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Abstract
Objectives  The aim of this work was to assess dynamic cytokine profiles associated with bloodstream infection (BSI) 
caused by Klebsiella pneumoniae (Kpn) and investigate the clinical features associated with mortality.

Methods  A total of 114 patients with positive BSI-Kpn and 12 sepsis individuals without blood positive bacteria 
culture were followed up. Cytokine profiles were analyzed by multiplex immunoassay on the first, third, seventh and 
fourteenth day after diagnosis. The test cytokines included arginase, interferon-gamma (IFN-γ), tumor necrosis factor 
alpha (TNF-α), interleukin (IL)-1β, IL-4, IL-6, IL-10, IL-12 (p70), and IL-23. The minimum inhibitory concentration (MIC) of 
24 antibiotics were tested for BSI-Kpn. Risk factors associated with the 30-day mortality and 120-day mortality were 
evaluated using logistic analyses and nomogram.

Results  There were 55 out of 114 patients with BSI-Kpn were included. All isolates showed high susceptibility 
rate to novel avibactam combinations. The level of arginase was the highest in carbapenem-resistant Kpn (CRKP) 
patients. The AUCs of arginase, TNF-α and IL-4 reached 0.726, 0.495, and 0.549, respectively, whereas the AUC for 
the combination of these three cytokines was 0.805. Notably, 120-day mortality in patients with CRKP was higher 
than carbapenem-sensitive K. pneumoniae (CSKP). Furthermore, the long-term and high levels of IL-6 and IL-10 were 
associated with death.

Conclusions  High expression of arginase is correlated with CRKP. In addition, BSI-CRKP could result in indolent clinic 
course but poor long-term prognosis. Continuous increase of IL-6 and IL-10 were associated with mortality.
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Introduction
Carbapenem-resistant Klebsiella pneumoniae (CRKP) 
infections has emerged as a global threat to public 
health. Bloodstream infection (BSI) caused by CRKP 
with regional differences are potentially life-threatening 
and severe patient-based disease burden [1, 2]. In China, 
BSI-CRKP has continued to increase from 7.0% in 2014 
to 19.6% in 2019 [3]. Existing researches show that CRKP 
was a significant risk of excess mortality [4–6]. In addi-
tion, recent studies found CRKP induces a disease-toler-
ant immune response that is nonetheless often fatal [7, 8].

The early innate immune response to CRKP infection 
involves phagocytosis and clearance with inflamma-
tion. Cytokines play key roles in both innate and adap-
tive immune responses [9]. Intrapulmonary infection 
caused by CRKP is characterized by a deregulated lung 
immune response that resulted in excessive inflamma-
tion including cytokine storm, macrophage polarization 
and neutrophils accumulation [7, 10]. Several cytokines 
have been reported to mediate immune response against 
K. pneumoniae (Kpn), such as interferon-gamma (IFN-γ), 
interleukin (IL)-10 and IL-23 [8, 11]. However, a major-
ity of evidence on the interplay between Kpn and the 
immune system was obtained by infecting rodents in 

vivo. Additionally, the effect of dynamic cytokine pro-
files on the inflammatory response induced by BSI-CRKP 
is less clear. Therefore, a retrospective cohort study was 
conducted to characterize the cytokine responses from 
patients with BSI-Kpn. Furthermore, factors associated 
with patient outcome were evaluated to provide a more 
accurate depiction of mortality predictors.

Methods
Study design and patients
We conducted a retrospective cohort study to obtain pro-
files of the immune response in patients with BSI-Kpn 
and identify the risk factors associated with short-term 
and long-term mortality BSI-Kpn. Clinical diagnosis of 
BSI-Kpn was screened by positive blood culture at The 
First Affiliated Hospital, Zhejiang University School of 
Medicine from May 2020 to June 2021. Human serum 
samples were collected on the first, third, seventh and 
fourteenth day after the onset of diagnosis. Serum sam-
ples of patients with sepsis were collected as control 
group. This study was approved by the recommendations 
of the Ethics Committee of The First Affiliated Hospital, 
Zhejiang University School of Medicine.

Table 1  Minimum inhibitory concentrations of 24 antibiotics against BSI-Kpn
Antibiotics CRKP ESBL-Kpn S-Kpn

MIC range (mg/L) MIC90 (mg/L) R (%) MIC range (mg/L) MIC90 (mg/L) R (%) MIC range (mg/L) MIC90 (mg/L) R (%)
Cefazolin > 128 > 128 100.0% > 128 > 128 100% 0.5->128 128 15.0%
Cefuroxime 32->128 > 128 100.0% 32->128 > 128 100% 2->128 16 10.0%
Ceftriaxone 16->128 > 128 100.0% 16->128 > 128 100% 0.03->128 0.25 5.0%
Ceftazidime 2->128 > 128 95.7% 2-128 64 75% 0.12-64 2 10.0%
Cefepime 8->128 > 128 95.7% 2-128 128 83.3% 0.016-16 0.125 5.0%
Cefoxitin 32->128 > 128 100.0% 4-128 64 25.0% 2-128 8 5.0%
Moxalactam 8->128 > 128 91.3% 0.25-8 4 0.0% 0,125-1 0.5 0.0%
Aztreonam 8->128 > 128 95.7% 4->128 128 75% < 0.016-64 1 5.0%
Ertapenem 4->128 > 128 100.0% 0.016-1 0.5 0.0% 0.016–0.25 0.125 0.0%
Meropenem 2->32 > 32 95.7% 0.016–0.125 0.125 0.0% 0.016–0.125 0.125 0.0%
Imipenem 4->128 > 128 95.7% 0.125–0.25 0.25 0.0% 0.06-4 2 5.0%
AMC 16/8->128/64 > 128/64 87.0% 8/4–64/32 32/16 50.0% 1/0.5–64/32 32/16 15.0%
TZP 8/4->128/4 > 128/4 82.6% 2/4->128/4 > 128/4 33.3% 0.5/4->128/4 32/4 5.0%
CSL 8/4->128/64 > 128/64 87.0% 4/2->128/64 > 128/64 75% 0.25/0.125-64/32 8/4 10.0%
CZA 0.5/4->32/4 4/4 4.3% 0.125/4-0.5/4 0.5/4 0.0% 0.06/4-0.5/4 0.25/4 0.0%
AZA 0.25/4 − 2/4 1/4 - 0.06/4-0.25/4 0.25/4 - 0.0125/4-0.125/4 0.125/4 -
Gentamicin 1->128 > 128 87.0% 1-128 2 16.7% 0.5–128 2 10.0%
Amikacin 2->128 > 128 78.3% 2–16 4 0.0% 1–16 4 0.0%
Ciprofloxacin 0.016->128 > 128 91.3% 1->128 64 100% 0.016-128 32 30.0%
Levofloxacin 0.125->128 > 128 91.3% 1->128 32 83.3% 0.06-32 16 25.0%
Fosfomycin 4->512 512 21.7% 0.5–16 4 0.0% 0.5–16 8 0.0%
Tigecycline 0.125-32 0.5 4.3% 0.125-2 0.25 0.0% 0.125-1 0.125 0.0%
Polymyxin B 0.5->32 2 8.7% 0.5-1 1 0.0% 0.5-1 1 0.0%
SXT 0.5/9.5->8/152 > 8/152 87.0% > 8/152 > 8/152 91.7% 0.125/2.375->8/152 > 8/152 20.0%
MIC, minimum inhibitory concentration; S, susceptible; R, resistant; CRKP, Carbapenem-resistant K. pneumoniae; ESBL-Kpn, extended-spectrum β-lactamases 
producing K. pneumoniae; S-Kpn, susceptible K. pneumoniae; AMC, amoxicillin-clavulanic acid; TZP, piperacillin-tazobactam; CSL, cefoperazone-sulbactam; CZA, 
ceftazidime-avibactam; AZA, aztreonam-avibactam; SXT, Trimethoprim-sulfamethoxazol
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Antibiotic susceptibility test
The minimal inhibitory concentration (MIC) of 24 anti-
biotics against BSI-Kp isolates were determined by agar 
dilution method, while polymyxin B was used broth dilu-
tion method. The details of antibiotics were consistent 
with our previous study [12]. The results for test antibiot-
ics were interpreted according to Clinical and Laboratory 
Standards Institute (CLSI) guidelines [13].

Cytokine assay
Cytokine levels in serum were measured using the LEG-
ENDplex™ Human Macrophage/Microglia Panel (catalog 
no. 740511; Biolegend, San Diego, CA, United States). 
Levels of 9 cytokines were measured, including arginase, 
IFN-γ, tumor necrosis factor alpha (TNF-α), IL-1β, IL-4, 
IL-6, IL-10, IL-12 (p70), and IL-23. All samples were 
assayed according to the manufacturer’s instructions. 
Fluorescence intensity of the beads were acquired by 
CytoFLEX LX (Beckman Coulter Life Sciences, United 
States). Heat map analysis for cytokine data was per-
formed using TBtools [14].

Medical records
The medical records of included patients were reviewed. 
The data of laboratory examination on the first, seventh 

and fourteenth day were collected. The detailed analy-
sis data and definitions were obtained as described in 
our previous study [4, 15]. The 30-day mortality and 
fellow-up for 120-day mortality were used as treatment 
outcomes.

Statistical analysis
The results for abnormal distribution of continuous vari-
ables were presented as median (interquartile range) 
and analyzed using chi-square test. Multivariate analy-
sis was performed after identifying variables with a 
P-value of < 0.05 in the univariate analysis. A two-tailed P 
value < 0.05 was considered to be statistically significant. 
GraphPad Prism software (V8.0) and SPSS 23.0 for Win-
dows (SPSS Inc., Chicago, IL, USA) were used to analyze 
data. The nomogram for predicting prognosis of mor-
tality was established basing on the regression model by 
employing the R package.

Results
Characteristics of included patients
A total of 114 patients with positive BSI-Kpn were fol-
lowed up, of which 55 patients were included due to 
collecting blood samples on the first, third, seventh and 
fourteenth day after the onset of diagnosis. In addition, 

Fig. 1  Serum cytokine levels in patients with BSI-Kpn and control group. (a) Heat map of serum cytokine concentrations for each patient. Colors rep-
resent high (red) or low (blue) concentration. (b). The concentration of arginase. (c) The concentration of IL-6. (d) The concentration of IL-10. (e) The 
concentration of IFN-γ. Error bars represent median with 95% CI. P scales of < 0.01 (***), < 0.05 (**). CRKP, Carbapenem-resistant K. pneumoniae; CSKP, 
carbapenem-sensitive K. pneumoniae; Controls, sepsis patients without blood positive culture
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12 sepsis patients without blood positive pathogens 
were included as controls. Among the positive BSI-Kpn 
results, there were 23 patients infected with CRKP, 12 
patients infected with extended-spectrum β-lactamases 
(ESBL) producing K. pneumoniae (ESBL-Kpn) and 20 
patients infected with non-CRKP or non-ESBL-Kpn 
considered as susceptible Kpn (S-Kpn). ESBL-Kpn and 
S-Kpn belong to carbapenem-sensitive K. pneumoniae 
(CSKP).

There were 47 patients (70.2%) were male. Mean age 
of patients with CRKP, CSKP and sepsis were 55 ± 13, 
56 ± 18, 58 ± 19 years, respectively. The most common 
department of patients with CRKP and sepsis is intensive 
care unit (ICU), while for CSKP is hepatobiliary surgery. 
Patients in CRKP group have been exposed to antibiotics 
before hospitalization. There is no statistical difference 
in Acute Physiology and Chronic Health Evaluation II 
score (APACHE-II score) and underlying disease among 
included patients (Supplementary Table 1).

Determination of MIC
A summary of 24 antibiotics MIC against BSI-Kpn is 
shown in Table  1. In total, 95.7%, 95.7% and 91.3% of 
CRKP isolates were susceptible to ceftazidime-avibac-
tam, tigecycline and polymyxin B. All ESBL-Kpn isolates 
were susceptible to moxalactam, ceftazidime-avibactam, 
amikacin, fosfomycin, tigecycline and polymyxin B. The 
MIC90 of aztreonam-avibactam for CRKP, ESBL-Kpn and 
S-Kpn were 1/4  mg/L, 0.25/4  mg/L and 0.125/4  mg/L, 
respectively.

Cytokine profiles among the patient groups
The arginase, IFN-γ, TNF-α, IL-1β, IL-4, IL-6, IL-10, 
IL-12 (p70), and IL-23 levels on the first, third, seventh 
and fourteenth day after the onset of diagnosis were 
assayed in all patients. The levels of test cytokines gradu-
ally decreased from the first day to fourteenth day among 
BSI-Kpn (Supplementary Fig. 1).

To compare differences in cytokine responses among 
different groups, overall cytokine data was clustered in 
a heat map representation (Fig.  1a; Table  2). A specific 
higher levels cluster of arginase, IL-6 and IL-10 in CRKP 
patients as compared to ESBL-Kpn, S-Kpn and sep-
sis patients. In particular, the level of arginase was the 
highest in CRKP patients compared with that in CSKP 
patients and controls (P = 0.002) (Fig.  1b and Supple-
mentary Fig.  1). The median cytokine levels of IL-6 on 
the third day were all higher in controls (313.7 pg/mL) as 
compared to CSKP (68.3 pg/mL) and CRKP (177.4 pg/
mL) (Fig. 1c). IFN-γ and IL-10 levels were higher in the 
early acute phase (the first day) in CRKP as compared 
with CSKP and controls, although it did not reach sta-
tistical significance (Fig.  1d-e). However, in late phase 
(the seventh and fourteenth day), the levels of IFN-γ and 

IL-10 in patients with sepsis were higher than that in 
CSKP (P < 0.05).

The correlation analysis between cytokines was per-
formed to better understand the implication of cytokine 
profiles in the immune response in BSI-Kpn infection 
(Fig. 2a). Strong signature associated with IL-1β and IL-4 
was present and significant correlations were observed 
between IL-1β and IFN-γ, as well as arginase and IL-23. 
The AUCs of arginase, TNF-α and IL-4 reached 0.726 
(95% CI: 0.599–0.853), 0.495 (95% CI: 0.351–0.639), 0.549 
(95% CI: 0.400-0.699), respectively, whereas the AUC for 
the combination of these three cytokines was 0.805 (95% 
CI: 0.702–0.909) (Fig. 2b).

Clinical features in patients with BSI-Kpn
Higher white blood cell count was observed in patients 
with CRKP on the first day after diagnosis (P = 0.05) (Sup-
plementary Tables 2 and Supplementary Fig. 2a). Hemo-
globin and cholinesterase level in patients with CSKP 
was higher than CRKP and sepsis from the first day to 
the fourteenth day (Supplementary Fig.  2e-f ). Markers 
of inflammation such as the percentage of neutrophils, 
high-sensitivity C-reactive protein (CRP) and procalcito-
nin (PCT) remained to be elevated in patients with sep-
sis (P < 0.01) (Supplementary Fig. 2b-d). More patients in 
CRKP group have received continuous renal replacement 
therapy (CRRT) (P = 0.027) and ceftazidime-avibactam 
treatment (P < 0.001) (Supplementary Table 1).

Risk factors for 30-day mortality and 120-day mortality in 
enrolled patients
The level of arginase was the higher in survived patients 
compared with that in dead patients from the first day 
to the seventh day, although no significant difference 
was found (Table  3). It is of note that 120-day mortal-
ity in patients with CRKP was higher than that in CSKP 
and controls, while the 30-day mortality in CRKP were 
lower than CSKP (Fig. 3a-d). However, there was no sig-
nificant difference in 30-day mortality and 120-day mor-
tality between CRKP and CSKP groups (P > 0.05). Among 
CRKP groups, 60.9% patients received definite treatment 
(tigecycline, polymyxin B, ceftazidime-avibactam) during 
48 h after diagnosis, and 73.9% patients received ceftazi-
dime-avibactam after diagnosis.

Lower hemoglobin and cholinesterase, higher CRP, 
total bilirubin and international normalized ratio on the 
fourteenth day showed significant associations with both 
30-day mortality and 120-day mortality in a univariate 
analysis (Table 3 and Supplementary Table 3). Although 
no significant difference was found between the survi-
vors and death regarding the arginase level, the arginase 
median level of 147.0 ng/mL on the first day in survivors 
was lower than that of 250.5 ng/mL in death during 30 
days. Interestingly, persistent higher levels of IL-6 and 
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IL-10 were associated with higher 30-day mortality and 
120-day mortality (Table 3 and Supplementary Table 3).

Variables were further analyzed using logistic regres-
sion for 30-day mortality. The multivariate predictive 
model was established, including cholinesterase on the 
first day, CRP and hemoglobin on the seventh day, total 
bilirubin, IL-6 and IL-10 on the fourteenth day, under-
lying disease (immunosuppressant usage, tumor, coro-
nary disease), and polymyxin B treatment after diagnosis 
(Supplementary Table 4). The weight of IL-6 level is max-
imum. The sum of each factor scores could predict mor-
tality risk (Fig. 3e).

Discussion
BSI-Kpn, especially for CRKP, was associated with high 
morbidity and mortality [4–6]. Fortunately, several novel 
antibiotics have been developed to combat CRKP [16]. 
Recent studies have recognized that pro-inflammatory 
signalling is crucial to Kpn clearance. Therefore, boosting 
innate defence is an attractive approach to exploit new 
therapeutics against BSI-Kpn [17]. In the present study, 
we found a strong arginase signature is associated with 
BSI-CRKP. Our results showed early effective treatment 
such as ceftazidime-avibactam and CRRT may extended 
survival time of CRKP during early infection stage, how-
ever, the mortality increased with time. Persistent higher 
levels of IL-6 and IL-10 would cause higher mortality.

In this study, BSI-CRKP showed high susceptibility rate 
to novel avibactam combinations, which is consistent 
with previous results [18]. However, there were still 4.3% 
CRKP were resistant to ceftazidime-avibactam. Although 
the susceptibility breakpoint for aztreonam-avibactam 
has not been approved, the MIC90 remain low level. Thus, 

novel antibiotics bring hope to get rid of limited treat-
ment dilemma.

The published evidence establishes that different 
cytokines is critical for host defence against Kpn [7–9, 
17]. Cytokines could be expressed by many cells of the 
immune system, and further control the activation of 
innate immune responses. However, few studies have 
addressed the relationship between antibiotic resistance 
and inflammatory response. We chose a panel of cyto-
kines related to macrophage polarization, as well as regu-
latory states: Th1 immune response (IFN-γ), Th2 (IL-4), 
Th17 (IL-23), regulatory immune functions (IL-10) and 
adaptive immunity (IL-1β, IL-6, IL-12 (p70)) [19]. The 
results revealed the levels of arginase, IL-6 and IL-10 in 
patients with CRKP was higher during BSI early stage. 
In addition, arginase may be conducive to distinguish 
CRKP from CSKP. The summarised evidence suggest 
Kpn could exploit IL-10 to attenuate immune response 
[8]. Similarly, arginase expression play an essential role 
in immunomodulation [20, 21]. Current studies dem-
onstrated arginase is an important marker of alterna-
tive anti-inflammatory polarization of macrophages 
to limit the exaggerated inflammatory response dur-
ing infections [20, 22] Moreover, it has been also sug-
gested arginase-2 was a downstream mediator of IL-10 
and was essential for skewing mitochondrial dynamics 
in inflammatory in vivo [21]. Thus, CRKP may down-
regulate the level of inflammation, resulting in long-term 
residence in host. The complex cytokines microenvi-
ronment, composition changes and further immune 
responses are radically different depending on vari-
ous factors over time. However, the overall trend of test 
cytokines in this study were decreased from the first 

Fig. 2  Correlations among concentrations of different cytokines and AUCs for CRKP. (a) Correlations among concentrations of different cytokines. (b) 
AUCs of arginase, TNF-α and IL-4 for CRKP
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day to fourteenth day after diagnosis. Exploration of the dynamic immunomodulatory role of cytokines deserve 

Fig. 3  Survival rate of enrolled patients. (a) 30-day mortality. (b) 60-day mortality. (c) 90-day mortality. (d) 120-day mortality. (e) Nomogram for predicting 
the 30-day mortality. CRKP, Carbapenem-resistant K. pneumoniae; ESBL-Kpn, extended-spectrum β-lactamases producing K. pneumoniae; S-Kpn, suscep-
tible K. pneumoniae; Controls, sepsis patients without blood positive culture
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further attention.
It has been well-documented that CRKP was associated 

with mortality [4–6]. Our results showed 30-day mor-
tality in patients with BSI-CRKP was lower than that in 
CSKP and controls, which is inconsistent with previous 
study [6]. This was probably because there was no signifi-
cant difference in APACHE-II score between CRKP and 
CSKP groups in the present study. In addition, a major-
ity of patients with CRKP received timely and effective 
antibiotics, especially for ceftazidime-avibactam. Previ-
ous study also demonstrated ceftazidime-avibactam was 
an independent favorable prognostic factor for 30-day 
mortality [4]. However, the mortality in CRKP gradually 
increased with time prolonging. This may be related to 
CRKP could elicit immune responses tolerance in early 
infection stage [7, 8]. Additionally, the effect of CRKP 
on mortality was probably influenced by inadequate and 
unnecessarily broad empiric antibiotics [23]. A total of 
78% CRKP patients accepted ceftazidime-avibactam after 
diagnosis. Therefore, both immune responses and antibi-
otics played an important role in survival. Of note, IL-6 
and IL-10 overexpression resulted in more pronounced 
bacteraemia and accelerated mortality in Kpn infected 
mice [24, 25]. Our results are consistent with these obser-
vations. To obtain comprehensive information, it will be 
necessary to assess the interaction among BSI-Kpn, anti-
biotics and host immune responses.

This study firstly provides an insight into dynamic 
cytokine profiles of BSI-Kpn. However, there were also 
several limitations in this study. First, the number of 
included patients was limited. Subpopulations of immune 
cells associated with BSI-Kpn did not do further analy-
sis. Moreover, our study did not cover the direct rela-
tionship between immune cells and cytokines. However, 
the results clearly show significant changes of cytokines 
and clinical features during BSI-Kpn, providing valuable 
information to explore the hypothesis regarding the BSI-
Kpn mediated immune evasion of macrophage in early 
infection stage.

Conclusions
In conclusion, high expression of arginase could be as 
a promising biomarker for early diagnosis of CRKP. In 
addition, CRKP could induce more indolent course of 
BSI by mediating macrophage-derived cytokines. Fur-
thermore, persistent higher levels of IL-6 and IL-10 were 
associated with mortality. Further randomized, double 
blind controlled trials are warranted to validate these 
findings.
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(e) IL-4; (f ) IL-6; (g) IL-10; (h) IL-12 (p70); (i) IL-23.

Supplementary Material 2: Supplementary Fig. 2. Clinical features in 
patients with BSI-Kpn. (a) White blood cell (WBC). (b) Percentage of neu-
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