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ABSTRACT Increased relative bacterial load of KPC-producing Klebsiella pneumoniae
(KPC-KP) within the intestinal microbiota has been associated with KPC-KP bactere-
mia. Prospective observational study of KPC-KP adult carriers with a hospital admis-
sion at recruitment or within the three prior months (January 2018 to February
2019). A qPCR-based assay was developed to measure the relative load of KPC-KP in
rectal swabs (RLKPC, proportion of blaKPC relative to 16S rRNA gene copy number). We
generated Fine-Gray competing risk and Cox regression models for survival analysis
of all-site KPC-KP infection and all-cause mortality, respectively, at 90 and 30 days.
The median RLKPC at baseline among 80 KPC-KP adult carriers was 0.28% (range
0.001% to 2.70%). Giannella Risk Score (GRS) was independently associated with 90-day
and 30-day all-site infection (adjusted subdistribution hazard ratio [aHR] 1.23, 95% CI =
1.15 to 1.32, P , 0.001). RLKPC (adjusted hazard ratio [aHR] 1.04, 95% CI = 1.01 to 1.07,
P = 0.008) and age (aHR 1.05, 95% CI = 1.01 to 1.10, P = 0.008) were independent pre-
dictors of 90-day all-cause mortality in a Cox model stratified by length of hospital stay
(LOHS) $20 days. An adjusted Cox model for 30-day all-cause mortality, stratified by
LOHS $14 days, included RLKPC (aHR 1.03, 95% CI = 1.00 to 1.06, P = 0.027), age (aHR
1.10, 95% CI = 1.03 to 1.18, P = 0.004), and severe KPC-KP infection (INCREMENT-CPE
score .7, aHR 2.96, 95% CI = 0.97 to 9.07, P = 0.057). KPC-KP relative intestinal load
was independently associated with all-cause mortality in our clinical setting, after
adjusting for age and severe KPC-KP infection. Our study confirms the utility of GRS to
predict infection risk in patients colonized by KPC-KP.

IMPORTANCE The rapid dissemination of carbapenemase-producing Enterobacterales
represents a global public health threat. Increased relative load of KPC-producing
Klebsiella pneumoniae (KPC-KP) within the intestinal microbiota has been associated
with an increased risk of bloodstream infection by KPC-KP. We developed a qPCR
assay for quantification of the relative KPC-KP intestinal load (RLKPC) in 80 colonized
patients and examined its association with subsequent all-site KPC-KP infection and
all-cause mortality within 90 days. Giannella Risk Score, which predicts infection risk
in colonized patients, was independently associated with the development of all-site
KPC-KP infection. RLKPC was not associated with all-site KPC-KP infection, possibly reflecting
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the large heterogeneity in patient clinical conditions and infection types. RLKPC was an in-
dependent predictor of all-cause mortality within 90 and 30 days in our clinical setting.
We hypothesize that KPC-KP load may behave as a surrogate marker for the severity of
the patient’s clinical condition.

KEYWORDS KPC-producing Klebsiella pneumoniae, bacterial load, mortality, infection,
intestinal colonization

Asubstantial proportion of patients colonized with Klebsiella pneumoniae carbape-
nemase-producing K. pneumoniae (KPC-KP) develop subsequent extraintestinal

infections (1–4). In colonized patients, it is possible to define the risk of infection using
relevant clinical variables included in validated risk scores such as the Giannella Risk
Score (GRS) (5). This score has also been used in combination with the INCREMENT-CPE
score (6) to measure the risk of death in infected patients and propose a clinical man-
agement algorithm (7, 8).

There is increasing evidence that loss of colonization resistance by the commensal
microbiota facilitates the expansion of antibiotic-resistant pathogens (9–11). In previous
studies, both low biodiversity and increased relative load of a single organism (elsewhere
called “relative abundance” or “intestinal domination”) within the gastrointestinal micro-
biota has been associated with increased risk of infection or death in special populations
such as intensive care patients or hematopoietic cell transplant recipients (1, 3, 4, 12–20).
It is unknown, however, whether a microbiota-related molecular parameter such as the
bacterial load of gut-colonizing antibiotic-resistant bacteria is an adequate predictor for
risk of infection or death in more heterogeneous patient populations. To examine this
hypothesis, we conducted a prospective observational study of KPC-KP adult carriers
with a hospital admission at recruitment or within the 3 prior months in a tertiary teach-
ing hospital with current endemicity by this microorganism.

RESULTS
Characteristics of the study cohort. The main cohort encompassed 80 patients

with a median age of 84 years (range 74 to 88), predominantly female (57.5%) (Table 1).
Sixty-eight patients (85.0%) were hospitalized at recruitment (approximately 9% in an
Intensive Care Unit) and 12 (15%) patients were not hospitalized at recruitment and had
a first positive rectal swab in the previous 3 months, according to hospital records.
Among hospitalized patients, the median time from hospital admission to the first posi-
tive KPC-KP rectal culture was 6 days (range 1 to 14), and the median time to discharge
was 17 days (range 9 to 31). Fifteen (18.8%) patients were discharged to a nursing home.
The median Charlson score at recruitment was 2 (range 1 to 4). Most patients (78.7%)
were classified as rapidly or ultimately fatal according to Mc Cabe’s score. The most fre-
quent comorbid conditions were diabetes mellitus (43.8%), chronic renal disease
(21.3%), presence of a tumor (17.5%), and recurrent UTI episodes (15.0%). In the previous
3 months, 51.3% patients had a hospitalization episode, 51.3% received proton pump
inhibitors, and 16.3% received immunosuppressive therapy. Invasive procedures in the 3
months prior to recruitment included presence of a urinary catheter (70%), surgical pro-
cedures (18.8%), nasogastric intubation (22.5%), presence of a central venous catheter
(17.5%), mechanical ventilation (13.8%) and surgical procedures (18.8%). Most patients
(91.3%) were exposed to antibiotics in the month before recruitment, including amoxicillin-
clavulanic acid (23.8%), piperacillin-tazobactam (28.7%), fluoroquinolones (38.8%), cephalospo-
rins (38.8%), carbapenems (10.0%), and aminoglycosides (12.5%). In addition, during the first
month of follow-up, exposure to antibiotics was recorded in 85% patients.

To assess the relative KPC-KP intestinal load (RLKPC) on rectal swab samples obtained
on day 0 of follow-up for the 80 patients, we used a qPCR assay previously validated
by our group (21), with some modifications (described in Materials and Methods,
Supplementary Methods, and Table S2). The overall median RLKPC was 0.28%, with an
interquartile range (range) of 0.001% to 2.70%, and an overall range of ,0.001 to
59.39%. We observed significant differences in the distribution of RLKPC values between
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TABLE 1 Clinical characteristics of 80 patients with rectal colonization by KPC-producing
Klebsiella pneumoniae (KPC-KP)

Variables
Study cohort
n = 80

Age (years), median (IQR)a 84 (74 to 88)
Male gender 34 (42.5)

Hospitalization
Hospitalization in the previous 3 months 41 (51.2)
Hospitalization at recruitment 68 (85.0)
Intensive care unit admission 7 (8.8)
Length of hospital stay (days), median (IQR) 17 (9 to 31)
Discharge to a nursing home 15 (18.8)
Hospital readmission during follow-up 26 (32.5)

Comorbidities
Charlson’s index, median (IQR) 2 (1 to 4)
Diabetes mellitus 35 (43.8)
Chronic renal disease 17 (21.3)
Tumor 14 (17.5)

McCabe score
Nonfatal 17 (21.3)
Rapidly fatal 32 (40.0)
Ultimately fatal 31 (38.8)

Clinical factors prior to recruitment
Immunosuppressive therapy in the previous 3 month 13 (16.3)
Recurrent urinary tract infections 12 (15.0)
Proton pump inhibitors in the previous month 41 (51.2)

Invasive procedures and devices in the previous month 63 (78.8)
Urinary catheter 56 (70.0)
Nasogastric intubation 18 (22.5)
Surgical procedures 15 (18.8)
Mechanical ventilation 11 (13.8)
Central venous catheter 14 (17.5)
Endoscopic procedure 6 (7.5)

Antibiotic exposure in the previous month 73 (91.3)
Amoxicillin/clavulanic acid 19 (23.8)
Piperacillin-tazobactam 23 (28.7)
Ceftazidime-avibactam 2 (2.5)
Cephalosporins 31 (38.8)
Fluoroquinolones 33 (41.3)
Aminoglycosides 10 (12.5)
Carbapenems 8 (10.0)

Clinical factors during follow-up
Giannella risk score at recruitment, median (IQR) 5 (5 to 8)
Central venous catheter during the first month of follow-up 9 (11.3)

Antibiotic exposure during the first month of follow-up 68 (85.0)
Amoxicillin/clavulanic acid 16 (20.0)
Piperacillin-tazobactam 30 (37.5)
Ceftazidime-avibactam 25 (31.1)
Cephalosporins 27 (33.8)
Fluoroquinolones 14 (17.5)
Aminoglycosides 12 (15.0)
Carbapenems 6 (7.5)

RLKPCb on day 0 of follow-up (%), median (IQR) 0.28 (0.001 to 2.70)

Clinical outcomes
90-day all-cause mortality 33 (41.3)

(Continued on next page)
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68 patients who were hospitalized at recruitment, who showed a median (range) RLKPC
of 0.30% (0.01% to 4.82%) and the remaining 12 nonhospitalized patients, who
showed a median RLKPC of 0.02% (range 0.002% to 0.27%, P = 0.048) (Fig. S4).

The antibiotic susceptibility results for 80 KPC-KP isolates are shown in Table S3.
They were mostly resistant to carbapenems (.96.4%), amikacin (95.1%), and fosfomy-
cin (98.8%). The highest sensitivity rates were observed for ceftazidime-avibactam
(100% of KPC-KP isolates) and colistin (89.0%). Sensitivity to tigecycline and gentamicin
was observed in 35.4% and 26.8% of KPC-KP isolates, respectively.

Adjusted analysis of the association of the RLKPC with subsequent all-site KPC-
KP infection. All-site KPC-KP infections at day 90 were documented in 33 (41.3%)
patients, i.e., nine (11.3%) developed a bloodstream infection (BSI), 13 (16.3%) devel-
oped urinary tract infection (UTI), four (5.0%) developed intrabdominal infection (IAI),
five (6.3%) developed pneumonia (PNE), and two (2.5%) developed surgical site infec-
tion (SSI). KPC-KP all-site infections at day 30 were observed in 32 (40.0%) patients,
meaning that the time elapsed from rectal swab collection on day 0 of follow-up to
infection onset was below 30 days in all except one patient (who developed an infec-
tion on day 89), with a median (range) time of 4 (2 to 7) days. The clinical characteris-
tics and outcomes of the 33 infection episodes are described in Table S4.

The distribution of RLKPC values was not significantly different between patients
with no infection (set as reference) versus patients who developed BSI, UTI, PNE, or SSI,
and was significantly different in the four patients who developed IAI, with a lower me-
dian value (P = 0.017, Fig. S5). Receiver operator characteristic (ROC) analysis showed
low predicted ability of KPC-KP load for all infection types, including bloodstream
infection (Fig. S6).

Follow-up time until all-site infection or all-cause death without an infection, and
cumulative incidence functions of the two competing events for the complete follow-
up are shown in Fig. S7. Considering all-site KPC-KP infection as the main event and
all-cause death as the competing risk, we found the following variables significantly
associated with 90-day all-site KPC-KP infection in univariable Fine-Gray regression
analysis in the global cohort (Table S5): age (subdistribution hazard ratio or SHR 0.97,
95% confidence interval or CI = 0.95 to 0.99, P = 0.022), intensive care unit admission
(SHR 3.05, 95% CI = 1.53 to 6.07, P = 0.002), length of hospital stay (LOHS) (SHR 1.01,
95% CI = 1.00 to 1.03, P = 0.039), surgical procedures (SHR 2.34, 95% CI = 1.17 to 4.70,
P = 0.020), central venous catheter (SHR 1.98, 95% CI = 0.99 to 3.94, P = 0.050) in the
previous month, central venous catheter during follow-up (SHR 2.91, 95% CI = 1.38 to
6.13, P = 0.005), and Giannella Risk Score (SHR 1.24, 95% CI = 1.17 to 1.32, P , 0.001).
The same variables were associated with 30-day all-cause infection in univariable anal-
ysis, except LOHS (Table S5). In the final multivariable models, the only variable signifi-
cantly associated with 90-day and 30-day all-site infection was Giannella Risk Score
(aSHR 1.23, 95% CI = 1.15 to 1.32, P , 0.001 (Table 2A). KPC-KP bacterial load (RLKPC)
was not found to be associated with time to infection neither in univariable nor in mul-
tivariable analysis. When we repeated this analysis in the subcohort of 68 patients who
were hospitalized at recruitment, age was significantly associated with subsequent
infection, in addition to Giannella Risk Score (Table 2B).

Adjusted analysis of the association of the RLKPC with all-cause mortality. All-
cause mortality at day 90 was 33/80 (41.3%) with a median (range) time to mortality of
30 (13 to 83) days. All-cause mortality at day 30 was 22/80 (27.5%). Graphs for follow-
up time until death or censoring, and survival functions are provided in Fig. S8. We

TABLE 1 (Continued)

Variables
Study cohort
n = 80

30-day all-cause mortality 22 (27.5)
90-day all-site KPC-KP infection 33 (41.3)
30-day all-site KPC-KP infection 32 (40.0)

aIQR, interquartile range.
bRLKPC, relative load of KPC-KP within the gut microbiota.

Clinical Impact of KPC-KP Relative Intestinal Load Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.02728-21 4

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02728-21


performed univariable and multivariable Cox regression analyses of variables associ-
ated with all-cause mortality at day 90 and 30 (Table S6, S7, respectively) in the global
cohort of 80 patients. Dichotomization of the variable LOHS was performed according
to ROC curve analyses (Fig. S9). In univariable analysis, variables significantly associated
with both 90-day (Table S6) and 30-day (Table S7) all-cause mortality were: RLKPC, age,
chronic renal disease, ultimately fatal condition according to McCabe score, and
INCREMENT-CPE score. In addition, nonfatal McCabe score, immunosuppressive therapy,
exposure to aminoglycosides during the first month of follow-up, and developing a
bloodstream infection episode were significantly associated with 90-day all-cause mortality
in univariable analysis (Table S6), and exposure to fluoroquinolones with 30-day all-cause
mortality (Table S7). In our final Cox regression model for 90-day all cause-mortality, strati-
fied by LOHS$20 days because this variable did not fulfill the proportional hazards condi-
tion, RLKPC was independently associated with the outcome (HR 1.04, 95% CI = 1.01 to
1.07, P = 0.008), after adjusting for age (HR 1.05, 95% CI = 1.01 to 1.10, P = 0.008) and
severe KPC-KP infection (HR 2.20, 95% CI = 0.83 to 5.83, P = 0.114) (Table 3A). We obtained

TABLE 3Multivariable Cox regression model of factors associated with all cause, 90-day and 30-day mortality in the global cohort of
80 patients (A, B) and in the subcohort of 68 patients hospitalized at recruitment (C, D)

A

Multivariate model stratified by LOHSb ‡ 20 days
for 90-day mortality
Global cohort (n = 80) B

Multivariate model stratified by LOHS ‡ 14 days
for 30-day mortality
Global cohort (n = 80)

aHRd (95% CI) P value aHR (95% CI) P value
Age (years) 1.05 (1.01 to 1.10) 0.008 Age (years) 1.10 (1.03 to 1.18) 0.004
RLKPC

a on day 0 1.04 (1.01 to 1.07) 0.008 RLKPC on day 0 1.03 (1.00 to 1.06) 0.027
Severe KPC-KP infectionc 2.20 (0.83 to 5.83) 0.114 Severe KPC-KP infection 2.96 (0.97 to 9.07) 0.057
Likelihood ratio test = 15.2; Wald test = 14.98; Logrank test = 16.86. Likelihood ratio test = 18.12; Wald test = 14.04; Logrank test = 16.97.

C

Multivariate model stratified by LOHS ‡ 20 days
for 90-day mortality
Subcohort of hospitalized patients (n = 68) D

Multivariate model stratified by LOHS ‡ 14 days
for 30-day mortality
Subcohort of hospitalized patients (n = 68)

aHR (95% CI) P value aHR (95% CI) P value
Age (years) 1.06 (1.02 to 1.11) 0.003 Age (years) 1.12 (1.04 to 1.20) 0.002
RLKPC on day 0 1.04 (1.01 to 1.07) 0.010 RLKPC on day 0 1.03 (1.00 to 1.06) 0.032
Severe KPC-KP infection 4.06 (1.44 to 11.47) 0.008 Severe KPC-KP infection 4.95 (1.51 to 16.22) 0.008
Likelihood ratio test = 19.28 Wald test = 17.67; Logrank test = 20.3. Likelihood ratio test = 20.9 Wald test = 15.9; Logrank test = 19.07.
aRLKPC, relative load of KPC-KP within the gut microbiota.
bLOHS, Length of hospital stay.
cSevere KPC-KP infection was considered in patients with infections and an INCREMENT-CPE SCORE.7 (6, 7).
daHR, adjusted hazard ratio.

TABLE 2 Univariable and multivariable competing risk Fine-Gray regression model for first KPC-KP-related infection episode versus death
from other causes (considered competing risk) in the global cohort (A) and in the subcohort patients hospitalized at recruitment (B)

A

Global cohort (n = 80)

Multivariate analysis for
90-day infectiona P value

Multivariate analysis for
30-day infectionb P value

aSHRe (95% CI) aSHR (95% CI)
Age (years) 0.98 (0.95 to 1.00) 0.092 0.98 (0.95 to 1.00) 0.069
RLKPCf on day 0 of follow-up (%) 0.10 (0.96 to 1.02) 0.450 0.10 (0.96 to 1.02) 0.480
Gianella Risk Score 1.23 (1.15 to 1.32) ,0.001 1.23 (1.15 to 1.32) ,0.001

Subcohort of patients hospitalized at recruitment (n = 68)

B
Multivariate analysis for
90-day infectionc P value

Multivariate analysis for
30-day infectiond P value

aSHR (95% CI) aSHR (95% CI)
Age (years) 0.97 (0.94 to 0.99) 0.010 0.97 (0.94 to 0.99) 0.007
RLKPC on day 0 of follow-up (%) 0.98 (0.95 to 1.01) 0.200 0.98 (0.95 to 1.01) 0.200
Gianella Risk Score 1.22 (1.14 to 1.32) ,0.001 1.22 (1.14 to 1.32) ,0.001

aPseudo likelihood ratio test = 23.1.
bPseudo likelihood ratio test = 23.4.
cPseudo likelihood ratio test = 23.2.
dPseudo likelihood ratio test = 23.4.
eaSHR, adjusted subdistribution hazard ratio.
fRLKPC, relative load of KPC-KP within the gut microbiota.
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similar findings in a multivariable Cox model for 30-day mortality, stratified by LOHS
$14 days, including RLKPC (HR 1.03, 95% CI = 1.00 to 1.06, P = 0.027), age (HR 1.10, 95%
CI = 1.03 to 1.18, P = 0.004), and severe KPC-KP infection (HR 2.96, 95% CI = 0.97 to 9.07,
P = 0.057) (Table 3B). Next, we repeated these analyses in the subcohort of 68 hospitalized
patients. This confirmed the association of RLKPC with 90-day mortality in this subcohort
(HR 1.04, 95% CI = 1.01 to 1.07, P = 0.010), after stratifying by LOHS $20 days, and adjust-
ing for age (HR 1.06, 95% CI = 1.02 to 1.11, P = 0.003) and severe KPC-KP infection (HR
4.06, 95% CI = 1.44 to 11.47, P = 0.008) (Table 3C). In the case of 30-day all-cause mortality,
a Cox model in the subcohort of hospitalized patients, stratified by LOHS $14 days,
included RLKPC (HR 1.03, 95% CI = 1.00 to 1.06, P = 0.032), age (HR 1.12, 95% CI = 1.04 to
1.20, P = 0.002), and severe KPC-KP infection (HR 4.95, 95% CI = 1.51 t0 16.22, P = 0.008)
(Table 3D). All variables included in the final stratified models fulfilled the proportional haz-
ard assumption (Fig. S10).

DISCUSSION

Our study investigates the association between the relative intestinal load of KPC-KP,
determined by qPCR, and the risk of subsequent all-site KPC-KP infection and all-cause
death in patients with a recent diagnosis of KPC-KP intestinal colonization. A previous
study has confirmed an association between KPC-KP intestinal load and bacteremia (18).
Our study investigates the association with any type of KPC-KP infection. However, we
have not been able to verify this association. In the multivariable analysis, Giannella Risk
Score showed an association with the risk of infection and it can be considered that it is
currently a valid option to determine this risk in carbapenem-resistant Enterobacterales
(CRE)-colonized patients (5, 7, 8). Several explanations could justify the lack of association
of KPC-KP intestinal load with subsequent infection in our study. First, we have a highly
heterogeneous patient population in terms of baseline clinical conditions as well as
infection types. Sun et al. showed that increased Klebsiella intestinal load (.22%) was
significantly associated with subsequent all-site infections and with BSI but not with uri-
nary tract and respiratory infections in an ICU setting (22). Second, we obtained a single
determination of KPC-KP load at recruitment, so it is possible that we may have missed
the highest relative load values prior to infection. Shimasaki and collaborators reported
that a KPC-KP intestinal load cutoff of 22% predicted KPC-KP bacteremia in colonized
patients according to ROC curves; however, they used for each patient the rectal swab
sample with the highest load of KPC-KP during follow-up (18). Interestingly, graphical
data showing the weekly fluctuation in KPC-KP load in 11 patients who developed infec-
tions in the Shimasaki study highlighted that peak KPC-KP load values were usually
detected in the week prior to onset of the BSI episode (18). Taur and colleagues reported
that enteric domination by Enterobacterales ($30% of the microbiota) is associated with
significant increase in BSI risk in patients undergoing allogeneic hematopoietic stem cell
transplantation (allo-HCT), with a median time between domination and bacteremia of
7 days (15). In a different study of 708 allo-HCT patients, Stoma and collaborators
showed that intestinal domination ($30%) by Gram-negative bacteria was highly predic-
tive of Gram-negative BSI however, they collected fecal specimens every 3 to 5 days in
subjects and observed instances where intestinal domination was short-lived and only
lasted 1 day (13). Research from our group has shown that the time from first detection
of KPC-KP colonization, which typically occurs during a hospitalization episode, plays a
role in infection risk, with 80% of patients showing infection onset within 15 days of first
diagnosis (23). In our present study, most patients (all except one) developed infections
within this 15-day time window. When we performed a subanalysis with the subset of 68
patients hospitalized at recruitment, this parameter was still not predictive of infection.
More detailed knowledge of the timing when major shifts in intestinal bacterial com-
munities take place under different clinical settings and its short- and long-term health
consequences is needed.

Previous evidence from our group has shown that selective intestinal decontamina-
tion reduces the risk of crude mortality in patients colonized by KPC-KP (24). We have
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also provided evidence that KPC-KP rectal colonization is not associated per se with crude
mortality (25). Instead, mortality increases when colonized patients develop severe KPC-KP
infection, i.e., INCREMENT-CPE mortality score (ICS) .7 (25). In our COX regression model,
after stratifying by LOHS and adjusting by age, and ICS . 7, KPC-KP load was significantly
associated with 90-day and 30-day mortality. Importantly, our cohort includes an aging
population with many comorbidities, and 10% (8/80) of patients developed severe KPC-KP
infections. Moreover, attributable mortality was 17.5% (14/80), compared with 41.2%
(33/80) overall mortality. Therefore, we may consider that KPC-KP relative intestinal load
may also be associated with noninfectious mortality. Age-related alterations in the gut
microbiome are influenced by factors such as progressive physiological deterioration,
and lifestyle-linked factors, including diet, medication, and reduced social contact
(26). In people over the age of 70, a study reported a decrease in anaerobic bacteria
such as Bifidobacterium spp., which has a role in the stimulation of the immune sys-
tem and metabolic processes, and an increase in Clostridium and Proteobacteria (27).
Hospitalization may exacerbate microbiota dysbiosis in frail, older people as a result of
medication and exposure to health care invasive procedures. The niches left open within
the intestinal microbiota may be occupied by overgrowth of microorganisms that have
pathogenic potential at high densities, with the health care personnel acting as a trans-
mission vector in the hospital environment. Members of the Proteobacteria, such as
Escherichia coli or K. pneumoniae, normally represent less than 2% of the microbiota, but
in a dysbiotic state these bacteria can represent up to 30% of the total species (18). We
hypothesize that an increased intestinal load of KPC-KP within the gut microbiota in our
clinical context may behave as a surrogate marker of debilitated health condition
because of frailty, higher burden of comorbidities, or age-related alterations in the gut
microbiome and immune dysfunction (immune senescence), which may in turn lead to
higher risk of infection or death.

The main limitation of this study was the relatively small number of cases (n = 80),
which limits our ability to investigate associations by site of infection. In addition to
this, an important limitation is not having monitored KPC-KP load as a time-dependent
variable during follow-up. There are also limitations inherent to our qPCR approach for
estimation of KPC-KP relative load in rectal swabs because this method does not
account for bias derived from the potential presence of dead bacterial cells in rectal
swabs or differences in target (blaKPC) and internal reference (16SrRNA) gene copy
number between different bacterial cells or bacterial species. As an alternative, some
studies have employed rRNA sequencing (18, 22), which has the advantage of provid-
ing informative data about microbiota diversity. However, compared with rRNA
sequencing, qPCR assays have the advantage that could be more readily translated
into clinical practice because many clinical microbiology laboratories are proficient in
the implementation of these assays.

In summary, our study supports an association of KPC-KP intestinal load with mortality
but not with subsequent infection. Patients may become colonized upon hospital admis-
sion or health care-related procedures because the colonizing KPC-KP strain encounters an
altered microbiota incapable of stopping colonization “immunologically” (9–11, 28). Based
on our present and previous findings (23), we hypothesize that the 15-day time window
following initial acquisition of CRE during hospitalization may be critical for successful in-
testinal propagation and propose to design preventive strategies in specific high-risk
groups of patients, which may include monitorization of microbiota-related parameters
(i.e., CRE intestinal load, microbial diversity) in order to properly assess their potential as
biomarkers for adverse outcomes. Once colonized, the risk of infection should be estimated
by classical clinical variables included in the Giannella Risk Score (this study, [5, 7, 8]) while
INCREMENT-CPE score is clinically confirmed as a good predictor for death in patients who
develop KPC-KP infections (6–8, 25).

MATERIALS ANDMETHODS
Study design. The study was a prospective, observational, cohort study (KLEBCOM, PI16/01631, FIS-

ISCIII) conducted at Reina Sofía University Hospital (Cordoba, Spain), a 1,000-bed tertiary University
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teaching hospital with endemicity by a Klebsiella pneumoniae carbapenemase-producing Klebsiella pneu-
moniae (KPC-KP) clone of sequence type (ST) 512, following an initial outbreak in 2012 (29). The study
recruitment period was from January 2018 to February 2019. Inclusion criteria were adult patients with a
first KPC-KP-positive rectal surveillance culture during a hospital admission throughout the recruitment
period or within the 3 prior months (November to December 2018). During the study period, KPC-KP rec-
tal colonization screening was systematically performed in our hospital by means of a rectal swab cul-
ture in patients admitted to high-risk units (intensive care unit and hematology unit) and those under-
going abdominal surgery or transplants. In addition, a colonization study may have been requested by
the clinician for various reasons: previous admission to high-risk units, origin of the patient from a health
care center, or sharing a room with colonized or infected patients. Subjects with a first KPC-KP coloniza-
tion during a hospital stay in the 3 months prior to start of recruitment were identified through review
of hospital records, contacted by phone, and invited to participate in the study. Following the signing of
the informed consent, a rectal swab sample was obtained for confirmation of KPC-KP colonization and
quantification of KPC-KP intestinal relative load (baseline RLKPC) in all patients and this was considered
the start date of follow-up (day 0). Only those patients with a positive KPC-KP culture on day 0 of follow-
up were included in the study, while uncolonized patients were excluded. In addition, colonized patients
who received a clinical indication of selective intestinal decolonization with oral nonadsorbable antibiot-
ics during follow-up were excluded from the present analysis and they are described elsewhere (21). All
patients were followed until 90 days or death. Patients were seen at the hospital monthly for clinical and
microbiological follow-up by means of rectal swab screening. In the case of patients with reduced mobility,
a dedicated nurse went to the patient’s residence for clinical and microbiological follow-up visits.

The study protocol was approved by the Ethics Committee of Reina Sofía University Hospital,
Córdoba, Spain (Code: KLEBCOM study, Act 253, ref. 3197). Informed consent was obtained from each
patient or next of kin in accordance with the principles of the Declaration of Helsinki. All patient data
were anonymized. This report follows STROBE recommendations (Table S1) (30).

Variables and definitions. Rectal KPC-KP colonization was defined as the isolation of KPC-KP in a rec-
tal swab in the absence of clinical signs and symptoms of infection. All KPC-KP infection episodes were
microbiologically confirmed and were defined according to the criteria established by the guidelines of
the Centers for Disease Control and Prevention (31). The relative intestinal load of KPC-KP within the gut
microbiota (RLKPC) was defined as the percentage of the number of copies of the blaKPC gene (representing
KPC-KP) relative to 16S rRNA genes (representing total bacteria) estimated in total genomic DNA extracted
from a patient’s rectal swab obtained on day 0 of follow-up, according to qPCR analysis (see below).

We analyzed two outcomes at 30 and 90 days: (i) development of KPC-KP all-site infections and (ii) all-
cause mortality. Exposure variables included demographics, hospitalization-related variables, immunosup-
pressive therapy, comorbid conditions and comorbidity severity indexes, i.e., Charlson index (32), McCabe’s
score (33), diabetes mellitus, chronic renal disease, recurrent urinary tract infection, tumor and solid organ
transplantation, invasive procedures, exposure to systemic antibiotics, and Giannella Risk Score, which pre-
dicts the risk of infection in patients colonized by carbapenem-resistant Enterobacterales (5, 7, 8).

Quantification of the relative intestinal load of KPC-KP in rectal swabs. Rectal swab samples
were collected on day 0 of follow-up using eSwab rectal swabs (Copan, Brescia, Italy), which contain liq-
uid Amies transport medium, and were submitted both to culture-based and qPCR-based quantification
of the relative intestinal load of KPC-KP, based on the procedures originally published by Lerner et al.
(34) (summarized in Fig. S1). In addition, microbial identification was performed for all CRE isolated from
rectal swab cultures following standard microbiological procedures. Both assays (culture and qPCR) are
described in detail in Supplementary Methods and Table S2. We found a good correlation of the KPC-KP
relative intestinal load values obtained by both methods in 80 baseline rectal swab samples, according
to nonparametric Kendall’s rank correlation (tau test 0.495, P-value = ,0.001) (Fig. S2).

Microbiological methods. Identification and antimicrobial susceptibility testing of K. pneumoniae
isolates were routinely performed using two commercial microdilution methods: MicroScan Walk-Away
Gram-negative NC53 pane (Beckman Coulter, USA) and/or Sensititre Antimicrobial Susceptibility Testing
System (Thermo Fisher, USA). For gentamicin and fosfomycin, a broth microdilution method was per-
formed using E. coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC 27853) as control strains.
Susceptibility and resistance categories were assigned according to EUCAST breakpoints (35). In some
cases, the identification was confirmed by MALDI-TOF (MALDI Biotyper, Bruker Daltonics GmbH, USA).
KPC production was confirmed by immunochromatography with NG-test CARBA 5 (NG Biotech, France)
and presence of the blaKPC gene was confirmed by qPCR analysis.

Data analysis. Categorical variables were evaluated by using the x 2-test or Fisher’s exact test, as
appropriate. Continuous variables were compared using Student’s t or Mann–Whitney U test. For contin-
uous variables dichotomization was performed according to the optimal cut-off point determined using
ROC curves analysis for each specific outcome, and if considered of clinical relevance. All P-values were
two-tailed, and a P-value ,0.05 was considered statistically significant.

We used survival analysis to study the association of variables with study outcomes. To examine vari-
ables associated with development of all-site KPC-KP infection, we used competing-risk survival regres-
sion analysis, based on the Fine and Gray function, and considering death before KPC-KP infection as a
competing risk. Cumulative incidence functions for each event (“infection” versus “death before infec-
tion”) were generated, using the x2-test to compare among categories for each event. To examine varia-
bles associated with all-cause mortality, we explored categorical variables with the Kaplan Meier survival
function and log-rank test. Crude and adjusted Cox regression hazard ratios with their 95% confidence
intervals were calculated to measure time to study outcomes (90-day and 30-day mortality), and fulfill-
ment of the proportional hazard assumption was performed with Schoenfeld residual test. The selection
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of variables in our multivariable models was further supported by performing the ranking of all explana-
tory (independent) variables included in the KLEBCOM database using the random survival forest score
of importance (36), and considering the top 10 variables (Fig. S3). Statistics were performed with R soft-
ware version 4.0.4. Statistics were performed with R software version 4.0.4.

SUPPLEMENTAL MATERIAL
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