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ABSTRACT
Background: Critically ill coronavirus disease 2019 (COVID-19) patients may suffer persistent systemic
inflammation and multiple organ failure, leading to a poor prognosis.
Research question: To examine the relevance of the novel inflammatory factor heparin-binding protein
(HBP) in critically ill COVID-19 patients, and evaluate the correlation of the biomarker with disease
progression.
Study design and methods: 18 critically ill COVID-19 patients who suffered from respiratory failure and
sepsis, including 12 cases who experienced a rapidly deteriorating clinical condition and six cases without
deterioration, were investigated. They were compared with 15 age- and sex- matched COVID-19-negative
patients with respiratory failure. Clinical data were collected and HBP levels were investigated.
Results: HBP was significantly increased in critically ill COVID-19 patients following disease aggravation
and tracked with disease progression. HBP elevation preceded the clinical manifestations for up to 5 days
and was closely correlated with patients’ pulmonary ventilation and perfusion status.
Interpretation: HBP levels are associated with COVID-19 disease progression in critically ill patients. As a
potential mediator of disease aggravation and multiple organ injuries that are triggered by continuing
inflammation and oxygen deficits, HBP warrants further study as a disease biomarker and potential
therapeutic target.
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Introduction
The global pandemic of coronavirus disease 2019 (COVID-19) starting in December 2019 was caused by a
novel coronavirus named as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by the
International Committee on Taxonomy of Viruses [1]. Sequencing analysis of the virus genome indicates
79.5% gene sequence homology with SARS-CoV from 2002, implying that the pathogenic processes
underlying severe pneumonia may share similarities between both viruses [1–3]. The pathogenesis of
COVID-19 has been unfolding, and clinicians are starting to focus on rehabilitation and treatment of the
associated inflammatory sequelae [4]. Consequently, several studies have reported that some
SARS-CoV-2-positive patients with stable clinical conditions and nucleic acid tests converted to negative
may suddenly worsen or even die during the post-viral infection stage [5–7]. While false negative testing
as well as underlying chronic diseases exacerbated by the stress of infection could be contributing factors,
an inflammatory condition caused by SARS-CoV-2 may persist after viral RNA is no longer detectable.
A secondary inflammatory storm may occur during this stage of infection, causing multiorgan failures
[5, 8–12]. The aggravation of such inflammatory processes during an otherwise clinically stable state was
reported in 2002 during the SARS outbreak as well as in some cases of severe community-acquired
pneumonia [13–15]. Therefore, new knowledge about the mechanisms of the worsening of COVID-19
patients is warranted to establish interventions that may significantly improve the prognosis [9, 16].
Biomarkers associated with disease aggravation as well as potential therapeutic targets would be extremely
valuable in this respect.

Heparin-binding protein (HBP), also known as azurocidin or cationic antimicrobial protein of 37 kDa [17]
is stored in azurophilic granules and secretory vesicles of polymorphonuclear neutrophils (PMN), at the
cell membrane and in the azurophilic granules [18]. Endothelial cells are the primary targets of HBP
released in the circulation and this protein plays a major role in the mechanism of capillary leakage, while
it amplifies inflammatory effects by inducing cytoskeletal rearrangement and resulting in increased
permeability of the vascular endothelial barrier [17, 19]. Antigens, inflammatory factors, cytokines and
enzymes can stimulate PMN to release HBP by exocytosis [20, 21]. Studies in sepsis have indicated that
the sensitivity and specificity of HBP are varied, compared to C-reactive protein (CRP) or procalcitonin
(PCT), as an independent predictor of clinical outcome in severe infection [22, 23]. Our recent study
highlighted the role of IgA deposition and its mediated vasculitis in severe COVID-19 [24]. Considering
the major role of HBP in endothelial dysfunction and systemic vasculitis in severe infections, we
hypothesised that elevated HBP might mediate the pathogenesis of severe COVID-19 aggravation. The
goal of this study was to establish whether HBP is a useful biomarker and is associated with disease
aggravation for those patients eventually requiring advanced treatment options. HBP could serve as a
potential therapeutic target for patients who are at risk of developing systemic multiple organ failures, with
improvement in the patient prognosis and to prevent death in severely ill patients.

Materials and methods
Participants
According to the latest international diagnostic criteria for COVID-19 [25], 18 patients with critical
respiratory failure and clinical presentation of a viral-like sepsis were included in this study conducted at
the First Affiliated Hospital of Guangzhou Medical University. Exclusion criteria were a history of chronic
liver or kidney disease.

Among the 18 patients, two major clinical patterns were seen, i.e. 12 patients met the characteristics of a
clinical stable period before exacerbations of COVID-19 rather than secondary nosocomial infections in
the clinical stable period, while six other patients had been without aggravation. We referred to the studies
by BLUM et al. [26] and PAUL et al. [27] for the definition of clinical stable period of severe infections,
characterised by vital signs stable for >24 h (<37.5°C, heart rate <100 beats·min−1, respiratory rate
24 breaths·min−1), no shock, no respiratory symptoms such as dyspnoea and chest tightness. The
definition of the clinical deterioration of the disease was based on the clinical studies by VULTAGGIO et al.
[28] and YANG et al. [29], i.e. meeting one of the following criteria after a clinical stable period: 1) death
during hospitalisation [28]; 2) transferred to the intensive care unit due to severe exacerbation of
respiratory failure requiring invasive support measures to correct hypoxaemia [28]; 3) aggravated
respiratory failure without requiring invasive ventilation support [28]; 4) respiratory distress (respiratory
rate ⩾30 breaths·min−1) [29]; 5) resting oxygen saturation ⩽93% [29]; 6) arterial oxygen partial pressure/
inhaled oxygen fraction ⩽300 mmHg [29]. Considering the possibility of false negative nucleic acid tests in
COVID-19 patients and differences across different sites, we assessed disease progression by a
comprehensive evaluation involving three clinicians and three investigators.

According to the previous studies, most COVID-19 patients with sepsis involve nosocomial infections [30,
31]. In line with the purpose of this study on HBP and COVID-19 aggravation by persistent inflammation,
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it is of great importance to exclude patients aggravated by nosocomial infection. Therefore, we emphasised
that no new pathogens were detected in sputum and midstream urine to exclude patients with nosocomial
infection.

15 age- and sex-matched COVID-19 negative patients with respiratory failure were included for
comparison. Clinical information was extensively documented, and the level of HBP was assessed in each
participant. This study lasted for 125 days. Two time points were set: admission point and clinically stable
point. The different clinical status/periods in each patient were comprehensively assessed and
distinguished.

HBP quantification
Fresh venous blood was collected from the participants and placed in an upright tube for 1–2 h, then
centrifuged at 1500×g for 15 min. Plasma samples with sodium citrate anticoagulation (1:9) were tested.
When separating plasma, care was taken not to aspirate the white blood cell layer to avoid the releasing of
high levels of HBP. HBP is easily degraded (half-life is 1 h); therefore, all samples in the study were
detected immediately after collection within 1 h. Jet-iStar 3000 automatic analyser ( Joinstar Biomedical
Technology, Zhejiang, China) was used to assess 50 µL of sample, which was incubated for 18 min, and
the HBP level detected using dry fluorescent immunoassay methodology.

Imaging
Lungs were imaged to acquire posteroanterior oblique (PA) and lateral (LAT) views and quantitative
high-resolution computed tomography (HRCT) analysis was undertaken. Care was taken for chest PA and
LAT examinations to ensure that the patient’s respiratory cycle did not blur the image by rapid exposure at
inspiration (0.08 s). The centreline of the PA plate was aligned with the fifth dorsal thoracic vertebra, while
the centreline of the LAT plate to the lateral thoracic wall at the fifth thoracic vertebra. The cassette was
placed at 3 cm above the shoulder on the opposite side. The field covered the costophrenic angle. Major
evaluations covered pulmonary markings, substantive area, cardiac shadow area and the costophrenic
angle. The percentage of total lung area affected by the infection was adopted to evaluate the area of
pulmonary involvement. HRCT was set at a slice thickness of 1.0 mm. The quantitative analysis system
was used to evaluate the area of solid shadow, patch shadow and fibrous strip shadow. Additionally, we
also acquired abdominal HRCT images to evaluate organ function during the study period (i.e. with
abnormally low or high density).

TABLE 1 Clinical characteristics of the participants#

Respiratory failure Critical COVID-19 p-value

Subjects 15 18
Age years 56.00 (37.00–65.00) 59.50 (49.00–72.00) 0.164
Male/female 9/6 12/6 0.731
HBP ng·mL−1 12.58 (5.90–29.85) 113.20 (50.57–186.00) <0.001
ALT U·L−1 23.77 (8.19–36.47) 21.25 (13.00–34.50) 0.064
AST U·L−1 31.60 (30.10–40.30) 35.74 (26.40–65.35) <0.001
BUN mg·dL−1 6.18 (5.43–7.20) 10.80 (5.30–15.40) 0.002
Creatinine μmol·mL−1 67.10 (54.39–91.01) 76.40 (55.60–103.50) 0.038
CRP mg·L−1 0.13 (0.05–0.24) 10.37 (5.70–16.10) <0.001
D-dimer μg·L−1 811 (159.8–3500.00) 3655 (1800–6353) <0.001
PCT μg·L−1 0.11 (0.05–0.17) 0.30 (0.15–0.98) <0.001
K+ mmol·L−1 4.27 (4.10–4.62) 4.17 (3.93–4.51) 0.086
Na+ mmol·L−1 135.50 (135.20–140.10) 135.50 (131.20–143.60) 0.305
Cl− mmol·L−1 97.10 (94.33–104.13 94.50 (81.10–115.30) 0.327
Ca2+ mmol·L−1 2.24 (2.20–2.51) 2.24 (2.06–2.45) 0.394
White blood cells ×109 cells·L−1 5.13 (4.77–7.31) 8.46 (7.20–11.40) <0.001
Neutrophils ×109 cells·L−1 2.31 (1.94–4.00) 6.80 (5.20–8.60) <0.001
Lymphocytes ×109 cells·L−1 1.53 (0.97–1.66) 0.95 (0.62–1.50) 0.021
Red blood cells ×1012 cells·L−1 4.31 (3.44–5.19) 2.90 (2.65–3.41) <0.001
Platelets ×109 cells·L−1 154.00 (117.00–203.00) 160.00 (109.00–221.00) 0.527

Data are presented as n or median (interquartile range), unless otherwise stated. COVID-19: coronavirus
disease 2019; HBP: heparin-binding protein; ALT: alanine transaminase; AST: aspartate transaminase;
BUN: blood urea nitrogen; CRP: C-reactive protein; PCT: procalcitonin; K+: potassium; Na+: sodium;
Cl−: chloride; Ca2+: calcium. #: day 1 data, except HBP, which was the average of multiple time points.
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Data analysis and statistics
Continuous variables were expressed as median and interquartile range. Nonparametric testing
(Mann–Whitney test) was used to analyse differences between groups. Correlation was assessed using
Spearman’s correlation coefficient. A value of p<0.05 was considered statistically significant.
Cross-correlation function (CCF) testing was applied to explore correlations between different indexes and
HBP levels [32]. The phase relationship between different index trends and HBP trends was examined by
determining the time lag at which the value of the CCF was maximal [32]. Standardised method was

adopted as
X � m

s
, i.e. the value of the variable minus the mean divided by the standard deviation.

R (version 4.0.0; Bell Laboratories, Murray Hill, NJ, USA), GraphPad Prism 8.0.2 (GraphPad Software, San
Diego, CA, USA) and IBM SPSS (Statistics for Windows version 22.0; IBM, Chicago, IL, USA) were used
to analyse data and draw figures.

Results
Clinical characteristics
As shown in table 1, HBP levels were significantly higher in 18 critical COVID-19 patients compared to
patients with other respiratory failure. CRP and PCT were also higher in COVID-19 patients. Although
the white blood cell and neutrophil counts were higher in COVID-19, the lymphocyte count was lower.
D-dimer level was significantly higher in COVID-19, suggesting extensive disturbances to the
microcirculation despite the absence of hypotensive shock and diagnostic criteria for disseminated
intravascular coagulation not being met. This finding of D-dimer change has also been observed by
ZHOU et al. [33]. In table 2, we show the dynamic changes of various indicators in the 12 patients with
aggravation in the process of the disease. Continuous high levels of HBP were seen in these patients with
further increase observed with the disease aggravation. In contrast, the six patients without aggravation
had decreasing levels of HBP with the stabilisation of the disease (table 3).

HBP and multisystem indices
HBP changes and their correlation with inflammatory markers
As shown, there is significant correlation between HBP and PMN in the aggravation group (p<0.05,
r=0.35); however, in the remission group there was no significant correlation (figure 1a). Although the two
mechanisms are closely related, they do not look completely parallel from the data. The HBP level in the
case group with aggravation showed a significant upward trend since the clinical stable period, which
peaked on the 10th day after the aggravation period, and it began to decline at the 20th day as the disease
got under control. As disease progression of patients with severe COVID-19 who developed aggravation
occurred at varied time points, we used time ranges to indicate aggravation. PMN showed a similar trend,
but the increase was not as significant as for HBP and the decrease at later time points was greater. In
contrast, the HBP level of the patients with remission of the disease showed a significant downward trend.
In these patients, the HBP levels were significantly correlated with CRP and PCT (r=0.463 and 0.497,
respectively; both p<0.001).

Comparing HBP levels with an inflammatory index composed of interleukin (IL)-2, IL-4, IL-6, IL-10,
tumour necrosis factor-α and interferon-γ (figure 1b and supplementary table 1) revealed that IL-6
showed the most significant increase over the progress of disease. We further projected these variables
onto the plane of the inflammatory indices and HBP to enable more intuitive visualisation of the linear
relationship, and found that IL-6 had a strikingly positive correlation with HBP (r=0.693, p<0.001), and a
significant correlation with disease duration (p<0.001).

Coagulation index analysis
Activated partial thromboplastin time (APTT), which closely tracks endogenous coagulation, is longer in
the aggravation period than the clinical stable period (supplementary table 2). D-dimer was markedly
increased in the aggravation period in clinical stable period and correlated with HBP. However, patients’
clinical manifestations did not meet the diagnostic criteria for disseminated intravascular coagulation.

Correlation of blood gas index and lung exudation level
We compared data on the changes of pulmonary effusion from HRCT and chest PA and LAT at the
admission time point, with the subsequent trajectory of HBP in different clinical periods (figure 2a). The
aggravation period after the clinical stable period shows that the increase of HBP occurs earlier, at
∼35–40 days, while HRCT and chest PA and LAT peak at ∼45 days. After calculating the cross-correlation
function of HRCT and chest PA and LAT (figure 2b and c), we found that the strongest correlation with
HBP was when HRCT and chest PA and LAT lagged by 5 days. Thus, HBP rises and reaches a peak
∼5 days prior to HRCT and chest PA and LAT. Our further analysis showed that HBP was correlated with
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TABLE 2 The dynamic changes of various clinical indicators in the 12 patients with aggravation

Admission time days

1 5 10 15 20 25 30 35 40 45 50

PSI score 147.20
(133.00–172.00)

149.50
(117.30–172.00)

118.50
(104.30–141.00)

109.50
(88.00–130.50)

103.50
(89.00–151.00)

108.50
(89.00–151.00)

115.50
(101.30–144.00)

102.00
(91.00–122.00)

104.00
(85.00–1156.00)

100.00
(72.50–115.00)

85.00
(61.00–116.00)

HBP
mg·mL−1

116.20
(47.65–230.00)

85.39
(35.98–184.00)

92.96
(54.83–162.30)

89.12
(45.10–145.30)

72.22
(35.26–108.60)

106.30
(37.39–142.00)

92.31
(35.00–183.40)

162.80
(91.94–288.60)

179.90
(109.50–248.80)

165.40
(94.52–266.90)

129.20
(43.12–238.80)

IgA AU·mL−1 17.97
(7.98–155.50)

15.96
(7.30–67.68)

18.70 (9.65–34.73) 22.28
(13.70–70.89)

18.88
(11.40–92.46)

20.43 (8.41–32.82) 9.18 (5.02–22.42) 7.66 (5.21–11.43) 20.69 (6.42–35.74) 23.56 (8.82–67.11) 22.62 (5.31–51.25)

PCT ng·mL−1 0.38 (0.17–1.18) 0.38 (0.10–1.08) 0.24 (0.10–0.71) 0.30 (0.15–0.75) 0.73 (0.20–2.09) 0.80 (0.19–1.29) 0.88 (0.44–1.32) 0.48 (0.19–1.38) 1.01 (0.33–1.15) 0.48 (0.24–0.63) 0.42 (0.14–1.08)
CRP ng·mL−1 8.64 (6.93–9.96) 10.51

(7.91–12.32)
6.05 (2.08–13.37) 4.09 (1.07–13.71) 15.44 (7.71–19.15) 10.17 (6.77–17.83) 7.45 (5.87–11.98) 8.98 (5.76–11.34) 15.93

(11.42–19.95)
18.77

(16.12–23.74)
4.18 (3.09–9.27)

Neutrophils
×109

cells·L−1

5.70 (3.80–7.40) 5.45 (3.30–7.45) 5.70 (4.43–7.50) 6.10 (5.28–7.08) 6.10 (5.10–7.10) 6.30 (4.58–6.80) 6.35 (5.05–7.15) 6.50 (5.40–8.20) 6.15 (5.48–7.73) 5.60 (5.10–5.95) 4.90 (4.20–5.50)

D-dimer
μg·L−1

2939.00
(869.80–5477.00)

2972.00
(896.00–4897.00)

3186.00
(1738.00–6927.00)

2320.00
(1994.00–3453.00)

2455.00
(1509.00–2936.00)

2060.00
(1271.00–3596.00)

1320.00
(615.80–5552.00)

4530.00
(2131.00–4792.00)

7576.00
(3810.00–8252.00)

6390.00
(5607.00–7420.00)

4308.00
(1094.00–6163.00)

HRCT % 35 35 35 30 30 27 30 30 50 60 58
Chest PA and

LAT %
45 40 35 25 23 35 35 35 55 65 45

Data are presented as median (interquartile range), unless otherwise stated. PSI: pneumonia severity index; HBP: heparin-binding protein; AU: arbitrary unit; PCT: procalcitonin;
CRP: C-reactive protein; HRCT: high-resolution computed tomography; PA: posteroanterior oblique; LAT: lateral.

TABLE 3 The dynamic changes of various clinical indicators in the six patients without aggravation

Admission time days

1 5 10 15 20 25 30 35 40 45 50

PSI score 104.00
(89.25–115.00)

98.00
(79.50–115.0)

96.00
(64.50–109.30)

85.50
(59.00–98.75)

85.50
(59.00–98.75)

75.50
(54.50–87.50)

71.00
(54.50–86.75)

66.00
(50.25–86.75)

53.00
(43.00–80.00)

59.00
(44.50–65.50)

50.00
(37.50–57.00)

HBP mg·mL−1 103.30
(52.22–106.80)

107.60
(77.31–160.60)

78.22
(60.10–147.70)

69.15
(63.14–195.40)

77.75
(24.75–135.40)

35.45
(29.45–41.45)

30.75
(16.46–98.79)

23.66
(9.89–30.64)

15.39
(5.77–26.75)

21.39
(6.41–39.19)

27.16
(14.77–35.14)

IgA AU·mL−1 43.40
(11.37–221.80)

77.65
(23.47–182.00)

47.34
(15.96–232.80)

34.91
(23.86–174.80)

59.86
(22.61–177.10)

64.94
(16.48–157.90)

37.18
(15.46–126.30)

37.38
(7.72–86.80)

8.78 (5.95–47.73) 8.55 (5.75–39.14) 7.77 (5.58–40.47)

PCT ng·mL−1 0.26 (0.19–1.35) 0.15 (0.06–1.23) 0.13 (0.06–1.61) 0.18 (0.09–1.23) 0.24 (0.11–1.41) 0.80 (0.19–1.29) 0.54 (0.20–0.97) 0.31 (0.04–1.05) 0.30 (0.04–0.93) 0.15 (0.03–0.88) 0.09 (0.02–0.56)
CRP ng·mL−1 2.71 (0.81–11.34) 2.71 (0.40–9.73) 9.27 (0.16–13.06) 4.83 (1.30–10.63) 3.24 (0.93–12.18) 2.26 (0.56–10.21) 1.60 (0.33–9.03) 1.35 (1.08–8.99) 2.19 (0.60–3.83) 2.22 (1.09–4.09) 1.73 (1.00–2.81)
Neutrophil

×109

cells·L−1

5.40 (3.35–11.18) 5.50 (3.10–7.70) 5.40 (3.35–9.18) 5.10 (4.00–8.80) 5.60 (3.60–6.40) 4.60 (3.23–6.00) 4.65 (2.58–6.48) 5.60 (3.10–6.75) 4.00 (2.93–5.78) 4.40 (3.55–5.65) 4.60 (4.00–4.85)

D-dimer
μg·L−1

751.50
(656.30–3770.00)

2101.00
(741.50–5586.00)

1799.00
(482.00–5210.00)

1296.00
(567.00–7045.00)

689.00
(237.00–9545.00)

358.00
(266.50–2212.00)

482.00
(267.30–2204.00)

270.00
(166.00–806.00)

259.00
(147.00–350.00)

489.00
(457.50–545.50)

475.00
(255.00–730.50)

HRCT % 45 43 50 40 42 27 30 27 10 5 5
Chest PA and

LAT %
50 39 35 31 26 20 15 20 15 10 5

Data are presented as median (interquartile range), unless otherwise stated. PSI: pneumonia severity index; HBP: heparin-binding protein; AU: arbitrary unit; PCT: procalcitonin;
CRP: C-reactive protein; HRCT: high-resolution computed tomography; PA: posteroanterior oblique; LAT: lateral.
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the arterial–alveolar oxygen differential, intrapulmonary shunt volume, respiratory index and oxygenation
index (supplementary figure S2).

Evaluation of extrapulmonary organ function in patients with COVID-19
The overall levels of aspartate transaminase (AST), creatine kinase (CK), CK isoenzymes, cardiac troponin
I and myoglobin increased at 35–45 days at the aggravation period after clinical stable period
(supplementary table 3, supplementary figure S3A). During this period, the pro-brain natriuretic peptide
of the patients was 2479 (95% CI 603.4–3379) pg·mL−1, which was significantly higher than the healthy
level (<50 pg·mL−1). No patients had a significant decrease in urine output. Imaging indicated that one
patient had a pericardial effusion, but no enlargement in cardiac shadow or abnormalities in
cardiovascular performance. Compared with the changes of HBP levels (peaking at 35–40 mg·mL−1), there
was a time lag in the changes of the above five markers. After calculating the cross-correlation
(supplementary figure S3B), it was again found that a 5-day lag yielded the strongest correlation with HBP,
peaking ∼5 days earlier than AST, CK, CK isoenzymes, cardiac troponin I and myoglobin.

We selected blood urea nitrogen (BUN), creatinine and potassium (K+) as indicators to reflect kidney
function. In the aggravation stage, BUN and creatinine, but not K+ showed a significant upward trend
(supplementary table 4 and supplementary figure S4A). During this period, abdominal computed
tomography (CT) showed no obvious abnormalities in the kidneys. CCF analysis (supplementary figure
S4B) showed a strong positive correlation between BUN, creatinine and HBP, indicating that changes in
BUN and creatinine mirror those of HBP, again with a 5-day time lag. For K+, values held steady without
an obvious rise or peak, so the correlation between K+ and HBP is very weak.

The AST/alanine transaminase (ALT) ratio, as an indicator reflecting liver injury, showed an upward trend
starting at 35 days, and reached the peak of >3 at 40 days (supplementary figure S4A), indicating more
severe hepatocyte destruction. However, during this period, abdominal CT indicated no new abnormal
low-density lesions in the liver.

SARS-CoV-2 RNA positivity
In the severe COVID-19 patients, seven patients exhibited a change from negative to positive during the
stable period. We summarised the nucleic acid test results at different times and at different sites in the
patient population in the study (supplementary table 5). Unsurprisingly, we did not find a correlation
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between HBP and these test results, and thus concluded that the increase in HBP was unrelated to the
reversion of RNA positivity.

Discussion
Severe COVID-19 and its aggravation
Respiratory symptoms are the main manifestation of COVID-19, and severe diffuse alveolar epithelial
injury is one of the major pathological features [34]. In severely ill patients, pulmonary exudation is
significantly increased and abnormal dilatation of the pulmonary vessels at the sites of lesions is
commonly observed [35]. However, extrapulmonary organs such as the liver, kidney and heart may also
suffer direct or secondary damage [36]. SARS-CoV-2 can trigger inflammatory storms affecting perfusion,
resulting in multiorgan dysfunction, which has been reported in imaging, biopsy and autopsy studies,
despite there being no direct evidence of viral infection in these extrapulmonary organs [36–38]. At the
clinical stable stage of severe COVID-19 with respiratory failure combined with sepsis, some patients
aggravated and suffered multiple organ injuries. Studies have reported that systemic inflammatory
responses are stronger in the elderly, and those with weakened adaptive immunity and malnutrition may
have more severe clinical manifestations and are more likely to relapse without again testing positive for
the virus, due to non-infection-related secondary inflammation. This is one of the leading causes of death
during the stable period and is comparable to the risk of sudden cardiac death from COVID-19 [39–42].
We speculated that it may be caused by persistent inflammation triggered by SARS-CoV-2. Pathogens and
their fragments released after tissue destruction are recognised as foreign bodies. Immune dysfunction may
lead to clinical deterioration. Excessive activation of innate immunity aggravates the damage to tissues and
organs, reinforcing a vicious cycle [43].
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HBP: a biomarker and a critical mediator of COVID-19 aggravation
In this study, we found that the novel inflammatory factor HBP was closely correlated with the aggravation
of severe COVID-19 with respiratory failure, as well as its correlation with levels of inflammatory markers,
coagulation abnormalities and pulmonary injuries.

HBP is stored in vesicles in PMN near the cell membrane and is released when they are activated. In the
present study, correlations of the changes of HBP levels and PMN with the exacerbation of disease in the
stable stage were consistent; both began to rise at 30 days and peaked at 35 days. Correlation analysis of
the six inflammatory factors measured in this study showed that IL-6 levels were significantly increased
and related to HBP, and the two factors paralleled disease progression over time. The level of IL-6 can be
elevated in the early stages of an inflammatory storm, after which CRP, PCT and amyloid protein increase,
all positively correlated with the progression of inflammation and inhibition of PMN apoptosis [44].
Studies have shown that IL-6 amplifies the inflammatory response and enhances PMN production, and
activates them to release HBP [45–47].

Pulmonary exudation is significantly increased in COVID-19 patients, which is closely related to the
mechanism of pulmonary vascular leakage activated by HBP (supplementary figure S5). Vascularity and
neutrophil exosmosis and aggregation can further aggravate systemic inflammatory responses, and finally
exacerbate sepsis. Moreover, ALBARELLO et al. [48] found local abnormal dilatation of blood vessels in the
lung exudation area (not caused by microthrombi). Pulmonary blood flow perfusion imbalance is also one
of the causes of hypoxaemia, but the mechanism is unknown. We made speculated further, according to
the research from MORSING et al. [49] and LAURITZEN et al. [50], that the local release of vasodilatory
substances such as histamines may be caused by leukocyte extravasation which is activated by endothelial
cytoskeletal reorganisation, in turn activated by HBP, leading to pulmonary vascular dilatation and
tortuosity when under the inflammatory environment. SONG et al. [51] found that increasing HBP
damages surface polysaccharides of epithelial cells, and activates endogenous coagulation mechanisms,
causing APTT prolongation and D-dimer increases.

The cytoskeleton consists of microfilaments, microtubules and intermediate fibres: the microfilaments are
composed of actin, myosin and actin-binding proteins [52]. HBP binds to and internalises the surface
polysaccharide receptor of endothelial cells to activate protein kinase C (PKC) and Pho kinase [53, 54].
PKC in turn activates voltage-gated calcium (Ca) channels, facilitating Ca2+ influx, increasing
concentrations of which result in altered actin alignment [54]. In addition, PKC phosphorylates
cytoskeletal proteins directly and causes contraction. Rho can promote myosin light chain phosphorylation
and initiate cytoskeletal rearrangement [55]. Eventually, gap formation between otherwise tightly adhering
endothelial cells causes increased permeability and thus capillary leakage, allowing neutrophil migration
(supplementary figure S5).

Additionally, we identified a dynamic correlation of pulmonary effusion lesions with HBP, HRCT and
chest PA and LAT. It was found that HBP elevation preceded the progression of pulmonary lesions by
5 days, and was significantly correlated with changes in pulmonary effusion area. Therefore, from the
imaging perspective, the elevation of HBP precedes the progression of pulmonary lesions. Compared with
the commonly used inflammatory factors CRP, PCT and amyloid, HBP may not only reflect the level of
inflammation as a biomarker in evaluating severe patients, but may also be an important mediator in the
mechanism of inflammation progression.

Severe hypoxaemia is prevalent in patients with severe COVID-19, and acute diffuse respiratory distress
syndrome is a major factor contributing to a poor prognosis [56]. In the present study, HBP levels were
found to be significantly correlated with intrapulmonary shunt volume, arterial alveolar oxygen
differential, respiratory index and oxygenation index. Under the influence of capillary leakage syndrome
and vascular endothelial cell destruction caused by pathological factors including HBP, the respiratory
membrane and pulmonary blood perfusion are affected, eventually leading to the decline of pulmonary
ventilation function [57, 58]. Hence, we found that HBP is closely related to pulmonary ventilation in
COVID-19, parallel to the degree of hypoxia in this study. This close correlation highlights the association
between HBP and abnormal intrapulmonary shunting.

Extrapulmonary organ injuries and negative testing in COVID-19 aggravation
Extrapulmonary organ injuries were commonly seen in this study. Markers of myocardial cell damage
increased in the present study, with pericardial effusion seen in one patient. INCIARDI et al. [59] and
ZHENG et al. [60] both reported myocarditis as manifestations that may be evidence of extrapulmonary
organ involvement in COVID-19, accompanied by an increase in myocardial indicators. Here, we found
peak values of AST/ALT ratio >3. ZHANG et al. [36] found that liver injury was more common in patients
with severe COVID-19 than those with mild disease and reported a significant increase in AST in severely
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ill patients, consistent with the results of this study. At this stage of severe COVID-19, hepatocyte
mitochondria were damaged, with a large amount of AST released and the AST/ALT ratio remarkably
increased. A ratio >3 indicates serious liver tissue damage. Additionally, BUN and creatinine were
increased, and urine occult blood and protein were positive; two severely ill patients were diagnosed with
acute kidney damage. Renal perfusion is affected by hypoxia and systemic inflammation, resulting in
glomerular filtration dysfunction. ZHENG et al. [60] reported that severe COVID-19 patients can exhibit
secondary renal dysfunction with accompanying fluid retention resulting in some developing AKI.
However, our study did not find a significant decrease in urine volume or electrolyte imbalance such as for
K+. Correlation between HBP levels and the extrapulmonary organ injuries seen in this study might be
due to the consequences of COVID-19 aggravation. Inflammation and hypoxia of lung injuries may be the
direct causes.

In severely ill COVID-19 patients in our hospital, the viral RNA test may convert to negative. However, in
these patients, sudden exacerbation caused by persistent inflammation in the stable stage may still occur
and lead to multiorgan damage. The absence of viral inclusion bodies in the heart, liver and kidney
suggests that direct viral infection may not be the cause, consistent with several other studies [36, 59]. In
contrast, elevated HBP in these patients were highlighted as the potential culprit. Nonetheless, we also
found that some indicators reflecting levels of organ injury level did not decrease, even when inflammation
was controlled.

AKHMEROV et al. [61] postulated that this persistent state of organ injury may last for a long time, and that
especially for severe COVID-19, organ damage may not improve in the short term (by days), so early
treatment interventions would significantly improve the prognosis. The critical issue is to find the ideal
therapeutic targets. Considering the potential pathological roles of HBP in severe COVID-19, its value as a
therapeutic target is highlighted [62], e.g. by heparin-based therapy [63]. This is especially important when
considering that coagulation disorders have been suggested an important issue in COVID-19 [64].
Investigation on HBP for its therapeutic value is thus warranted.

Conclusions
The correlation of HBP with COVID-19 aggravation suggests its key role in systemic inflammation in
patients with severe COVID-19. Our longitudinal analysis revealed that HBP increased ∼5 days preceding
any imaging features of organ dysfunction. We therefore propose that HBP monitoring can be a useful
biomarker for COVID-19 aggravation and multiple organ injuries as sequelae of SARS-CoV-2 infection. In
addition, early intervention targeting HBP to improve the prognosis of severe COVID-19 patients warrants
clinical investigation. However, this study has its limitations. The sample size of this study is small.
Because HBP has a short half-life and is affected by white blood cells during detection, its detection needs
to be undertaken in fresh serum. For these reasons, we still lack solid data about the sensitivity and
specificity of HBP assay in severe COVID-19. Further study is warranted to confirm our conclusions about
its clinical applications.
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