteria (15).

2.5 Antimicrobial susceptibility

MICs were determined for meropenem,
imipenem, ertapenem, ceftazidime, ceftazidime-
avibactam, colistin, tigecycline and amikacin, and
interpreted by  contemporary = EUCAST
breakpoints. MICsg and MICgq were derived per
agent(16).

2.6 Statistical analysis

Categorical variables are summarized as n (%)
and continuous variables as median (IQR).
Between-group comparisons used the Mann-
Whitney U test for continuous variables and
Fisher's exact test for categorical variables. The
association between carbapenemase class and
ceftazidime-avibactam resistance was tested by
Fisher's exact test (H1). Determinants of 30-day
mortality were examined by univariable logistic
regression; variables with univariable p<0.10 or
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established clinical relevance (age, Pitt score,
appropriate empirical therapy, source control)
were entered into a multivariable logistic model,
with discrimination assessed by the area under
the ROC curve. Time-to-event analysis used
Kaplan-Meier estimation with the logrank test
and multivariable Cox proportional-hazards
regression; the proportional-hazards assumption
was evaluated on Schoenfeld residuals. Two-sided

p<0.05 defined significance. Analyses were
performed in Python (stats models, SciPy, scikit-
learn).

2.7 Conceptual framework

Conceptual framework: three genomic-clinical
axes and the convergent genotype as analytic
constructs

Integrative framework: three genomic-clinical axes converging on outcome

Resistance genome
Carbapenemase class & allele
KPC { OXA-48 | MBL

Porin loss, 165 methylases
CAZ-AV| phenctype, MICs

Virulence genome
rmpA [ rmpAZ2 regulators
Agrobactin, salmochelin
Yersiniabactin, colibactin

Kleborate virulence score

Host & treatment

Age, Charlson comorbidity
Pitt score, septic shock
Appropriate empirical therapy

Source control, ICU care

Convergent genotype direct host |

Carbapenemase + hypervirulence locus co-carriage

therapy effect

30-day all-cause mortality

primary outcome

Adjusted logistic & Cox models estimate each axis's Independent contribution to mortality.

Figure 1. Analytic framework. Pathogen resistance genomics, pathogen virulence genomics, and
host/treatment factors are modelled as three contributing axes; the convergent genotype is the pre-specified
construct capturing resistance-virulence overlap, and all axes are tested as independent contributors to 30-

day mortality in adjusted models.

3. Results

3.1 Cohort and outcomes

The 200 patients had a median age of 62 years
(IQR 53-73), a median Charlson index of 3 (2-
4) and a median Pitt bacteraemia score of 3 (2-4).
Most infections were hospital-acquired (76.5%);
blood (32.0%) and respiratory (22.5%) were the
commonest specimen sources. Appropriate
empirical therapy was given in 58.0% of patients,
at a median of 35 hours (21-68) from culture.

Crude 14-day and 30-day all-cause mortality were
15.5% (31/200) and 32.5% (65/200). Difficult-

to-treat resistance was present in 28.5% and a full
XDR phenotype in 2.0%.

In unadjusted comparison (Table 1), non-
survivors were older and had higher Pitt scores,
and were more likely to carry a metallo-B-
lactamase, a  ceftazidime-avibactam-resistant
phenotype, and a convergent resistance-virulence
genotype. Comorbidity burden, septic shock,
prior carbapenem exposure and appropriateness
of empirical therapy did not differ significantly
between groups.
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Table 1. Cohort characteristics stratified by 30-day mortality. Continuous variables, median (IQR);
categorical, n (%).

Characteristic Non-survivors (n=65) Survivors (n=135) p
Age, years 66 (56-76) 61 (50-72) 0.034
Charlson index 3(2-5) 3(2-4) 0.430
Pitt bacteraemia score 3(2-4) 3(1-4) 0.014
Time to appropriate therapy, h 42 (24-83) 34 (19-62) 0.161
No. resistant agents 3(2-4) 3(2-3) 0.116
Length of stay, days 17 (10-25) 21 (13-31) 0.029
Septic shock 15(23.1) 30(22.2) 1.000
ICU admission 39 (60.0) 69 (51.1) 0.289
Mechanical ventilation 29 (44.6) 41 (30.4) 0.058
Immunosuppression 20 (30.8) 38 (28.1) 0.741
Central venous catheter 37 (56.9) 67 (49.6) 0.367
Prior carbapenem exposure 31 (47.7) 59 (43.7) 0.650
Prior hospitalisation (90 d) 35(53.8) 72 (53.3) 1.000
Appropriate empirical therapy 34 (52.3) 82 (60.7) 0.286
Source control achieved 26 (40.0) 59 (43.7) 0.649
Difficult-to-treat resistance 24 (36.9) 33(24.4) 0.094
Metallo-B-lactamase producer 25 (38.5) 30(22.2) 0.019
Ceftazidime-avibactam resistant 27 (41.5) 34 (25.2) 0.022
Colistin resistant 3(4.6) 2 (1.5) 0.332
Convergent genotype 20 (30.8) 24 (17.8) 0.046

3.2 Population structure and carbapenemase
distribution

The collection was genomically diverse but
clonally structured: CG258 (ST258/ST11) was
dominant at 34.0% (68/200), followed by
CG147 (16.0%), CG307 (12.5%) and CG15
(12.5%); 15 capsular (KL) and 7 O-antigen types
were represented. Carbapenemase classes were
led by KPC (33.5%) and OXA-48like (30.5%),
with metallo-B-lactamases (NDM, VIM, IMP)

accounting for 27.5% and porin-loss-only isolates
for 8.5% (Figure 2). At the allele level, blaKPC-2
(n=36), blaKPC3 (n=31), blaOXA-48 (n=31),
blaNDM-1 (n=25) and blaOXA-232 (n=21) were
most frequent. A 16S rRNA methyltransferase
(armA/rmtB/rmtF), conferring pan-
aminoglycoside resistance, was present in 21.5%
of isolates. Carbapenemase class distribution,

n=200 - MBL classes highlighted
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KPC and OXA-48-like predominate; metallo-B-lactamases are 27.5% of isolates

n= 200 CRKP isclates - blue = avibactam-inactive metallo-B-lactamases (NDM/VIM/IMF)
KPC 67 (34%)
OXA-48-like
Porin loss only
ViM - 9(5%)

IMP ' 2{1%)

(N%)

17 (9%)

Combined metallo-B-lactamases: 55/200 (27.5%)

Figure 2. Distribution of carbapenemase classes. Metallo-B-lactamase classes (NDM, VIM, IMP), which are
not inhibited by avibactam, are shown in blue.

Mortality and the convergent genotype varied
across clonal groups (Table 2). CG147 and the
small CG16 lineage carried the highest crude 30-

day mortality (50%), whereas CG307 and CG101

were comparatively survivable.

Table 2. Molecular epidemiology by clonal group.

Clonal n (%) Predominant | Virulence | Resistance | Convergent, n 30-day
group ST score score (%) mortality, n
(%)
CG258 68 (34.0) ST258 1 1 13 (19.1) 19 (27.9)
CG147 32 (16.0) ST147 1 1 7(21.9) 16 (50.0)
CG307 25 (12.5) ST307 1 1 4 (16.0) 6 (24.0)
CG15 25 (12.5) ST15 1 1 7(28.0) 9 (36.0)
Unassigned 22 (11.0) singletons 2 1 6(27.3) 9 (40.9)
CG101 14 (7.0) ST101 1 1 4 (28.6) 3(21.4)
CG231 8 (4.0) ST231 1.5 1 2(25.0) 0(0.0)
CGl16 6 (3.0) ST16 2 1 1(16.7) 3 (50.0)
3.3 Antimicrobial resistance and the carbapenemase class (Figure 3). Every metallo-f3-

determinant of ceftazidime-avibactam failure

All 200 isolates were ceftazidime-resistant and
85.0% were meropenem-resistant (meropenem
MICs50/MICqq 32/128 mg/L). Lastline agents
retained variable activity: colistin resistance was minimal (KPC 1.5%, OXA-48-like 6.6%, porin
rare (2.5%), tigecycline resistance was 21.0%, and loss 5.9%). This confirms hypothesis H1: loss of
amikacin resistance was 38.0% the last tracking the frontline  B-lactam-f-lactamase-inhibitor
the 21.5%  prevalence of 16S rRNA
methyltransferases (Table 3). Ceftazidime-
avibactam resistance (30.5% overall) showed a
near-dichotomous relationship with

lactamase producer was resistant (55/55, 100%),
versus only 4.1% (6/145) of non-MBL isolates
(Fisher's exact p<0.001). Resistance among serine-
carbapenemase and porinoss isolates was

option is a function of resistance mechanism, not
of global multidrug resistance, and is predictable
directly from genotype. Ceftazidime-avibactam
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resistance stratified by carbapenemase class,

n=200

Ceftazidime-avibactam resistance is confined to metallo-B-lactamase producers

% resistant within each carbapenemase class - red = metalio-B-lactamase (NDM/VIM/IMF)

100%

75%

50%
25%
4/é1
er 7%
1%
0%
KRC OXA-48-lke Porin loss

44f44 99 22
100% 100% 100%
NDM VM IMP

MBL vs non-MBL: 100% vs 4.1%, p < 0.001

Figure 3. Ceftazidime-avibactam resistance by carbapenemase class. Resistance is essentially complete in
metallo-B-lactamase producers (red) and near-absent in serine-carbapenemase or porin-loss isolates.

Table 3. MIC distribution and resistance rates (n=200). MICs in mg/L.

Agent MICsq MICqq Range % resistant
Meropenem 32 128 1-128 85.0
Ceftazidime 128 256 16-256 100.0

Ceftazidime-avibactam 4 256 0.25-256 30.5
Amikacin 8 512 1-1024 38.0
Tigecycline 2 4 0.25-8 21.0

Colistin 0.5 2 0.25-8 2.5

3.4 Virulence determinants and resistance-
virulence convergence

Virulence loci were widespread: yersiniabactin
(ybt) was present in 66.5% of isolates, aerobactin
(iucABCD/iutA) in 32.5%, the regulators rmpA
and ™mpA2 in 27.0% and 25.5%, salmochelin
(ioBCDN) in 19.5%, and the pLVPKlike
virulence plasmid and peg344 in ~25% each.
Applying the prespecified definition, 22.0%
(44/200) of isolates were convergent carrying a
carbapenemase together with a hypervirulence-
associated acquired locus. Convergence was
distributed across the major high-risk clones
rather than confined to a single lineage (Table 2),
indicating independent acquisition events rather
than clonal expansion of one convergent strain.

3.5 Independent predictors of 30-day mortality

In univariable logistic regression, age, Pitt
bacteraemia score, metallo-B-lactamase
production, ceftazidime-avibactam resistance and
the convergent genotype were each associated
with 30-day mortality (Table 4). Because all MBL
producers were ceftazidime-avibactam-resistant,
the phenotype (the directly actionable variable)
was carried into the multivariable model in
preference to MBL genotype to avoid collinearity.
In the adjusted model, four variables remained
independent predictors: age (aOR 1.03 per vear,
95% CI 1.00-1.05), Pitt score (aOR 1.29, 1.07-
1.56), ceftazidime-avibactam resistance (aOR
2.11, 1.06-4.20) and the convergent genotype
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(aOR 2.28, 1.08-4.85). The model discriminated
with an AUC of 0.70. This supports hypotheses
H2 and H3: resistance-virulence convergence
and loss of ceftazidime-avibactam activity each

carried independent prognostic weight, exceeding
that of carbapenem MIC level or global resistance
count.

Table 4. Logistic regression for 30-day mortality.
Adjusted model: age, Charlson, Pitt, septic shock, appropriate empirical therapy, source control,
ceftazidime-avibactam resistance, convergent genotype (AUC 0.70).

Predictor Univariable OR ) Adjusted OR p
(95% CI) (95% CI)

Age (per year) 1.02 (1.00-1.04) 0.030 1.03 (1.00-1.05) 0.022
Charlson index 1.08 (0.91-1.28) 0.385 1.02 (0.84-1.24) 0.842
Pitt bacteraemia score 1.24 (1.04-1.47) 0.016 1.29 (1.07-1.56) 0.007
Septic shock 1.05 (0.52-2.13) 0.892 0.90 (0.41-1.98) 0.798
Appropriate empirical therapy 0.71 (0.39-1.29) 0.259 0.84 (0.43-1.66) 0.618
Source control achieved 0.86 (0.47-1.57) 0.620 0.83 (0.42-1.61) 0.576

Metallo-B-lactamase producer 2.19 (1.15-4.16) 0.017 — —
Ceftazidime-avibactam resistant | 2.11(1.13-3.96) 0.020 2.11 (1.06-4.20) 0.035

High virulence score (>3) 1.34 (0.72-2.50) 0.355 — —
Convergent genotype 2.06 (1.03-4.09) 0.040 2.28 (1.08-4.85) 0.031

Convergent genotype and ceftazidime-avibactam resistance drive adjusted mortality

Adjusted odds ratios (95% Cl), 30-day mortality - blue = p < 0,05 OR axis on log scale

OR (35% CI)
Age (per year) 1,03 (1.00-105)
Charison index 1.02(0.84-1.24)
Pitt bacteraemia score —a— 129 {1.07-156)
Septic shock 090 (0.41-1.98)
Appropriate empirical therapy 084 (0.43-166)
Source control achieved 0.83 (0.42-161)
Ceftazidime-avibactam resistant —_— 21101.06-4.20)
Caonvergent genotype  J 1 2.28(1.08-485)

0.5

Odds ratlo for 30-day mortality

Figure 4. Forest plot of the multivariable logistic model for 30-day mortality. Points are adjusted odds ratios
with 95% confidence intervals; significant predictors (p<0.05) are in blue. The convergent genotype carried
the largest point estimate (aOR 2.28).( Adjusted odds ratios for 30-day mortality (multivariable logistic

model)

The survival disadvantage of the convergent
genotype was evident over the full 30-day follow-
up (Figure 5). Convergent isolates reached a 30-
day survival of 54.5% versus 71.2% for non-
(logrank p=0.020). In

convergent isolates

multivariable Cox regression adjusting for age,
Charlson, Pitt score, septic shock, appropriate
therapy, source control and ceftazidime-
avibactam resistance, the convergent genotype
remained independently associated with death
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(HR 2.03, 95% CI 1.17-3.54, p=0.012), as did
age (HR 1.02 per year, 1.00-1.04) and Pitt score
(HR 1.21, 1.06-1.39); -ceftazidime-avibactam
resistance was borderline (HR 1.68, 0.997-2.83,

p=0.051). The proportional-hazards assumption
was satisfied. Kaplan-Meier 30-day survival,
convergent vs non-convergent genotype

Convergent genotypes have lower 30-day survival
Kaplan-Meier estimate - log-rank p = 0.020
Survival probability
1.0
—— Convergent (n=44)

30-d mortality 45.5%

08 Non-convergent (n=156)
h 30-d mortality 288%

04

o 5 10 13 20 25 30

Days from infection onset

Figure 5. Kaplan-Meier survival by convergent genotype. Convergent isolates (blue) had consistently lower
survival across follow-up (log-rank p=0.020).

3.6 Temporal trends

Across 2021-2024 the carbapenemase landscape
was broadly stable (Figure 6). KPC remained the
steadiest class (32-34% annually), OXA-48like
fluctuated (19-39%), and metallo-B-lactamases
persisted throughout at 21-33% of isolates

without a clear directional trend. The sustained
MBL burden is epidemiologically important
because it maintains a reservoir of intrinsically
ceftazidime-avibactam-resistant organisms year
on year. Carbapenemase class as a percentage of

annual isolates, 2021-2024.

Carbapenemase classes stayed broadly stable; metallo-B-lactamases persisted at 21-33%

% of annual CRKP isolates by carbapenemase ciass

0%

40%

OXA-48-ike

KPC
0%
Metallo-B-lactamase
20%

2021 2022

2024

Figure 6. Carbapenemase class distribution by year. Metallo-B-lactamases (blue) were sustained across the
study period.
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4. Discussion

In this integrated genomic-epidemiological cohort
of 200 CRKP infections, mortality was shaped
less by carbapenem resistance itself universal in
this collection than by two specific (17),
genomically legible features: the mechanism of
carbapenem resistance and the convergence of
resistance with hypervirulence. Three findings
carry direct translational weight (18).

First, ceftazidime-avibactam resistance was
almost entirely a property of carbapenemase
class (19). Every metallo-B-lactamase producer was
resistant, versus 4% of non-MBL isolates, and this
phenotype not carbapenem MIC, not the
number of resistant agents was an independent
predictor of death (aOR 2.11). Because MBL
carriage is directly reportable from a molecular
test, genotype anticipates the failure of the
frontline [-lactam-inhibitor regimen before a
phenotypic result returns. In MBL-endemic
settings this argues for rapid mechanism-level
diagnostics to triage patients toward active
therapy (e.g. ceftazidime-avibactam combined
with aztreonam, or cefiderocol) without waiting
for confirmatory susceptibility testing.

Second, the convergent resistance-virulence
genotype was the strongest pathogen-level
predictor of mortality (20) (aOR 2.28; Cox HR
2.03), independent of host severity and treatment
appropriateness. At 22% prevalence and
distributed across CG258, CG147, CG307 and
CG15 rather than confined to one lineage,
convergence in this cohort reflects repeated
horizontal acquisition of virulence loci by
established high-risk resistant clones the more
concerning of the two routes to convergence,
because it is not contained by controlling a single
outbreak strain. This supports the emerging view
that virulence genotype adds prognostic
information beyond the classical resistance-
centred picture of CRKP, and that surveillance
restricted to resistance genes alone misses a
clinically material axis of risk (21).

Third, conventional severity and treatment
variables behaved as expected but did not eclipse
the genomic signal (22). Age and Pitt
bacteraemia  score  remained  independent
predictors, consistent with the large literature on

host determinants of CRKP  mortality.
Appropriateness and timing of empirical therapy
were not significantly protective in adjusted
models plausibly because the narrow therapeutic
options and delays to active therapy (median 35
h) blunt its measurable benefit, and because
"appropriate” by inwitro criteria does not
guarantee optimal pharmacodynamics against
these organisms. The persistence of the genomic
associations after adjustment for these factors
strengthens the case that pathogen genomics is
not merely a marker of sicker hosts (23).

Taken together, these results reframe genomic
surveillance of CRKP as a prognostic and
stewardship
epidemiological one. Reporting carbapenemase

instrument, not only an

class and wirulence convergence two features
obtainable from a single sequencing run
identifies, at the point of diagnosis, the patients
at highest risk of both treatment failure and
death.

4.1 Strengths, limitations, and research gaps
4.1.1 Strengths

. Genuine Resistance
genotype, a curated virulence-locus panel,
phenotypic MICs and granular clinical data were

analysed within one framework, allowing

integration.

pathogen genomics to be tested against host and
treatment factors rather than in isolation (24).

. Mechanism-resolved resistance.
Carbapenemase was classified at the class and
allele level, exposing the MBL-ceftazidime-
avibactam  relationship  that a  binary
"carbapenem-resistant" label conceals (25).

. Pre-specified, reproducible definitions.
The convergent genotype and analytic plan were
defined a priori, and the complete pipeline
(logistic, Cox, survival) is scriptable and
auditable.

. Multicentre, multi-source sampling
across tertiary and secondary centres and the full
specimen spectrum improves representativeness
relative to single-site bacteraemia-only series (26).
4.1.2 Limitations

J Observational ~ design.  Associations
including the convergence-mortality link cannot
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establish causation; residual confounding by
unmeasured severity or care factors is possible.

. Sample size and events. With 65 deaths,
the multivariable models are constrained to a
limited number of covariates (= 8 events per
variable), confidence intervals are wide, and
modest true effects may be undetected; the
ceftazidime-avibactam  Cox  estimate  was
borderline (p=0.051).

. Genotype-phenotype gaps. Virulence
was inferred from gene presence, not expression
or invivo phenotype; the string test was recorded
but siderophore production and mucoviscosity
were not functionally assayed (27).

. Short horizon and single region. Thirty-
day follow-up omits late mortality and recurrence,
and the clonal and carbapenemase structure is
setting-specific, limiting generalisability to regions
with different enzyme epidemiology (28).

. Resistance emergence on treatment.
Acquired
during therapy (e.g. KPC variant selection) was
not captured longitudinally.

ceftazidime-avibactam resistance

4.1.3 Research gaps

. Prospective, adequately powered
cohorts linking convergent genotypes to
attributable mortality, with pre-registered analyses
and >10 events per covariate (29).

. Functional validation of convergence
siderophore  output, capsule, and in-ivo
virulence models to confirm that genotypic
convergence translates into a biologically
hypervirulent phenotype (30).

. Diagnostic-to-decision  studies testing
whether rapid reporting of carbapenemase class
and virulence convergence changes empirical
prescribing and improves survival.

° Transmission genomics to distinguish
clonal spread of convergent strains from
independent plasmid-borne acquisition, which
demand different infection-control responses.

. Treatment-response genomics tracking
the emergence of ceftazidime-avibactam and
cefiderocol resistance under therapy across
carbapenemase classes.

5. Conclusion

Among 200 carbapenem-resistant  Klebsiella
pneumoniae infections, death was predicted not by
carbapenem resistance per se but by two
genomically defined features: metallo-B-lactamase-
driven loss of ceftazidime-avibactam activity
(adjusted OR 2.11) and the convergence of
carbapenem  resistance with  hypervirulence
determinants (adjusted OR 2.28; Cox HR 2.03),
each independent of age and acute-illness
severity.  Metallo-B-lactamase  status  alone
explained almost all ceftazidime-avibactam
resistance, and convergent genotypes present in
one in five isolates and dispersed across the major
high-risk clones carried a measurable survival
disadvantage. Genomic surveillance that reports
carbapenemase class and  resistance—virulence
conwergence, rather than carbapenem resistance as
a single binary trait, can identify the highestrisk
patients at the point of diagnosis and should be
evaluated prospectively as a tool to guide early
therapy and infection control.
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