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A B S T R A C T

Idiopathic pulmonary fibrosis (IPF) diagnosis is still the diagnosis of exclusion. Differentiating from other forms
of interstitial lung diseases (ILDs) is essential, given the various therapeutic approaches. The IPF course is now
unpredictable for individual patients, although some genetic factors and several biomarkers have already been
associated with various IPF prognoses. Since its early stages, IPF may be asymptomatic, leading to a delayed
diagnosis. The present review critically examines the recent literature on molecular biomarkers potentially useful
in IPF diagnostics. The examined biomarkers are grouped into breath and sputum biomarkers, serologically
assessed extracellular matrix neoepitope markers, and oxidative stress biomarkers in lung tissue. Fibroblasts and
complete blood count have also gained recent interest in that respect. Although several biomarker candidates
have been profiled, there has yet to be a single biomarker that proved specific to the IPF disease. Nevertheless,
various IPF biomarkers have been used in preclinical and clinical trials to verify their predictive and monitoring
potential.

1. Introduction

Interstitial lung diseases, ILDs, involve a heterogeneous set of over
200 conditions mainly affecting the interstitial compartment of the lung
parenchyma. A pathologic buildup of inflammatory and mesenchymal
cells is the primary abnormalities encountered [1,2]. Overproduction
and abnormal growth of extracellular matrix, mainly collagen, causing
fibrosing ILD, are the main reasons for these cellular variations. There
are ~199 per 100,000 individual cases of ILD in the United States [3].
The occurrence per 100,000 individuals is higher in females (219) than
in males (180) [4]. Some ILDs may occur secondary to a known reason,
including autoimmune diseases, such as lung inflammation, rheumatoid
arthritis, sarcoidosis, scleroderma, and lupus. Those result from
breathing in a foreign substance such as dust, fungus, or mold (hyper-
sensitivity pneumonitis). Some drugs, including nitrofurantoin, sulfon-
amides, bleomycin, amiodarone, methotrexate, gold, infliximab,
etanercept, and other chemotherapy medicines, as well as other factors
like asbestos, coal dust, cotton dust, and silica dust (called occupational

lung disease) cause ILD as well as infection and partial recovery from
diseases like COVID-19, while others, the idiopathic interstitial pneu-
monia (IIP) cases, have no identifiable cause [5]. Idiopathic pulmonary
fibrosis (IPF) is a pulmonary fibrosis of origin that remains unknown. It
is one of the most aggressive forms of IIP, symptomized by chronic,
developing fibrosis related to remodelation due to irregular deposition
of collagen and extracellular matrix [6], developing respiratory failure,
and high mortality [7]. The etiology of the disease is still unknown, and
it primarily occurs in individuals ~70–75 years old. Intrinsic and
extrinsic risk factors could favor the disease’s development in in-
dividuals with a genetic predisposition. However, the exact trigger
mechanisms still need to be clarified, and the median survival from the
diagnosis time is below four years [8].

2. Epidemiology

The most frequent disease of ILD is IPF. Its reported incidence rates
vary considerably depending on the data collection method and
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diagnostic case definition. The disease is estimated to affect ~3 million
people globally [9]. The incidence of IPF is evidenced to increase [10]. A
systematic review of the worldwide IPF incidence estimated a rate of
2.8–9.3 per 100,000 people per year in North America and Europe, with
markedly lower rates in Asia and South America [7]. Within countries,
regional variations may depend on exposure to environmental or
occupational risk factors [11–15]. The total number of diagnosed
prevalent cases of IPF in the US, Germany, Spain, France, Italy, and
Japan in 2021 was 194,878. The highest diagnosed prevalent cases of
IPF were accounted for in the US, with 94,736 cases. A recent analysis of
the UK care data calculated a rise in the incidence of 78% from 2000
through 2012 and a doubling of cases, estimated at 38.8 per 100,000
people [15], with the substantial growing economic burden on global
healthcare [16].

The major problem with IPF is mortality, which is high, and a re-
ported median survival is from two to four years from diagnosis [17].
More recent reports show no improvement in survival [15,18,19].
Furthermore, the mortality rate is increasing. However, this may
partially reflect the improvement of the diagnosis [13,20]. Currently,
two antifibrotic drugs reduce disease progression, but their global
impact on IPF survival is unclear. Early results from the open-label
extension clinical trial of pirfenidone showed a median survival of
77.2 months on treatment [21]. IPF is a heterogeneous disease with
diverse disease development [22], and its prediction is difficult.

3. Current methods of idiopathic pulmonary fibrosis diagnosis

An adequate diagnosis is crucial to help with prognosis and optimize
the treatment selection with the recently developed two effective drugs
for patients with IPF. The traditional approach is based on diagnosing
precise clinical and laboratory evaluations.

Other IPF reasons involve chronic hypersensitivity pneumonitis
caused by significant environmental exposures, connective tissue
disease-related interstitial lung disease (by estimating the patient and
their serum for indication of systemic autoimmunity), and drug toxicity
[9]. Clinical assessment is responsible for eliminating these causes.
Recognizing conditions in a patient’s environment helps assess patients
with suspected IPF. However, no confirmed survey can guarantee a
complete clinical evaluation. Nevertheless, a thorough medical history
should be considered, describing all possible environmental effects,
extrapulmonary symptoms, and a relevant family medical history. An
IPF diagnosis might be wrong if this history was neglected [9].

The chest high-resolution computed tomography (HRCT) is the most
critical part of the preliminary assessment of patients with suspected
IPF. Its result decides the subsequent methods of examination. The most
typical HRCT procedure adopted for the assessment of diffuse lung
disease involves a volumetric sampling of thin segments (typically ≤15
mm thick) combined with a high spatial frequency reconstruction al-
gorithm [9].

Several characteristic syndromes are indicative of usual interstitial
pneumonia (UIP). Among them are characteristic findings on HRCT,
including honeycombing, traction bronchiectasis, and either-or traction
bronchioles, fine mesh often associated with lung parenchymal opaci-
fication (GGO) [23]. There are four diagnostic categories described as
"UIP pattern," "probable UIP pattern," "pattern indeterminate for UIP,"
and "alternative pattern." UIP is the distinctive radiological pattern of
IPF. Honeycombing is a unique feature of UIP. If it is present, then an
HRCT diagnosis of UIP is positive [23]. A pattern of UIP on HRCT pre-
cludes surgical lung biopsy for diagnostic purposes. Suppose we are
dealing with usual interstitial pneumonia or non-usual interstitial
pneumonia. In that case, a lung biopsy is suggested to support a positive
IPF diagnosis [17].

However, thoracic radiologists have encountered numerous diffi-
culties with HRCT. Most IPF patients do not reveal characteristic HRCT
features of a UIP pattern. Moreover, surgical lung biopsy cannot be
applied to many patients because of their age or other existing diseases.

Therefore, several studies [19,24,25] have attempted to expand the
range of HRCT features considered sufficiently precise to diagnose IPF
and preclude the need for biopsy. However, biopsy remains an essential
diagnostic tool for patients with suspected IPF if HRCT presentation is
not typical of interstitial pneumonia. The current knowledge recom-
mends taking tissue biopsies from more than one location in the lung.
That is related to significant differences in the distribution and
morphology of abnormalities [26]. Therefore, a way must be found to
select these locations in a targeted manner. In most patients,
video-assisted thoracic surgery is preferred, whose diagnostic advance-
ment is comparable to thoracotomy [27].

For new individuals diagnosed with ILD for a reason apparently not
known and clinically suspected to have IPF, the panel recommended
serologic testing to aid in excluding connective tissue disease as a po-
tential cause of ILD [28]. For all patients with newly diagnosed ILD,
routine serologic tests should be performed. Serologic panels regularly
comprise antinuclear antibodies (by immunofluorescence), C-reactive
protein, erythrocyte sedimentation rate, myositis panel, rheumatoid
factor, and anti-cyclic citrullinated peptide.

Nevertheless, further development of effective methods to diagnose
IPF in the early stage and clinical patient samples is crucial in reducing
mortality. Further research is needed to determine what other factors,
such as biomarkers, might be needed to refine the diagnostic process
further. Various indicators have been examined in this field, and their
role in IPF patients has been established. However, there is still an ur-
gent need to understand the mechanism of this pulmonary disease and
develop novel indicators because only the evaluation of the whole
spectrum of biomarkers can ensure an accurate diagnosis.

Although the pathogenesis of IPF is still unknown, abnormal extra-
cellular matrix (ECM) remodeling can contribute to cellular changes and
irreversible growth of collagenous scar tissue in the lung [29,30].
ECM-modifying enzymes, including MMP-7 and MMP-1 matrix metal-
loproteinases (MMPs), are promising predictive biomarkers, predomi-
nantly in a mixture, for IPF compared with chronic hypersensitivity
pneumonitis [31]. Moreover, plasma surfactant protein D (SP-D),
MMP-7, and osteopontin combination appeared particularly useful in
distinguishing IPF from other interstitial pneumonia cases [32].

Over the last decade, the growing interest in MMPs has pushed the
development of various devices based on many recognition methods and
signal transductions to measure MMPs’ enzymatic activity. Methods for
profiling of MMPs include Western Blot. In that profiling, proteins are
separated by gel electrophoresis, then exposed to MMP antibodies
(zymography), where a substrate is polymerized with acrylamide in
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis,
separating proteins by mass, and activity-based profiling [33]. In addi-
tion to these conventional techniques, various sensors based on elec-
trochemistry [34,35], fluorescence [36,37], surface-enhanced Raman
scattering (SERS) [38], etc., have continuously been devised for MMPs
determination. Among them, sensors with molecularly imprinted poly-
mers (MIPs) as recognizing units appeared promising for proteins’
sensing and extracting from biological fluids [39], thus proving their
applicability for MMPs’ sensing. For example, a conducting MIP film
deposited on an extended-gate field-effect transistor (EG-FET) trans-
ducer’s gate was proposed to determine the MMP-1 epitopes [40]. To-
ward that, the Basic Local Alignment Search Tool (BLAST) software was
used to select epitopes that were most suitable for imprinting. Two
relatively short ones were selected from a group of MMP-1 epitopes.
Potentiodynamic electropolymerization was used for simultaneous
MIPs, templated with the epitopes of the MMP-1 biomarker, prepara-
tion, and deposition as thin films on electrodes. The resultant chemical
sensors, featuring MIP film-recognizing units integrated with EG-FET
transducers, determined these epitopes and the whole MMP-1 analyte.
In another study, stable, non-aggregating peptide epitopes were simul-
taneously imprinted in conducting polymers and deposited on
indium–tin–oxide (ITO) electrodes [41]. The MMP-1 was determined
using cyclic voltammetry (CV) with the Fe(CN)6

3− /Fe(CN)6
4− redox probe
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present in the test solution, actuating the "gate effect." Finally, MMP-1,
produced by A549 human lung (carcinoma), was accumulated in the
culture medium, and then determined with MIP film-coated electrodes.
Moreover, by peptide-imprinted electropolymerization, the same au-
thors incorporated poly(triphenylamine rhodanine-3-acetic acid-co-3,
4-ethoxylenedioxythiophene)s onto a continuous monolayer of molyb-
denum disulfide (MoS2) on the indium-tin-oxide (ITO) electrode for
MMP-1 electrochemical determination in the A549 cell line culture
medium [42].

Many reviews concern MMP biomarkers for IPF [43–45]. Moreover,
many possible radiological and peripheral blood molecular biomarkers
were identified and summarized elsewhere [46]. However, searching for
new tools is still necessary for comprehensive clinical evaluation. The
present review article demonstrates the potential diagnostic capability
of other important biomarkers that have been documented in preclinical
studies.

4. Novel biomarkers of idiopathic pulmonary fibrosis

4.1. Breath biomarkers

Breathomics has become a steadily expanding field focusing on the
understanding of the nature of exhaled breath components, namely,
carbon dioxide (CO2), molecular oxygen (O2), nitric oxide (NO), and
other volatile organic compounds (VOCs), e.g., acetone, isoprene,
ammonia, ethanol, and exhaled breath condensate (EBC).

The exhaled breath may be a source of information about the res-
piratory system. Therefore, it may represent an alternative source of
novel biomarkers in IPF. Breath research has been conducted for many
years [47], resulting, among others, in successfully transitioning from
research to clinical practice use of NO in asthma [48–50]. NO is a free
radical. It participates in many physiological and pathophysiological
processes. For instance, NO may presumably increase the expression of
pro-fibrotic mediators, including transforming growth factor beta-1
(TGF-β1), in lung fibrosis [51]. In patients with IPF, exhaled NO con-
centrations were higher than in healthy subjects (HSs) [52,53].

In clinical practice, one of the methods for NO determination in
breath and then reporting is an air fractional exhaled NO test performed
at a flow rate of 50 mL/s (FENO50). NO determined in this way is
increased in the respiratory tract and decreased in the alveoli. Moreover,
capturing FENO at different flow rates allows for the estimation of the
NO concentration at the level of the alveolus (NOalv). Fractionated
exhaled NO, determined using chemiluminescence, electrochemical, or
laser analyzer, is a surrogate marker of airway inflammation [54].
However, the FENO50 test was inconsistent in IPF, with the NO con-
centration ranging from 20.8 to 31.5 ppb [52,55]. The upper reported
NO limit in healthy adults ranged from 30.3 to 50.6 ppb, depending on
age and gender [56].

Although FENO50 is unlikely to be used in IPF, NOalv may have the
potential to be a clinical biomarker. High alveolar NO participates in a
pathophysiological process in lung fibrosis. The meta-analysis suggested
that NOalv is higher in IPF patients than in controls [49]. Average NOalv
concentrations in IPF patients were 8.5 (±5.5) ppb, i.e., much higher
than in HSs, equal to 4.4 (±2.2) ppb. In a recent study of 433 HSs, the
reported upper NOalv limit was 3.88–3.93 ppb, depending on age [57].
An alternative role for NOalv may be disease monitoring, as NOalv con-
centrations reflect deteriorating lung function [58] and are inversely
related to lung function parameters in fibrotic ILD, a phenomenon not
encountered with FENO [59,60].

Exhaled breath condensate (EBC) accumulation is an appealing, non-
invasive way to collect soluble components from the lower airways in
the respiratory system. The correlation between EBC biomarkers and
pulmonary inflammation has been widely reported [61,62]. EBC is a
phase of condensed water vapor with tiny amounts of non-volatile and
water-soluble volatile compounds [38,39]. Following collection, rele-
vant analytes can be determined using portable sensors [63,64] or mass

spectrometry [65].
One of the portable nitrite sensors using EBC [Fig. 1] utilizes specific

features of reduced graphene oxide [64]. That reveals fast electron
transfer in electrolyte solutions, enabling highly sensitive electroana-
lytical determining of analytes with negligible fouling. This sensor was
mounted in an electrochemical cell made of polydimethylsiloxane,
which is needed for analyzing small EBC samples. The sensor deter-
mined nitrite at an overpotential as low as 0.70 V vs. Ag/AgCl with a
0.21 μA μM− 1 cm− 2 sensitivity in the 20–100 μM range and 0.10 μA
μM− 1 cm− 2 in the 100–1000 μM range, a low limit of detection of 0.83
μM in the EBC matrix.

The subsequent studies provided information on the effect of storage
and other critical analytical parameters, including the choice of the
supporting electrolyte and pH on the EBC matrix [63] for determining
nitrite using graphene oxide. For that, the nitrite concentration, elec-
trochemically determined in freshly collected EBC samples, was
compared with that of an aliquot of the samples frozen at − 80 ◦C for one
month. These determinations were compared with chemiluminescence
sensing to validate the electrochemical determination method. The
electrical properties of the EBC sample matrix were also studied with
electrochemical impedance spectroscopy and electrical impedance [63].

Moreover, EBC can be a source of biomarkers implicated in the
pathogenesis of IPF [55,66,67]. [Table 1] summarizes biomarkers
determined from EBCs, the analytical methods used, and concentrations
in IPF patients compared to HSs. Products of oxidative stress can be
beneficial, one potential mechanism suggested in the fibrotic process
[68]. Among others are hydrogen peroxide (H2O2), a reactive oxygen
species, and 8-isoprostane, a prostaglandin-like (PG-like) substance,
which were elevated in EBC in patients with IPF [67,69]. In 16 IPF pa-
tients, the mean H2O2 concentration was significantly higher than in 15
HSs, i.e., 0.36 vs. 0.16 μM. Similarly, in IPF patients, the mean 8-isopros-
tane concentration was significantly higher than in HSs, i.e., 74 vs. 33
pg/mL [67].

Concentrations of many oxidative stress and inflammatory bio-
markers, determined in EBC in 20 IPF patients, were higher than in the
20 HSs [70]. That is, the 3-nitrosotyrosine (3-NT) concentration was 2.5
ng/mL in the 0.7–8.9 ng/mL range in the patients, while 0.3 ng/mL in
the 0.1–1.1 ng/mL range in the controls, significantly correlating with
concentrations of another biomarker, counting 8-isoprostane, total ni-
trogen oxides (NOx), total proteins, carbon monoxide, and H2O2.

Moreover, EBC total protein concentrations in IPF patients were
substantially higher than in controls. A mean EBC 8-isoprostane con-
centration in IPF patients was also higher than in controls, i.e., 0.2 ng/
mL in the 0.1–0.4 range vs. 0.08 ng/mL in the 0.04–0.2 ng/mL range
[70].

EBC concentrations of the 8-iso-prostaglandin-F2α (8-isoPGF2α)
oxidative stress biomarker were measured in IPF patients and control
individuals. Isoprostanes are generated by the peroxidation of unsatu-
rated fatty acids free radicals [69]. The isoprostane 8-isoPGF2α is an
isomer of PGF1 generated by the peroxidation of arachidonic acid. In IPF
patients, 8-isoPGF2α concentrations were significantly higher than in
control subjects, being 24.5 (±15.8) vs. 4.6 (±1.0) pg/mL at the statis-
tical significance level, p < 0.05.

Another study [71] assessed the variation in the cytokine profile in
EBC following a six-month treatment with pirfenidone in patients with
IPF. The interleukin (IL), namely, IL-6, IL-8, IL-15, TNF-α, and VEGF-A
concentrations in EBC, were determined with enzyme-linked immuno-
sorbent assay (ELISA), then compared at baseline and after six months of
pirfenidone treatment. At baseline, 29 patients with IPF and 13 controls
were evaluated. The cytokine concentrations did not differ between the
groups except for the IL-8 concentration, which was lower in patients
with IPF than in controls (p= 0.005). After six months of treatment with
pirfenidone, EBC analysis did not disclose any changes in the cytokine
concentrations.

For patients with IPF and other ILD forms, concentrations of other
oxidative stress markers, including ethane, in exhaled breath exceeded
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those in controls [72].
Another study found differences in the concentration of metallic el-

ements in the EBC in patients with IPF and controls [73]. Metal workers
dominate the IPF populace. Hence, one can speculate that metal dust
may influence disease development [74]. Apparently, Ni, Cr, and Si
concentrations in patients with IPF were higher than in controls,
whereas Co, Fe, Cu, Se, and Mo concentrations were increased in
controls.

Volatile organic compounds (VOCs) are another promising source of
breath biomarkers in IPF. Advantageously, breath VOCs can escape from
the blood or interstitial tissue unchanged before being detected in
exhaled air. Therefore, they contain metabolites highly indicative of
fibrosis.

VOCs in breath samples were determined in IPF patients and HSs
[75,76]. One study used multi-capillary column ion mobility

spectrometry to determine VOCs in 40 IPF patients and 55 HSs [76]. This
method recognized 85 VOC peaks in IPF patients and HSs, with signif-
icant differences in five peaks ascribed to acetoin, p-cymene, ethyl-
benzene, isoprene, and an unknown compound. The p-cymene
concentration was lower in IPF patients, while concentrations of other
VOCs were higher in these patients. This study highlighted the possi-
bility of the breathomic discovery of new biomarkers useful for di-
agnostics and prognostics. Dedicated diagnostic tools, like electronic
noses (e-noses), which are more accessible in clinical assays, could be
developed once specific biomarkers or patterns of biomarkers
("breathprints") are identified.

E-noses operate using several cross-reactive gas sensors that react to
multiple VOC mixture compounds. Hence, the e-nose technology has
been proposed as a diagnostic tool for clinical and inflammatory phe-
notyping and to predict response to therapy [77,78]. In ILD, studies on

Fig. 1. The flowchart of collecting an exhaled breath condensate (EBC) sample, then electrochemical detection of the nitrite content. Reproduced from Ref. [64]
under the terms of the Creative Commons CC BY license.

Table 1
Biomarkers determined from exhaled breath condensates (EBCs) with the analytical method used and concentration in idiopathic pulmonary fibrosis (IPF) patients
compared to healthy subjects (HSs).

Biomarker Analytical method Concentration in IPF patients compared to healthy subjects Reference

H2O2 An enzymatic assay using horseradish peroxidase
Spectrophotometric by horseradish peroxidase-catalyzed
oxidation of tetramethylbenzidine

Higher
Higher

[67]
[70]

8-Isoprostane Enzyme immunoassay Higher [67]
Total nitrogen oxides

(NOx)
Chemiluminescence NO analyzer Higher [70]

3-Nitrosotyrosine Enzyme immunoassay Higher [70]
Total proteins A Quantipro BCA assay Higher [70]
Carbon monoxide Chemiluminescence CO analyzer Higher [70]
8-IsoPGF2α Enzyme immunoassay Higher [69]
Ethane GC-MS Higher [72]
Metallic elements ICP-MS Higher concentrations of chromium, nickel, and silicon and a lower

concentration of cobalt, copper, iron, molybdenum, and selenium
[73]

IL-8 ELISA Lower [71]

K. Bartold et al.



Biomedical Journal 47 (2024) 100729

5

breathomics are limited [79]. One study in sarcoidosis showed that the
breathprint in patients with untreated pulmonary sarcoidosis could be
distinguished from HSs, but treated sarcoidosis patients could not be
discriminated from HSs [79]. Another recently published study evalu-
ated the ability of the e-nose to identify various ILD subgroups and to
compare ILD with HSs and patients with chronic obstructive pulmonary
disease (COPD) [80]. Moreover, this study showed an adequate
distinction between patients with ILD and those with HSs and COPD
patients.

Hopefully, breath biomarker discovery studies will broaden our un-
derstanding of IPF pathophysiology and improve the accuracy of diag-
nosis. Moreover, novel biomarkers may be able to distinguish specific
required phenotypes if a clinically relevant breath biomarker of IPF
emerges. Further breathomics studies are guaranteed. Longitudinal
studies would be beneficial. These would considerably increase the data
pool and allow for assessing individual reproducibility. That also pro-
vides the opportunity to evaluate better the influence of initiating
treatment on biomarker levels.

4.2. Sputum biomarkers

Induced sputum, which attracted clinical interest in airway diseases,
has been proposed as a non-invasive alternative in diagnosing IPF [81,
82]. Diagnostic procedures, such as ELISA, appear promising, but in the
case of sputum-scarce individuals, they can have some limitations in
clinical utility. Sputum samples often contain various substances,
including mucus, enzymes, and cellular debris, that can interfere with
the ELISA. Moreover, sputum samples may contain components that
cross-react with the antibodies used in the ELISA, resulting in nonspe-
cific binding and false-positive results. Furthermore, sputum samples

can vary in quality, consistency, and cellularity. For example, sputum
may come from various lung lobes, which can affect the performance of
the ELISA. Poor-quality samples may yield unreliable results or require
additional processing steps to improve accuracy. Despite these draw-
backs, ELISA remains a valuable tool for evaluating specific antigens or
antibodies in sputum samples, particularly in the diagnosis of respira-
tory infections and diseases, including tuberculosis and pneumonia.
However, it is crucial to consider these limitations and validate the re-
sults using alternative methods whenever possible.

The ELISA multiplex was used for determining total sputum cell
count as well as TGF-β, IGF-1, IGF-2, IGFBP-1, IGFBP-2, IGFBP-3, IL-8,
IL-13, MMP-7, MMP-9, YKL-40, TNF-α, and KL-6 in the sputum super-
natant of 15 patients with IPF, 32 patients with COPD, and 30 HSs [83].
ILs’ functions are complex and diverse. Generally, they regulate the
immune system by participating in innate immune responses, promoting
the proliferation and differentiation of immune cells, and explicitly
recruiting inflammatory cells. ILs can promote inflammation by regu-
lating immune cell aggregation, affecting pulmonary fibrosis. Therefore,
the level and function of ILs are altered in animal models of pulmonary
fibrosis [Fig. 2] [84].

Transforming growth factor beta (TGF-β), a critical factor of fibrosis,
in the sputum supernatant from IPF patients was higher than in HSs
[83]. Moreover, TGF-β gene expression was significantly raised in IPF
patients compared to COPD patients. Furthermore, the research results
confirmed the importance of MMP-7, an MMP specifically raised at gene
and protein levels in sputum from IPF patients compared to COPD pa-
tients and HSs. While MMP-9 was increased in both IPF and COPD pa-
tients, the increased MMP-7 amount was remarkably limited to IPF
patients compared to HSs. In addition, a Krebs von den Lungen 6 (KL-6)
prognostic biomarker in sputum supernatant from IPF patients was

Fig. 2. The flowchart of interleukins affection of the morphology and functions of various cells in idiopathic pulmonary fibrosis (IPF). Reproduced from Ref. [84]
under the terms of the Creative Commons CC BY license.
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significantly and specifically increased compared to HSs. The KL-6
concentration in sputum changes, related to the decrease in lung vol-
ume, may suggest that sputum is a medium more appropriate than
serum to assess the epithelial and alveolar damage occurring in IPF
patients. Moreover, serum insulin-like growth factor-binding protein-2
(IGFBP-2) was elevated in patients with IPF [85], particularly in sputum.
Gene expression of IGFBP-2 in patients with IPF increased compared to
HSs and patients with COPD.

Gene expression of interleukin-6 (IL-6) was higher than in both pa-
tients with HSs and COPD, though the protein concentration remained
comparable to that measured in HSs [83]. However, the interleukin-8
(IL-8) concentration in IPF patients was significantly higher than in
HSs both at the gene and protein levels, while, as for IL-6, the increase in
patients with COPD was only seen at the protein level.

The exosome microRNA (miRNA) was determined in the sputum of
IPF patients [86]. With a miRNA quantitative polymerase chain reaction
array, there was a pronounced dysregulation of sputum exosomal
miRNA levels between IPF patients and HSs; it was identified as a unique
signature of three miRNAs. Interestingly, a correlation between one of
the miRNA levels and the diffusing capacity of the lungs for carbon
monoxide/alveolar volume was negative. These findings may thus lead
to a deeper understanding of the identified sputum exosomal miRNAs’
roles in IPF pathogenesis and thus open new routes for therapeutic
approaches.

The total glutathione (GSH) concentration in the induced sputum of

16 non-smoking IPF patients was ca. four-fold lower than in 15 HSs, i.e.,
mean GSH was 1.4 (±0.34) vs. 5.8 (±0.98) μM [87]. Moreover, there
was an inverse association between the GSH sputum concentration and
disease severity, while a positive correlation between GSH and vital
capacity. Apparently, the GSH determination in sputum might be sup-
portive in assessing and monitoring IPF patients.

4.3. Extracellular matrix neoepitope markers

A hallmark of IPF is the accumulation and degradation of the lung’s
excess extracellular matrix (ECM). The ECM is a 3-D network of extra-
cellular macromolecules and minerals, including collagen, enzymes,
glycoproteins, and hydroxyapatite, providing structural and biochem-
ical support to surrounding cells. Most extracellular collagen is degraded
by a subset of MMPs, vis., MMP-1, MMP-3, MMP-7, MMP-8, MMP-13,
MMP-14, MMP-16, and MMP-18 [88]. Extracellular collagen frag-
ments generated by these MMPs are further digested by MMP-2 and
MMP-9 [88]. In patients with IPF, rates of ECM protein synthesis
significantly increased, and MMP-1, MMP-3, and MMP-7 have even been
identified as putative prognostic serum biomarkers of the disease [89,
90]. Each ECM protein cleavage by specific MMPs generates a unique
neoepitope, i.e., an epitope the immune system has not encountered
earlier. These neoepitopes are diagnostic and prognostic disease markers
that are more accurate than their origin proteins [91].

In the prospective observation of fibrosis in the lung clinical

Fig. 3. Baseline comparison of neoepitope concentrations in the discovery cohort in healthy controls and idiopathic pulmonary fibrosis (IPF) suffering participants
with stable or progressive disease [92]. Biomarkers: BGM: biglycan; C3M: MMP-9 mediated collagen type III degradation product; CRPM: C-reactive protein
metabolite; P3NP: pro-collagen type III N-terminal peptide; C1M: collagen type-I degradation product; C5M:collagen type V degradation product; ELM: elastin
degradation product; VICM: citrullinated and MMP-degraded vimentin biomarker; C3A: collagen type III degradation product; C6M: collagen type VI degradation
product; ELM2: MMP-9,12 mediated elastin degradation product [92]. Reprinted with permission from Elsevier, copyright 2015 [92].
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endpoints (PROFILE) study, serum samples of participants with IPF or
idiopathic nonspecific interstitial pneumonia diagnosed were analyzed
for a panel of new matrix metalloprotease (MMP)-degraded ECM pro-
teins by the ELISA-based neoepitope assay [92]. PROFILE is a continuing
multicenter, prospective, experimental cohort study of incident cases
(within six months of presentation) of idiopathic fibrotic lung disease.
Concentrations of 11 neoepitopes were measured in the discovery cohort
of 55 IPF participants and a group of 20 healthy sex-matched (80% men)
HSs with a mean age of 56.6 years [Fig. 3]. At baseline, levels of seven
out of the matrix neoepitopes (BGM, C1M, C3M, C6M, CRPM, ELM2, and
VICM) differed significantly between IPF patients and HSs. Concentra-
tions of six neoepitopes (C1M, C3A, C3M, C6M, CRPM, and VICM) were
meaningfully higher at baseline in individuals with progressive disease
than in those with stable disease [Fig. 3]. In one particular case, namely
with C3A, the biomarker value in stable IPF disease was even lower than
in healthy subjects. That indicates that the C3A biomarker can serve as
an analytical tool only for progressive disease.

After analysis of the discovery cohort, eight neoepitopes, vis., BGM,
C1M, C3A, C3M, C5M, C6M, CRPM, and VICM, were determined in a
validation cohort of 134 IPF patients and 50 age-matched and sex-
matched HSs (mean age 63.6 years, 80% men). Baseline C1M, C3M,
C6M, and CRPM concentrations in participants with IPF appeared
meaningly higher than in HSs (figure not shown). This study represents
the first proof of concept that serial observation of ECM remodeling and
the change in ECM characteristics may yield crucial prognostic insights
for patients. Moreover, this analysis showed proof-of-principle that se-
rial longitudinal determination of serum biomarkers provides essential
information over and above single point-in-time determinations and
could address the crucial unmet need in the field of IPF research for
predictive biomarkers of molecular phenotype or therapeutic response
demonstrated in subjects recruited to the study.

In another study, C3M, C6M, PRO-C3, and PRO-C6 were measured in
185 patients of the pulmonary fibrosis bio-marker (PFBIO) cohort with
newly diagnosed IPF [93]. Biomarkers of the ECM remodeling were
assessed in serum by specific competitive ELISA tests using monoclonal
antibodies for neoepitopes. The study showed that neoepitope bio-
markers of ECM remodeling assessed at the time of IPF diagnosis were
associated with several indices of disease severity, short-term progres-
sion, and long-term mortality. High baseline levels of C3M, C6M,
PRO-C3, and PRO-C6 were associated with more advanced disease at the
time of diagnosis. Baseline levels of C6M and PRO-C3 were also asso-
ciated with mortality over three years of follow-up.

Moreover, PRO-C3, C1M, and C3M were evaluated in another PFBIO
cohort of 178 newly diagnosed IPF patients [94]. Increased baseline
levels of type I and III collagen turnover biomarkers were associated
with a higher risk of disease progression within 12 months compared to
patients with a low baseline type I and III collagen turnover. Patients
with progressive disease had serum levels of C1M and PRO-C3 higher
than those with stable disease over one year. Furthermore, the authors
demonstrated that longitudinal levels of type I and III collagen turnover
could distinguish patients with progressive disease in a real-world
cohort.

In subsequent research, a longitudinal study on the correlation be-
tween type VI collagen turnover and disease progression in IPF in a real-
world cohort of 178 newly diagnosed IPF patients was presented [95].
This research assessed two serological biomarkers, namely, PRO-C6 and
C6M, over time to investigate their relationship with the progression of
IPF, providing insights into potential biomarkers for monitoring disease
advancement. Blood samples and clinical data were collected from
baseline, six-month, and 12-month visits. The biomarkers were
measured by competitive ELISA using monoclonal antibodies. It
appeared that patients with IPF exhibited significantly higher serum
levels of PRO-C6 compared to those with stable disease over 12 months.
Additionally, there was a tendency for higher C6M levels in patients
with progressive disease compared to stable patients over the same time.

The subsequent study evaluated biomarkers of collagen synthesis for

their effectiveness in IPF prediction in a separate cohort of people
recruited into the PROFILE investigation [96]. Moreover, it compared
these biomarkers to their collagen-equivalent degradation neoepitopes,
allowing evaluation of the connection of synthesis to degradation during
IPF development. The cohort of individuals recruited for this study
represented a sub-group of 145 participants, predominantly (81%) men
with a mean age of 71.7 years. None of them was tested in the previous
PROFILE study on neoepitopes [92,96], and all had at least one year of
follow-up when neoepitope analyses were performed.

For comparison, serum samples from patients were analyzed with
ELISAs for the formation markers of pro-collagen type 1 N-terminal
propeptide (P1NP), N-terminal propeptide of collagen type IIIα1 (PRO-
C3), and C-terminal (endotrophin) of collagen type VIα3 (PRO-C6) [96].
Most likely, fibrogenesis in IPF results from an inequity of collagen
formation and degradation. Therefore, paired markers of degradation
for the same collagens were also determined, namely, type 1 (C1M), type
3 (C3M), and type 6 (C6M) and, for comparison with former results [7],
the matrix molecule biglycan (BGM) and C reactive protein metabolite
(CRPM).

At baseline, concentrations of PRO-C3 and PRO-C6, but not P1NP,
were significantly elevated in patients with IPF compared with HSs.
Collagen type 3, fibrillar collagen, is a crucial lung interstitial extra-
cellular matrix component. Activated fibroblasts synthesize this
collagen [97]. The results agreed with those of former investigations.
They revealed that collagen type-3 formation is increased in patients
with IPF and that concentrations of type 3 pro-collagen peptide in serum
[18] and lavage fluid were high [9,22]. In the case of collagen type 3, the
synthesis neoepitope (PRO-C3) was a more useful biomarker of disease
development than the paired degradation biomarker, C3M. Moreover,
variations in collagen type 6 indicated the disease development in IPF
patients, presumably being a significant factor causing fibrosis. Collagen
type 6 filaments are an integral part of the basement membrane and
interstitial matrix of the lung interface. These filaments form a signifi-
cant network for immobilizing collagen fibers, basement membranes,
and cells. The outcomes supported this collagen role in fibrosis devel-
opment. C1M, C3M, C6M, and CRPM neoepitope concentrations in the
serum of individuals with IPF were significantly elevated compared with
HSs at baseline. Moreover, BGM, C1M, C3M, and C6M concentrations
differed between individuals with stable and progressive IPF, but these
differences only became significant after six months. Interestingly, the
C1M and C6M concentrations were markedly higher from 1 month on-
ward [96].

Another study analyzed a serological marker of the N-terminal
neoepitope generated by lysyl oxidase-like 2 (LOXL2) [95]. LOXL2 is
associated with an unfavorable prognosis in cancer and IPF. Researchers
developed an ELISA determining the LOXL2 neoepitope produced
through the release of the signal peptide during LOXL2 maturation [98].
LOXL2 was determined in the serum of patients with breast, colorectal,
lung, ovarian, pancreatic, prostate cancer, melanoma, and IPF, as well as
HSs (n = 16). LOXL2 concentrations were markedly (p < 0.001–0.05)
higher than in controls, in serum from patients with breast, colorectal,
lung, ovarian, and pancreatic cancer (mean range of 49–84 ng/mL) but
not in prostate cancer (mean of 36 ng/mL) and patients with malignant
melanoma (41 ng/mL). Moreover, this serum concentration in IPF pa-
tients was higher than in HSs (mean of 76.5 vs. 46.8 ng/mL, p > 0.001).

4.4. Fibroblast activation protein-specific PET/CT imaging

Fibroblasts are the primary effector cells causing lung fibrogenesis in
IPF patients [7]. Upon injury, fibroblast activation leads to their pro-
liferation, migration, and remodeling of the lung extracellular matrix,
resulting in progressive functional deterioration and, finally, lung
damage [8]. Fibroblast activation protein-α (FAP) is a serine protease
selectively expressed on activated stromal fibroblasts in the course of
tissue remodeling; it is connected to pulmonary fibrosis [9,10]. Because
in healthy tissues, FAP expression is relatively low, this protease has
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become an attractive molecular indicator for various disease diagnosis
and treatment, including wound healing, epithelial cancers, and in-
flammatory condition [12]. Radiolabeled quinoline-based small--
molecule fibroblast activation protein inhibitors (FAPIs) were used as
positron emission tomography (PET) radiotracers to noninvasively and
quantitatively evaluate FAP expression [11,13,17]. Importantly, murine
and human fibroblast activation proteins share 89% sequence identity in
preclinical studies, and the catalytic domain is maintained [15,16]. FAPI
derivates strongly attract human and murine FAP, although murine af-
finity to FAP is lower than to human FAP [17]. FAPI PET studies have so
far been focused on detecting cancer, considering that FAP is expressed
in 90% of all epithelial cancers [18,20]. In comparison, the potential of
FAPI PET for evaluating non-oncologic disease processes, including
pulmonary fibrosis, remains relatively underexplored. In summary, the
usefulness of the FAPI PET in assessing non-oncologic disease processes,
including pulmonary fibrosis, is still poorly understood.

In one study, the possibility was increased of radiolabeled FAPI-46
with gallium-68 (68Ga-FAPI-46) for non-invasive diagnosing of pulmo-
nary fibrosis activity in a well-established murine model of the disease
[99]. Because fibroblast activation and FAP expression precede fibro-
genesis [9,22], 68Ga-FAPI-46 appeared exceptionally suitable for
detecting lung fibrosis and thoughtfully monitoring its development.
68Ga-FAPI-46 PET helped reveal lung damage in a model of bleomycin
pulmonary fibrosis and detect increased fibrogenesis in a model of
pulmonary fibrosis. Dynamic PET disclosed lung uptake of 68Ga-FAPI-46
in bleomycin-treated mice higher than saline controls, even a week after
the damage when fibrosis, i.e., collagen accumulation, levels were
relatively low. Notably, the 68Ga-FAPI-46 uptake in the lung of diseased
animals from 7 to 14 days increased, in accord with the elevated FAP
expression and extracellular matrix deposition found by histology in the
pulmonary fibrosis model at 14 days [47].

Another analysis aimed to evaluate the imaging features of static and
(or) dynamic 68Ga-FAPI PET/CT in many types of fibrotic ILD (fILD) and
to demonstrate FAP expression of fILD changes. For that, FAP immu-
nohistochemistry of human fILD biopsy samples and lung sections of
genetically modified mice with IPF was accomplished [100].

A group of 15 patients, 56–80 years old (averaging 71.2), with
various fILD subtypes, were examined with 68Ga-FAPI PET/CT. It was
chosen from 1135 patients with suspected lung cancer examined be-
tween July 2018 and August 2019. As many as 1104 (97.3%) of them
were examined by 2-deoxy-2-[fluorine-18]fluoro-D-glucose (18F-FDG)
PET/CT and 31 (2.7%) by 68Ga-FAPI PET/CT, counting 15 patients with
fILD examined retrospectively. Clinical examinations engaging 68Ga-
FAPI PET/CT imaging in all these patients resulted in suspecting LC.

68Ga-FAPI PET/CT was applied to detect fibrotic areas and LC vari-
ations in fILD patients. The importance of 68Ga-FAPI PET/CT in man-
aging fILD, especially as a conceivable predictor and an indicator of
response to therapy, is still to be assessed. 68Ga-FAPI PET does not reveal
enhanced glucose metabolism. Instead, it visualizes reactive fibroblasts
(a significant player in fibrosis). Therefore, it may be more suitable than
18F-FDG PET for imaging fibrotic activity and evaluating therapy
response. That is because 18F-FDG PET describes only the inflammatory
component. A recent preliminary investigation in 21 patients with the
fILD subtype systemic sclerosis-associated ILD demonstrated that tracer
accumulation in 68Ga-FAPI PET/CT was related to disease development
independently of established predictors of progression. Moreover, it
showed that 68Ga-FAPI uptake decreased after antifibrosis treatment.

4.5. Fluorescence imaging of oxidative stress biomarkers

Fluorescence imaging is based on detecting electromagnetic radia-
tion in the ultraviolet–visible-(near infrared) (UV–vis–NIR) range
emitted by fluorophores [101]. Because of the advantages of high
sensitivity, tunable selectivity, safety, and noninvasiveness, fluores-
cence imaging has found an application in visualizing vascular systems
[102], lymphatic systems [103], various tumor tissues [104], and

real-time blood flow [105]. Moreover, fluorescence imaging reveals
enormous possibilities in facilitating the development of accurate ther-
apeutic strategies for diseases, including imaging-guided cell therapy,
drug delivery, and (or) release monitoring, and photodynamic therapy
[106–110]. Many excellent activatable fluorescent probes [Fig. 4] have
been utilized for evaluating IPF by detecting the fluctuation of biologi-
cally relevant markers, including NO, H2O2, peroxynitrate (ONOO− ),
glutathione S-transferase (GST), glutathione (GSH), and
cyclooxygenase-2 (COX-2).

Mitochondria are the primary source of cellular H2O2 [111].
Mitochondrial-targeted fluorescent probes are tools for possible strate-
gies to deeply understand the disease rate, progression mechanism, and
early disease diagnosis and treatment. A straightforward and effective
method involves introducing triphenylphosphonium
mitochondrial-targeted groups into the fluorescent scaffold [112].
Mitochondrial H2O2 was selectively determined by combining the
azo-NIR-fluorescent dye, 4-(bromomethyl) phenylboronic acid pinacol
ester (an H2O2 response unit) with triphenylphosphonium cation
(mitochondrial-targeted group) in one molecular probe. It showed slight
fluorescence because of photoinduced electron transfer between
azo-fluorescent dye and the H2O2 response unit. In the H2O2 presence,
the NIR fluorescence was turned on thanks to the inhibition of photo-
induced electron transfer. Next, variations in H2O2 concentration during
fibrosis were successfully visualized by in vitro and in vivo fluorescence
imaging, indicating the oxidative stress levels in fibroblasts.

Because the levels of oxidative stress in mitochondria are relevant to
pulmonary fibrosis, the levels of reactive oxygen species, e.g., ONOO− ,
are inversely proportional to pulmonary function in IPF; thus, they may
predict disease severity [113,115]. Nonetheless, the potential biological
roles of ONOO− for the development of pulmonary fibrosis have not yet
been fully understood. A ratiometric two-photon NIR-fluorescent probe,
rTPONOO-1, with mitochondria-targeting abilities for sensitive and se-
lective ONOO− detection with fast response, was devised [113]. A
NIR-fluorescent probe was prepared via acedan (two-photon fluorescent
dye) direct condensation with an indolium derivative. Its C––C bond
could selectively be cleaved by ONOO− , causing a blue emission
wavelength shift. The resolution of two-photon imaging in frozen lung
sections was high at penetration depths not exceeding 110 μm.
Furthermore, the fluorescence ratio changes of rTPONOO-1 in
bleomycin-treated mice linearly depended on the bleomycin concen-
tration, allowing for predicting pulmonary fibrosis progression early.

GST is essential in promoting the formation of pulmonary fibrosis. It
contributes to the defense of biomacromolecules from oxidative stress.
To this end, it repairs the damage to the membrane phospholipids and
inhibits the microsome peroxidation induction [116]. A cyanine-based
NIR-fluorescent probe for detecting GST (Cy-GST) concentration fluc-
tuations in cell and mouse models during the progression of pulmonary
fibrosis was synthesized [114]. With the Cy-GST help, results demon-
strated that the level of GSTs in the pulmonary fibrosis cell models is
higher than in normal cells.

Gamma-glutamyl transpeptidase (GGT), a membrane-relevant
enzyme, is crucial in many pathological and physiological processes
regulating redox metabolism, cancers, diabetes, and drug resistance
[117,118]. The abnormal state of oxidative stress is noteworthy, as it
could increase the GGT concentration. GGT can balance the GSH
metabolism and homeostasis in the cell, thus regulating oxidative stress
created under pathological conditions. Therefore, researchers explored
the relationship between GGT and IPF [Fig. 5] [119].

They devised a Cy-GGT NIR-fluorescent probe with 780-nm emission
to disclose the GGT behavior in cell models and in vivo. By tracking the
GGT level in living cell models and in vivo, the researchers evaluated
diverse Cy-GGT roles in living systems in detail. Furthermore, Cy-GGT
was applied to unravel the GGT enhancement in IPF cell and mice
models, revealing the close relationship between GGT and IPF. More
significantly, convincing and intuitive evidence was provided for
changes in the GGT concentration during the progression of pulmonary
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fibrosis. That may open a new route for the precise clinical diagnosis of
IPF. In the oxidative stress and pulmonary fibrosis cell models, the GGT
concentration was higher than in normal cells. The researchers validated
the GGT elevation in the mice models of pulmonary fibrosis to confirm
further the underlying relation between GGT concentration and IPF
extent.

The NO concentration upregulates in the alveoli of IPF patients and
correlates with the severity of the disease. Accordingly, a
dicyanomethylene-4H-chromene (DCM)-based fluorescent probe for NO
(DCM− NO) was devised to detect IPF by determining variations in the
NO concentration [120]. The DCM− NO probe is essentially nonfluo-
rescent because of the molecular rotor rotation of the 4-(4-nitrophenyl)
thiosemicarbazide moiety. After reacting with NO, the 4-(4-nitrophenyl)
thiosemicarbazide sensing group is degraded to form the red-emitting

DCM− NH2 fluorophore. The response time is short, and a Stokes shift
is substantial for the DCM-NO probe. The probe’s ability to detect IPF
through monitoring the NO concentration changes was assessed. When
DCM− NO was applied to detect the increased NO levels in pulmonary
fibrosis cells, tissues, and mice models, its disease-to-normal contrast
imaging results were excellent. Remarkably, the DCM− NO probe may
be a powerful tool for IPF diagnosis.

Cyclooxygenase-2 (COX-2) is an inducible enzyme. It is closely
related to pulmonary fibrosis [121,122]. A Cy-COX NIR-fluorescent
probe is prepared by indomethacin (response group) and cyanine
(NIR-fluorescent dye) covalently linking with hexanediamine. It suc-
cessfully evaluated the organisms’ level and image COX-2 [109]. An
indomethacin molecule can occupy the hydrophobic molecular cavity of
the COX-2 homodimer. Then, Cy-COX assumes an unfolded

Fig. 4. Fluorescent probes used to evaluate IPF by detecting the fluctuation of biologically relevant markers (a) H2O2 (Adapted with permission from Ref. [112].
Copyright 2021 American Chemical Society), (b) peroxynitrate (ONOO− ) (Adapted with permission from Ref. [113]. Copyright 2019 American Chemical Society),
and (c) glutathione S-transferase (GST) (Adapted with permission from Ref. [114]. Copyright 2019 American Chemical Society).

Fig. 5. (a) Fluorescent images of GGT utilizing Cy-GGT of normal mice as the control group and mice with 28-day bleomycin stimulation as the bleomycin group
[119]. (b) Pictures of isolated organs, vis., heart, kidney, liver, lung, and spleen [119]. (c) Routine (H&E) and Masson pathology of each group [119]. (d) Mean
intensities of fluorescence images shown in panel (a) [119]. Reprinted with permission from Elsevier, copyright 2020 [119].
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conformation to suppress the PET effect with turn-on fluorescence. The
imaging of the pulmonary fibrosis mouse model showed that COX-2 was
involved in alveolar cell inflammation and early pulmonary fibrosis
through high expression.

4.6. Complete blood count

Complete blood count (CBC) can significantly affect the prediction of
patients with various chronic lung diseases [123–125]. Recently, three
significant pieces of research on ~10,000 IPF patients and
scleroderma-associated interstitial lung disease patients have disclosed
elevated peripheral blood monocyte count as a biomarker of disease
development and mortality [125,126]. Accordingly, another CBC
parameter, vis., red cell distribution width (RDW), has been related to
worse clinical outcomes in several chronic lung diseases, including IPF
and chronic obstructive pulmonary disease [124,127]. Elevated RDW
presumably symptomizes early hypoxemia [124,128]. The predictive
role of CBC parameters, including monocyte count and RDW, was
evaluated in two cohorts (derivation and validation) of individuals with
IPF in a real-life clinical environment [124].

Overall, 489 patients (derivation cohort: N = 300, validation cohort:
N= 189) were included in the analysis. The average age was 74 (73–75)
years for the derivation cohort and 74 (72–75) years for the validation
cohort [124]. IPF patients were predominantly men in the derivation
(83.3%, N = 250) and validation cohort (78.8%, N = 149).
Treatment-naive patients with IPF and available CBC were first enrolled
for baseline analysis, then after 6 and 12 months of antifibrotic
treatments.

Median values of CBC parameters were recorded. Patients were
grouped into subgroups according to the median value of each CBC
parameter in the derivation cohort (high and low). The Mann-Whitney
test was executed to assess differences in a forced vital capacity
percent predicted (FVC%pred) and diffusion lung capacity for CO
percent predicted (DLCO%pred) between subgroups of patients split by
the median value of CBC parameters.

The median monocyte count was 0.60 (0.57–0.62) and 0.52
(0.50–0.58) K/μL for the derivation and the validation cohort, respec-
tively. The median RDW for the derivation cohort was 14.1%
(13.9–14.3)%, and it was 13.7% (13.6–13.8)% for the validation cohort.
Finally, median FVC%pred was 77.0% (75.0–79.8)% and 76.2%
(71.7–80.8)%, while median DLCO%pred was 51.0% (47.1–53.8)% and
41.9% (40.3–44.9)% for the derivation and validation cohort, respec-
tively. Evidently, patients in the group of high monocytes and RDW
suffered from more progressive disease at baseline. That was because the
median FVC%pred [75.0%, (71.3–76.7)%] and DLCO%pred [47.5%,
(44.3–52.3)%] of the high monocyte group (≥0.60 K/μL) was mean-
ingfully lower than that of the low monocyte group (<0.60 K/μL).
Importantly, baseline median DLCO%pred [37.8%, (35.5–41.1)%] for
patients in the high monocyte group of the validation cohort was
significantly lower than that for patients in the low monocyte group
[45.5%, (41.9–49.4)%, (p < 0.001)]. However, monocyte count and
RDW were not associated with disease progression or a one-year anti-
fibrotic treatment.

In the derivation cohort, individuals in the group with high mono-
cyte count (≥0.60 K/μL) experienced a risk of all-cause mortality higher
than that of the group with low monocyte count (<0.60 K/μL).
Furthermore, the pooled analysis of the study population showed that
the risk of death from any cause in patients with a baseline monocyte
count ≥0.95 K/μl was higher than in patients with a baseline monocyte
count <0.95 Κ/μl.

These real-life studies revealed that peripheral blood monocyte
counts predicted all-cause mortality in the baseline cohort and a pooled
group of highly characterized IPF patients [124]. Apparently, patients
with elevated monocyte counts and RDW had more advanced disease at
initial evaluation than those with low levels. Functional decline evalu-
ated no high monocyte count or RDW relation to one-year disease

development. Also, antifibrotic treatment did not affect monocyte count
or RDW over a one-year follow-up.

5. Conclusions

No simple, rapid, and effective diagnostic tools for idiopathic pul-
monary fibrosis (IPF) are available if high-resolution computed tomog-
raphy (HRCT) or surgical lung biopsy is impossible. Identifying IPF-
specific biomarkers would greatly help in performing the early IPF
diagnosis. The need for dependable biomarkers is growing. The valida-
tion of valuable and precise predictive biomarkers could decrease
diagnosis uncertainty and the use of invasive diagnostic procedures.
Predictive and therapeutic biomarkers could help classify patients based
on severity and disease progression for personalizing management.
Furthermore, reliable biomarkers capable of predicting acute exacer-
bation could implement prevention actions and modify the prediction of
those events. Moreover, new biomarkers may be able to distinguish
some phenotypes existing within IPF. Several compounds are potentially
valued as biomarkers in IPF. However, progress is undoubtedly required
if a clinically relevant biomarker is to emerge in IPF. Further research is
envisioned. Longitudinal investigations would be beneficial because
they considerably increase the data pool and allow for individual
reproducibility assessment. Moreover, they would enable better evalu-
ation of the effect of early treatment on biomarker levels, an issue that
may cofound cross-sectional studies. Pooling resources and collabo-
rating within larger consortia could offer a valuable opportunity to
compare markers across datasets and explore their combined potential
in forming composite scores.
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