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ABSTRACT

Introduction: The objective of this study was to
examine the evolution of carbapenem-resistant
Klebsiella pneumoniae (CRKp) infections and
their impact at a tertiary care hospital in South
India.

Methods: A comparative analysis of clinical data
from two prospective cohorts of patients with
CRKp bacteremia (C1, 2014–2015; C2,
2021–2022) was carried out. Antimicrobial sus-
ceptibilities and whole genome sequencing
(WGS) data of selected isolates were also analyzed.
Results: A total of 181 patients were enrolled in
the study, 56 from C1 and 125 from C2. CRKp
bacteremia shifted from critically ill
patients with neutropenia to others (ICU stay:
C1, 73%; C2, 54%; p = 0.02). The overall mor-
tality rate was 50% and the introduction of cef-
tazidime-avibactam did not change mortality
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significantly (54% versus 48%; p = 0.49).
Oxacillinases (OXA) 232 and 181 were the most
common mechanisms of resistance. WGS
showed the introduction of New Delhi metallo-
b-lactamase-5 (NDM-5), higher genetic diversity,
accessory genome content, and plasmid burden,
as well as increased convergence of hyperviru-
lence and carbapenem resistance in C2.
Conclusions: CRKp continues to pose a signifi-
cant clinical threat, despite the introduction of
new antibiotics. The study highlights the evo-
lution of resistance and virulence in this
pathogen and the impact on patient outcomes
in South India, providing valuable information
for clinicians and researchers.

Keywords: Bacteremia; Carbapenem resistant;
Klebsiella pneumoniae; Temporal evolution

Key Summary Points

South Asia has the highest burden of CRKp
infections globally with high fatality rates.
Theclinical and genomicevolutionof CRKp
between time periods is not studied so far
from this region.

Introduction of ceftazidime-avibactam has
improved outcomes in many areas of the
globe. There is paucity of data evaluating
its impact in this region.

CRKp bacteremia shifted from critically ill
patients with neutropenia to others and
pathogen genotype evolved continuously
with the acquisition of NDM-5 and rise in
hypervirulence between the two cohorts.

The overall mortality rate was 50% and the
introduction of ceftazidime-avibactam did
not result in a decrease in mortality.

Combination therapy may offer benefits,
particularly in sicker patients.

INTRODUCTION

Klebsiella pneumoniae is an opportunistic
pathogen with profound clinical and public
health impacts [1]. Its open genome enables

continuous acquisition of antimicrobial resis-
tance (AMR) and virulence genes [2]. In 2019,
carbapenem-resistant Klebsiella pneumoniae
(CRKp) infections contributed to more than
55,000 deaths and was only surpassed by
Acinetobacter species as a cause of infection-re-
lated mortality [3]. This burden is highest
among low- and middle-income countries
(LMICs) in South Asia and Sub-Saharan Africa
[3].

There are two specific knowledge gaps in
current literature on CRKp from South Asia. It is
unclear if novel agents such as CAZ-AVI have an
advantage over repurposed agents such as
polymyxin in the treatment of serious CRKp
infections in this region. The newer b-lactam–b-
lactamase combinations are associated with
reduced mortality in other regions of the globe
[4–6]. However, significant geographical differ-
ences exist in the genetic mechanisms of car-
bapenem resistance, the size of the pathogen
resistomes, disease severity at presentation, and
the outcomes in CRKp infections [7]. It is not
clear whether CAZ-AVI improves clinical out-
comes in South Asia. Analyzing region-specific
prospective data across time periods prior to
and after the introduction of CAZ-AVI may aid
in clarifying the optimal therapy for such
infections in that respective region.

Secondly, the dynamics of pathogen trans-
mission and the genomic changes responsible
for the disproportionately large clinical impact
seen in South Asia are poorly understood. While
the common oversimplified assumption is
excessive antibiotic use resulting in increased
resistance, emerging data point to a more
complex scenario [8]. The acquisition of the
ability to excessively thicken the capsule has
increased the virulence of the hypermucovis-
cous pathotype of CRKp seen in South Asia [9].
Further, the spread in LMICs is driven by mul-
tiple closely related clones rather than a single
dominant one [10]. It is unclear whether these
small outbreaks are caused by infection from
multiple persistent environmental point sour-
ces or by healthcare-worker-related transmis-
sions rather than endogenous acquisition
secondary to antibiotic pressure.

We analyzed two prospective cohorts of
patients with CRKp bacteremia to examine the
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clinical and genomic evolution of CRKp over
time to understand the impact of the intro-
duction of CAZ-AVI on CRKp infections and the
genetic changes that may have contributed to
the increased mortality from CRKp infections in
South Asia.

METHODS

Study Design and Participants

We carried out a comparison of two prospective
cohort studies among consecutive patients
admitted at a 3500-bed academic center, with a
bloodstream infection (BSI) confirmed in the
laboratory as being caused by CRKp between
June 2014 and June 2015 (clinical cohort 1 or
C1) and March 2021 and March 2022 (clinical
cohort 2 or C2). Patients with confirmed
polymicrobial bacteremia and those under
15 years of age were excluded from the study.
Only the first qualifying episode of CRKp bac-
teremia during the hospital stay of an individ-
ual patient was included. If CRKp bacteremia
recurred within 30 days of follow-up, subse-
quent episodes were not included. This study
was conducted in accordance with the Decla-
ration of Helsinki and approved by the Institu-
tional Review Board and Ethics Committee of
Christian Medical College, Vellore (IRB no.
9041/2014 and IRB no. 13464/2020). Before
recruitment into the study, informed consent
was obtained from all the patients or immediate
kin for accessing clinical information and pub-
lishing data.

Procedures

Patients fulfilling the eligibility criteria were
enrolled and followed up for 30 days. The
investigators collected relevant demographic
and infection-specific information. Using
annual hospital data, the prevalence of CRKp
was established among all patients with Kleb-
siella and Enterobacterales infections. Manage-
ment decisions, including the antibiotics used
and source control, were made by individual

treating physicians. The infection control prac-
tices in the institution are maintained by the
Hospital Infection Control Committee (HICC).
All Carbapenem Resistant Gram Negative Blood
Stream Infections (CRGNBSIs) are reported to
the HICC on a real-time basis, and outbreak
investigations are conducted wherever relevant.
The HICC has protocols for management and
infection control of drug-resistant pathogens
and compliance to these protocols are regularly
monitored and audited.

Definitions

Carbapenem resistance was defined as antibiotic
resistance to either meropenem or imipenem as
per the Clinical and Laboratory Standards
Institute (CLSI) guidelines during the respective
cohort periods. To be considered persistent
bacteremia, a minimum of two blood cultures
that were isolated during the same infectious
episode on calendar days at least 48 h apart
from each other were required to be positive.

Severe neutropenia was defined as an abso-
lute neutrophil count of less than 500 cells/lL
at the time of or within 48 h before blood cul-
ture positivity [11]. Serious bacterial infections,
such as pneumonia, bacteremia, and meningi-
tis, found 30 days before the day of CRKp iso-
lation, were considered previous bacterial
infections. Concomitant bacterial infections
were defined as any serious bacterial infection
other than the index CRKp bacteremia identi-
fied within the 30 days following CRKp isola-
tion. We defined catheter-related bloodstream
infection (CRBSI) in presence of an intravascu-
lar device with[1 positive blood culture from a
peripheral vein and no other reliable sources of
infection with catheter blood culture positive at
least 2 h earlier than the blood culture drawn
peripherally at the same time. We concluded
gut translocation as the source of bacteremia
among patients with neutropenia with no clear
other sources of infection and used the term
‘‘probable gut translocation’’ to label it.

The Pitt bacteremia score (PBS) was calcu-
lated on the basis of the highest values obtained
for each parameter 48 h before or on the day of
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bacteremia. The INCREMENT score was calcu-
lated using the presence of septic shock or sev-
ere sepsis, a Pitt score of 6 or higher, a Charlson
Comorbidity Index (CCI) of 2 or more, and a
source of bacteremia other than urinary or bil-
iary sources. INCREMENT scores ranged from 0
to 15; scores of less than 8 and 8 or higher were
considered low and high risk for mortality,
respectively [12–14].

All patients received antibiotics at standard
recommended doses as defined in the antibiotic
policy of the institution during the respective
time periods, and the route of administration
was intravenous. Patients were considered to
have received appropriate therapy if the bac-
teremia was treated with drugs to which the
isolate did not have reported resistance.
Appropriateness of antibacterial treatment
reported in the study is of definitive antibacte-
rial treatment and not empirical therapy.
Monotherapy was defined as treatment with a
single agent with established in vitro suscepti-
bility. The term combination therapy was used
when two or more agents with documented
in vitro susceptibility were used for treatment.

Clinical Outcomes

The primary outcome was 30-day all-cause
mortality. Participants who were discharged
within 30 days were telephoned on day 30 by
the investigators to assess outcomes. Secondary
outcomes included 14-day mortality, presence
of septic shock, and requirement of intensive
care or dialysis. We compared the antibiotic
therapy received and its associations with
14-day and 30-day mortality.

Isolate Identification and Antimicrobial
Susceptibility Testing

All CRKp isolates were identified from blood
cultures using VITEK-MS (Biomerieux). The iso-
lates were subjected to disk diffusion for a panel
of antimicrobials consisting of ceftazidime,
cefepime, piperacillin-tazobactam, meropenem,
imipenem, gentamicin, amikacin, and cipro-
floxacin. Results were interpreted according to
the CLSI guidelines during the respective time

period. Escherichia coli ATCC 25922, Enterococ-
cus faecium ATCC 29212, and Pseu-
domonas aeruginosa ATCC 27853 were used as
controls. Susceptibility to colistin, tigecycline,
ceftazidime-avibactam, and aztreonam were
determined using broth microdilution (BMD)
and interpreted according to the European
Committee on Antimicrobial Susceptibility
Testing (EUCAST) and Food and Drug Adminis-
tration (FDA) guidelines, respectively. Due to
issues in reviving some of the earlier cultures, we
were not able to retest isolates to keep the
methodologies uniform. The MICs of CAZ-AVI
and aztreonam were independently determined
by BMD. The susceptibility to combination of
CAZ-AVI and aztreonam was determined using
checkerboard assay as previously described [15].
To determine the synergy, CAZ-AVI concentra-
tion ranging from 0.12 to 8 lg/ml was tested with
a fixed concentration of aztreonam of 8 lg/ml.
Synergy was defined when the cumulative frac-
tional inhibitory concentration (FIC) index of
both agents was B 0.5 [15].

Molecular Characterization

By convenience sampling, depending on the
availability and viability of stored isolates, 90
bacteremic CRKp isolates that reflected the
study periods were selected for genomic char-
acterization; 43 isolates were from February
2014 to December 2016 (genomic cohort 1 or
G1), 47 were from March 2020 to December
2021 (genomic cohort 2 or G2), and 41 isolates
were from patients included in the clinical
study. Genomic characterization of the isolates,
including WGS, was performed using standard
techniques as enumerated in the Supplemen-
tary Material.

Statistical Analysis

Clinical and microbiological data were com-
pared between individuals enrolled in C1 and
C2. Baseline characteristics and clinical events
for individuals in both cohorts were presented
as medians with interquartile ranges (IQR) for
continuous variables and frequencies with pro-
portions for categorical variables using
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appropriate statistical tests. A univariate analy-
sis was performed for each variable, with 30-day
mortality as the outcome. Hazard ratio (HR)
with a 95% confidence interval (CI) was esti-
mated, and a p-value of less than 0.05 was
considered significant.

Multivariate analysis was done for factors
that were significant in the overall estimate
using Cox hazard regression analysis, with the
Breslow method used for ties after checking for
multicollinearity using the variance inflation
factor (VIF). The adjusted hazard ratio (aHR)
was estimated with a 95% CI. To visualize all-
cause mortality within 30 days and 14 days of
bacteremia among patients who received poly-
myxin or CAZ-AVI as monotherapy or both
agents together as a combination, Kaplan–Meier
survival estimates were calculated. A log-rank
test was performed to determine the equality of
survivor functions. Censoring was not required
as all study participants were followed up until
death or 30 days. We used STATA 16 (StataCorp.
2019, Stata Statistical Software: Release 16.
College Station, TX: StataCorp LLC) for statis-
tical analysis.

RESULTS

Patient Population

We enrolled 181 patients with laboratory-con-
firmed CRKp bacteremia: 56 patients from 2014
to 2015 (C1) and 125 patients from 2021 to
2022 (C2). The median ages of participants in
C1 and C2 were 43 years (IQR 20–67 years) and
44 years (IQR 18–69 years), respectively. In both
the cohorts, 66% of patients were male. Loca-
tion within the hospital where patients devel-
oped CRKp bacteremia was significantly
different between cohorts. Almost three-quar-
ters were in critical care units in C1, but in C2
the infections were distributed widely across the
hospital, with just over half in the critical care
unit (73% versus 54%; p = 0.02) (Table 1).
Underlying hematological conditions were
more frequently observed in C1 than in C2
(57% versus 32%, p = 0.001) (Table S1a). Con-
sequently, severe neutropenia was also more
common in C1 than in C2 (48% versus 28%,

p = 0.01). CRBSI was the most common source
of bacteremia in both cohorts (36% and 26%,
respectively) followed by gut translocation
(16% and 21%, respectively) (Table 1). In all
patients, CRKp bacteremia occurred when hos-
pitalized or after recent close hospital contact.
Among all Gram-negative bloodstream infec-
tions, the prevalence of CRKp bacteremia sig-
nificantly increased from 5% (98/1824) between
January and December 2015 to 14% (591/2010)
between January and December 2021 (p-
value = \0.001).

Severity Scores

The median PBS and CCI score were similar in
both time periods, while the median INCRE-
MENT score was higher in C1 than in C2 (11
versus 8, p = 0.01). When stratified, among
those in C1, 73% had an INCREMENT score
greater than 8 (indicating a high risk of mor-
tality), while only 58% had a score greater than
8 in C2 (Table 1).

Antimicrobial Susceptibilities

All 181 isolates (56 from C1 and 125 from C2)
were resistant to ceftazidime, cefepime, mer-
openem, cefoperazone-sulbactam, and cipro-
floxacin. Overall, 3 (2%) and 12 (7%) CRKp
isolates retained susceptibility to gentamicin
and amikacin, respectively, in C1 and C2.
Colistin resistance, as determined by disk dif-
fusion was 11% (6/56) in C1 and 18% (21/117)
in C2, as determined by BMD. Tigecycline sus-
ceptibility fell from 88% (49/56) to 66% (49/74)
between the cohorts (p = 0.007) (disk diffusion
was performed for C1; BMD was performed for
C2). In C2, 50% of the 68 isolates tested
retained susceptibility to minocycline.
Minocycline susceptibility was not available for
isolates in C1. All tested isolates in C2 (100/100)
were susceptible to CAZ-AVI (OXA48-like pro-
ducers retain susceptibility to CAZ-AVI, while
NDM producers were susceptible to CAZ-AVI in
combination with aztreonam).
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Table 1 Demographic and clinical details of study participants

Characteristics Total
n = 181 (%)

Cohort C1
n = 56 (%)

Cohort C2
n = 125 (%)

p-value

Age,[ 50 years age 63 (35) 19 (34) 44 (35) 0.87

Gender, male 120 (66) 37 (66) 83 (66) 0.97

Location at the time of bacteremia, ICU 109 (60) 41 (73) 68 (54) 0.02

Presence of neutropenia 62 (34) 27 (48) 35 (28) 0.01

Surgery within 30 days before bacteremia 38 (21) 5 (9) 33 (26) 0.01

Previous exposure to colistin 74 (41) 27 (48) 47 (38) 0.18

Previous exposure to carbapenem 135 (75) 44 (79) 91 (73) 0.41

Infection details

Previous bacterial infections 90 (50) 28 (50) 62 (50) 0.96

Concomitant bacterial infections 102 (56) 32 (57) 70 (56) 0.89

Source of infection

CRBSI 52 (29) 20 (36) 32 (26)

Gut translocation 35 (19) 9 (16) 26 (21) 0.38

Lung 32 (18) 7 (13) 25 (20)

Othersa 62 (34) 20 (36) 42 (34)

Presence of septic shock 121 (67) 40 (7) 81 (65) 0.38

Dialysis 41 (23) 17 (30) 24 (19) 0.10

ICU stay 130 (72) 53 (95) 77 (62) \ 0.001

Organism details

Colistin resistance (n = 173 tested) 27 (15.61) 6 (10.71) 21 (18) 0.22

Scores for prediction of mortality (median and IQR)

Pitt bacteremia score 2 (0–6) 2 (0–6) 2 (0–4) 0.38

Charlson Comorbidity Index 2 (1–3) 2 (0.5–3) 2 (1–3) 0.79

INCREMENT score 8 (6–12) 11 (6–12) 8 (6–11) 0.01

Increment score: high mortality (8–15) 114 (62.9) 41 (73.21) 73 (58.4) 0.06

Treatment details

Polymyxin or CAZ-AVI therapy (n = 128)

Polymyxin or CAZ-AVI as monotherapy 92 (72) 37 (100) 55 (60) \ 0.001

Polymyxin and CAZ-AVI as combination 36 (28) 0 36 (40)
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Details of Therapy

Combination therapy was used to manage
CRKp bacteremia in 42% of patients in C2 and
18% of patients in C1. All patients in C1
received appropriate therapy, while 14% of
patients in C2 did not receive appropriate
therapy (p\0.001). Patients in C1 were pre-
dominantly treated with colistin or polymyxin
(75%), either as monotherapies or in combina-
tion with other adjunctive antibiotics. CAZ-AVI
was introduced in the Indian setting in June
2019, after C1. In C2, 53% of patients received
CAZ-AVI, while others (47%) received colistin
with or without other adjunctive agents
(n = 107; Table S1a). No patient in the study
received monotherapy with aminoglycosides.

Primary Outcomes and Associations

Patients included in this study were very ill,
with 60% of study participants in ICU at the
time of bacterial isolation and a median
INCREMENT score of 8 (IQR 6–12). Overall,
30-day mortality among the participants was
50% and not significantly (p = 0.49) different
between cohort 1 (54%) and cohort 2 (48%).
The 14-day mortality was 37% (39% in C1; 35%
in C2; p = 0.59). The risk factors for 30-day
mortality among the study population are
summarized in Table 2 and Table S1b. Univari-
ate analyses showed that age more than
50 years, presence of septic shock, admission to
an intensive care unit at the time of bacterial
isolation or during the 30-day follow-up period,

requirement of dialysis, previous bacterial
infections, pulmonary source of infection,
mortality prediction/severity scores, and
INCREMENT score of 8 or higher were all sig-
nificantly associated with the risk of mortality
(p\ 0.05).

INCREMENT score greater than 8 and ICU
stay at bacteremia were not included in multi-
variate analysis due to clinical correlation with
septic shock and ICU stay during follow-up. The
mean VIF for the chosen factors in the Cox
multivariate model was 1.38 with no multi-
collinearity. The presence of septic shock was
significantly associated with 30-day mortality
on multivariate analysis (aHR 4.63; 95% CI
2.22–9.66; p\ 0.001) (Table 2). Kaplan–Meier
survival estimates, calculated for mortality at
14 days and 30 days, revealed a trend toward
better survival among patients treated with a
combination of polymyxin and CAZ-AVI than
among those treated with either agent as
monotherapy (72% versus 65% and 64% versus
49%, respectively), without statistical signifi-
cance (p = 0.36 and p = 0.13, respectively)
(Fig. 1).

Genomic Characteristics

Of the 90 CRKp bacteremia isolates included for
genomic characterization, 43 were collected
between February 2014 and December 2016
(G1) and 47 between March 2020 and December
2021 (G2). A single isolate from G2 was identi-
fied as K. quasipneumoniae. Carbapenem resis-
tance was mediated by carbapenemases in 69%

Table 1 continued

Characteristics
Totaln = 181 (%) Cohort

C1n = 56
(%)

Cohort
C2n = 125
(%)

p-value

Outcome assessment

30-day mortality 90 (50) 30 (54) 60 (48) 0.49

14-day mortality 66 (37) 22 (39) 44 (35) 0.59

ICU intensive care unit, CRBSI catheter-related bloodstream infection, CAZ-AVI ceftazidime-avibactam
aOther sources of infection included hepatobiliary, renal, skin and soft tissue, and peritoneal infections
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Table 2 Risk factors for 30-day mortality among study participants

Characteristics Outcome Univariate analysis Multivariate analysis

Alive
n = 91
(%)

Deceased
n = 90
(%)

Hazard ratio
(95% CI)

p-value Adjusted hazard ratio
(95% CI)

p-value

Demographic details

Age,[ 50 years 26 (29) 37 (41) 1.57 (1.03, 2.4) 0.03 1.27 (0.80, 2.01) 0.31

Gender, male 63 (69) 57 (63) 0.78 (0.51, 1.20) 0.26 –

Location at the time of

bacteremia, ICU

41 (45) 68 (76) 2.69 (1.66, 4.36) \ 0.001 –

Presence of neutropenia 33

(36.26)

29

(32.22)

0.93 (0.60, 1.44) 0.73 –

Infection details

Previous bacterial infections 37 (41) 53 (59) 1.58 (1.04, 2.40) 0.03 1.47 (0.92, 2.36) 0.11

Source of infection

CRBSI 30 (33) 22 (24) 0.83 (0.48, 1.43) 0.50

Lung 11 (12) 21 (23) 1.78 (1.02, 3.11) 0.04 1.24 (0.69, 2.23) 0.47

Gut translocation 19 (21) 16 (18) 0.98 (0.54, 1.80) 0.96

Othersa 31 (34) 31 (34) Ref

Presence of septic shock 41 (45) 80 (89) 5.85 (3.02, 11.31) \ 0.001 4.63 (2.22, 9.66) \ 0.001

Dialysis 13 (14) 28 (31) 1.65 (1.06, 2.58) 0.03 1.14 (0.69, 1.89) 0.61

ICU stay 54 (59) 76 (84) 2.74 (1.55, 4.84) 0.001 1.41 (0.70, 2.84) 0.33

Organism details

Colistin resistance 7 (8) 20 (24) 2.18 (1.31, 3.63) 0.003 1.43 (0.83, 2.46) 0.19

Scores for prediction of mortality (median and IQR)

Pitt bacteremia score 1 (0–2) 4 (1–6) 1.31 (1.21, 1.41) \ 0.001 –

Charlson Comorbidity Index 2 (1–2) 2 (1–4) 1.12 (1.01, 1.24) 0.03 –

Increment score: high

mortality (8–15)

36 (40) 78 (87) 5.57 (3.02, 10.25) \ 0.001 –

Treatment details: polymyxin/CAZ-AVI therapy

Polymyxin and CAZ-AVI as

combination

23 (34) 13 (22) 0.63 (0.34, 1.17) 0.146 –

CI confidence interval, ICU intensive care unit, CRBSI catheter-related bloodstream infection, CAZ-AVI ceftazidime-
avibactam
aOther sources include hepatobiliary, renal, skin and soft tissue infections and peritoneal infections
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of isolates (68/90) with OXA-232 being the
commonest [39% (35/90)] (Fig. 2i). The number
of CRKp isolates that had NDM-1 genes were
similar in both datasets (G1, 4/43; G2, 4/47).
Isolates with NDM-5 (10/47) were found in G2
(p = 0.001) either alone (3/47) or in combina-
tion with OXA-232 (4/47) and OXA-181 (3/47).
Klebsiella pneumoniae carbapenamases was only
present in one isolate of CRKp in G2. In addi-
tion to carbapenemases, other mechanisms of
carbapenem resistance, including porins such as
the Klebsiella pneumoniae outer membrane porin
35 (OmpK35) alterations, were observed among
72% of isolates (31/43) in G1 and 47% of iso-
lates (22/47) in G2 (p = 0.015). OmpK36 alter-
ations (truncation, OmpK36GD, and
OmpK36TD) increased from 31% (17/43) in G1
to 53% (25/47) in G2 (p = 0.19).

Isolates were classified as carbapenem-resis-
tant hypervirulent Klebsiella pneumoniae
(CRhvKp) if they carried truncated rmpA2 gene
and/or aerobactin with a virulence score of 4 on
Kleborate. CRhvKp isolates were more frequent
in G2 than in G1 (12/47 versus 5/43, p = 0.11)
(Fig. 2ii–v). Notably, sequence type 2096
(ST2096), a single locus variant of ST14,
emerged in G2 (n = 6) and was a predominant
contributor to the convergence of resistance
and virulence on a single large plasmid.

Genomic diversity of CRKp was marginally
higher in G2, with 14 diverse clones, than in
G1, which had 11 clones (p = 0.66). The Simp-
son’s Diversity Index was 0.91 and 0.81 in G2
and G1, respectively (Table 3). A significant
increase in the accessory genome content
(p\ 0.0001, Fig. 3i) and higher plasmid burden
(5 per genome versus 4 per genome) were also
seen in G2 as compared with G1. The structure
of IncFII plasmid carrying blaNDM-5 gene in G2
and the corresponding IncFII-IncFIB plasmid in
G1 are shown in Fig. 3ii

Over the 7-year study period, we found some
persistent clones in each cohort that differed
from each other by less than 25 single nucleo-
tide polymorphisms (SNPs). CRKp ST15 showed
two clusters: one was seen among three G-1
CRKp isolates from different wards (Febru-
ary–November 2016) and varied by 2–4 SNPs.
The other was seen in four CRKp isolates in G2
that were distributed among hematology

patients (January–October 2021) and varied
from each other by 1–4 SNPs. CRKp ST231 was
seen in ten isolates in G1 (February 2014–May
2015). They were closely related and varied by
0–20 SNPs, indicating that they were persistent
within the hospital. The three CRKp ST16 iso-
lates from G1 were identical (0 SNPs) and were
distributed among diverse wards (December
2014–February 2015). The three CRKp ST16
isolates from G2 (May–October 2021) were clo-
sely related and scattered across different wards
(Fig. S2).

DISCUSSION

The proportion of CRKp among Gram-negative
bacteremia has increased by nearly threefold
(5–14%) between the two cohorts in 2015 and
2021. Despite the introduction of novel agents,
mortality has remained unchanged in the two
periods (54% versus 48%, p = 0.49). Increase in
colistin resistance in C2 was associated with a
precipitous reduction (p = 0.007) in suscepti-
bility to tigecycline. This study highlights that
the burden of CRKp is escalating, and that
despite the introduction of novel agents, its
clinical impact is sustained and the therapeutic
options for clinicians in India are shrinking. We
also show that the burden of CRKp bacteremia
is mediated by varied clones with significant
acquisition of AMR plasmids and emergence of
convergence phenomenon among the isolates.

CRKp bacteremia was more common in the
second period (n = 125 versus 56) in our study.
This was associated with two significant shifts in
the hospital epidemiology. Firstly, the number
of patients with severe neutropenia significantly
dropped from 48% in C1 to 28% in C2
(p = 0.01). Secondly, fewer patients were located
in the critical care units in the second cohort
(C1 74% versus C2 54%). This shows shift of
CRKP bacteremia epidemiology from predomi-
nantly critically ill patients with neutropenia to
widespread dissemination across the hospital
wards. We propose that critically ill patients
with neutropenia acted as reservoirs for these
pathogens, enabling the subsequent spread. In
addition, patients in C2 with CRKp had new
risk factors, including chronic liver disease and
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recent surgery. Recent data support severe
immunosuppression, including neutropenia, to
promote antimicrobial resistance [16–18]. Sig-
nificant antibiotic pressure in these patients and
immunosuppression promotes the survival of
persistent bacteria, enabling the development
of multidrug resistance. This association is
supported by observations in patient cohorts,
animal data, and in other diseases, such as
multidrug-resistant tuberculosis [16, 19, 20].
Infections in patients with neutropenia facili-
tated by high antibiotic pressure possibly con-
tributed to the evolution and spread of CRKp to
a more diverse group of patients in our hospital
as well.

Unfortunately, the mortality associated with
CRKp bacteremia remained very high, despite
the introduction of ceftazidime-avibactam in
our study. Patients in our study were sicker than
those in other large cohorts such as PANOR-
AMA, CRACKLE 2, and INCREMENT [7, 21, 22].
Patients in C1 more frequently required critical
care support than those in C2. Ceftazidime-av-
ibactam, with or without aztreonam, is associ-
ated with lower mortality than polymyxins
across many cohorts with CRKp bacteremia
[4–6, 23]. However, we did not observe this in
our second cohort despite half of them

receiving CAZ-AVI in their treatment. It is
unclear whether this is due to the higher pro-
portion of critically ill patients in our cohort,
the newly acquired NDM-5, the presence of dual
carbapenemase with coexistent porin alter-
ations, the higher burden of colistin resistance,
potential inoculum effect, or that a proportion
of patients did not receive appropriate therapy
in C2.

Though not statistically significant, combi-
nation therapy with polymyxin and CAZ-AVI
was associated with improved survival, espe-
cially among those with high INCREMENT
scores (42% versus 34%) (Fig. S3). Multiple
observational studies have highlighted the
beneficial role of combination therapy in the
management of high-risk patients with CRKp
infections [22, 24–26]. Polymyxins with car-
bapenems are the most common combination
agent used, especially when the meropenem
minimum inhibitory concentration is less than
16 mg/L [25, 27]. In vitro synergy testing with
time kill assays have shown synergy with CAZ-
AVI and polymyxin combination among Pseu-
domonas aeruginosa isolates with CAZ-AVI resis-
tance [28]. While we want to be cautious in
reporting this observation, as our study had
small numbers and hence did not achieve

Fig. 1 Survival curves, among patients who received polymyxin or ceftazidime-avibactam as monotherapy or combination
therapy, at 30 days and 14 days

Infect Dis Ther



statistical significance, this could be studied
further in larger cohorts.

Finally, multiple factors coalesced to produce
the large clinical impact in our population. The
extremely sick, often immunosuppressed
patient cohort with enormous antibiotic

pressure sets the stage for endogenous acquisi-
tion of these pathogens. This is reflected by the
varied pathogen serotypes emerging overtime.
Small outbreaks, probably caused by the inter-
play between healthcare-worker-related and
persistent point source transmissions, such as

Fig. 2 Resistance and virulence profiles of carbapenem-
resistant K. pneumoniae in the study. (i) Carbapenemase
profile in genomic dataset 1 and 2; (ii–v) virulence and
resistance scores of genomes as assigned by Kleborate. Vir
virulence score, Res Resistance score. Virulence score: 0,
no yersinabactin, colibactin, or aerobactin; 1,

yersiniabactin only; 2, yersiniabactin and colibactin (or
colibactin only); 3, aerobactin without yersiniabactin or
colibactin; 4, aerobactin with yersiniabactin (no col-
ibactin). Resistance score: 1, ESBL; 2, carbapenemase;
3, carbapenemase plus colistin resistance; 0, otherwise
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from water sinks, further adds to the complex-
ity. The acquisition of novel carbapenemases,
such as NDM-5, increase in porin-mediated
changes, and constant increase in the genome

size, content, and plasmids reflects the ability of
the organism to constantly evolve in the hos-
pital environment. Increased incidence of dual
carbapenemases in the later cohort (NDM and

Fig. 3 Structure of IncFII plasmids among carbapenem
resistant K. pneumoniae. (i) Genome statistics of car-
bapenem-resistant K. pneumoniae genomic dataset 2 has a
higher average number of genes per genome and higher
accessory genome. Prevalence of core and accessory genes
was inferred from Roary. (ii) IncFII plasmid of BA12818
carrying blaNDM-5 from genomic dataset 2 with accession
number CP054171. Other antimicrobial resistance genes

are co-carried on the same plasmid. IncFIIK-IncFIB (pQil)
hybrid plasmid from cohort A carrying antimicrobial
resistance genes. B960 (CP070411), B1324 (CP072403),
and B4650 (CP072409) are from genomic dataset 1,
which lack blaNDM, while BA12818, from genomic dataset
2, carrying blaNDM-5, is significantly different from the
earlier plasmid
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OXA 48-like) further limits therapeutic choices,
and the addition of aztreonam to CAZ-AVI also
escalates the cost [4]. Hypervirulent Klebsiella
spp. is endemic in the Indian subcontinent
[29, 30]. Plasmid-mediated acquisition of
hypervirulence in CRKp also enhances the vir-
ulence and invasiveness of the pathogen [31].

While this is the first large study from this
region reporting the evolution of CRKp, there
are several limitations. This was a single-center
study with a relatively small number of patients.
The methods of choice for testing sensitivity
and the CLSI guidelines changed over the study
time periods. Disc diffusion was used in cohort
1 and BMD was used in cohort 2 to determine
colistin and tigecycline susceptibility. The
above factors may have affected the definitions
used in the study. Availability and revivability
of isolates were another limitation, and hence
molecular analysis was only performed for 41
isolates from the clinical cohort. While it would
have been ideal to report CRKp data throughout
the period, including years between C1 and C2,
study approvals were limited for the above
periods and we were not able to provide the
same for this paper. To understand the trans-
mission dynamics of CRKp, genomic analyses of
all isolates causing infection and colonization
would be required. In our study, genomic
analyses were only done on some of the isolates.

CONCLUSIONS

This study calls attention to several clinical and
genomic facets of CRKp in South India in two
distinct time periods. There was a shift in
patients who developed CRKp bacteremia from
patients with neutropenia in the ICUs to ward
inpatients with various comorbidities. Patients
in both cohorts were critically ill and had high
mortality rates. Combination therapy with
CAZ-AVI and polymyxin offered the best prob-
ability for survival. The genomic analysis
underscored unrelenting pathogen evolution
both in terms of virulence and resistance. The
resistome expanded by the continuous acquisi-
tion of plasmids with AMR genes, while the
virulome expanded by increased hypervirulence
in the later cohort.
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