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Abstract

Background/Objectives: Cystic fibrosis (CF) is a genetic disease whose hallmarks in-
clude chronic inflammation of the airways causing tissue damage with increased levels of
alarmins in the respiratory secretions, as well as activation of the coagulation/fibrinolytic
systems that are linked to inflammation. However, no information is available about the
fibrinolytic system and how fibrinolysis is involved in airway injury. On the road to under-
standing this issue, we determined levels of two key markers, High Mobility Group Box 1
(HMGB1), an alarmin, and D-dimers, associated with fibrin breakdown and airway inflam-
mation, in the sputum from patients with cystic fibrosis. Methods: Sputum samples were
collected from 13 individuals with CF and subjected to two different treatment protocols. In
the first protocol, the sample was treated with dithiothreitol (DTT) and then centrifuged in
order to collect the supernatant (SED). In the second protocol, the sample was centrifuged
and the supernatant was obtained (SE). The pellet obtained was treated with DTT and then
centrifuged in order to collect the supernatant (SPE). ELISA assays were performed on all
samples. Results: HMGB1 and D-dimer levels were significantly lower in supernatants
from sputum centrifuged before DTT treatment (SE) compared to those processed after
DTT (SPE and SED). However, no significant difference was observed between SPE and
SED samples for both markers. D-dimer levels in SED correlated positively with FEV1 and
blood monocyte counts. Conclusions: Direct sputum processing with DTT may be a useful
procedure for assessing biomarkers of inflammation and fibrinolysis in CF.

Keywords: cystic fibrosis; HMGB1; D-dimer; biomarker; damage; inflammation; fibrinolysis;
lung disease

1. Introduction
Cystic fibrosis (CF) is a genetic disease with autosomal recessive heritability which

affects many organs and tissues with absorptive/secretive properties, including the pan-
creas, lungs, sweat glands, and the digestive and reproductive tracts [1]. Nevertheless,
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lung disease is the main determinant of morbidity and mortality of CF patients. CF lung
disease causes thick, sticky mucus buildup, leading to chronic coughing (often with spu-
tum), frequent lung infections and shortness of breath [2]. Constant inflammation of the
airways, leading to damage over time, is the pathological hallmark of this disease [3].
Proteases and oxidants produced by airway epithelial cells and resident as well recruited
immune cells provoke continuous damage to airway epithelia and underlying structures,
leading to high levels of mediators in the respiratory secretions [1,4]. In particular, besides
inflammatory cytokines and chemokines, CF airway secretions are replete with alarmins,
i.e., danger-associated molecular patterns liberated or secreted by damaged cells [5,6].
One of the most important alarmins is High Mobility Group Box 1 (HMGB1), which is
located in the nucleus in homeostatic conditions, but it is freed from damaged cells or
even secreted [7]. Macrophages and neutrophils are the cell types involved in HMGB1
production. HMGB1 is present in CF sputum and bronchoalveolar lavage fluid (BALF)
obtained from CF airways [5,8,9], and its levels correlate with progression of lung function
decline [10].

Blood coagulation is known to be elicited by inflammatory processes and is involved in
the production of inflammatory mediators itself, thus perpetuating a vicious inflammatory
cycle. Fibrinolysis follows coagulation in order to break down fibrin clots, thus exerting a
pro-resolution or an anti-inflammatory function. However, the components involved in
this process, particularly the enzyme plasmin, can initiate pro-inflammatory responses,
including cytokine release and cell migration [11,12].

Biomarkers of inflammation, danger, and tissue repair can be studied in respiratory
secretions, such as sputum and BALF [13,14]. These matrices are the most useful ones to
describe pathophysiology of CF lung disease at the local level, but might also be important
for diagnostic and prognostic purposes, as well as to gauge therapeutic interventions.
While BALF collects secretions from the more distal airways, sputum is representative of
the upper airways (bronchi/bronchioles), where CF lung disease occurs. However, sputum
is contaminated by saliva and has to be dissolved to free biomarkers from its complex
matrix. The treatment of sputum samples with reducing agents such as dithiothreitol
(DTT) so as to obtain a chemical homogenization before analysis may affect the validity
of biomarker measurements, in particular tumor necrosis factor (TNF)-α, leukotriene B4
(LTB4), and myeloperoxidase (MPO) [15]. Therefore, before considering HMGB1 and D-
dimers as potential biomarkers of CF lung disease, it is essential to determine whether the
commonly used reducing agent DTT alters their measurable concentrations. Assessing the
analytical impact of sputum processing is thus a necessary methodological step to ensure
the reliability and interpretability of biomarker studies in this matrix [15].

Accordingly, the aims of the present study were twofold: first, to investigate HMGB1
and D-dimers in CF sputum as markers of tissue damage and fibrinolysis, respectively; and
second, to determine whether DTT, a reducing mucolytic agent routinely used for sputum
homogenization, affects their detection and quantification. Notably, although the influence
of DTT on several sputum biomarkers has been described, the measurement of D-dimers
in CF sputum after treatment with reducing agents has not been previously evaluated.

2. Materials and Methods
2.1. Patients and Methods

CF patients (>18 years) were recruited at the Cystic Fibrosis Support Center of the “G.
Tatarella” Hospital (Cerignola, Italy). CF patients with F508del/F508del and F508del/other
mutation genotypes were included in this study. Enrolled patients had a confirmed CF
diagnosis based on sweat chloride testing and/or genotyping, and were on CFTR modulator
therapy (Trikafta) for at least 15 days prior to sample acquisition. The study was approved
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by the Ethics Committee of the Riuniti Hospital of Foggia (no. 124/CE/2023, issued on
26 July 2023) and was conducted in compliance with the current Good Clinical Practice
standards and in accordance with the relevant guidelines and regulations and the principles
set forth under the Declaration of Helsinki (1989). During this study, the privacy rights of
participants were observed and informed consent was obtained.

Spontaneous sputum samples were obtained and processed. Sputum samples were
subjected to two different treatment protocols. In the first protocol (n = 5–6), after mechani-
cal removal of saliva, the sample was treated with DTT and then centrifuged in order to
collect the supernatant (hereinafter referred to as SED). In the second protocol (n = 7–8),
after removal of saliva, the sample was centrifuged and the supernatant was obtained (here-
inafter referred to as SE). The pellet obtained was treated with DTT and then centrifuged
in order to collect the supernatant (hereinafter referred to as SPE). The liquefaction with
DTT was performed as previously described [16]. Samples intended for treatment with
the mucolytic were diluted with 2.5 volumes of sterile saline. An equal volume of 0.1%
DTT solution was then added to this mixture. The 0.1% DTT solution was obtained by
diluting a standardized mucolytic preparation (Sputolysin, Calbiochiem, Sigma-Aldrich,
Milan, Italy, Cat.#560000). After this addition, vortexing was performed for approximately
5 min at room temperature to uniformly mix the DTT and sample. The samples were then
incubated in a thermostatically controlled water bath at 37 ◦C until the mucus component
was completely liquefied. This last process took approximately 2 h on average. During this
time, the sample was visually inspected every 10 min. The soluble phase of the sputum was
obtained by centrifugation (13,000 rpm for 10 min at 4 ◦C), and the supernatant was stored
at −20 ◦C until analysis. Sputum samples not treated with DTT were simply centrifuged at
10,000× g for 15 min at 4 ◦C, and the supernatants were immediately stored at −20 ◦C. To
match the sevenfold dilution factor of the second protocol, samples from the first protocol
were diluted accordingly prior to the ELISA.

ELISA assays for HMGB1 and D-dimer (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) were performed on all samples (HMGB1: n = 9 for SE; n = 9 for SPE; n = 7 for
SED. D-dimer: n = 8 for SE; n = 9 for SPE; n = 5 for SED). The human ELISA HMGB1 kit
(Cat.#EEL047) has an assay range of 0–2000 ng/mL and a sensitivity of 0.01875 ng/mL.
The human ELISA D-dimer kit (Cat.#EHDDIMER) has an assay range of 0.082–60 pg/mL
and a sensitivity of 0.08 pg/mL.

2.2. Statistical Analysis

The Shapiro–Wilk test was performed to verify the normal distribution of data within
each group before statistical analysis. Based on the non-normality of data, comparisons
between groups were performed by Kruskal–Wallis test followed by Mann–Whitney test.
The data are presented as medians, interquartile range, minimum and maximum values.
A p-value < 0.05 has been considered statistically significant. Spearman rank correlation
coefficients (rs) between parameters were computed. GraphPad Software (version 9.0,
GraphPad Software) was used for the analysis.

3. Results
3.1. Clinical Characteristics of CF Patients

The selected patients (n = 13) were all homozygous or heterozygous with the F508del
mutation, aged >18 years, and with a body mass index (BMI) indicating normal weight.
Although the age at diagnosis was very young, Trikafta therapy was initiated at a median
age of 23 years. The median forced expiratory volume in the first second (FEV1), a parameter
of the respiratory function, was normal but ranged below normal (70%), indicating that
some patients had poor respiratory function. All patients presented with bronchiectasis.
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The subjects had respiratory infections caused by bacteria typical of this disease, namely
Pseudomonas aeruginosa, Burkholderia cepacia, and Staphylococcus aureus. Hematological
parameters did not show significant alterations compared to normal values (Table 1).

Table 1. Caracteristics of CF patients.

N. 13

Anthropometric Data

Sex (M/F) 7/6

Age (years) 27 (23–45)

BMI (kg/m2) 23.5 (20.1–24.3)

Genotype

F508del/F508del (n) 4

F508del/other mutation (n) 9

Clinical Data

Age at diagnosis (years) 1 (0.3–5.8)

Age of starting triple therapy
(years) 23 (20.5–41.0)

“ s FEV1% predicted 69 (57–86)

Bronchiectasis 13/13

Respiratory Infections

Pseudomonas aeruginosa (n) 4

Burkholderia cepacia (n) 2

Staphylococcus aureus (n) 2

MRSA (n) 1

Escherichia coli (n) 1

Haematological Parameters

Reactive Protein C (mg/L) 0.38 (0.04–0.67)

White Blood Cells (n/mm3) 5.5 (4.8–7.7)

Neutrophils (%) 56.5 (45.2–65.1)

Lymhocytes (%) 32.4 (22.5–39.7)

Monocytes (%) 7.3 (6.5–9.6)

Basophils (%) 0.55 (0.22–0.85)

Eosinophils (%) 2.9 (1.1–4.2)
MRSA: Multidrug Resistance Staphylococcus aureus. Data are reported as medians (interquartile range).

3.2. HMGB1 and D-Dimer Levels in Sputum Samples

Although twenty sputum samples were submitted to the laboratory, seven of them
were excluded because the salivary component was overwhelming compared to the very
small mucosal component. The average starting volume of each sputum sample was
approximately 500 µL. In our experimental procedure, some sputum samples were immedi-
ately centrifuged, obtaining supernatant and pellet. The supernatant was directly subjected
to ELISA determination of HMGB1 and D-dimers; in the remainder of the Discussion, this
type of sample will be referred to with the acronym “SE”. The pellet obtained after the
aforementioned centrifugation was treated with DTT, as described in the Section 2, and
then centrifuged to obtain a supernatant for ELISA determinations; in the remainder of the
Discussion, this type of sample will be referred to by the acronym “SPE.” Other sputum
aliquots were first treated with DTT, and then centrifuged, and the resulting supernatants
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were subjected to ELISA determinations; in the remainder of the Discussion, this type of
sample will be referred to by the acronym “SED.”

Normality testing using the Shapiro–Wilk method revealed a non-normal distribution
of the data (p < 0.05). Therefore, non-parametric tests were applied. Figure 1 reports HMGB1
and D-dimer levels as assessed on our samples by ELISA assay. Median HMGB1 levels
were significantly lower in supernatants from centrifuged sputum before DTT treatment
(SE) compared to both SPE supernatants and SED supernatants (Figure 1a). It can be
highlighted, however, that SPE and SED samples were not different.

Figure 1. HMGB1 and D-dimer levels in sputum samples. Sputum was processed to obtain SE, SPE,
and SED samples as detailed in the Materials and Methods, and assayed for HMGB1 (a) and D-dimer
(b) levels by ELISA assays. The reported values were obtained by multiplying the raw ELISA data by
a factor of seven. Values are shown as medians, interquartile range, minimum and maximum values.
Mann–Whitney test: * p < 0.05.

To note, several samples approached or exceeded the upper quantification limit for
D-dimer levels. As in the case of HMGB1, the median detectable D-dimer levels were
significantly lower in the supernatants from centrifuged sputum before DTT treatment (SE)
compared to both SPE and SED supernatants. The difference between SPE vs. SED samples
was not significant (Figure 1b).

The Kruskal–Wallis test gave an overall p-value of 0.0291 for HMGB1 and 0.0198 for
D-dimer levels. The exact levels of each biomarker and the exact p-values, computed by
Mann–Whitney test, are reported in Table 2.

Next, we considered whether HMGB1 and D-dimer sputum levels correlated with
clinical parameters (FEV1, BMI, CRP, WBC, and differential counts). While HMGB1 in all
the three samples did not correlate with any parameter, D-dimer SED correlated positively
with FEV1 and monocytes. In both cases, a strong trend toward a positive correlation
was observed between the two parameters (rs = 0.90), which, however, did not reach
statistical significance (p = 0.08), likely due to the limited sample size. Figure 2 represents
these correlations.
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Table 2. Levels of HMGB1 (ng/mL) and D-dimer (pg/mL) in CF sputum samples.

Median Interquartile
Range

Min.–Max.
Values p-Value

HMGB1
SE 12.53 4.829–28.78 4.088–102.7 –
SPE 31.16 28.76–33.70 24.89–40.80 SE vs. SPE: 0.0315
SED 34.91 26.25–44.86 23.58–86.64 SE vs. SED: 0.0229
D-dimer
SE 112.0 73.09–158.0 27.35–192.3 –
SPE 235.3 105.1–687.5 74.76–865.0 SE vs. SPE: 0.0464
SED 490.5 173.9–807.1 124.9–809.6 SE vs. SED: 0.0109

Figure 2. Correlation of D-dimer SED with FEV1 and monocytes. (a) Positive correlation between
FEV1 and D-dimer levels (pg/mL). (b) Positive correlation between monocytes (% of total WBC) and
D-dimer levels (pg/mL).

4. Discussion
The identification of biomarkers in cystic fibrosis could elucidate the pathophysiologi-

cal stages of the disease, aiding in the diagnostic stratification of patients as well as in drug
development [17] and therapeutic monitoring [18]. Few inflammatory markers have so far
been identified, with NE, IL-8, IL-1β and TNF-α having the greatest responsiveness to ther-
apeutic interventions, although endowed with variability [14]. More targeted approaches
are needed for further identify biomarkers of inflammation and tissue repair in CF.

HMGB1 and D-dimers are of a certain relevance for CF, as both biomarkers reflect
the chronic inflammatory state and pulmonary hypercoagulability characteristic of the
pathology. HMGB1 is an alarmin released by damaged cells and neutrophils. It is funda-
mental to understanding the pathophysiological mechanisms of the disease, as it correlates
directly with the extent of pulmonary damage [19]. D-dimers are by-products derived from
the cleavage of cross-linked, insoluble fibrin molecules. An intricate relationship between
inflammation, coagulation, and fibrinolysis exists [20]. Pro-inflammatory cytokines (such
as IL-6, TNF-α, and IL-1β) stimulate the expression of tissue factor (TF) on monocytes and
endothelial cells, initiating the extrinsic coagulation cascade. On the other hand, coagula-
tion modulates inflammation. Activated coagulation factors, particularly thrombin, factor
Xa, and the TF-factor VIIa complex, and components of the plasminogen–plasmin system
act on protease-activated receptors (PARs) on inflammatory cells, boosting the production
of pro-inflammatory cytokines [20–22]. Moreover, while early inflammation may enhance
fibrinolytic activity, sustained inflammation increases plasminogen activator inhibitor-1
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(PAI-1) levels, which effectively stops fibrin removal and promotes persistent, pathological
clot formation [23]. However, whether these interactions between coagulation and inflam-
mation that have been quite firmly established in systemic inflammation also operate and
influence localized inflammatory processes such as in CF remains to be established [24].

Here we used the spontaneous sputum as a non-invasive matrix for biomarker dis-
covery in CF, serving for elucidating whether a reducing agent can permit a sensitive
detection of HMGB1 and D-dimer levels. Prior to biomarker analysis, sputum must un-
dergo solubilization using mucolytic agents (such as dornase alfa), reducing agents [DTT
and dithioerythritol (DTE)] or mechanical dissociation [14]. DTT (commonly used at 0.1%
to 10 mM) disrupts the gel-like structure of mucus (e.g., MUC5AC, MUC5B), transforming
it into a fluid state suitable for analysis. It effectively disperses cell clusters trapped in
mucus, facilitating accurate cell counting, differential cell analysis, gene expression and
flow cytometry [25,26].

Sputum samples were prepared for ELISA analysis by two protocols: direct solubi-
lization with DTT (SED) or first separation of the solid fraction from the soluble one. In
the second protocol, the former insoluble fraction was further processed by DTT (SPE)
while the last soluble fraction was assayed as such (SE). For both HMGB1 and D-dimers,
treatment with DTT resulted in significantly higher measured levels, indicating that these
biomarkers are not freely available in untreated sputum. However, given that even highly
viscous CF sputum is characterized by a typical mesh size on the order of hundreds of
nanometers [27], substantially larger than the hydrodynamic dimensions of both HMGB1
and D-dimer, a purely steric trapping mechanism within the mucin network appears insuf-
ficient to fully explain this observation. A more plausible interpretation is that HMGB1 and
D-dimers are retained within the mucus matrix primarily through non-specific interactions
with mucins, including electrostatic and hydrophobic bonds, which significantly hinder
their diffusion and accessibility. In this framework, the effect of DTT extends beyond
a simple increase in mesh size: by reducing disulfide bonds, DTT alters the molecular
organization of mucus, leading to a partial reorganization of the polymeric network and a
reduction in effective binding sites for embedded proteins. Such behavior aligns with recent
physical descriptions of native mucus as a heterogeneous material whose structure arises
from arrested phase separation, and where reduction in disulfide bonds induces not only
fluidization but also the emergence of macroheterogeneities and network reorganization.
These structural transitions significantly impact molecular sequestration and transport
within mucus matrices, providing a mechanistic basis for the enhanced detectability of
biomarkers following DTT treatment [28,29].

Interestingly, SPE and SED samples were not different in biomarker levels, although
the direct solubilization (SED) obtained slightly higher levels than SPE, suggesting that an
aliquot of both markers remained insoluble. To strengthen the procedure that allowed us
to obtain meaningful levels of these biomarkers, D-dimer levels in SED strongly correlated
positively with FEV1 and monocyte counts. Although not statistically significant, the high
correlation coefficient (rs = 0.90) suggests a strong biological association that warrants
further investigation. Future studies with a larger sample size are needed to confirm
these findings and achieve adequate statistical power. Nevertheless, this might mean that
the D-dimers can be accounted as a marker of increased respiratory function; i.e., the
more fibrinolysis, the better the lung function. These results should be corroborated by
measures involving fibrinolytic molecules, such as tissue-type plasminogen activator and
plasminogen/plasmin. Monocyte-derived macrophages are actuated in the resolution of
inflammation [30]. Our results indicate that monocytes can collaborate in the resolution of
inflammation by degrading the fibrin clot. Indeed, monocytes and macrophages plays a
key role in fibrinolysis by assembling components of the fibrinolytic system on their surface
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and also by internalization of fibrin and its degradation [31]. The fact that HMGB1 was
not correlated with clinical parameters reflects the divergent results obtained from other
studies. Indeed, Tiringer et al. [5] showed that HMGB1 levels in BALF were significantly
higher in non-CF controls with recurrent infections than in stable CF patients, while Rowe
et al. [8] showed that sputum HMGB1 was higher in CF patients in acute exacerbations
as compared with healthy controls. Our patients are in stable conditions due to Trikafta
treatment, and thus overall these data indicate that HMGB1 would be worthwhile to
measure in CF patients in acute exacerbation.

The limit of this work is the small number of CF patients, although highly homoge-
neous from the genetic and clinical viewpoints, which should be improved in subsequent
studies, above all for considerations about the clinical usefulness of the biomarkers con-
sidered in this study. Another issue arose out of the observation that several samples
approached or exceeded the upper quantification limit for D-dimer levels, suggesting that
D-dimer concentrations in CF sputum may be higher than anticipated and warrant further
investigation using assays specifically validated for this biological matrix.

Our findings support the potential utility of sputum-based biomarker analysis as
a non-invasive approach for disease phenotyping, monitoring disease progression, and
evaluating treatment efficacy. Future studies involving larger and longitudinal cohorts are
warranted to validate these observations and to establish the clinical utility of HMGB1 and
D-dimer as biomarkers in routine CF care.

5. Conclusions
The direct solubilization of sputum samples represents a promising strategy for the

assessment of HMGB1 and D-dimer levels in patients with cystic fibrosis. The ability to
quantify biomarkers reflecting cellular damage, inflammation and coagulation/fibrinolitic
activation directly within the respiratory tract offers important insights into complex
mechanisms underlying CF lung disease. In this regard, we could measure HMGB1 and D-
dimer levels in CF sputum by a simple protocol involving DTT, with the meaningful results
that D-dimers, an underappreciated marker in CF lung disease, were also measurable.

Author Contributions: Conceptualization, S.D.G., D.L., G.G., M.G. and M.C.; methodology, S.D.G.,
P.V., D.T. and A.C.; validation, P.V. and M.C.; formal analysis, M.C.; investigation, S.D.G., D.T. and
A.C.; resources, M.C.; data curation, M.C.; writing—original draft preparation, M.C.; writing—review
and editing, S.D.G., A.C., D.T., D.L., G.G., M.G. and M.C.; funding acquisition, S.D.G., D.L. and M.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Italian Ministry of Education (MUR) (Finanziato
dall’Unione Europea—Next Generation EU, Missione 4 Componente 1, CUP J53D23002200006:
PRIN 2022 project “Relationship between mucus structure and water magnetic relaxation: a link
toward the use of LF-NMR to monitor the clinical conditions of COPD and CF patients”, project code
2022K4Y33B), by Regione Autonoma Friuli Venezia Giulia (L.R. 22/2022, article 7, paragraphs 56–61,
project “Development of a software platform for the acquisition and processing of low-field nuclear
magnetic resonance data for monitoring lung function and inflammatory status in patients with
cystic fibrosis, COPD, non-bronchiectasic chronic conditions and asthma”, CUP J93C24002040002),
and by the European Union—NextGenerationEU through the Italian Ministry of University and
Research under PNRR-M4C2-I1.3 Project PE_00000019: “Health Extended ALliance for Innovative
Therapies, Advanced Lab-research, and Integrated Approaches of Precision Medicine-HEAL ITALIA”
to Lorenzo Lo Muzio. CUP: D73C22001230006. The views and opinions expressed are those of the
authors only and do not necessarily reflect those of the European Union or the European Commission.
Neither the European Union nor the European Commission can be held responsible for them.

https://doi.org/10.3390/pathophysiology33030053

https://doi.org/10.3390/pathophysiology33030053


Pathophysiology 2026, 33, 53 9 of 10

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki, and approved by the Ethics Committee of the Riuniti Hospital of Foggia (no.
124/CE/2023, issued on 26 July 2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mall, M.A.; Burgel, P.R.; Castellani, C.; Davies, J.C.; Salathe, M.; Taylor-Cousar, J.L. Cystic fibrosis. Nat. Rev. Dis. Primers 2024,

10, 53. [CrossRef] [PubMed]
2. Petrocheilou, A.; Moudaki, A.; Kaditis, A.G. Inflammation and Infection in Cystic Fibrosis: Update for the Clinician. Children

2022, 9, 1898. [CrossRef] [PubMed]
3. Cohen-Cymberknoh, M. Infection and Inflammation in the Cystic fibrosis (CF) airway. Pediatr. Pulmonol. 2025, 60, S82–S83.

[CrossRef] [PubMed]
4. Mullen, E.; Murphy, M.; Bateman, G.; Casey, M.; Gunaratnam, C.; McElvaney, N.G. An update on targeting airway inflammation

in cystic fibrosis. Expert. Rev. Respir. Med. 2025, 19, 997–1015. [CrossRef] [PubMed]
5. Tiringer, K.; Treis, A.; Kanolzer, S.; Witt, C.; Ghanim, B.; Gruber, S.; Schmidthaler, K.; Renner, S.; Dehlink, E.; Nachbaur, E.;

et al. Differential expression of IL-33 and HMGB1 in the lungs of stable cystic fibrosis patients. Eur. Respir. J. 2014, 44, 802–805.
[CrossRef] [PubMed]

6. Cook, D.P.; Thomas, C.M.; Wu, A.Y.; Rusznak, M.; Zhang, J.; Zhou, W.; Cephus, J.Y.; Gibson-Corley, K.N.; Polosukhin, V.V.;
Norlander, A.E.; et al. Cystic Fibrosis Reprograms Airway Epithelial IL-33 Release and Licenses IL-33-Dependent Inflammation.
Am. J. Respir. Crit. Care Med. 2023, 207, 1486–1497. [CrossRef] [PubMed]

7. Tang, D.; Kang, R.; Zeh, H.J.; Lotze, M.T. The multifunctional protein HMGB1: 50 years of discovery. Nat. Rev. Immunol. 2023, 23,
824–841. [CrossRef] [PubMed]

8. Rowe, S.M.; Jackson, P.L.; Liu, G.; Hardison, M.; Livraghi, A.; Solomon, G.M.; McQuaid, D.B.; Noerager, B.D.; Gaggar, A.; Clancy,
J.P.; et al. Potential role of high-mobility group box 1 in cystic fibrosis airway disease. Am. J. Respir. Crit. Care Med. 2008, 178,
822–831. [CrossRef] [PubMed]

9. Entezari, M.; Weiss, D.J.; Sitapara, R.; Whittaker, L.; Wargo, M.J.; Li, J.; Wang, H.; Yang, H.; Sharma, L.; Phan, B.D.; et al. Inhibition
of high-mobility group box 1 protein (HMGB1) enhances bacterial clearance and protects against Pseudomonas Aeruginosa
pneumonia in cystic fibrosis. Mol. Med. 2012, 18, 477–485. [CrossRef] [PubMed]

10. Chirico, V.; Lacquaniti, A.; Salpietro, V.; Munafo, C.; Calabro, M.P.; Buemi, M.; Arrigo, T.; Salpietro, C. High-mobility group box 1
(HMGB1) in childhood: From bench to bedside. Eur. J. Pediatr. 2014, 173, 1123–1136. [CrossRef] [PubMed]

11. Costantini, T.W.; Kornblith, L.Z.; Pritts, T.; Coimbra, R. The intersection of coagulation activation and inflammation after injury:
What you need to know. J. Trauma Acute Care Surg. 2024, 96, 347–356. [PubMed]

12. Fujimoto, H.; Gabazza, E.C. The role of the coagulation-fibrinolysis system in airway and lung remodeling. Respir. Investig. 2025,
63, 1050–1059. [CrossRef] [PubMed]

13. Giacalone, V.D.; Moncada-Giraldo, D.; Margaroli, C.; Brown, M.R.; Silva, G.L.; Chandler, J.D.; Peng, L.; Tirouvanziam, R.; Guglani,
L.; Program, I.-C. Pilot study of inflammatory biomarkers in matched induced sputum and bronchoalveolar lavage of 2-year-olds
with cystic fibrosis. Pediatr. Pulmonol. 2022, 57, 2189–2198. [CrossRef] [PubMed]

14. Lepissier, A.; Addy, C.; Hayes, K.; Noel, S.; Bui, S.; Burgel, P.R.; Dupont, L.; Eickmeier, O.; Fayon, M.; Leal, T.; et al. Inflammation
biomarkers in sputum for clinical trials in cystic fibrosis: Current understanding and gaps in knowledge. J. Cyst. Fibros. 2022, 21,
691–706. [CrossRef] [PubMed]

15. Woolhouse, I.S.; Bayley, D.L.; Stockley, R.A. Effect of sputum processing with dithiothreitol on the detection of inflammatory
mediators in chronic bronchitis and bronchiectasis. Thorax 2002, 57, 667–671. [CrossRef] [PubMed]

16. Colombo, C.; Costantini, D.; Rocchi, A.; Cariani, L.; Garlaschi, M.L.; Tirelli, S.; Calori, G.; Copreni, E.; Conese, M. Cytokine levels
in sputum of cystic fibrosis patients before and after antibiotic therapy. Pediatr. Pulmunol. 2005, 40, 15–21. [CrossRef]

17. Addissouky, T.A.; Sayed, I.E.T.E.; Ali, M.M.A.; Wang, Y. Emerging biomarkers for precision diagnosis and personalized treatment
of cystic fibrosis. J. Rare Dis. 2024, 3, 28. [CrossRef]

18. Ozuna, H.; Bojja, D.; Partida-Sanchez, S.; Hall-Stoodley, L.; Amer, A.; Britt, R.D., Jr.; Sheikh, S.; Frank, D.A.; Wang, W.; Kang, B.Y.;
et al. Proteomics profiling of inflammatory responses to elexacaftor/tezacaftor/ivacaftor in cystic fibrosis. Front. Immunol. 2025,
16, 1486784. [CrossRef] [PubMed]

https://doi.org/10.3390/pathophysiology33030053

https://doi.org/10.1038/s41572-024-00538-6
https://www.ncbi.nlm.nih.gov/pubmed/39117676
https://doi.org/10.3390/children9121898
https://www.ncbi.nlm.nih.gov/pubmed/36553341
https://doi.org/10.1002/ppul.71343
https://www.ncbi.nlm.nih.gov/pubmed/39465651
https://doi.org/10.1080/17476348.2025.2517898
https://www.ncbi.nlm.nih.gov/pubmed/40503676
https://doi.org/10.1183/09031936.00046614
https://www.ncbi.nlm.nih.gov/pubmed/24969657
https://doi.org/10.1164/rccm.202211-2096oc
https://www.ncbi.nlm.nih.gov/pubmed/36952660
https://doi.org/10.1038/s41577-023-00894-6
https://www.ncbi.nlm.nih.gov/pubmed/37322174
https://doi.org/10.1164/rccm.200712-1894oc
https://www.ncbi.nlm.nih.gov/pubmed/18658107
https://doi.org/10.2119/molmed.2012.00024
https://www.ncbi.nlm.nih.gov/pubmed/22314397
https://doi.org/10.1007/s00431-014-2327-1
https://www.ncbi.nlm.nih.gov/pubmed/24809802
https://www.ncbi.nlm.nih.gov/pubmed/37962222
https://doi.org/10.1016/j.resinv.2025.08.010
https://www.ncbi.nlm.nih.gov/pubmed/40884862
https://doi.org/10.1002/ppul.26023
https://www.ncbi.nlm.nih.gov/pubmed/35637404
https://doi.org/10.1016/j.jcf.2021.10.009
https://www.ncbi.nlm.nih.gov/pubmed/34772643
https://doi.org/10.1136/thorax.57.8.667
https://www.ncbi.nlm.nih.gov/pubmed/12149524
https://doi.org/10.1002/ppul.20237
https://doi.org/10.1007/s44162-024-00052-z
https://doi.org/10.3389/fimmu.2025.1486784
https://www.ncbi.nlm.nih.gov/pubmed/39935472
https://doi.org/10.3390/pathophysiology33030053


Pathophysiology 2026, 33, 53 10 of 10

19. Furci, F.; Murdaca, G.; Pelaia, C.; Imbalzano, E.; Pelaia, G.; Caminati, M.; Allegra, A.; Senna, G.; Gangemi, S. TSLP and
HMGB1: Inflammatory Targets and Potential Biomarkers for Precision Medicine in Asthma and COPD. Biomedicines 2023, 11, 437.
[CrossRef] [PubMed]

20. Levi, M.; van der Poll, T. Two-way interactions between inflammation and coagulation. Trends Cardiovasc. Med. 2005, 15, 254–259.
[CrossRef] [PubMed]

21. Choi, G.; Schultz, M.J.; Levi, M.; van der Poll, T. The relationship between inflammation and the coagulation system. Swiss Med.
Wkly. 2006, 136, 139–144. [CrossRef] [PubMed]

22. Levi, M.; van der Poll, T.; Schultz, M. Systemic versus localized coagulation activation contributing to organ failure in critically ill
patients. Semin. Immunopathol. 2012, 34, 167–179. [PubMed]

23. Whyte, C.S. All tangled up: Interactions of the fibrinolytic and innate immune systems. Front. Med. 2023, 10, 1212201. [CrossRef]
24. ten Cate, H. Blood coagulation in cystic fibrosis: Modulating inflammation? J. Thromb. Haemost. 2004, 2, 555–556. [CrossRef]

[PubMed]
25. Loppow, D.; Bottcher, M.; Gercken, G.; Magnussen, H.; Jorres, R.A. Flow cytometric analysis of the effect of dithiothreitol on

leukocyte surface markers. Eur. Respir. J. 2000, 16, 324–329. [CrossRef] [PubMed]
26. Diemer, S.; Chowdhury, S.; Sahl, C.; Happonen, L.; Pahlman, L.I. Characterisation of airway inflammation and proteomes

associated with cystic fibrosis-related diabetes. ERJ Open Res. 2025, 11, 00290-2025. [CrossRef] [PubMed]
27. Butnarasu, C.; Caron, G.; Pacheco, D.P.; Petrini, P.; Visentin, S. Cystic Fibrosis Mucus Model to Design More Efficient Drug

Therapies. Mol. Pharm. 2022, 19, 520–531. [PubMed]
28. Franzino, G.; Tescione, F.; Larobina, D. Macroheterogeneities Induced by Disulfide Bond Reduction in Native Mucus. ACS Appl.

Bio Mater. 2025, 8, 4647–4656. [CrossRef] [PubMed]
29. Philippe, A.-M.; Cipelletti, L.; Larobina, D. Mucus as an Arrested Phase Separation Gel. Macromolecules 2017, 50, 8221–8230.

[CrossRef]
30. Rodriguez-Morales, P.; Franklin, R.A. Macrophage phenotypes and functions: Resolving inflammation and restoring homeostasis.

Trends Immunol. 2023, 44, 986–998. [CrossRef] [PubMed]
31. Marrufo, A.M.; Flores-Mireles, A.L. Macrophage fate: To kill or not to kill? Infect. Immun. 2024, 92, e0047623. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/pathophysiology33030053

https://doi.org/10.3390/biomedicines11020437
https://www.ncbi.nlm.nih.gov/pubmed/36830972
https://doi.org/10.1016/j.tcm.2005.07.004
https://www.ncbi.nlm.nih.gov/pubmed/16226680
https://doi.org/10.4414/smw.2006.11059
https://www.ncbi.nlm.nih.gov/pubmed/16633958
https://www.ncbi.nlm.nih.gov/pubmed/21805225
https://doi.org/10.3389/fmed.2023.1212201
https://doi.org/10.1111/j.1538-7836.2004.00656.x
https://www.ncbi.nlm.nih.gov/pubmed/15102008
https://doi.org/10.1034/j.1399-3003.2000.16b22.x
https://www.ncbi.nlm.nih.gov/pubmed/10968510
https://doi.org/10.1183/23120541.00290-2025
https://www.ncbi.nlm.nih.gov/pubmed/41220822
https://www.ncbi.nlm.nih.gov/pubmed/34936359
https://doi.org/10.1021/acsabm.4c01758
https://www.ncbi.nlm.nih.gov/pubmed/40384282
https://doi.org/10.1021/acs.macromol.7b00842
https://doi.org/10.1016/j.it.2023.10.004
https://www.ncbi.nlm.nih.gov/pubmed/37940394
https://doi.org/10.1128/iai.00476-23
https://www.ncbi.nlm.nih.gov/pubmed/38829045
https://doi.org/10.3390/pathophysiology33030053

	Introduction 
	Materials and Methods 
	Patients and Methods 
	Statistical Analysis 

	Results 
	Clinical Characteristics of CF Patients 
	HMGB1 and D-Dimer Levels in Sputum Samples 

	Discussion 
	Conclusions 
	References

