Journal of Inflammation Research Dove

ORIGINAL RESEARCH

Heparin-Binding Protein: A Prognostic Biomarker
Associated with Severe or Complicated
Community-Acquired Pneumonia in Children

Shuang Li""2* Yanwen Xu(@®2*, Yuhang Wu2*, Heyu Huangz, Chen Sun?, Shanshan Xu?, Huajun Li 2
Xi Zhang3, Shiyong Zhao*, Lisu Huang'?

'Department of Infectious Diseases, The Children’s Hospital, Zhejiang University School of Medicine, National Clinical Research Center for Child
Health, Hangzhou, Zhejiang, People’s Republic of China; 2Department of Infectious Diseases, Xinhua Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai, People’s Republic of China; 3Clinical Research Unit, Xinhua Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai,
People’s Republic of China; *Department of Infectious Diseases, Hangzhou Children’s Hospital, Hangzhou, Zhejiang, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Lisu Huang, Department of Infectious Diseases, The Children’s Hospital, Zhejiang University School of Medicine, National Clinical
Research Center for Child Health, 3333 Binsheng Road, Hangzhou, Zhejiang Province, 310052, People’s Republic of China, Email lisuhuang@zju.edu.cn;
Shiyong Zhao, Department of Infectious Diseases, Hangzhou Children’s Hospital, 195 Wenhui Road, Hangzhou, Zhejiang Provinve, 310005, People’s Republic
of China, Email jhzsyhj@63.com

Purpose: Heparin-binding protein (HBP) is a novel biomarker for inflammatory diseases. This study aimed to investigate the role of
serum HBP in community-acquired pneumonia (CAP) in children and the association of HBP with the severity and prognosis.
Patients and Methods: A total of 125 children with CAP admitted to the hospital were enrolled in this retrospective study. We
analyzed the differences in clinical characteristics and examination findings between patients with different levels of HBP. The severe
or complicated CAP was defined as having severe radiographic findings and/or systemic manifestations. Receiver operator character-
istic (ROC) curves detected the performance of biomarkers in identifying patients with severe or complicated pneumonia. The
multivariate logistic regression models assessed the association between HBP levels and the severity and prognosis. Finally, we
constructed a predictive model based on HBP.

Results: The rate of severe or complicated CAP for patients with upper-quartile HBP concentration (=60 ng/mL) was 54.8%,
significantly higher than that of patients with lower HBP concentration (26.6%). The level of HBP is substantially correlated with
neutrophil counts, C-reactive protein, erythrocyte sedimentation rate, and serum amyloid A protein (r = 0.31, 0.26, 0.36, and 0.26,
respectively). HBP achieved the highest level of discrimination for severe or complicated CAP among the biomarkers. Higher HBP
concentration (>60 ng/mL) was associated with a three-fold higher risk of severe or complicated CAP (adjusted odds ratio = 3.11, p <
0.05). A predictive model including four characteristics (HBP, lactate dehydrogenase, age and non-viral infection) for predicting severe
or complicated CAP (with area under the ROC curve = 0.75) was built to create a nomogram.

Conclusion: Substantially elevated serum HBP is significantly associated with severe or complicated CAP and poor prognosis in
children. This finding warrants further investigation of the function of HBP in the pathogenesis of CAP.
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Introduction

Community-acquired pneumonia (CAP) is a leading cause of hospitalization among children. The incidence of CAP in
children below 5 years old is 65.8 per 1000 person-years in China." CAP is a heterogeneous disease that ranges from
a mild, self-limited illness to a severe infection that causes respiratory failure, septic shock and even death.” According to
the data from several population-based studies in different regions, the incidence rate of severe CAP in hospitalized
children ranges from 3.9% to 23.0%.%* Biomarkers for systemic inflammatory response will provide an objective basis
for evaluating the severity of pneumonia. Several studies have investigated the predictive value of conventional
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inflammation biomarkers, including leukocyte counts, C-reactive protein (CRP), and procalcitonin in children with
severe CAP. However, the associations between the severity and the levels of known biomarkers remain
inconclusive.”® Currently, no biomarker has been identified as the best assessment of the severity of CAP. There is
still a need to develop rapid and efficient biomarkers to overcome the limitations of traditional biomarkers for helping
treatment strategy.

One of the novel biomarkers of inflammation, heparin-binding protein (HBP), is a member of the serine protease
family. It is stored in secretory and azurophilic granules of neutrophils and is rapidly released upon stimulation during
inflammatory responses.” HBP has been considered a potential biomarker for progression to sepsis because of its capacity
to induce vascular leakage and regulate a wide variety of cellular responses to inflammation.® Its favorable prognostic
value for predicting sepsis has been established in the adult populations.” Besides, HBP’s diagnostic and discriminative
role in the etiology of CAP has been reported. HBP had a higher predictive value for differentiating bacterial and viral
infections than leukocyte and neutrophil counts in adult patients with CAP.'® For the pediatric population, to the best of
our knowledge, the only report on the association of between serum HBP and the severity of CAP was a retrospective
study enrolling critically ill children. This study found that patients with elevated HBP levels were more likely to develop
respiratory failure and severe sepsis.'' In this study, as all patients were enrolled from intensive care unit, these findings
could not be generalizable to the vast majority of patients with CAP. Meanwhile, radiological imaging is necessary for
the diagnosis of pulmonary complications of CAP due to the nonspecific symptoms in children. In the evaluation of
severe or complicated pneumonia, computed tomography (CT) can detect the area and extent of lung lesions, such as
ground-glass opacities, consolidations, and pleural effusions.'*'? Thus, in contrast to some subjective assessments, CT
provides information on the enlargement of lung infiltration and can be used as an imaging surrogate for the severity of
CAP. At present, the understanding of the severe imaging features of HBP and lung CT in children with CAP remains
insufficient. In our study, every patient had low-dose CT images due to the suspected pulmonary complications or the
demands of understanding the etiology of pneumonia. We aimed to assess the role of HBP in pediatric CAP and to
analyze the association of HBP with disease severity associated with pulmonary complications and systemic
manifestations.

Methods
Participants

This study was a retrospective study of newly diagnosed CAP patients aged < 18 years enrolled on initial admission
between May 2021 and September 2021. The definition of CAP was referred to the British Thoracic Society 2011
guidelines for the management of CAP in children.'* Enrolled individuals with CAP were those satisfying the following
inclusion criteria: (1) with clinical signs and symptoms of respiratory tract infection; (2) with non-enhanced low dose CT
scan consistent with pneumonia within 48 hours of admission based on the clinical demands. In terms of radiation safety,
the radiation doses received by all patients were 0.4—1.6 mSv, well below the cumulative dose with potential cancer risk
(30-90 mSv)."® Children were excluded if they were: (1) recently hospitalized within 7 days; (2) with neutropenia due to
chemotherapy; (3) with immunodeficiency.

Data Collection and Laboratory Tests

We retrospectively collected the baseline information, clinical presentation, laboratory tests and radiographic findings by
reviewing the electronic medical record. Laboratory tests included HBP, leukocyte counts and classification, platelet
counts, CRP, procalcitonin, erythrocyte sedimentation rate (ESR), ferritin, lactic dehydrogenase (LDH), serum amyloid
A (SAA) protein, lactate and cytokines. HBP was measured using Fluorescent Immunoanalyzer AFS-1000 and its
reagents (Shanxi Kang Jianen Biotechnology Co., Ltd, Shanxi, China) according to the manufacturer’s instructions.
Microbiologic assessments included blood for bacterial culture, serology for respiratory viruses, and naso/oropharyngeal
swabs for the polymerase chain reaction of common respiratory pathogens. Mycoplasma pneumoniae antibody titer >
1:160 on admission or a four-fold increase of the titer was required to establish a diagnosis of Mycoplasma pneumoniae
infection.'® All patients with negative results of microbial etiology were diagnosed with probable viral or bacterial
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infection by two experienced physicians according to the clinical manifestation and other laboratory findings.'” Etiologic
data was summarized using categorical variables for bacterial, viral, and Mycoplasma pneumoniae infection.

Outcome Measurements

The primary outcome was severe or complicated CAP assessed during hospitalization. Patients were considered to have
severe or complicated pneumonia if they had one or both of the following presence: (1) severe pulmonary manifestations
based on radiographic findings, including pulmonary consolidation, lobar atelectasis, and pleural effusion in this study;
(2) systemic manifestations that contributed to severe outcomes.'® 2" For the patients enrolled in this study, systemic
manifestations of severe or complicated cases were hypoxemia, liver injury (defined as the elevation of serum glutamic
pyruvic transaminase > 1.5 times the upper limit of the normal laboratory reference value and/or the elevation of bilirubin
levels), disorders of electrolyte and acid-base balance (including unexplained metabolic acidosis and moderate to severe

21,22

hyponatremia), Kawasaki disease (considered to be secondary to definite CAP during hospitalization” *““) and myocar-

ditis. The secondary outcome was the length of hospital stay.

Statistical Analysis

Patients were grouped according to the levels of HBP. The clinical data of patients with the highest quartile (>60 ng/mL)
of HBP was compared to that of patients with the other three quartiles (<60 ng/mL) of HBP. The measurement data was
presented as medians and interquartile ranges (IQR) and were compared using the Kruskal-Wallis H-test (for variables
with non-normal distribution) or Student’s f-test (for variables with normal distribution). The categorical variables were
compared using the chi-squared test or Fisher’s exact probability test. The associations between inflammatory biomarkers
were examined by Spearman correlation analysis. Receiver operator characteristic (ROC) curves detected the perfor-
mance of biomarkers in identifying patients with severe or complicated pneumonia. Multivariable logistic regression
analysis was used to assess the association between the concentration of HBP and the clinical outcomes. The results were
expressed as the odds ratio (OR) and 95% confidence interval (CI). Age, sex and pathogen were identified as potential
confounders. Considering the influence of antibiotic use before admission, a sensitivity analysis excluding those with
bacterial infections was performed to exclude the potential bias. Finally, we constructed a multivariate predictive model
by machine learning algorithms. Extreme gradient boosting (XGBoost) was introduced for modeling using the
“XGBoost” package in R. A nomogram was developed to visualize the multivariate predictive model. The effectiveness
and robustness of the model were evaluated using a piecewise linear regression model and calibration curve. The optimal
threshold point of nomogram score was determined by the ROC curve to distinguish between high-risk and low-risk
groups. Kaplan-Meier survival curve was used to assess the hospital discharge probability at different points of time and
to compare patients with different levels of prognostic factors. Statistical analyses were performed using the R software
version 4.2.1 (http://www.R-project.org) and the EmpowerStats (www.empowerstats.com; X&Y Solutions, Inc., Boston,
MA, USA).

Results

Patient Characteristics

In accordance with the selection criteria, 125 patients with CAP were enrolled in this study. The median HBP level for
the patients enrolled was 26.3 ng/mL (IQR 16.5-57.1 ng/mL). According to the 75th percentile distribution, we identified
the cutoff value of HBP at 60 ng/mL.

Demographic and clinical characteristics of patients with different levels of HBP are outlined in Table 1. The median
age in the lower HBP (<60 ng/mL) group was 2 years (IQR 1-3 years), younger than that in the higher HBP (=60 ng/mL)
group (3 years, IQR 2-4 years). There were no statistically significant differences in gender, chronic conditions, and
clinical presentations. Patients with higher HBP had a significantly higher frequency of Mycoplasma pneumoniae
infection compared to the lower group (48.4% vs 28.7%), but no difference was found in the distribution of bacterial
or viral infection between the two groups. Severe pulmonary radiographic findings included consolidation, atelectasis,
and pleural effusion. The proportion of patients with severe radiographic findings in the higher group was 2.6-fold higher
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Table | Demographic and Clinical Characteristics of Children with CAP According to HBP Levels

Variables HBP Concentration p-value
< 60 ng/mL (n = 94) > 60 ng/mL (n = 31)
Boys, n (%) 52 (55.3) 23 (74.2) 0.06
Age, median (IQR), years 2 (1-3) 3 (24) 0.03
Chronic conditions
Chronic airway diseases, n (%) 332 2 (6.5) 0.60
Rhinosinusitis, n (%) 12 (12.8) 8 (25.8) 0.09
Congenital heart defects, n (%) 10 (10.6) 0 (0.0) 0.06
Clinical presentation
Fever, n (%) 81 (86.2) 28 (90.3) 0.55
Duration of fever, median (IQR), days 5.0 (2.3-7.0) 5.0 (3.5-8.0) 0.35
Cough, n (%) 88 (93.6) 28 (90.3) 0.54
Wheezing, n (%) 26 (27.7) 13 (41.9) 0.14
Tachypnea, n (%) 38 (40.4) 16 (51.6) 0.28
Tachycardia, n (%) 2 (2.1) 2 (6.5) 0.24
Pathogen
Bacterial, n (%) 14 (14.9) 3(9.7) 0.46
Viral, n (%) 60 (63.8) 14 (45.2) 0.07
Mycoplasma pneumoniae, n (%) 27 (28.7) 15 (48.4) 0.04
Hypoxemia, n (%) I (1.1) I (3.2) 0.44
Any extra-pulmonary manifestation, n (%) 9 (9.6) 4 (12.9) 0.60
Any severe radiographic finding, n (%) 15 (16.0) 13 (41.9) <0.01
Consolidation, n (%) I (11.7) 12 (38.7) <0.01
Atelectasis, n (%) 332 1 (3.2) 1.00
Pleural effusion, n (%) 332 1 (3.2) 1.00
Severe or complicated pneumonia, n (%) 25 (26.6) 17 (54.8) <0.01
Length of hospitalization, median (IQR), days 5.0 (4.0-7.0) 7.0 (6.0-9.5) <0.01

Note: Significant p-values are bolded.
Abbreviations: CAP, community-acquired pneumonia; HBP, heparin-binding protein; IQR, interquartile range.

than that of patients in the lower group (41.9% vs 16.0%, p<0.05). Specifically, the higher HBP group included more
patients with pulmonary consolidation. There were more patients with hypoxemia or extra-pulmonary manifestations in
the higher HBP group, but the difference did not reach statistical significance. The proportion of patients with severe or
complicated CAP in the higher HBP group was approximately twice higher than that of patients in the lower group
(54.8% vs 26.6%, p<0.05). The median length of hospitalization in the higher HBP group was 2 days longer than that in
the lower group (7 days vs 5 days, p<0.05) (Table 1).

Laboratory Findings

Patients with higher HBP had significantly higher leukocyte counts, neutrophil counts, neutrophil percentages, and lower
lymphocyte percentages (Table 2). Regarding the inflammation biomarkers, higher CRP, ESR, SAA, and interleukin-1§
were observed in patients with higher HBP compared with the lower group. In contrast, no differences were present in
lymphocyte count, platelet count, procalcitonin, ferritin, LDH, lactate, interleukin-2, interleukin-6, interleukin-8, inter-
leukin-10, and tumor necrosis factor-a (Table 2). Spearman correlations were estimated between inflammatory biomar-
kers (Figure 1). Inflammatory biomarkers, including neutrophil counts, CRP, ESR, and SAA, were significantly
correlated with the level of HBP (estimated correlations of 0.31, 0.26, 0.36, and 0.26, respectively; p<0.05 for each
comparison).
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Table 2 Laboratory Tests of Children with CAP Stratified with HBP Levels

Variables HBP Concentration p-value
<60 ng/mL (n=94) | 260 ng/mL (n=31)
Leukocyte counts, median (IQR), 10%/L 7.2 (55-9.7) 8.4 (6.9-10.7) 0.04
Neutrophil percentage, median (IQR), % 39 (25-55) 53 (45-68) <0.01
Neutrophil counts, median (IQR), 10°/L 2.6 (1.5-4.3) 4.7 (3.3-6.3) <0.01
Lymphocyte percentage, median (IQR), % 49 (33-62) 32 (23-42) <0.01
Lymphocyte counts, median (IQR), 10°/L 3.3 (2.344) 2.6 (1.9-3.3) 0.05
Platelet, median (IQR), 10°/L 303 (236-397) 317 (262-378) 0.58
CRP, median (IQR), mg/dL 4.0 (0.0-15.8) 12.0 (4.0-26.0) <0.01
SAA, median (IQR), mg/L 18 (5-107) 104 (30-186) <0.01
Procalcitonin, median (IQR), ng/mL 0.1 (0.1-0.5) 0.1 (0.1-0.3) 0.53
ESR, median (IQR), mm/h 17 (7-32) 31 (20-58) <0.01
Ferritin, median (IQR), ng/mL 72 (40-120) 94 (55-139) 0.09
LDH, median (IQR), U/L 314 (275-352) 319 (282-361) 0.80
Lactate, median (IQR), mmol/L 2.3 (1.8-3.1) 2.6 (2.3-3.5) 0.40
Cytokines
Interleukin-1f, median (IQR), ng/L 5.6 (5.0-10.2) 10.1 (5.0-21.2) <0.01
Interleukin-2, median (IQR), U/mL 1153 (810-1517) 954 (674-1388) 0.11
Interleukin-6, median (IQR), ng/L 5.7 2.8-14.7) 10.6 (3.4-16.3) 0.23
Interleukin-8, median (IQR), ng/L 25.5 (14.7-69.1) 17.2 (10.4-62.0) 0.27
Interleukin-10, median (IQR), ng/L 5.0 (5.0-12.0) 5.2 (5.0-7.0) 0.94
Tumor necrosis factor-a, median (IQR), ng/L | 14.0 (11.9-18.7) 15.5 (13.1-22.0) 0.28

Note: Significant p-values are bolded.
Abbreviations: CAP, community-acquired pneumonia; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; HBP,
heparin-binding protein; IQR, interquartile range; LDH, lactate dehydrogenase; SAA, serum amyloid A.

Potential Factors Associated with the Severity of Pneumonia

Of the 125 children in this study, 42 (33.6%) had severe or complicated pneumonia. Severe radiology findings were
confirmed in 28 patients. Of these, 22 patients were identified to have pulmonary consolidation, 4 had pleural effusion,
and 4 had atelectasis. The main systemic manifestations among patients enrolled were disorders of electrolyte and acid-
base balance (8 cases), Kawasaki diseases (3 cases), liver injury (3 cases), hypoxemia (2 cases), and myocarditis (1
cases). Notably, the 3 patients with manifestations of Kawasaki disease during their hospitalization were diagnosed with
CAP on admission and had evidence of microbiological etiology.

No significant differences between the severe or complicated pneumonia and mild pneumonia group with regard to
clinical characteristics, including age, gender, and clinical presentation (Table S1). In terms of etiology, viral infections were
less common in children with severe or complicated pneumonia than in children with mild pneumonia (45.2% vs 66.3%,
p<0.05). The proportion of Mycoplasma pneumoniae infection in children with severe or complicated pneumonia was
1.8-fold higher than that in children with mild pneumonia (47.6% vs 26.5%, p<0.05). The median level of HBP in patients
with severe or complicated pneumonia was nearly twice higher than that in patients with mild pneumonia (43.0 ng/mL vs
24.3 ng/mL, p<0.05). However, no significant difference was observed in other potential inflammatory markers (Table S1).

The diagnostic performance of candidate inflammatory biomarkers in identifying children with severe or complicated CAP
was evaluated using the area under ROC curves (Table S2). Among the candidate biomarkers, HBP achieved the highest level of
discrimination for severe or complicated CAP (area under the ROC curve=0.62). Sensitivity analysis revealed consistent findings
after excluding patients with bacterial infections (area under the ROC curve of HBP = 0.67) (Table S2).

HBP as a Biomarker Associated with the Severity of CAP

We analyzed the association between HBP levels and disease severity by logistic regression models. Patients with elevated HBP
were more likely to develop pulmonary complications according to their radiographic findings. After adjusting for age, sex and
probable pathogen, the higher HBP group had a 3-fold increased risk of developing any severe radiographic finding compared
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Figure | Correlations between inflammatory biomarkers. Relationships between variables were analyzed by Spearman correlation. Blue means positive correlation, and red
means negative correlation. Darker colors indicate stronger associations. *p<0.05.

Abbreviations: CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; HBP, heparin-binding protein; IL, interleukin; LDH, lactate dehydrogenase; N, neutrophil
counts; SAA, serum amyloid A; TNF-0, tumor necrosis factor-a.

with the lower group (adjusted OR: 3.08, p<0.05, Table 3). When HBP was included in the multivariate regression model as
a continuous variable, the risk of developing severe radiographic findings was increased by 10% with every 10 ng/mL increase in
HBP (p<0.05, Table 3). We did not observe the association between higher HBP and the occurrence of any systemic manifesta-
tions, including hypoxemia and extra-pulmonary manifestations, in the crude and the adjusted models. However, the risk of these
manifestations was increased by 13% with every 10 ng/mL increase in HBP (p<0.05, Table 3). Patients with higher HBP levels
had an almost 3-fold greater risk of severe or complicated pneumonia than the lower group (adjusted OR: 3.11, p<0.05, Table 3).
The risk of severe or complicated CAP was increased by 12% with every 10 ng/mL increase in HBP (p<0.05, Table 3). The higher
HBP group had a 3.8-fold increased risk of staying in hospital for more than 10 days compared with the lower group (adjusted OR:
3.81, p<0.05, Table 3). Moreover, in the sensitivity analysis excluding patients with bacterial infections (17 patients), the
association between the elevated HBP and the risk of severe or complicated pneumonia remained statistically significant in the
multivariate model (adjusted OR: 3.86, p<0.05, Table S3).
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Table 3 Association Between HBP Levels and the Severity in Children with CAP

Outcomes

HBP Concentration

Patients at Risk (%)

Any severe radiographic finding

Any systemic manifestations

Severe or complicated pneumonia

Length of hospitalization = 10 days

< 60 ng/mL group
2 60 ng/mL group
Per 10 ng/mL increase
< 60 ng/mL group
2 60 ng/mL group
Per 10 ng/mL increase
< 60 ng/mL group
2 60 ng/mL group
Per 10 ng/mL increase
< 60 ng/mL group
2 60 ng/mL group
Per 10 ng/mL increase

15/94 (16.0)
13/31 (41.9)
/

10/94 (10.6)
531 (16.1)

25/94 (26.6)
17/31 (54.8)
/

8/94 (8.5)
8/31 (25.8)
/

Crude OR (95% Cl) | Adjusted OR® (95% CI)
Ref Ref

3.80 (1.54, 9.37)* 3.08 (1.09, 8.72)*
1.12 (1.03, 1.22)* 1.10 (1.00, 1.21)*
Ref Ref

1.62 (0.51, 5.15) 2.38 (0.64, 8.85)
1.08 (0.98, 1.19) 1.13 (1.01, 1.27)*
Ref Ref

3.35 (1.44, 7.78)* 3.1 (1.25, 7.71)*
1.12 (1.03, 1.22)* 1.12 (1.02, 1.22)*
Ref Ref

3.74 (1.27, 11.04)* 3.81 (1.14, 12.79)*
1.10 (1.00, 1.20) 1.10 (0.99, 1.23)

Notes: *Values are ORs (95% Cls) for logistic regression model, adjusting for age, sex, and pathogen. *p < 0.05.

Abbreviations: CAP, community-acquired pneumonia; HBP, heparin-binding protein; OR, odds radio; 95% Cl, 95% confidence interval.

Establishment of Risk Score Model Based on HBP

In addition, XGBoost algorithms were used to identify patients with severe or complicated CAP based on baseline

characteristics and blood biomarkers. A final predictive model of HBP, LDH, age and non-viral infection was obtained

using the XGBoost method (area under the ROC curve=0.75, Figure 2A). We built a nomogram incorporating these four

risk factors above (Figure 2B) for predicting severe or complicated CAP. The probability of severe or complicated CAP

by different levels of nomogram score is presented by piecewise linear regression modeling (Figure 2C). The calibration
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Figure 2 A prognostic model composed of age, HBP levels, LDH levels and non-viral infection to predict the risk of severe or complicated CAP in children. (A) Receiver operating
characteristic (ROC) curve to test the prognostic ability of the model. (B) Nomogram for predicting the risk of severe or complicated CAP. (C) Relationship of nomogram points and
the probability of severe or complicated CAP. (D) The calibration curve diagrams between the predicted probability and the actual probability. (E) The proportion of severe or
complicated CAP in the high-risk group (risk score = 74) and the low-risk (risk score < 74) group. The difference was significant (64.5% vs 20.8%, p < 0.01).
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Figure 3 The Kaplan-Meier curves comparison of the rate of hospitalization (A) between different levels of HBP and (B) between different levels of risk score.

curve shows that the probability of severe or complicated CAP predicted by the nomogram was consistent with the actual
probability (Figure 2D). The optimal cutoff value of the nomogram score determined by the ROC curve divided patients
into two classes, designated as high-risk (=74 points) and low-risk (<74 points) groups. The difference in the proportion
of severe or complicated CAP in the high-risk group and the low-risk was significant [64.5% (20/31) vs 20.8% (15/72),
p<0.01, Figure 2E].

Length of Hospitalization

The Kaplan-Meier curves show the length of hospital stay from admission until discharge. The probability of remaining
in hospital by classification of patients with higher and lower HBP levels is shown in Figure 3A, indicating that the risk
of prolonged hospitalization was increased for patients with higher HBP (p<0.01, Log rank test). The median length of
stay for these groups was 7 days and 5 days, respectively (p<0.01). The Kaplan-Meier curves for patients in the high-risk
group (nomogram score >74 points) and patients in the low-risk group (nomogram score <74 points) show good
performance in distinguishing the risk of prolonged hospitalization (Figure 3B, p<0.01, Log rank test). The median
length of stay for these groups was 7 days and 5.5 days, respectively (p<0.01).

Discussion

In this study, we retrospectively enrolled 125 CAP patients and analyzed the relationship between serum HBP levels and
the severity and prognosis. HBP showed a strong association with severe or complicated CAP among all the potential
biomarkers, and this association remained statistically significant after adjusting for potential confounding factors.
Moreover, a higher level of HBP observed among children with CAP was associated with a longer hospital stay.
A multivariate model consisting of HBP, LDH, age and non-viral infection for predicting severe or complicated CAP was
constructed to identify the high-risk patients more effectively. Finally, we built a predictive nomogram model to make the
HBP more clinically applicable.

As an important inflammatory mediator, HBP has been reported as a promising biomarker in predicting disease
worsening or progression in infectious diseases. A study enrolling 487 adult patients with suspected infection in the
emergency department found that 29% of the patients developed organ dysfunction, also defined as severe sepsis.>
Similarly, another study enrolled 157 children with severe CAP, and severe sepsis occurred in 21.7% of them.'' HBP
could predict disease progression to severe sepsis with an area under the ROC curve value of 0.80 and 0.85 respectively
in both studies.'"** Although parallels can be seen with other studies, the incidence of severe sepsis was low in the
present study. Only two patients developed hypoxemia with remission after oxygen inhalation. This study reported both
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pulmonary and systemic manifestations in children with CAP, and we mainly investigated the role of serum HBP levels
in the occurrence of these severe presentations. The levels of HBP were independently associated with the radiographic
severity of CAP in children, which were mainly related to the immune response after the tissue damage associated with
pulmonary infection. As described in previous studies, HBP is expressed in neutrophils and stored in their secretory
vesicles and azurophilic granules.” Neutrophil-derived HBP is involved in vascular permeability and edema formation
during the host defense and the inflammatory processes since the endothelial cells were the initial targets of HBP.** These
properties offer a potential explanation for the association between HBP levels and the severity of radiographic findings,
especially for the formation of consolidation of lung tissue due to the probable endothelial damage during the intense
inflammatory responses in the respiratory tract.>> A previous study has demonstrated the predictive value of HBP for
acute exacerbations of interstitial lung disease.”® The mechanistic pathways were probably similar to pulmonary injury
in CAP.

Previous findings have revealed that HBP is a marker of bacterial infection in adult patients.*’*®* However,
a relatively small proportion of enrolled patients were diagnosed with bacterial infections in this study, and no patient
was found to have positive blood culture. Therefore, we prespecified a sensitivity analysis excluding patients with
bacterial infections. These results supported our findings and conclusions. In this study, children with increased HBP
levels were more often infected by Mycoplasma pneumoniae. The mechanism of neutrophil infiltration into the lungs in
Mycoplasma pneumoniae pneumonia involves the excessive production of various inflammatory cytokines and
chemokines.?® Thus, we can infer that Mycoplasma pneumoniae infection impacts the increase of HBP. Further, we
have adjusted the logistic regression models for probable pathogens to account for the direct microbial damage to the
respiratory tract. We can still conclude that HBP levels are associated with severe or complicated pneumonia, and this
association seems less dependent on etiology.

Furthermore, in addition to the known association between HBP and neutrophils, there were highly positive
correlations between HBP and some representative acute-phase reactants, including CRP, ESR, and SAA. This finding
suggests that serum HBP might aid in the clinical judgment of the degree of systemic inflammation. Although linear
relationships were evaluated between HBP and these candidate biomarkers, HBP is the most important independent
factor for severe or complicated pneumonia in the present study. The levels of other biomarkers had less predictive value
in the outcome measures. One possible explanation would be that the HBP is a specific marker for interstitial and tissue
edema formation in human tissues and organs.>* This property is different from other markers, for example, procalci-
tonin, the release of which follows overwhelming cytokine storms.>° The overall levels of cytokines in the patients
enrolled did not increase remarkably. The procalcitonin, therefore, did not show a strong effect on disease severity in this
study. However, the nomogram model built in our study has included LDH, recognized as a traditional indicator of lung
damage or inflammation,*' as well as a prognostic factor in pneumonia patients.** The elevation of HBP and LDH may
have similar effects on the development of severe or complicated pneumonia.

Several limitations of the present study should be discussed. First, the exact role of HBP was unclear among CAP
patients since HBP levels in lower airway samples (sputum or bronchoalveolar lavage fluid) were not detected. However,
it is still reasonable to speculate that HBP in the peripheral circulation may be involved in the development of CAP
according to the known mechanisms. Besides, lower airway samples are not feasible for routine disease monitoring.
Second, HBP circulates in the blood with a short elimination half-life between 1 and 2 h,>® suggesting a degree of
variability at each point of the disease development. Therefore, dynamic detection may compensate for this deficiency.
Moreover, the threshold value of HBP determined by the upper quartile in this study should be confirmed and validated
in future studies to increase validity in larger cohorts.

Conclusion

In conclusion, the level of HBP indicates the underlying disease severity of CAP in children, and the constructed
nomogram based on HBP can help predict the probability of severe or complicated pneumonia in those patients. Rapidly
identifying children at high risk for severe or complicated pneumonia could signal the need for closer monitoring or
prolonged hospital stay for therapy.
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