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A B S T R A C T

Background: Bacterial bloodstream infection (BSI) remains an important cause of morbidity and mortality,
which is a widespread and uncontrolled inflammatory response. There are some cytokines for the auxiliary
diagnosis, such as procalcitonin (PCT), C reactive protein (CRP), and interleukin 6 (IL-6), which are not suffi-
cient. This study was aimed to explore a new method of diagnosing bacterial BSI and to find some new bio-
markers that could differentiate bloodstream infected patients from healthy people.
Methods: An animal model was used to find relevant changes of peptides in the serum and was validated in
clinical samples. Mice (25–27 g) were randomized to infection with Escherichia coli ATCC25922 or phosphate
buffer saline. The serum samples were purified by weak cation exchange beads and the serum peptide profiling
was established by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS). Statistical analysis and diagnostic modeling were conducted on BioExplorer. Amino acid sequences of the
candidate peptides were identified by nano-liquid chromatography electrospray ionization–tandem mass spec-
trometry and relevant proteins were recognized on the Uniprot database. The identified proteins were confirmed
via enzyme-linked immunosorbent assay on clinical samples.
Results: Five peptide peaks (m/z 1941, 2924.1, 3962.1, 4126.9 and 5514) were found as candidate biomarkers
for E. coli infection, and the diagnostic model discriminated E. coli infected patients from healthy controls with
an accuracy of 92.2%. Peptide peaks m/z 1941, 2924.1 and 4126.9 were identified as the fragments of
Serotransferrin (TRF), Complement C3 and Serum amyloid A-1 protein (SAA1), respectively, but only C3 and
SAA1 showed significant difference in clinical samples.
Conclusion: MALDI-TOF MS could be a new method to find the changes of serum peptides after infection, C3 and
SAA1 could be new biomarkers in diagnosing BSI.

1. Introduction

Clinical bloodstream infections (BSI) are often induced by bacteria
and cause high mortality or morbidity [1]. Escherichia coli is one of the
most common Gram-negative pathogenic bacteria [2]. Blood culture
has been used as the gold standard in clinical microbiology diagnosis,
but is inadequate for the early diagnosis because of the long turn-
around time and low positive rate [3,4]. Matrix-assisted laser deso-
rption ionization time-of-flight mass spectrometry (MALDI-TOF MS),
one soft ionization mass spectrometry, has been widely used for mi-
croorganism identification [5], but still needs blood culture in advance.
Up to now, MALDI-TOF MS has not been widely used to study serum
BSI. For this reason, we planned to analyze the changes of serum
peptide profiles of BSI and establish a diagnostic model to aid in

diagnosis. However, because it was very difficult to determine the exact
infection time for patients with BSI and collect blood samples at precise
time points for all recruited patients, we decided to use an animal
model to study the peptide alteration after infection at different time
points.

2. Materials and methods

2.1. Bacterial strains

E. coli standard strain ATCC25922 was donated by the Department
of Microbiology in the Chinese PLA General Hospital.

https://doi.org/10.1016/j.cyto.2019.04.010
Received 18 November 2018; Received in revised form 19 March 2019; Accepted 17 April 2019

⁎ Corresponding author at: Department of Clinical Laboratory, The PLA General Hospital, Beijing 100853, China.
E-mail address: wangcb301@126.com (C. Wang).

Cytokine 120 (2019) 71–77

Available online 23 April 2019
1043-4666/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10434666
https://www.elsevier.com/locate/cytokine
https://doi.org/10.1016/j.cyto.2019.04.010
https://doi.org/10.1016/j.cyto.2019.04.010
mailto:wangcb301@126.com
https://doi.org/10.1016/j.cyto.2019.04.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cyto.2019.04.010&domain=pdf


2.2. Animals

Totally 90 specific pathogen-free male ICR mice (25–27 g) pur-
chased from Beijing Weitonglihua Experimental Animal Center were
used to establish an BSI model. The mice were kept in a specific pa-
thogen-free facility and each only used for 1 experiment. All mice were
adapted to the new environment for one week in advance and then
maintained with humane care in accordance with the Guide for the Care
and Use of Laboratory Animals approved by the Institute of Laboratory
Animal Resources and published by the National Institutes of Health
(NIH Publication No. 86-23, revised 1985).

2.3. The mice BSI model

All experiments were implemented at the same time to eliminate the
interference of the circadian rhythms of the mice. Mice were weighed
and randomly assigned to weight-matched groups in advance. On the
experiment day, the mice were separated into 2 groups treated with E.
coli or phosphate buffer saline (PBS). Standard strain was activated on
flat plates and cultured in the LB liquid nutrient medium for 12 h, and
then 100 µl of the bacterial fluid was transferred into a new LB medium
to culture for 4–6 h. The challenge dose of E. coli was similar to a
previous study [6], as the mice were injected in a volume of 0.1 mL/
10 g by the intravenous tail. Blood samples were collected from 10
infected individuals at 1, 3, 6, 12, 24, 48, 96, 128 h and PBS separately,
followed by 20min of centrifugation at 5000 g and serum of each
sample was transferred into a new tube and stored at −80 °C.

2.4. Serum from clinical patients

Serum samples were obtained from 41 patients in PLA Hospital from
May 1st to October 31st 2017, including 22 patients whose blood cul-
ture had been diagnosed with the E. coli infection and 19 healthy in-
dividuals. The infected patients including 14 men and 8 women were
aged 29 to 87 years old (average= 60.37) and found with biliary dis-
ease (10), leukemia (4), urinary system disease (5) and liver abscess (3).
The healthy individuals including 8 men and 11 women were aged 27
to 65 years old (average= 44.8) and received a normal physical ex-
amination. Fasting blood samples from the participants were collected
in the morning and allowed to clot at 37 °C for 20min. Serum was then
separated by centrifugation at 3000 rpm for 15min and then stored at
−80 °C until further analysis.

2.5. Serum peptide extraction with magnetic beads

With the previous established method, serum samples were frac-
tionated by weak cation exchange magnetic beads (MB-WCX) to gather
and enrich the low-molecular-weight proteins or peptides
(1000–10,000 Da). Then serum samples were purified and isolated
through three steps of binding, washing and elution. In brief, 10 μl of
beads, 95 μl of MB-WCX binding solution (SPE-CB) and 10 μl of serum
were mixed and incubated for 5min. The tube of the incubated serum
bound beads was then placed on a magnetic bead separation device
(Bioyong Tech, Beijing, China) and the beads were collected on the tube
wall for 1min. The supernatant was then removed, while the residue
was added and mixed thoroughly with 100 μl of a magnetic bead
washing solution (SPE-CW). This washing process was carried out twice
and the supernatant was removed after each wash. Another 10 μl of the
magnetic bead eluting solution (SPE-CE) was added and the beads were
collected from the tube wall in the separation device. This final sample
was stored at −20 °C for further MS analyses. No proteolytic enzyme
was used during the whole procedure.

2.6. Anchor-chip spotting and protein/peptide profiling by MALDI-TOF MS
and data processing

After sample preparation, 1 μl of the final sample was pipetted onto
a Clin-TOF II target plate (Bioyong Tech) and dried at room tempera-
ture. Then 1 μl of a matrix solution of α-cyano-4-hydroxycinnamic acid
(8mg/ml in 0.1% TFA/50% acetonitrile) was added onto the same spot
of each sample. For each sample, profile spectra were recorded via
MALDI-TOF MS on a Clin-TOF II instrument (Bioyong Tech) and ac-
quired from an average of 100 laser shots with mass m/z of
1000–10,000 defined. Quality was controlled before the MS analyses
using 3 peptides with molecular weights of 1533.8, 2465.7 and
5733.5 Da as external standards and the average molecular weight
deviation was within 100 ppm. Each standard was re-calibrated after
testing every 24 samples. For data processing, all spectra obtained from
the serum samples were analyzed by BioExplorer™ 3.0 (Bioyong Tech).
Each spectrum was normalized, baseline-corrected and smoothed by
default parameters. To align the spectra, a mass shift of no more than
0.1% was determined. The peak intensities between the two groups
were compared via the Wilcoxon test. The best diagnostic model for
distinguishing between the infected group and the control group was
established using the KNN algorithm.

2.7. Identification of amino acid sequences of the candidate peptides by
nano-LC/ESI–MS/MS

Amino acid sequences of the candidate peptides were identified by
nano-liquid chromatography electrospray ionization–tandem mass
spectrometry (nano-LC/ESI–MS/MS). After serum peptide extraction
using MB-WCX beads, each peptide sample was desalted by an
Strata X column (Phenomenex), vacuum-dried and then resuspended in
200 μl of buffer A (2% ACN, 0.1% FA). After centrifugation at 20,000 g
for 10min, the supernatant was recovered to form a peptide solution
with a final concentration of ∼0.5 μg/μl. Then 10 μl of the supernatant
was loaded on an LC-20AD nano-HPLC device (Shimadzu, Kyoto,
Japan) by the auto-sampler onto a 2 cm C18 trap column. Then the
peptides were eluted onto a 10 cm analytical C18 column (inner dia-
meter 75 μm) packed in-house. The samples were loaded at 8 μl/min for
4min, then treated first by a 44min gradient at 300 nL/min starting
from 2 to 35% B (98% ACN, 0.1% FA) and then by a 2min linear
gradient to 80%, maintained at 80% B for 4min, and finally returned to
5% in 1min. The peptides were treated by nano-ESI and then MS/MS in
a Q EXACTIVE instrument (Thermo Fisher Scientific, San Jose, CA)
coupled online to HPLC. Intact peptides were detected in the Orbitrap
at a resolution of 70000. Peptides were selected for MS/MS using a
high-energy collision dissociation mode with a normalized collision
energy setting of 27.0; ion fragments were detected in the Orbitrap at a
resolution of 17500. A data-dependent procedure that alternated be-
tween one MS scan and 15 MS/MS scans was applied for the 15 most
abundant precursor ions above a threshold ion count of 20,000 in the
MS scan followed by a dynamic exclusion duration of 15 s. The elec-
trospray voltage applied was 1.6 kV. The spectra generated by Orbitrap
were optimized through automatic gain control (AGC). The AGC target
was 3e6 for full MS and 1e5 for MS2.

2.8. Reproducibility of the experiment

To assess the precision and reproducibility of our proteomic data,
we collected sera from ten infected mice and ran six within-run assays
and six between-run assays on the same Clin-TOF II instrument to de-
termine the deviation. The mean coefficient of variation (CV) was
13.6% (11.4–15.8%) in the within-run assays and 16.8% (10.5–23.1%)
in the between-run assays. The CV of the relative intensity of each peak
was less than 20%, which confirmed the high repeatability of our serum
peptide profiling system.
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2.9. Enzyme-linked immunosorbent assay (ELISA)

To validate the potential biomarkers, the concentrations of sero-
transferrin (TRF), complement 3 (C3), and serum amyloid A-1 (SAA1)
in clinical serum were measured using ELISA (JiangLai, Biological)
according to the manufacturer’s instructions. After development with a
chromogen-substrate solution, the reaction was terminated by adding
50 μl of a stop solution. Optical densities were read at 450 nm, and the
concentrations were auto-calculated according to the standard curve.

2.10. Statistical analysis

Statistical analysis was performed on GraphPad Prism 7.0
(GraphPad Software, La Jolla, CA, USA) at the significance level of
P < 0.05. All data were shown as mean ± standard deviation (SD).
Multiple group comparison was examined via repeated measures ana-
lysis of variance and the least significant difference test.

3. Results

3.1. The signs of infected mice

The infected mice had significantly abnormal behaviors of tremor
retardation irritability piloerection, tail stiffness, and weight loss at 6 h
after the infection, which were not found in the control group.

3.2. Detection of serum peptide mass spectra of infected and control samples

After normalization, baseline-correction and smoothing by default
parameters, 95 serum peptide peaks were detected in mass (m/z) within
the range of 1000–10,000 Da (Fig. 1) between the infected group and
the control group.

3.3. Comparison between groups

Among the 95 peaks, 17 peptide peaks were significantly different
between groups (P < 0.01), including 7 peaks lower and 10 peaks
higher in the infected group than the control group (Fig. 2), relevant

Fig. 1. Serum peptide mass spectra of (A) the infected group and (B) the control group in the mass range from 1 to 10 kDa created by Clin-TOF II instrument. x-axis,
molecular mass to charge ratio (m/z); y-axis, relative intensity.
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peptide peaks were shown in the mass spectrum (Fig. 1).

3.4. Establishment of the peptide diagnostic panel

To improve the diagnostic accuracy of E. coli infection, a diagnostic
panel with these 17 candidate peptides was established using the K-
nearest neighbor (KNN) analysis. The best panel of peptides was se-
lected through the stepwise method (entry criterion: P < 0.05 and
exclusion criterion: P > 0.10). Among these peptides, 5 peaks at m/z
1941, 2924.1, 3962.1, 4126.9 and 5514 can be combined to establish a
KNN diagnostic model to discriminate the discovery cohort with the
highest accuracy of 92.2%, sensitivity of 95% and specificity of 70%.
Among these 5 peptides, the peaks m/z 1941, 2924.1 and 3962.1 were
less intense and peaks m/z 4126.9 and 5514 were more intense in the
infected group. The corresponding P-values were shown in (Table 1).

3.5. Identification of peptide biomarkers by nano-LC/ESI–MS/MS

With the nano-LC/ESI–MS/MS and Uniprot search, we were able to
identify the amino acid sequences of 3 peptides. Peaks m/z 1941,
2924.1 and 4126. 9 were identified as the fragments of TRF, C3 and
SAA1, respectively. The sequences of the three peptides were shown in
(Table 2).

3.6. ELISA

We further validated the serum expressions of TRF, C3 and SAA1
from 41 clinical samples using ELISA. The mean expressions of TRF, C3
and SAA1 in the infected group versus the control group were
1.656 ± 0.5872 vs. 2.032 ± 0.0673, 70.33 ± 34.06 vs.
221.4 ± 116.3, and 29.67 ± 24.74 vs. 5.873 ± 3.954 μg/ml, re-
spectively. Comparison of the serum expressions of the above 3 proteins
showed significant difference only in C3 and SAA1 (P < 0.05, Fig. 3).
The corresponding receiving operating characteristic (ROC) curves
were shown in (Fig. 4). These three combined biomarkers better dis-
criminated the infected group from the control group compared with
the sole biomarkers.

4. Discussion

Bacterial bloodstream infection (BSI) is a common infectious dis-
ease. As reported, the incidence of BSI outside China was 2% in 1990s
and 4.7% in 2007, and the death rate was 23–45% [1,2]. According to
Chinese reports, the incidence of BSI in some first-class hospitals rose
from 103 cases in 2006 to 312 cases in 2009, showing a year-to-year
uptrend [3,4]. Meanwhile, the costs of diagnosis and treatment also
increased. The annual costs of medical treatment were up to 16.7 bil-
lion dollars in the United States and 6.7 billion dollars in Europe. Even
with such huge costs, BSI still killed about 400,000 people each year
[7,8]. Therefore, the diagnosis and treatment of BSI need much clinical
attention. Since the primary disease variety and clinical manifestations
vary widely, clinicians need to make appropriate diagnosis based on the
early symptoms and laboratory tests, which highlight the clinical sig-
nificance of early laboratory tests [9,10]. The current clinical diagnostic
methods of BSI are limited and inefficient. Pathogenic culture, as the
gold standard for the diagnosis, is limited in early diagnosis due to its
large time-consumption and low positive rate (nearly 25–30%) [1,11].
Some infection indicators such as procalcitonin (PCT), C reactive pro-
tein (CRP), and interleukin 6 (IL-6) have low diagnostic values due to
the low sensitivity and specificity [12–14]. Therefore, a novel, sensitive
and efficient method for auxiliary BSI diagnosis is urgently needed.

Table 1
Statistical information of different peaks between groups.

m/z ratio PTTA(t) Ave-1 Ave-2 SD-1 SD-2

1941 <1e−6 55. 3 60. 5 33. 8 41. 1
2924. 1 1.43E−05 106 214. 5 50. 2 61. 7
3962. 1 < 1e−6 109. 3 127. 8 80. 4 122. 4
4126. 9 < 1e−6 264. 9 109. 6 114. 4 79
5514 1.52E−06 72. 2 55 69. 6 30. 8

Note: Group 1: infection; Group2: control; Ave: average peak intensity, SD:
standard deviation.

Table 2
Identified peptides sequence of three differential peaks.

m/z Amino sequences Protein name

1941 FSSPLGKDLLFKDSAFGL Serotransferrin (TRF)
2924. 1 SVQLMERRMDKAGQYLWENGNLLR Complement C3 (C3)
4126. 9 FFSFVHEAFQGAGDMAAEKISDGREAPNYYRPPGLPD Serum amyloid A-1 (SAA1)

Fig. 2. Different serum peptide peak expressions between the infected group and the control group. A represents the peptide peaks lower in the infected group than
the control group including 7 peptides. B and C represents the peptide peaks higher in the infected group than the control group including 10 peptides. All the results
are expressed as mean ± SD. x-axis, molecular mass to charge ratio (m/z); y-axis, mean intensity.
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We found 17 peptide peaks with significant differences between the
infected group and the control group. Then nano-LC/ESI–MS/MS suc-
cessfully identified the amino acid sequences of 3 peptides (m/z 1941,
2924.1, 4126.9). Moreover, seven peptide peaks including peaks m/z
1941 and m/z 2924.1, declined in the infected group compared with the
control group, suggesting these peptides are likely to combat bacterial
infections and consume some of their own substances. Peptide peak m/z
1941 was identified as the fragment of TRF, a single-chain polypeptide
protein with molecular weight of 75–90 KD (average 80 KD) and a beta
1-glycoprotein that can bind to iron in the serum [15]. TRF synthesized
by liver cells and macrophages of lymphoid tissues has the main
function of iron ion transportation in the body and is required for the
liver and brain development. Iron ion is critical in maintaining cell
membrane potential and in cell proliferation and redox reactions, in-
cluding energy metabolism and intracellular electron transfer. TRF
plays an important role in both hematopoiesis and bacterial immune
function [16]. In our study, the TRF content declined after BSI, which
may be attributed to three reasons. (1) In the reticuloendothelial system
phagocytic clearing antigen, TRF is consumed by opsonization and may

be degraded by granulocytes and cathepsin. (2) When the blood iron is
largely captured in bacterial growth and reproduction, the TRF level
decreases with the increasing serum iron consumption. Iron ion plays
an important role in the biological oxidation, and is transported by most
fungi and bacteria through iron ligands in vivo and then is absorbed by
hemoglobin, heme and transproteins. (3) Some substances in the blood
combine with TRF, which affects the detection of TRF. The increased
iron ion release is beneficial to the bacteria growth [16]. Our MADLI-
TOF MS and ELISA showed the TRF concentration in the infected group
was lower than the control group, but not significantly. We speculated
that it may be caused by the small sample size and will validate in large
cohorts.

Peptide peak m/z 2924.1 was identified as the fragment of C3. C3
locates at the junction of the two activation pathways of the comple-
ment system, playing a pivotal role in the activation of this system, and
is also a key molecule for the pathway activation [17]. Some gram-
negative bacteria, yeast polysaccharide, glucose, and condensation of Ig
(e.g. IgG4, IgA, and IgE) can be used to directly activate the alternative
pathway. During bacterial infection, before the body produces the
corresponding specific antibody, the complement bypass, which is im-
portant in anti-infection immunity, removes the pathogenic micro-
organisms [18]. Wang Q et al. found that C3 was higher in the infection
group at 16 h after the infection comparing with the control group in
the endotoxemia mice model [19], In our study we also found that C3
was significantly increased at 3 h after the E. coli injection in the mouse
model and dropped sharply at 48 h (data not shown), which was con-
sistent with the previous finding. However, the alteration of C3 might
be different in human patients with severe diseases. In a recent case
report [20], a 2-year-old boy with circulatory failure owing to strep-
tococcal toxic shock syndrome showed that C3 was lower in the sepsis
shock, indicating that C3 might be consumed in the severe phrase of
infection. In our study, the enrolled inpatients were also accompanied
with severe diseases and the immunity was reduced, so the con-
centration of C3 in patient group was lower than that of the normal
control group in the ELISA test results.

The other ten peptide peaks were more expressed in the infected
group than the control group. Among them, peptide peak m/z 4126.9
was identified as the fragment of SAA1, which is a member of the multi-
gene encoding polymorphic protein family and is the precursor of tissue
amyloid protein A, an acute phase reactive protein [21]. During the
acute phase inflammation or infection, the SAA1 level increases rapidly
from 48 to 72 h, and then decreases rapidly. The SAA1 level is upre-
gulated after bacterial infection, viral infection, atherosclerosis, cor-
onary heart disease, acute graft rejection, cancer and other diseases
[22]. SAA1 is more sensitive than CRP to some diseases (e.g. viral

Fig. 3. Serum TRF, C3 and SAA1 levels were compared between the infected group and control group using ELISA. Results are expressed as mean ± SD. *P < 0.05
(Unpaired T test).

Fig. 4. ROC curves of TRF, C3 and SAA1 for the diagnosis between infected
group and control group. The largest AUC for these three combined biomarkers
was 0.99.
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infection, graft rejection, coronary heart disease), which provides a
better reference for clinical practice. SAA1 is the protein mainly regu-
lated by cytokines (e.g. IL-1, IL-6 or tumor necrosis factor alpha) and
would be produced in inflammation, injury, infection, tumor or some
other situations [23]. In our study, SAA1 was up-regulated in the in-
fected group compared with the control group, which is consistent with
the previous study.

We found clinical serum TRF and C3 levels were lower and SAA1
level was higher in the infected group, as verified by ELISA in 41 spe-
cimens. Furthermore, the combination of these three biomarkers had a
better discriminating power than the sole biomarkers, indicating this
combination can be a good panel for BSI diagnosis.

This study has two limitations. (1) This study involved an animal
experiment and some clinical samples tested using ELISA, which were
still insufficient. Nevertheless, we will further validate in a large cohort
of clinical samples. (2) Some of the peptides were not successfully
identified, which may be due to some chemical modifications that in-
terfered with the detection, including methylation and phosphorylation
[24–26]. In the future, we will take further measures for successful
identification.

5. Conclusion

The change of peptides may reflect not only protein content al-
teration or abnormal expression in body fluids, but also the overall
protein quantity and dynamic response of some diseases. MALDI-TOF
MS is one useful tool for separation and analysis of complex mixtures of
proteins, and WCX magnetic beads could capture more peptides in the
serum, especially in the low- molecular-weight range [27,28]. The
captured proteins were then analyzed by MALDI-TOF MS to generate a
spectral map that approximately depicted the molecular weight (m/z)
and relative concentration (intensity) of each protein (ion). Our study
was only preliminary and aimed to explore the feasibility of this
method in BSI diagnosis. MALDI-TOF MS combined with WCX magnetic
beads is expected to be a new method for BSI diagnosis, but should be
further validated by large comprehensive clinical cohorts.
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