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Purpose: Bloodstream infection (BSI) caused by carbapenem-resistant Klebsiella pneumoniae (CRKP) after liver transplantation (LT) 
is a rising threat during postoperative care. An alternative antibiotic treatment approach comprises ceftazidime-avibactam. This 
retrospective cohort study evaluated a novel ceftazidime-avibactam-centered bundle therapy (CCBT) for CRKP BSIs in LT recipients.
Patients and methods: Among 728 LT recipients, 25 patients with CRKP BSIs were included. The CCBT comprised: (1) prompt 
infection source control; (2) early ceftazidime-avibactam initiation (<3 days post-culture); (3) immunosuppression adjustment (dis
continuation of calcineurin/mechanistic target of rapamycin inhibitors/mycophenolate until blood culture clearance); and (4) intravenous 
immunoglobulin (IVIG, 300 mg/kg/day for 5 days). The controls received empirical anti-infection therapy comprising polymyxin- and 
tigecycline-based combination regimens, or amikacin and polymyxin used in combination with meropenem according to drug suscept
ibility results. Outcomes included microbiological clearance, mortality, immune/liver function recovery, recurrence, and complications.
Results: Patients were distributed into CCBT (n=15) and control (n=10) groups. The CCBT group had a higher blood culture 
clearance rate (100% vs 50%; P=0.005) and longer post-infection median survival time (407 vs 18.5 days; P=0.011) than the control 
group. Liver enzyme (aspartate aminotransferase, alanine aminotransferase, direct bilirubin) levels improved significantly (P<0.05) 
and normalized in the CCBT group. The CCBT group also exhibited significant rebounds in natural killer, CD4+, and CD8+ cell 
numbers post-recovery (P<0.01), indicating immune reconstitution. Despite immunosuppression withdrawal, rejection occurred in 
only 2 CCBT group patients (Banff scores 3 and 5), which were managed successfully with steroid pulses. Perioperative complications 
(bile leaks, hepatic artery issues) showed no intergroup differences.
Conclusion: A multidisciplinary bundle integrating ceftazidime-avibactam, IVIG and immunosuppression minimization significantly 
improved survival and microbiological outcomes in patients with CRKP BSI after LT, compared with antibiotic therapy alone. 
Multicenter studies are merited to confirm whether wider implementation of this multidisciplinary bundle would improve outcomes in 
patients with CRKP BSI after LT.
Keywords: carbapenem-resistant Klebsiella pneumonia, liver transplantation, ceftazidime-avibactam, bloodstream infection, bundle 
treatment

Introduction
Bloodstream infections (BSIs) caused by carbapenem-resistant Klebsiella pneumoniae (CRKP) pose a significant threat 
to liver transplantation (LT) recipients, with mortality rates reaching up to 70% due to limited antibiotic options and the 
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immunosuppressed condition of these patients.1 In China, CRKP infections affect up to 7% of LT recipients within three 
months post-transplant and are independently associated with early mortality.2 Traditional treatment options – including 
polymyxins, tigecycline and fosfomycin – are often limited by suboptimal efficacy and high toxicity, particularly in 
critically ill patients.2 CRKP colonization can originate from either the donor or the recipient and may remain 
asymptomatic until postoperative immunosuppression enables bacterial invasion and systemic spread.3 The use of high- 
dose steroids and immunosuppressants to prevent rejection in LT patients further complicates anti-infective therapy.

Ceftazidime-avibactam (CZA) is now widely employed for the treatment of Gram-negative bacterial (GNB) infec
tions. Ceftazidime, a third-generation cephalosporin with broad-spectrum bactericidal activity, acts by binding to 
penicillin-binding proteins and inhibiting bacterial cell wall synthesis. Avibactam, a synthetic non-β-lactam β- 
lactamase inhibitor, has no intrinsic antibacterial activity but protects β-lactam antibiotics from degradation by β- 
lactamase-producing organisms. It is effective against Class A β-lactamases (eg, extended-spectrum beta-lactamase 
[ESBL], Klebsiella pneumoniae carbapenemase [KPC]), Class C (AmpC cephalosporinases), and Class 
D (oxacillinase-48) enzymes. A systematic review reported that 89.6% of GNB isolates were susceptible to CZA.4

The Infectious Diseases Society of America currently recommends CZA as a first-line therapy for carbapenem- 
resistant Enterobacterales (CRE) infections.5 Nevertheless, the mortality rate remains high (12.5%) in LT recipients with 
CRKP who are treated with CZA,6 highlighting the need for improved management protocols with greater efficacy. This 
retrospective cohort study evaluated a novel, structured bundle therapy centered on the early administration of CZA, 
along with timely source control, temporary cessation of immunosuppressants (except corticosteroids and basiliximab), 
and administration of intravenous immunoglobulin (IVIG). It is well known that immunosuppression (to reduce the risk 
of graft rejection) not only makes LT recipients susceptible to potentially life-threatening infections such as Klebsiella 
pneumoniae,1 but also complicates anti-infective therapy. In addition, IVIG has been suggested as an adjuvant treatment 
for antibiotic-resistant infections,7 and IVIG administration has been reported to reduce the rate of re-infection in solid 
organ recipients (including LT recipients) with infection and secondary antibody deficiency.8 Therefore, it was hypothe
sized that temporary minimization of immunosuppression and administration of IVIG during CZA therapy might 
facilitate therapeutic efficacy. To the best of our knowledge, there are no guidelines or published studies describing 
the use of this treatment bundle (the combination of early CZA initiation, timely source control, minimization of 
immunosuppression, and IVIG administration) in the management of CRKP infections.

Methods
Study Design and Patients
This was a retrospective observational cohort study. Inclusion criteria for the study were: (1) adult patients (age ≥ 18 years) 
who underwent LT including orthotopic LT, living donor LT and split LT in Beijing Tsinghua Changgung Hospital from 
January 2018 to June 2024; and (2) meeting the CDC diagnostic criteria for BSI.9 The exclusion criteria were: (1) patients 
who died within 24 hours after LT but unrelated to infection; and (2) patients who refused to provide relevant information or 
their data was missing. The endpoint for postoperative follow-up was December 2024. The study protocol was reviewed 
and approved by the Ethics Committee of Beijing Tsinghua Changgung Hospital (Approval No. 24720-6-01), and the study 
was conducted in accordance with the Declaration of Helsinki. All organs were donated voluntarily, and all procedures were 
conducted in accordance with the Declaration of Istanbul. Written informed consent was obtained from all enrolled patients.

Data Collection
Information on patient demographics, surgical history, laboratory tests and survival outcomes was continuously collected 
from inpatient and outpatient medical records. Follow-up data were obtained via telephone interviews. All collected data 
were carefully reviewed and verified by two independent investigators.

Treatment Bundle for BSI Caused by CRKP
For patients diagnosed with BSIs caused by CRKP, the following treatment bundle was implemented: (1) prompt 
identification and removal of the infection source; (2) administration of CZA as the primary anti-infective therapy (<3 
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days post-culture); (3) adjustment of immunosuppressive therapy, comprising temporary discontinuation of calcineurin 
inhibitors (CNIs), mechanistic target of rapamycin inhibitors and mycophenolate mofetil until two consecutive negative 
blood cultures were obtained, while corticosteroids and basiliximab were continued without change; and (4) adminis
tration of IVIG at a dose of 300 mg/kg daily for 5 consecutive days.

Infection status was continuously monitored through repeat blood cultures and microbiological testing of specimens 
from other body sites, including sputum, bronchial lavage fluid, urine, bile (via percutaneous transhepatic cholangio
graphy and drainage or endoscopic nasobiliary drainage tubes), chest and abdominal drainage fluid, and surgical 
incisions, to assess the extent of coexisting colonization. Microorganisms in blood specimens were detected using the 
BACTECTM FX 200 fully automated blood culture system (BD, USA), followed by microbial identification using the 
MS 1000 mass spectrometer (Antu Bio, China). Antimicrobial susceptibility testing was performed using the disk 
diffusion method, and the results for each patient are summarized in Supplementary Tables S1 and S2.

Given the suspension of immunosuppressive therapy, liver function was closely monitored to prevent uncontrolled 
rejection. If a patient developed unexplained elevations in liver enzymes or bilirubin levels ≥ 2 times the upper limit of 
normal, a liver biopsy was performed to evaluate for rejection according to the Banff criteria. In cases of biopsy- 
confirmed acute rejection, high-dose steroid pulse therapy was initiated, and CNIs were promptly reintroduced.

Grouping and Follow-Up
Standard perioperative antimicrobial prophylaxis consisted of meropenem, piperacillin–tazobactam or teicoplanin. 
Fluconazole and ganciclovir were routinely administered after LT. Documented infections were mainly caused by 
susceptible organisms, including K. pneumoniae, Escherichia coli, and Enterococcus faecium, as well as ESBL- 
producing Enterobacterales and vancomycin-resistant Enterococci. These pathogens were generally managed with 
meropenem, imipenem or piperacillin–tazobactam for GNB, and vancomycin, teicoplanin or linezolid for Gram- 
positive bacteria. Infections that were difficult to control were uncommon. Immunosuppression consisted of induction 
therapy with basiliximab and corticosteroids, followed by maintenance with a corticosteroid taper and tacrolimus, with or 
without mycophenolate mofetil. Tacrolimus could be substituted with sirolimus in patients with malignancy or impaired 
renal function. Blood cultures were collected prior to surgery, daily for the first three days post-transplant, and then once 
weekly until discharge. Additional blood cultures were obtained at any time during the follow-up period if the patient 
developed a fever >38°C or experienced fever with chills. Following LT, all patients received regular follow-ups, initially 
scheduled weekly during the first month post-discharge, bi-weekly at 2–3 months, monthly at 3–6 months, quarterly at 
6–12 months, and semiannually thereafter. Patients were hospitalized for treatment during the period of infection, and test 
results were continuously monitored. Based on the treatment used for BSI caused by CRKP, the patients were divided 
into a CZA-centered bundle therapy (CCBT) group and a control group.

In the control group, the attending physician formulated the anti-infection regimen based on bacterial culture and drug 
sensitivity results. At that time, CZA was not available for use in the control group, and treatment could only be based on 
clinical experience and drug susceptibility results using other agents, including polymyxin- and tigecycline-based 
combination regimens, or amikacin and polymyxin used in combination with meropenem.

Definitions
BSI was defined as the presence of more than one positive blood culture for CRKP, regardless of concurrent infection or 
colonization at other body sites. Effective use of CZA was defined as initiation within 3 days of the first positive blood 
culture, with a treatment duration of at least 3 days. Cure of BSI was defined as the absence of symptoms, negative blood 
cultures and no significantly elevated infection markers for at least 14 days after CZA discontinuation, without the need 
to restart active antimicrobial therapy for CRKP.

Recurrence of BSI was defined as at least two consecutive positive blood cultures accompanied by clinical signs of 
infection reappearing after documented cure, with the patient surviving for at least two weeks following the initial cure. 
These criteria applied regardless of whether drainage cultures were negative. Mortality due to CRKP was defined as 
death occurring in the context of a persistent CRKP infection. Colonization was defined as the isolation of CRE from 
surveillance or clinical specimens, without any clinical signs of infection.
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Statistical Analysis
Data were analyzed using SPSS software (ver. 23.0). The normality of continuous variables was first assessed. For 
variables following a normal distribution, results are expressed as the mean ± SD, and between-group comparisons were 
performed using Student’s t-test. For non-normally distributed data, continuous variables are presented as the median 
with range or interquartile range (IQR) and compared using the Mann–Whitney U-test. Categorical variables were 
analyzed using the Pearson chi-squared test or Fisher’s exact test, as appropriate. Survival analysis was conducted using 
the Kaplan-Meier method, and comparisons between groups were made using the Log rank test. All statistical tests were 
two-tailed, with a P-value < 0.05 considered to be statistically significant.

Results
Baseline Characteristics
A total of 728 adult LT recipients were screened. Of these, 28 patients were diagnosed with BSIs caused by CRKP. Three 
patients who died within 24 hours post-transplantation were excluded (Figure 1). The final study cohort consisted of 25 
patients – 21 males and 4 females – with the following underlying conditions: alcoholic cirrhosis (n = 9); hepatitis 
B-related cirrhosis (n = 5); primary sclerosing cholangitis (n = 1); hepatocellular carcinoma (n = 6); liver failure (n = 3); 
and cryptogenic cirrhosis (n = 1). Surgical procedures included: classic orthotopic LT (n = 14); modified piggyback LT (n 
= 8); split LT (n = 2, one left lobe, one right lobe); and living donor LT (n = 1; right lobe). Patients were categorized into 
the CCBT and control groups based on the treatment approach (Figure 1).

There were no statistically significant differences between the CCBT and control groups with respect to gender, age, liver 
disease etiology (alcoholic cirrhosis vs other causes), Model for End-Stage Liver Disease (MELD) score, donor-recipient CRKP 
colonization status, surgical approach (whole LT vs partial LT), intraoperative blood loss, cold ischemia time, Acute Physiology 
and Chronic Health Evaluation (APACHE) II score at infection onset, or Sequential Organ Failure Assessment (SOFA) score 
(Table 1). Comparison of laboratory parameters at the time of infection onset (Table 2) showed that the CCBT group had 
significantly lower total bilirubin levels compared to the control group (P = 0.046), while direct bilirubin (DBIL) levels did not 
differ significantly between the groups.

Outcomes of LT Patients After Different Treatment Methods
Complications
During the perioperative period, a total of 17 patients developed complications, of whom 14 experienced severe 
complications (Table 3). These included bile leakage (8 cases), biliary stricture (1 case), intra-abdominal hemorrhage 

Figure 1 Flowchart of the study inclusion process. 
Abbreviations: BSI, bloodstream infection; CCBT, ceftazidime-avibactam-centered bundle therapy; CRKP, carbapenem-resistant Klebsiella pneumoniae.
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(7 cases), liver abscess (3 cases), wound dehiscence (2 cases), portal vein stenosis (3 cases), hepatic artery (HA) 
complications (5 cases), intra-abdominal infection (6 cases), gastrointestinal perforation (1 case), continuous renal 
replacement therapy (3 cases), acute respiratory distress syndrome (1 case) and multiple organ dysfunction syndrome 
(1 case) (Figure 2).

Table 1 Characteristics of LT Recipients with a BSI Caused by CRKP

CCBT Group (n = 15) Control Group (n = 10) P-value

Sex, n (%) Male 11 (73) 10 (100) 0.125
Female 4 (27) 0 (0)

Age (years), median (range) 52 (30–60) 53.5 (30–67) 0.554

Etiology of liver transplant, n (%) Alcoholic cirrhosis 3 (20) 6 (60) 0.087
Others 12 (80) 4 (40)

MELD score, median (range) 15 (1–32) 15.5 (1–39) 0.599

CRKP source, n (%) Recipient 8 (53) 8 (80) 0.179
Donor 6 (40) 1 (10)

Both 1 (7) 1 (10)
Surgical approach, n (%) Whole LT 15 (100) 7 (70) 0.052

Partial LT 0 (0) 3 (30)

Intraoperative blood loss (mL), median (range) 500 (150–2200) 650 (300–4000) 0.358
Cold ischemia time (hours), median (range) 3.5 (2–7) 5 (3–9) 0.084

APACHE-II at BSI onset, median (range) 9 (6–25) 13.5 (6–25) 0.221

SOFA score at BSI onset, median (range) 6 (4–27) 10 (4–18) 0.303

Abbreviations: APACHE, Acute Physiology and Chronic Health Evaluation score; BSI, bloodstream infection; CCBT, ceftazidime-avibactam-centered bundle 
therapy; CRKP, carbapenem-resistant Klebsiella pneumoniae; LT, liver transplantation; MELD, Model for End-Stage Liver Disease; SOFA, Sequential Organ Failure 
Assessment.

Table 2 Laboratory Test Results When BSI Caused by CRKP Occurred

CCBT Group (n = 15) Control Group (n = 10) P-value

WBC (109/L), median (IQR) 7.14 (4.09, 14.74) 8.3 (2.48, 15.37) 0.824

PLT (109/L), median (IQR) 67 (26, 118) 67.5 (39.75, 118) 0.890

LY (109/L), median (IQR) 0.25 (0.17, 0.7) 0.39 (0.09, 0.74) 0.781
CRP (mg/L), median (IQR) 58.9 (14.44, 87.42) 95.55 (41.58, 148.4) 0.222

PCT (ng/mL), median (IQR) 2.93 (0.68, 9.37) 2.58 (1.10, 16.96) 0.782

ALT (U/L), median (IQR) 179.8 (81.2, 583.2) 145.3 (93.8, 204.65) 0.471
AST (U/L), median (IQR) 54.6 (34.8, 296.1) 81.15 (56.53, 134.8) 0.824

TBIL (μmol/L), median (IQR) 32.2 (11.7, 67.7) 80.45 (48.48, 165.35) 0.046

DBIL (μmol/L), median (IQR) 25.6 (7.9, 59.3) 62.65 (34.35, 132.03) 0.059
ALP (U/L), median (IQR) 85 (57, 193) 77 (62.5, 146.5) 0.781

GGT (U/L), median (IQR) 83 (61, 220) 55 (28.5, 209) 0.331

Cr (μmol/L), median (IQR) 70.5 (50, 94) 76.1 (61.4, 195.5) 0.506
PT (s), mean ± SD 16.71 ± 7.3 16.73 ± 2.39 0.993

PTA (%), mean ± SD 65.89 ± 24.16 56.02 ± 14.86 0.266

NK (cells/μL), median (IQR) 30.5 (6.75, 69.5) 31 (30, 78) 0.421
CD4+ (cells/μL), median (IQR) 66 (38.25, 132.75) 130 (72, 212) 0.353

CD8+ (cells/μL), median (IQR) 58.5 (22.75, 115.25) 50 (26, 81) 0.735

CD4+/CD8+, median (IQR) 1.54 (0.89, 3.27) 2.02 (1.47, 4.42) 0.128
Tacrolimus trough concentration (ng/mL), median (IQR) 0.98 (0, 5.38) 3.28 (0.87, 4.59) 0.707

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BSI, bloodstream infection; CCBT, 
ceftazidime-avibactam-centered bundle therapy; CD, cluster of differentiation; Cr, creatinine; CRKP, carbapenem-resistant Klebsiella pneumoniae; 
CRP, C-reactive protein; DBIL, direct bilirubin; GGT, gamma-glutamyl transferase; LY, lymphocyte count; NK, natural killer cell count; PCT, 
procalcitonin; PLT, platelet count; PT, prothrombin time; PTA, prothrombin activity; TBIL, total bilirubin; WBC, white blood cell count.
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No statistically significant differences were observed between the two groups in terms of the overall incidence of 
perioperative complications, grade 3–5 complications, the interval between positive blood culture and surgery, disconti
nuation of immunosuppressants during anti-infective therapy, duration of immunosuppressant withdrawal, or the 
incidence of rejection within 180 days post-transplantation. During anti-infective treatment, 23 patients in total discon
tinued immunosuppressants entirely. Rejection occurred in 2 patients within 180 days post-LT, both being in the CCBT 
group, with Banff scores of 3 and 5, respectively (Table 3).

In the CCBT group, CZA therapy was initiated at a median time of 2 days (range: 1–3 days) after blood culture 
positivity. The median duration of CZA treatment was 12 days, and the median time to negative blood culture conversion 
was 7 days. All patients in the CCBT group achieved negative blood culture conversion, which was a significantly higher 
blood culture clearance rate than that in the control group (100% vs 50%, P = 0.005) (Table 3). Among those diagnosed 

Table 3 Clinical and Microbiological Outcomes of Patients with BSI Caused by CRKP

CCBT Group (n = 15) Control Group (n = 10) P-value

Perioperative complications, n (%) Yes 8 (53) 9 (90) 0.088
No 7 (47) 1 (10)

Perioperative complications (Grade: 3–5), n (%) Yes 7 (47) 7 (70) 0.414

No 8 (53) 3 (30)
Onset time of BSI (days), median (range) 1 (0–166) 6 (0–35) 0.384

IS used after BSI, n (%) Yes 0 (0) 2 (20) 0.15

No 15 (100) 8 (80)
Duration of IS withdrawal (days), median (range) 9 (3–45) 7 (2–37) 0.304

Rejection (by day 180), n (%) Yes 2 (13) 0 (0) 0.5
No 13 (87) 10 (100)

Duration of CZA therapy (days), median (range) 12 (6–190) None

Blood culture turns negative, n (%) Yes 15 (100) 5 (50) 0.005
No 0 (0) 5 (50)

Days for blood culture to turn negative, median (range) 7 (3–12) 5 (5–20) 0.384

Cultures from other infection sites turned negative, n (%) Yes 13 (87) 0 (0) < 0.001
No 2 (13) 10 (100)

Alive at 180 days after LT, n (%) Yes 13 (87) 3 (30) 0.009

No 2 (13) 7 (70)
Alive at 180 days after BSI, n (%) Yes 13 (87) 3 (30) 0.009

No 2 (13) 7 (70)

Abbreviations: BSI, bloodstream infection; CCBT, ceftazidime-avibactam-centered bundle therapy; CRKP, carbapenem-resistant Klebsiella pneumoniae; CZA, 
ceftazidime-avibactam; IS, immunosuppressants (including calcineurin inhibitors, mechanistic target of rapamycin inhibitors, and mycophenolate mofetil); LT, liver 
transplantation.

Figure 2 CT imaging of liver abscess, abdominal infection, and hepatic artery complications caused by CRKP. (A) Infectious fluid accumulation around the hepatic artery 
with aneurysm formation (yellow arrows). (B) Liver abscess caused by CRKP infection (yellow arrows). (C) Bile leakage complicated by infected abdominal fluid 
accumulation (yellow arrows). 
Abbreviation: CRKP, carbapenem-resistant Klebsiella pneumoniae.
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with BSI, recurrence occurred in 3 patients in the CCBT group (with 1, 4, and 6 episodes, respectively) and in 1 patient 
in the control group (with 5 episodes).

Among patients who survived more than 7 days post-infection, new HA complications developed in 6 patients: 2 
patients in the CCBT group developed HA aneurysm and occlusion, while all 4 patients in the control group experienced 
HA aneurysm rupture with hemorrhage.

Survival
During the follow-up period, a total of 7 deaths occurred in the CCBT group, of which only 2 were attributed to CRKP 
infection. The remaining deaths were due to liver graft failure (1 case), other infections (2 cases) and tumor recurrence (2 
cases). In contrast, 8 deaths in the control group were directly caused by CRKP infection. Regarding 180-day post- 
operative and post-infection survival, patients in the CCBT group showed significantly better outcomes compared to the 
control group (both P = 0.009) (Table 3). Over the full follow-up period, the median postoperative survival time in the 
CCBT group was 573 days (range: 16–1119), and the median post-infection survival time was 407 days (range: 
13–1116). In the control group, the median postoperative survival time was 37 days (range: 2–1638), and the median 
post-infection survival time was 18.5 days (range: 1–1637). Both post-transplant (P = 0.015) and post-infection (P = 
0.011) survival times were significantly longer in the CCBT group compared to the control group (Figure 3).

The CCBT group demonstrated successful recovery of liver function following treatment, with significant improve
ments observed in aspartate aminotransferase (P < 0.001), alanine aminotransferase (P = 0.015), and DBIL (P = 0.004), 
all of which gradually returned to normal levels. Concurrently, due to immune suppression during the infection period, 
a rebound in immune cell populations was noted after the reintroduction of anti-rejection therapy. Specifically, there were 
significant increases in natural killer cell levels at 3 months post-recovery (P < 0.001), CD4+ T cells at 7 days post- 
recovery (P < 0.001), and CD8+ T cells at 4 weeks post-recovery (P = 0.006) (Figure 4).

Discussion
Since the first study in 2012 described the incidence and outcomes of CRKP infections in LT recipients, poor survival 
and high mortality have remained pressing concerns, making treatment strategies for CRKP BSIs a continuous focus of 
attention. The incidence of CRKP infection has been reported to range from 2.5% to 35%, with a high fatality rate of 
62.5% to 82%, mostly within the first 30 days post-LT.10 Multivariate analysis has identified several risk factors for post- 
LT CRKP infection, including a high MELD score at transplantation, presence of hepatocellular carcinoma, requirement 
for Roux-en-Y biliary choledochojejunostomy, and bile leak.11 In our study, only 7 patients had MELD scores above 20, 
and 9 patients had alcoholic cirrhosis. While alcoholic cirrhosis was not statistically confirmed as a risk factor, alcohol 

Figure 3 Survival curves for patients in the two groups. (A) Survival after LT. (B) Survival after CRKP infection. 
Abbreviations: CCBT, ceftazidime-avibactam-centered bundle therapy; CRKP, carbapenem-resistant Klebsiella pneumoniae; LT, liver transplantation.
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and its metabolite acetaldehyde are known to compromise the intestinal epithelial barrier, cause dysbiosis and promote 
bacterial overgrowth,12 which may increase CRKP colonization in LT candidates. Colonization itself may also strongly 
predict CRKP infection. In the cohort, 7 recipients likely acquired CRKP from the donor, yet all survived, suggesting that 
donor-derived bacteria may not worsen prognosis.

Four patients with uncontrolled biliary leakage ultimately died, highlighting the importance of effective abdominal 
drainage to prevent bile accumulation and abscess formation. However, due to the effective drainage protocols at our 
center, the incidence of CRKP BSI remained low. Post-LT dialysis has been identified as a risk factor for CRE 
acquisition; in our study, 3 patients required postoperative renal replacement therapy.13

Cephalosporins and carbapenems are commonly used to prevent GNB infections post-LT but are ineffective against 
CRKP. All-cause 30-day mortality in solid organ transplant recipients infected with CRKP ranges from 25% to 71%, with 
a 1-year survival of only 29% in LT recipients, emphasizing the challenge of infection control in this population.14,15 

Traditional treatments for CRKP have included polymyxins, tigecycline and fosfomycin, while newer options involve β- 
lactamase inhibitor combinations such as CZA.16

CZA therapy has been associated with lower treatment failure rates in cirrhotic patients with CRKP infection.17 

Unlike general patients, LT recipients are immunosuppressed, increasing both the risk of severe infection and the 
complexity of treatment. In one cohort, 30-day and all-cause mortality were 38.1% and 42.9%, respectively.18 While 
CZA shows promise in this group, rapid identification of CRKP is essential. Traditional culture-based diagnostics cause 
a 48–72 h delay between sampling and therapy. At our center, CRKP BSIs typically yielded positive blood cultures from 
both central and peripheral veins within 10 hours. With two consecutive positive cultures, CRKP infection was highly 
suspected, allowing timely treatment. Prompt source control and antibiotic initiation are essential for improved outcomes.

Figure 4 Changes in laboratory test results during therapy for the CCBT group. 
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CCBT, ceftazidime-avibactam-centered bundle therapy; CD, cluster of differentiation; DBIL, 
direct bilirubin; FK, tacrolimus; NK, natural killer.
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IVIG is commonly used for viral infections or ABO-incompatible LT. One study reported IVIG reduced 28-day 
mortality in sepsis-induced coagulopathy.19 Given the immunodeficient state of LT recipients during severe infection, 
IVIG was used in our CCBT group, and this may have contributed to the excellent infection control and survival rates.

Reports on immunosuppression withdrawal during severe infection post-LT are limited. One case report described 
recovery from COVID-19 pneumonia after LT with temporary immunosuppression withdrawal,20 but for bacterial BSIs 
both rejection and complete immunosuppression withdrawal were independent risk factors for 30-day mortality.21 Thus, 
caution is warranted. In our study, 2 cases of rejection occurred in the CCBT group and none in the control group (2/23 
overall). Both were managed with steroid boluses and increased doses of tacrolimus. One rejection resolved quickly; the 
other required multiple steroid boluses. This patient had prior immune checkpoint inhibitor therapy, which increases the 
rejection risk.22 He later developed liver abscess, bile leakage and hepatic artery thrombosis (HAT), underscoring the 
need for careful immunosuppression management in high-risk CRKP patients. The timing and strategy for restarting 
immunosuppression – especially steroid use – should balance infection control and rejection risk. Nevertheless, we 
believe immunosuppression withdrawal is safe during severe CRKP infection, provided liver function is closely 
monitored, possibly using lymphocyte status as the reference.23

CRKP-induced HA rupture is fatal. Qian et al found encapsulated bacilli infiltrating arterial elastic fibers, confirming 
CRKP’s invasiveness.24 They advised removing infected graft arteries. In our cohort, 5 patients developed HA rupture; 
only 1 was in the CCBT group. This finding suggests that timely and effective anti-infective therapy may reduce such 
complications. In addition to rupture, HAT is a serious concern. Patients with HAT, or those undergoing embolization 
after rupture, often develop liver abscesses, further complicating CRKP control and promoting colonization. Four 
patients in our study experienced recurrent infections, with 1 to 6 relapses involving abscesses and HAT. Only 1 patient 
showed arterial compensation and had a single relapse. Recurrent infections may induce CZA resistance. One reported 
case involved HAT, liver abscess and CZA resistance, requiring meropenem-vaborbactam and retransplantation.25

Although pre-LT CRKP colonization is a risk factor for post-LT infection, no evidence supports adjusting prophylactic 
antibiotics to prevent it. Few patients received CRE-active prophylaxis. One study reported lower treatment failure rates in 
cirrhotic CRKP patients treated with CZA,17 but no guidelines recommend CZA for prophylaxis in high-risk patients. 
Widespread CZA use has led to resistant CRKP, especially with repeated or prolonged exposure.25 In one study, microbiologic 
failure occurred in 27% of patients, with CZA resistance in 30% of failures.26 Resistance mechanisms include KPC 
overexpression or variants; alternative treatments include imipenem-relebactam and meropenem-vaborbactam.26,27 Novel 
agents such as eravacycline and plazomicin may also help in refractory cases. For LT recipients, comprehensive CRKP 
management from pre-op to long-term follow-up is crucial, and standardized management protocols should be developed.28

Despite the current high susceptibility of CRKP to CZA, there is some evidence that treatment efficacy can be further 
improved by combining CZA with another antimicrobial agent. For example, CZA in combination with another antibiotic 
(including carbapenem, tigecycline, amikacin or aztreonam) was associated with better outcomes (14-day clinical and 
microbiological cure rates and mortality) than CZA monotherapy.29 Furthermore, CZA has been reported to exhibit 
additive or synergistic actions with various other antimicrobial agents against isolates producing KPC-2 variants or 
metallo-β-lactamase.30 Since there is concern that the emergence of more KPC variants may lead to increasing CZA 
resistance over time,31 further research is needed to establish whether combining CZA with another agent might be 
beneficial in patients with CRKP BSI after LT.

The present study had a number of limitations. First, this was a single-center study, so the generalizability of 
the results is unknown. Second, the sample size was small, so the analysis may have been underpowered to detect 
some real differences between groups. Third, this was a retrospective study, so the findings may be subject to 
selection bias and information bias. Fourth, CRKP resistance gene analysis was not performed, and carbapenem- 
resistant Acinetobacter baumannii, carbapenem-resistant Pseudomonas aeruginosa and culture-negative CRKP 
cases were excluded. Fifth, immune status was assessed by lymphocyte counts only, without functional or cytokine 
analyses. Sixth, our study was unable to establish the independent contributions of immunosuppression minimiza
tion and IVIG administration to the therapeutic efficacy of our treatment bundle. Therefore, a large-scale, multi
center prospective study is needed to confirm whether CCBT improves outcomes (versus antibiotic therapy alone) 
in patients with CRKP BSI after LT and establish the contributions of each bundle component.
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Conclusion
The study suggests that the CCBT regimen significantly improves survival and infection control in LT recipients with 
CRKP BSIs. Early administration of CZA should be considered once CRKP is suspected. The use of IVIG and temporary 
immunosuppression withdrawal appears safe in these patients. LT recipients with CRKP BSIs require close monitoring of 
liver function, immune status and microbiological markers during follow-up.
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