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Abstract: Chronic obstructive pulmonary disease (COPD) is a heterogeneous disease with distinct
phenotypes, each having distinct treatment needs. Eosinophilic airway inflammation is present in a
subset of COPD patients in whom it can act as a driver of exacerbations. Blood eosinophil counts are
a reliable way to identify patients with an eosinophilic phenotype, and these measurements have
proven to be successful in guiding the use of corticosteroids in moderate and severe COPD exacerba-
tions. Antibiotic use in COPD patients induces a risk of Clostridium difficile infection, diarrhea, and
antibiotic resistance. Procalcitonin could possibly guide antibiotic treatment in patients admitted with
AECOPD. Current studies in COPD patients were successful in reducing exposure to antibiotics with
no changes in mortality or length of stay. Daily monitoring of blood eosinophils is a safe and effective
way to reduce oral corticosteroid exposure and side effects for acute exacerbations. No evidence
on time-updated treatment guidance for stable COPD exists yet, but a current trial is testing an
eosinophil-guided approach on inhaled corticosteroid use. Procalcitonin-guided antibiotic treatment
in AECOPD shows promising results in safely and substantially reducing antibiotic exposure both in
time-independent and time-updated algorithms.

Keywords: COPD; corticosteroids; eosinophils; biomarkers; procalcitonin; respiratory tract infections;
acute exacerbation of COPD; inhaled corticosteroids

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a common disease worldwide with
a substantial impact on quality of life and mortality, making it an important contributor
to the global burden of disease [1,2]. It is characterized by chronic airway inflammation
leading to respiratory symptoms and airway obstruction [1].

COPD is a heterogeneous disease in which the presence of emphysema, airway obstruc-
tion, excess mucus production, vascular dysfunction, and inflammation varies considerably
among patients and none of these factors are particularly good predictors of symptom bur-
den or disease development [3-5]. The disease occurs at the intersection of airborne insults
to the lung tissue such as cigarette smoke, pollutants, allergens, genetic predisposition,
pathogens, and altered immune response [4,6,7]. Therefore, the understanding of COPD
has shifted from viewing the disease as a single entity to viewing it as a combination of
distinct phenotypes that may differ in natural history and treatment needs. This under-
standing of COPD opens the door to individualized treatment. However, there is still a
need for the better identification of treatable phenotypes.

Furthermore, patient phenotypes are not necessarily constant [8,9]. Even within the
same phenotype, disease activity will vary based on factors such as airborne exposure to
smoke, allergens, and pathogens, the control of co-morbidity, and the treatment of the lung
disease [10-12]. Thus, it is perhaps still reductive to consider the patient as belonging to
a single phenotype, and the concept should be adapted to consider the time-dependent
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variation in the disease. This approach could lead to the earlier identification of patients
that are insufficiently treated and could act as a potential method to reduce unnecessary
treatment, thus reducing drug side effects. Time-updated phenotypic guidance of therapy
takes this idea and applies it in practice by continually monitoring the phenotypic state of
the patient and adapting treatment as needed. Biomarkers predicting treatment response
have been identified in COPD with blood eosinophils as a proven tool for corticosteroid
treatment, per the growing body of high-quality evidence, acting as a model for phenotypic
guided therapy [13,14]. Furthermore, procalcitonin (PCT) has shown promising potential
to guide antibiotic therapy in respiratory tract infections [15], though evidence in COPD
patients is still limited [16]. Other biomarkers are in the process of being used for the
diagnosis and treatment of COPD exacerbation [17].

The aim of this paper is to review current evidence for time-updated phenotypic
guidance of corticosteroid therapy and antibiotic-guided therapy in COPD.

2. Blood Eosinophils as a Treatment Response Marker

The inflammatory response in COPD involves both the innate and adaptive immune
system and is mediated by neutrophils, macrophages, and CD8+ T-cells (Ic1) as well as
CD4+ T-cells (Th1 and Th17) [18,19]. The presence of pro-inflammatory factors such as
cigarette smoke, bacteria, or viruses in the airways stimulates the epithelium to release cy-
tokines, causing the recruitment and activation of immune cells. This neutrophil-dominated
type of inflammation responds poorly to corticosteroids [20].

Eosinophilic inflammation is characterized by elevated eosinophil counts in the blood
and sputum and the activation of Th2 T-cells. This inflammatory phenotype is associated
with atopic diseases such as allergies and asthma [21] and tends to respond well to treatment
with corticosteroids [22,23]. However, some COPD patients exhibit increased eosinophilic
inflammation, which can be a major driver of COPD. The prevalence of eosinophilic COPD
varies depending on whether or not eosinophilia is measured in sputum or blood as well
as does the definition used for when eosinophils are elevated. Sputum eosinophil counts of
>3% are present in 28-32% [24,25] of COPD patients while blood eosinophil counts of >300
cells/uL are present in 14-24% [26,27]. Patients with a degree of eosinophilic COPD have
been shown to have more frequent exacerbations [28-31], a higher risk of readmission [32]
and better responses to treatment with inhaled corticosteroids (ICS) [28,33-35]. Sputum
eosinophils have a closer association with clinical outcomes such as FEV1 or the exacerba-
tion rate compared to blood eosinophils, though blood eosinophils are well-correlated with
sputum eosinophils [36,37]. However, there are a range of challenges that come with using
sputum eosinophils in clinical practice. Some patients may not be able to spontaneously
produce sputum and will need induction with hypertonic saline. This process may cause
bronchoconstriction in some patients and is thus unsuited to patients with severe airway
obstructions such as during acute exacerbations [38]. Further, sputum induction requires a
high degree of clinical training of health personnel, which makes it less feasible in many
settings. Since COPD patients with eosinophilic inflammation exhibit a combination of
more severe disease and better responses to treatment, this supports the earlier addition
of inhaled corticosteroids to the maintenance therapy of stable COPD. This is reflected in
the GOLD guidelines that favor the use of ICS when blood eosinophil counts are greater
than 300 cells/puL and that favor the withdrawal of ICS when blood eosinophil counts are
below 100 cells/pL [39]. However, an important consideration to be made when using
eosinophils as a biomarker is that they vary over time. In stable COPD, 30—40% of pa-
tients were shown to have eosinophil counts that varied across the 300 cells/pL decision
boundary over time [25,27,40]. Thus, serial eosinophil measurements may give a better
picture of the inflammatory state for this subset of patients, and this opens the door to
the time-updated phenotypic guidance of corticosteroid therapy and thus individualized
reduction in exposure to the suspected unnecessary use of ICS.
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3. Eosinophil-Guided OCS for Acute Exacerbations

In the treatment of acute exacerbations of COPD (AECOPD), oral corticosteroid (OCS)
plays an important role. In a large meta-analysis of 16 studies (n = 1787), OCS has been
shown to reduce the rate of treatment failure and the rate of relapse and to improve lung
function and breathlessness [41]. However, no effect was seen on 30-day mortality, and
OCS has numerous and severe side effects including an increased risk of infections, mus-
cle weakness, osteoporosis, metabolic dysregulation, diabetes, cataracts, glaucoma, and
gastrointestinal bleeding [42]. Therefore, some randomized trials have been conducted,
examining whether or not blood eosinophils can be used to reduce OCS usage and pre-
vent side effects (Table 1). In one trial, COPD patients with moderate or severe acute
exacerbations were randomized to either receive a course of 30 mg prednisolone once
daily for 14 days or to receive an eosinophil-directed therapy in which the prednisolone
course was only given to patients with blood eosinophil counts of >2% at the time of
exacerbation [43]. The eosinophil-guided regimen was found to be non-inferior to the
usual standard of care and reduced corticosteroid use by approximately 50%. The STARR2
trial, which is as of now not published, but presented at the European Respiratory Society
congress in 2022, examined whether or not point-of-care eosinophil measurements can
be used to determine whether or not prednisolone is needed for exacerbations in general
practice. In this study, patients in the intervention group received a placebo instead of
prednisolone for their exacerbations if their blood eosinophil counts were below 2%, while
the control group received prednisolone for 14 days irrespective of their eosinophil count.
The study found no difference in antibiotic or steroid needs after 30 days [44]. The eo-Drive
trial (NCT04234360) is currently ongoing with a design that randomizes patients to receive
either 40 mg prednisolone once daily for 5 days or a placebo. Patients will subsequently
be grouped by blood eosinophil counts with a 2% cutoff in the analysis [45]. Another
ongoing trial (NCT05059873) will randomize patients with blood eosinophil counts of >2%
or >300 cells/pL to a placebo or 40 mg/day oral prednisolone for 5 days in addition to
standard treatment.

Table 1. Overview of trials examining eosinophil-guided therapy in COPD patients with acute exacerbations.

First Author, Year

Population

Design

Results

Patients admitted with

Double-blinded. Usual care
compared with corticosteroids

Only 49% of exacerbations in the
eosinophil-guided group

Bafadhel, 2012 [43] 164 AECOPD given only to patients having received corticosteroids. Similar
’ blood eosinophil counts of >2% rates of treatment failure in the
at admission. two groups.
Double-blinded. Usual care A total of 34 of the 102 patients
Ramakrishnan, 2022 Patients with AECOPD compared with corticosteroids in the eosinophil-guided group
(conference pa :er) [44] 203 treated in weneral practice given only to patients having received a placebo. No
pap & P " blood eosinophil counts of >2%  differences in rates of treatment
at the start of treatment. failure.
Open-label. Usual care Mean antibiotic exposure
compared with eosinophil duration was reduced from 5 to
. ) Patients admitted with guided using daily 2 days with eosinophil-guided
Sivapalan, 2019 [46] 318 AECOPD measurements and a therapy. No difference in days

300 cells/pL cutoff for initiating
or terminating treatment

alive and out of hospital within
14 days or in 30-day mortality.

The aforementioned studies all look at eosinophils at the beginning of the exacerbation.
This approach is limited by the fact that corticosteroid exposure may cause large changes to
airway inflammation after beginning treatment, and as such, it may be individual, which
patients need, e.g., in the case of 1, 2, or more days of OCS during an exacerbation. The
CORTICO-CORP trial accounted for this by using a true time-updated design in which the
blood eosinophilia of study participants in the intervention arm was repeatedly monitored
and treatment was adjusted daily, depending on whether or not blood eosinophil counts
were >300 cells/pL [46]. No difference was observed in the primary outcome, days alive
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and out of hospital within 14 days, or the secondary outcome of 30-day mortality. However,
the investigators found a reduced median time with corticosteroid exposure from 5 days to
2 days and a corresponding substantial reduction in the accumulated use of corticosteroids.
This resulted in reduced steroid side effects such as a lower risk of worsening pre-existing
diabetes and a trend towards fewer infections after 90 days.

4. Eosinophil-Guided ICS for Stable COPD

COPD in its stable form is treated with either long-acting beta-adrenergic agonists
(LABA), long-acting muscarine antagonists (LAMA), or both [39]. For some patients, this
regime is insufficient, and they still have frequent exacerbations, so the addition of ICS is
necessary. While ICS is generally safe, ICS can increase exacerbations if patients are not
properly selected [47]. A significant side effect of ICS is an increase in the risk of acute
pneumonia and other respiratory infections such as infection with Pseudomonas aeruginosa
and Hemophilus influenzae [48-51]. COPD patients with Pseudomonas infection have
a highly increased risk of death [49]. Other side effects known from OCS have been
proposed to occur through the systemic uptake of ICS such as in the case of diabetes [52],
cataracts [53], and psychiatric effects [54,55], though the evidence is less conclusive.

While post hoc data from several large trials support the notion that ICS should be
preferentially given to patients with high blood eosinophil counts [28,34,56], there is no
prospective trial evidence. A 2007 trial of 82 patients used a protocol in which patients
were randomized to either receive treatment according to the guidelines of the British
Thoracic Society (BTS) at the time [57] or an algorithm in which bronchodilator treatment
was determined by symptom severity, while corticosteroid therapy was determined by
sputum eosinophil counts. Treatment was adjusted monthly for the first 6 months and
then every two months for the following 6 months. This protocol led to a reduction in
the frequency of severe exacerbations from 0.5 per year to 0.2 per year in the eosinophil-
guided group compared to the control group. However, there was no reduction in oral
corticosteroid use and no significant difference in the mean change in the daily ICS dose
from the baseline [58]. As the guidelines followed in the control group did not consider
eosinophils when assigning ICS treatment, it is not possible to compare the effects of
time-updated therapy compared to the effect of simply assigning ICS to patients with an
eosinophilic phenotype.

5. Future Perspectives of Eosinophil-Guided Treatment

While eosinophil-guided treatment has been shown to be a safe way to reduce cor-
ticosteroid exposure, very few of the current studies consider the significant variability
of blood eosinophils over time [27]. Most have relied on a single measurement to deter-
mine the inflammatory endotype and thus treatment. While this approach is effective, it
is likely that time-updated treatment guidance can further improve patient selection for
corticosteroids. The currently ongoing COPERNICOS trial (NCT04481555) is the first trial
of blood eosinophils as a treatment response marker for ICS with a time-updated design.
It uses a protocol in which patients in the control group will receive usual treatment with
ICS/LAMA /LABA while patients in the intervention group will have their ICS switched
on or off every three months based on a blood eosinophil count cutoff value of 300 cells/uL
with the aim of reducing corticosteroid exposure and side-effects while being non-inferior
to current treatment guidelines [59].

6. Procalcitonin as a Biomarker in Respiratory Infections

Procalcitonin (PCT) is a 116 amino acid peptide that was first discovered as the
precursor to the peptide hormone calcitonin [60,61]. In its endocrine function, PCT is
synthesized in the parafollicular C cells of the thyroid as a response to high calcium levels
where it undergoes enzymatic processing and is secreted in the form of calcitonin acting
on calcium homeostasis (Figure 1) [62]. Practically all PCT synthesized in the thyroid is
converted to calcitonin, consequently leading to low levels of circulating PCT in the order
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of 0.01-0.05 ng/mL in the absence of disease [63]. However, during bacterial infections,
PCT was found to be elevated in blood with no effect on calcitonin and declined rapidly
once the infection was cleared with antibiotic therapy [64]. The mechanism of this increase
in blood PCT is not entirely clear but sepsis was found to induce transcription of PCT
mRNA in a range of tissues including the brain, colon, pancreas, white blood cells, spleen,
and adipose tissue [65]. Patients who have undergone thyroidectomy still show an increase
in PCT [66]. This led to a hypothesis that infection-related PCT does not follow the thyroid—
calcitonin pathway but is instead synthesized through a distinct pathway [63]. A study
on humans found that injection of endotoxin causes an increase in PCT levels [67] and
experiments in cultured human mononuclear white blood cells found that interleukin
1 beta (IL1-p), IL6, tumor necrosis factor-«, and IL2, all caused an expression of PCT [68].

Endocrine pathway

High calcium levels

Infection-response pathway

Presence of pro-inflammatory
stimulants or cytokines

Q Spleen

Adipose tissues

White blood cells

Parafollicular C-cells
of the thyroid

. % Procalcitonin
%’ Procalcitonin

l enzymatic cleavage

@t
2 Calcitonin

Figure 1. The suggested mechanism for the synthesis and secretion of procalcitonin during infection
and in its endocrine function as a precursor to calcitonin. In its endocrine function, procalcitonin is
created by C-cells of the thyroid as a response to high calcium levels and immediately processed into
calcitonin. During infection, procalcitonin is created in a range of tissues and directly secreted into
the bloodstream.

C-reactive protein (CRP) is a widely used biomarker for the detection and evaluation
of treatment response during infections [69]. However, this biomarker has many drawbacks.
It is not specific to bacterial infection and is instead more of a general inflammatory marker
which can be elevated due to viral infection as well as a range of non-infectious causes such
as autoimmune disease, trauma, malignancy, and necrosis [70]. CRP responds relatively
quickly with a peak at about 24-72 h after stimulation but is poorly suited to evaluating
when to terminate antibiotic treatment as there is a significant delay of several days from
the end of the acute phase until CRP normalizes [71]. PCT has several advantages to
CRP in this regard. A meta-analysis found a specificity of PCT for bacterial infection of
81% (95% CI, 67-90%) compared to that of 67% (95% CI, 56-77%) for CRP and found a
sensitivity of PCT of 88% (95% CI 80-93%) compared to that of 75% (95% CI, 62-84%) for
CRP. Furthermore, PCT was also more sensitive at discerning viral infections from bacterial
infections, though specificities were comparable [72]. A PCT increase is detectable after
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only 34 h with a peak after 24 h and due to its short half-life of 24 h, it rapidly decreases
when the infection is controlled [73]. In the context of COPD, it is also relevant that PCT is
unaffected by corticosteroid treatment, while there is some evidence that CRP levels are
suppressed [74,75]. This makes PCT a promising candidate for time-updated phenotypic
guidance. PCT was initially tried in the context of sepsis and critical illness, but the
evidence is also promising in the context of lower respiratory tract infections and COPD [76].
In COPD especially, there is a strong demand for a good biomarker to guide antibiotic
treatment, as it can be difficult to discern causes of exacerbation. Better identification of
bacterial exacerbations would both benefit patients by ensuring proper antibiotic treatment
when needed, but also reduce antibiotic exposure, side effects, and resistance.

7. Procalcitonin Guidance to Reduce Antibiotic Exposure in Acute Exacerbations
of COPD

Antibiotics are generously used for patients hospitalized with AECOPD, and often,
antibiotic exposure exceeds guidelines [77]. Antibiotics should be used with caution, as it
is associated with an increased risk of infections such as Clostridium difficile [78] infection
and adds to the global threat of microbial resistance [79]. For this reason, there has been
great interest in using PCT as a biomarker to reduce antibiotic exposure when treating
respiratory infections (Table 2).

The randomized controlled trial proHOSP included 1359 patients with acute lower
respiratory tract infections, of which 533 (39.2%) had COPD. They measured PCT on days
1, 3, and 7 of the admission and adjusted antibiotics based on whether PCT was above or
below 0.25 ug/L. There were no differences in mortality, rehospitalization, or intensive care
admissions, neither in the total population, nor in the subset of COPD patients. However,
antibiotic prescriptions for COPD exacerbations were reduced from 69.9% to 48.7% and the
mean duration of intravenous therapy was reduced from 1.9 to 1.3 days. The trial had high
adherence to the protocol, which was overruled in only 10.4% of COPD exacerbations [80].
The proACT trial (n = 1656) used a similar design with the same thresholds for PCT, also
measuring on days 1, 3, and 7 [81]. It also found no difference in adverse outcomes, but
unlike proHOSP, there was no reduction in antibiotic exposure. A possible explanation
of these differences could be that the protocol’s adherence was much lower in proACT
compared to proHOSP. The adherence was close to 100% when the protocol recommended
antibiotic treatment, but when the algorithm recommended against antibiotic treatment
the adherence was generally around 60%. That was the case even with PCT <0.1, and the
algorithm thus strongly recommends against antibiotics. The overall adherence for the
treatment of COPD was 49.2%. The adherence was particularly low on days 3, 5, and 7.
Furthermore, only 45.8% of patients in the PCT-guided group were admitted to the hospital.
Only admitted patients received serial PCT monitoring, which also reduced the subset
of patients for which the algorithm was used to terminate antibiotic treatment. In the
proHOSP trial, days 3, 5, and 7 accounted for a large part of the difference in antibiotic
exposure between the PCT-guided group and controls. Due to the low number of patients
in proACT receiving serial measurements and the low protocol adherence among those,
only a small subset of patients could benefit from PCT-guided antibiotic termination and
the trial may thus have been insufficiently powered to show the changes among this small
subset, despite the large number of patients included overall.

Several other trials have explored this type of design in COPD patients [82-85]. Most
have used a threshold of 0.25 pug/L, such as the proHOSP trial, repeatedly measuring
PCT and encouraging antibiotics above the threshold and discouraging it below. A few
trials additionally strongly favored antibiotics for PCT >0.5 and strongly discouraged it
for PCT <0.1 [80,82,83]. Some trials included only COPD patients, while others included a
broader population of patients with respiratory tract infections but presented analyses in the
subset of COPD patients. All trials were either open-label or single-blinded. Generally, this
approach was successful in reducing antibiotic exposure with no effect on hospitalization
or mortality. In one PCT-guided RCT of 120 patients hospitalized with AECOPD, there was
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a median reduction in antibiotic exposure of 5 days (3.5 days vs. 8.5 days) using a point-
of-care PCT test and a treatment algorithm with four cut-offs [83]. However, adherence
to the protocol varied across trials. One trial followed the protocol recommendations in
only 61% of patients in the PCT-guided group [83]. The situation of physicians prescribing
antibiotics against the algorithm is especially important, as these patients could have
experienced adverse outcomes had the recommendation been followed. A 2017 meta-
analysis of eight studies in COPD patients (n = 1062), including the aforementioned, found
that PCT guidance reduced antibiotic exposure by 3.8 days (95% CI 4.32-3.35) with no
differences in mortality, re-exacerbation, or readmission [16]. However, the overall quality
of the evidence was low to moderate. A French trial published after this meta-analysis
included 302 patients admitted to the ICU for AECOPD and found that PCT-guided therapy
increased mortality from 12% in the control group to the increase of 31% in the PCT-guided
group, with p = 0.015, indicating that PCT guidance is less appropriate for severely ill
patients [86].

Two randomized trials in COPD patients used a design in which PCT was assessed
only at the beginning of the exacerbation. One trial (n = 457) found no effect of antibiotics
versus no antibiotics for patients with AECOPD and PCT < 0.1 ug/L, though the study
excluded febrile patients and patients with pneumonia [87]. Another study in (n = 210)
patients with suspected respiratory infections, 89 of which had COPD, used a threshold
of 0.25 pg/L to decide whether or not to use antibiotics [88]. They found no differences
in clinical outcomes and a reduction in antibiotic exposure of 40% among the COPD
patients. However, sequential PCT measurements should be preferred as measuring PCT at
admission does not aid decision-making on when to terminate antibiotic treatment, which
is particularly relevant in the setting of infections as patient responses to treatment can
vary greatly, necessitating different treatment durations.

In addition to the evidence in COPD-patients, there is strong evidence of the benefits
of PCT-guided therapy when treating respiratory infections in a more general population
of whom only some have COPD. A patient-level meta-analysis of 26 trials with a total
of 6708 patients included examined PCT-guided antibiotics for respiratory infections in
a general population of whom only some had COPD. This analysis found a significant
reduction in mortality at 30 days (9% died with PCT-guided therapy vs. 10% of the controls
who died; adjusted odds ratio: 0.83; 95% CI: 0.70 to 0.99) and a reduction in antibiotic
exposure from 8.1 days to 5.7 days (95% CI: —2.71 to —2.15) with PCT-guided therapy [89].

A limitation of PCT is that it, like CRP, can respond to non-infectious causes such as
trauma, malignancy, or kidney disease. Consequently, some patients have higher baseline
levels and respond differently to infections, making it difficult to create universal cut-off
levels [90]. This consideration is also present in COPD patients which may have chronic
inflammation and sometimes bacterial colonization, potentially influencing baseline PCT
levels [91]. Furthermore, a sub-study of a clinical trial examining the addition of doxycycline
to prednisolone in the treatment of AECOPD found that patients with PCT <0.1 ug/L still
experienced beneficial effects with antibiotics [92]. Thus, there is still some uncertainty
as to how well the results from the selected populations and controlled circumstances of
clinical trials will translate to day-to-day practice.

Table 2. Overview of trials examining PCT-guided therapy in COPD patients.

First Author, Year

n with COPD Population Intervention Design

Results among COPD Patients with

PCT-Guided Therapy
o A I
Emergency department patients Open-label. PCT measured at A 56 :‘.’ mdll\lfhg.r;fm antlblotl.ci :
Christ-Crain, 2004 [82] 60/243 with suspected lower admission and after 6-24 h. PCT pres;:}ﬁ}:oga driislsis;er;eﬁlﬂﬁz °
respiratory tract infections. cut-offs at 0.1, 0.25, and 0.5 ug/L. * ’ !

exacerbations.
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Table 2. Cont.

Results among COPD Patients with

First Author, Year n with COPD Population Intervention Design PCT-Guided Therapy
Antibiotic exposure reduced from
Open-label. PCT measured 8.5 days (IQR 1-11) to 3.5 days
Corti, 2016 [83] 120 Patients admitted with sequentially at admission and on (IQR 1-10). No difference in
ord, N AECOPD. days 3,5, and 7. PCT cut-offs at 0.1, composite endpoint of death,
0.25,and 0.5 pug/L. * rehospitalization and ICU admission
within 28 days.
Open-label. PCT measured PCT-guided therapy increased
: COPD patients admitted to ICU sequentially at admission and on mortality from 12% in the control
Daubin, 2018 [56] 302 with AECOPD days 3 and 5. PCT cut-offs at 0.1, group to 31% in the
0.25,and 0.5 pug/L. * PCT-guided group.
. Open-label. PCT measured No difference in antibiotic
H 2018 [81] 504/1656 Emerge}:ﬁy departtrgeint patients sequentially at admission and on prescriptions. No differences in
uang, reswilratcs);lsr’:;cf infzg‘ia;ns days 3, 5, 7. PCT cut-offs at 0.1, 0.25, composite outcome of death,
P y ’ and 0.5 pg/L. * ICU admission and readmission.
Antibiotic exposure reduced from
Patients admitted with Open-label. PCT measured at 6.8 (95% CI 5.9-7.7) days to
Kristoffersen, 2009 [88] 89/120 suspected lower respiratory admission. PCT cut-off at 5.1 (4.4-6.0) days among all patients
tract infections. 0.25 pug/L.** included. No difference in ICU
admission or death.
Antibiotic prescription rates reduced
Emergency department patients Open-label. PCT measured at from 69.9% to 48.7%. No difference
. admission, discharge and on days 3, in composite outcome of death,
Schuetz, 2009 [80] 533/1359 W.lth Suspede‘.i lowgr 5and 7. PCT cut-offs at 0.1, 0.25, and ICU admission, reinfection, abscess
respiratory tract infections. * . .
0.5 ug/L. formation, and empyema within
30 days.
Open label. PCT measured at Antibiotic prescription rate reduced
Stoltz, 2007 [84] 226 Patients admitted with admission. Antibiotics discouraged from 72% to 40%. No difference in
’ AECOPD. at PCT of <0.1 ng/L and encouraged composite of self-reported
at PCT of >0.25 ug/L. symptoms and death.
Open-label. PCT measured on days
1,2 and 3. Antibiotics stopped on In total, 45 of 88 patients in the
. Patients admitted with day 3 if all measurements were PCT-guided group received
Verduri, 2015 [85] 183 AECOPD. <0.1 ug/L, or if all measurements treatment for 3 days rather than 10.
were <0.25 and the patient was No difference in re-exacerbation rate.
clinically stable.
Patients admitted with Open-label. PCT of <0.1 was a Nosd:flfe:s;csesl:; Sf}llfgf st(;rted
Wang, 2016 [87] 194 AECOPD and PCT of criterium for inclusion. Randomized ymptoms, leng >y,
X e o ICU admission, mortality or
<0.1 ug/L. to either antibiotics or no antibiotics.

rehospitalization.

* Antibiotics strongly discouraged at PCT < 0.1, discouraged at PCT < 0.25, encouraged at PCT > 0.25, and strongly
encouraged at PCT > 0.5. ** Antibiotics discouraged at PCT < 0.25, and encouraged at PCT > 0.25.

8. Conclusions

There is an increasing body of evidence that supports that time-updated phenotypical
treatment guidance can carry some pronounced benefits for patients and societies. Procalci-
tonin is a promising candidate for guiding the antibiotic therapy of AECOPD with evidence
from several large well-designed trials using a time-updated design. Blood eosinophil
measurements have proven to be successful in guiding the use of oral corticosteroids in
moderate and severe COPD exacerbations, and post hoc analyses from large trials indicate
that it could be a viable biomarker to use to guide ICS treatment as well. However, unlike
procalcitonin, few studies account for the temporal variability of eosinophils levels. The
CORTICO-COP trial has shown that daily monitoring of blood eosinophils is a safe and
effective way to reduce OCS exposure and side effects for acute exacerbations. No time-
updated studies have been completed for treatment with ICS in the stable phase of COPD,
but an ongoing trial is testing this approach.

Author Contributions: Conceptualization, A J., P.S. and J.-U.].; writing—original draft preparation,
AlJ., VR. and PS.; writing—review and editing, A.]., P.S., VR. and ]J.-U].; visualization, A.J. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by The Novo Nordisk Foundation (grant number: NNF200C0060657).
The grant period started on September 1, 2020 and lasts for 5 years following that date. The grant must be
utilized within this period. The administrating institution is Gentofte Hospital.



Biomedicines 2023, 11, 1395 90f 13

Acknowledgments: Figure 1 was created using the following open-source materials: thyroid cancer
(modified to healthy thyroid), dendritic-cell-2, adipocyte-6, spleen-1 icons by Servier
https://smart.servier.com/ (accessed on 7 March 2023) is licensed under CC-BY 3.0 Unported,
https:/ /creativecommons.org/licenses/by/3.0/ (accessed on 7 March 2023). Protein_colored icon
(modified to green color) by DBCLS https:/ /togotv.dbcls.jp/en/pics.html (accessed on 7 March 2023)
is licensed under CC-BY 4.0 Unported, https:/ /creativecommons.org/licenses/by/4.0/ (accessed on
7 March 2023).

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

References

1. Christenson, S.A.; Smith, B.M.; Bafadhel, M.; Putcha, N. Chronic obstructive pulmonary disease. Lancet 2022, 399, 2227-2242.
[CrossRef] [PubMed]

2. Diseases, G.B.D.; Injuries, C. Global burden of 369 diseases and injuries in 204 countries and territories, 1990-2019: A systematic
analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1204-1222. [CrossRef]

3. Agusti, A,; Calverley, PM.; Celli, B.; Coxson, H.O.; Edwards, L.D.; Lomas, D.A.; MacNee, W.; Miller, B.E.; Rennard, S.; Silverman,
E.K.; et al. Characterisation of COPD heterogeneity in the ECLIPSE cohort. Respir. Res. 2010, 11, 122. [CrossRef] [PubMed]

4. Brightling, C.; Greening, N. Airway inflammation in COPD: Progress to precision medicine. Eur. Respir. ]. 2019, 54, 1900651.
[CrossRef] [PubMed]

5. Woodruff, P.G.; Barr, R.G.; Bleecker, E.; Christenson, S.A.; Couper, D.; Curtis, ].L.; Gouskova, N.A.; Hansel, N.N.; Hoffman, E.A;
Kanner, R.E,; et al. Clinical Significance of Symptoms in Smokers with Preserved Pulmonary Function. N. Engl. J. Med. 2016,
374,1811-1821. [CrossRef]

6. Doiron, D.; de Hoogh, K.; Probst-Hensch, N.; Fortier, I.; Cai, Y.; De Matteis, S.; Hansell, A.L. Air pollution, lung function and
COPD: Results from the population-based UK Biobank study. Eur. Respir. ]. 2019, 54, 1802140. [CrossRef]

7. Silverman, E.K. Genetics of COPD. Annu. Rev. Physiol. 2020, 82, 413—431. [CrossRef]

8. Beech, A; Jackson, N.; Singh, D. Identification of COPD Inflammatory Endotypes Using Repeated Sputum Eosinophil Counts.
Biomedicines 2022, 10, 2611. [CrossRef]

9.  Schumann, D.M.; Tamm, M.; Kostikas, K.; Stolz, D. Stability of the Blood Eosinophilic Phenotype in Stable and Exacerbated
COPD. Chest 2019, 156, 456-465. [CrossRef]

10. Benson, V.S.; Hartl, S.; Barnes, N.; Galwey, N.; Van Dyke, M.K.; Kwon, N. Blood eosinophil counts in the general population and
airways disease: A comprehensive review and meta-analysis. Eur. Respir. ]. 2022, 59, 2004590. [CrossRef]

11.  Kolsum, U.; Donaldson, G.C,; Singh, R.; Barker, B.L.; Gupta, V.; George, L.; Webb, A ].; Thurston, S.; Brookes, A.].; McHugh, T.D.;
et al. Blood and sputum eosinophils in COPD; relationship with bacterial load. Respir. Res. 2017, 18, 88. [CrossRef] [PubMed]

12.  Wang, Z.; Locantore, N.; Haldar, K.; Ramsheh, M.Y,; Beech, A.S.; Ma, W.; Brown, J.R; Tal-Singer, R.; Barer, M.R.; Bafadhel, M.;
et al. Inflammatory Endotype-associated Airway Microbiome in Chronic Obstructive Pulmonary Disease Clinical Stability and
Exacerbations: A Multicohort Longitudinal Analysis. Am. J. Respir. Crit. Care Med. 2021, 203, 1488-1502. [CrossRef] [PubMed]

13. Konig, ILR.; Fuchs, O.; Hansen, G.; von Mutius, E.; Kopp, M.V. What is precision medicine? Eur. Respir. J. 2017, 50, 1700391.
[CrossRef]

14. Meteran, H.; Sivapalan, P; Staehr Jensen, ]J.U. Treatment Response Biomarkers in Asthma and COPD. Diagnostics 2021, 11, 1668.
[CrossRef] [PubMed]

15. Paudel, R,; Dogra, P.; Montgomery-Yates, A.A.; Coz Yataco, A. Procalcitonin: A promising tool or just another overhyped test?
Int. J. Med. Sci. 2020, 17, 332-337. [CrossRef] [PubMed]

16. Mathioudakis, A.G.; Chatzimavridou-Grigoriadou, V.; Corlateanu, A.; Vestbo, J. Procalcitonin to guide antibiotic administration
in COPD exacerbations: A meta-analysis. Eur. Respir. Rev. 2017, 26, 160073. [CrossRef]

17.  Halici, A.; Hur, I; Abatay, K.; Cetin, E.; Halici, F.; Ozkan, S. The role of presepsin in the diagnosis of chronic obstructive pulmonary
disease acute exacerbation with pneumonia. Biomark. Med. 2020, 14, 31-41. [CrossRef]

18. Barnes, PJ. Inflammatory mechanisms in patients with chronic obstructive pulmonary disease. J. Allergy Clin. Immunol. 2016,
138, 16-27. [CrossRef]

19. Barnes, PJ. Inflammatory endotypes in COPD. Allergy 2019, 74, 1249-1256. [CrossRef]

20. Culpitt, S.V,; Maziak, W.; Loukidis, S.; Nightingale, ].A.; Matthews, J.L.; Barnes, PJ. Effect of high dose inhaled steroid on cells,
cytokines, and proteases in induced sputum in chronic obstructive pulmonary disease. Am. |. Respir. Crit. Care Med. 1999,
160, 1635-1639. [CrossRef]

21. O’Sullivan, J.A.; Bochner, B.S. Eosinophils and eosinophil-associated diseases: An update. ]. Allergy Clin. Immunol. 2018,
141, 505-517. [CrossRef] [PubMed]

22. Fahy, ].V. Type 2 inflammation in asthma—present in most, absent in many. Nat. Rev. Immunol. 2015, 15, 57-65. [CrossRef]
[PubMed]

23.  Schleimer, R.P.; Bochner, B.S. The effects of glucocorticoids on human eosinophils. J. Allergy Clin. Immunol. 1994, 94, 1202-1213.

[CrossRef] [PubMed]


https://smart.servier.com/
https://creativecommons.org/licenses/by/3.0/
https://togotv.dbcls.jp/en/pics.html
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(22)00470-6
https://www.ncbi.nlm.nih.gov/pubmed/35533707
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1186/1465-9921-11-122
https://www.ncbi.nlm.nih.gov/pubmed/20831787
https://doi.org/10.1183/13993003.00651-2019
https://www.ncbi.nlm.nih.gov/pubmed/31073084
https://doi.org/10.1056/NEJMoa1505971
https://doi.org/10.1183/13993003.02140-2018
https://doi.org/10.1146/annurev-physiol-021317-121224
https://doi.org/10.3390/biomedicines10102611
https://doi.org/10.1016/j.chest.2019.04.012
https://doi.org/10.1183/13993003.04590-2020
https://doi.org/10.1186/s12931-017-0570-5
https://www.ncbi.nlm.nih.gov/pubmed/28482840
https://doi.org/10.1164/rccm.202009-3448OC
https://www.ncbi.nlm.nih.gov/pubmed/33332995
https://doi.org/10.1183/13993003.00391-2017
https://doi.org/10.3390/diagnostics11091668
https://www.ncbi.nlm.nih.gov/pubmed/34574009
https://doi.org/10.7150/ijms.39367
https://www.ncbi.nlm.nih.gov/pubmed/32132868
https://doi.org/10.1183/16000617.0073-2016
https://doi.org/10.2217/bmm-2019-0183
https://doi.org/10.1016/j.jaci.2016.05.011
https://doi.org/10.1111/all.13760
https://doi.org/10.1164/ajrccm.160.5.9811058
https://doi.org/10.1016/j.jaci.2017.09.022
https://www.ncbi.nlm.nih.gov/pubmed/29045815
https://doi.org/10.1038/nri3786
https://www.ncbi.nlm.nih.gov/pubmed/25534623
https://doi.org/10.1016/0091-6749(94)90333-6
https://www.ncbi.nlm.nih.gov/pubmed/7798561

Biomedicines 2023, 11, 1395 10 of 13

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Bafadhel, M.; McKenna, S.; Terry, S.; Mistry, V.; Reid, C.; Haldar, P.; McCormick, M.; Haldar, K.; Kebadze, T.; Duvoix, A.; et al.
Acute exacerbations of chronic obstructive pulmonary disease: Identification of biologic clusters and their biomarkers. Am. J.
Respir. Crit. Care Med. 2011, 184, 662-671. [CrossRef]

Negewo, N.A; McDonald, V.M.; Baines, K.J.; Wark, P.A.; Simpson, J.L.; Jones, PW.; Gibson, P.G. Peripheral blood eosinophils: A
surrogate marker for airway eosinophilia in stable COPD. Int. ]. Chronic Obstr. Pulm. Dis. 2016, 11, 1495-1504. [CrossRef]
DiSantostefano, R.L.; Hinds, D.; Le, H.V.; Barnes, N.C. Relationship between blood eosinophils and clinical characteristics in a
cross-sectional study of a US population-based COPD cohort. Respir. Med. 2016, 112, 88-96. [CrossRef]

Martinez-Gestoso, S.; Garcia-Sanz, M.T.; Calvo-Alvarez, U.; Doval-Oubina, L.; Camba-Matos, S.; Salgado, FJ.; Munoz, X,;
Perez-Lopez-Corona, P.; Gonzalez-Barcala, FJ. Variability of blood eosinophil count and prognosis of COPD exacerbations. Ann.
Med. 2021, 53, 1152-1158. [CrossRef]

Bafadhel, M.; Peterson, S.; De Blas, M.A.; Calverley, PM.; Rennard, S.I; Richter, K.; Fageras, M. Predictors of exacerbation risk
and response to budesonide in patients with chronic obstructive pulmonary disease: A post-hoc analysis of three randomised
trials. Lancet Respir. Med. 2018, 6, 117-126. [CrossRef]

Sacks, D.; Baxter, B.; Campbell, B.C.V.; Carpenter, ].S.; Cognard, C.; Dippel, D.; Eesa, M.; Fischer, U.; Hausegger, K.; Hirsch, ].A,;
et al. Multisociety Consensus Quality Improvement Revised Consensus Statement for Endovascular Therapy of Acute Ischemic
Stroke. Int. J. Stroke 2018, 13, 612-632. [CrossRef]

Vedel-Krogh, S.; Nielsen, S.F; Lange, P; Vestbo, J.; Nordestgaard, B.G. Blood Eosinophils and Exacerbations in Chronic Obstructive
Pulmonary Disease. The Copenhagen General Population Study. Am. |. Respir. Crit. Care Med. 2016, 193, 965-974. [CrossRef]
Zeiger, R.S; Tran, T.N.; Butler, R K,; Schatz, M.; Li, Q.; Khatry, D.B.; Martin, U.; Kawatkar, A.A.; Chen, W. Relationship of Blood
Eosinophil Count to Exacerbations in Chronic Obstructive Pulmonary Disease. |. Allergy Clin. Immunol. Pract. 2018, 6, 944-954.
[CrossRef]

Duman, D.; Aksoy, E.; Agca, M.C.; Kocak, N.D.; Ozmen, I.; Akturk, U.A.; Gungor, S.; Tepetam, EM.; Eroglu, S.A.; Oztas, S.; et al.
The utility of inflammatory markers to predict readmissions and mortality in COPD cases with or without eosinophilia. Int. .
Chronic Obstr. Pulm. Dis. 2015, 10, 2469-2478. [CrossRef] [PubMed]

Brightling, C.E.; McKenna, S.; Hargadon, B.; Birring, S.; Green, R.; Siva, R.; Berry, M.; Parker, D.; Monteiro, W.; Pavord, I.D.; et al.
Sputum eosinophilia and the short term response to inhaled mometasone in chronic obstructive pulmonary disease. Thorax 2005,
60, 193-198. [CrossRef] [PubMed]

Pascoe, S.; Barnes, N.; Brusselle, G.; Compton, C.; Criner, G.J.; Dransfield, M.T.; Halpin, D.M.G.; Han, M.K,; Hartley, B.; Lange, P;
et al. Blood eosinophils and treatment response with triple and dual combination therapy in chronic obstructive pulmonary
disease: Analysis of the IMPACT trial. Lancet Respir. Med. 2019, 7, 745-756. [CrossRef] [PubMed]

Suissa, S.; Dell’Aniello, S.; Ernst, P. Comparative effectiveness of LABA-ICS versus LAMA as initial treatment in COPD targeted
by blood eosinophils: A population-based cohort study. Lancet Respir. Med. 2018, 6, 855-862. [CrossRef]

de Groot, J.C.; Storm, H.; Amelink, M.; de Nijs, S.B.; Eichhorn, E.; Reitsma, B.H.; Bel, E.H.; Ten Brinke, A. Clinical profile of
patients with adult-onset eosinophilic asthma. ER] Open Res. 2016, 2, 00100-2015. [CrossRef]

Hastie, A.T.; Martinez, FJ.; Curtis, J.L.; Doerschuk, C.M.; Hansel, N.N.; Christenson, S.; Putcha, N.; Ortega, V.E.; Li, X,; Barr, R.G,;
et al. Association of sputum and blood eosinophil concentrations with clinical measures of COPD severity: An analysis of the
SPIROMICS cohort. Lancet Respir. Med. 2017, 5, 956-967. [CrossRef]

Pizzichini, E.; Pizzichini, M.M.; Leigh, R.; Djukanovic, R.; Sterk, PJ. Safety of sputum induction. Eur. Respir. ]. Suppl. 2002,
37,9s-18s. [CrossRef]

Global Initiative for Chronic Obstructive Lung Disease. Global Strategy for the Diagnosis, Management, and Prevention of
Chronic Obstructive Pulmonary Disease; 2023 Report. Available online: https://goldcopd.org/2023-gold-report-2/ (accessed on
7 March 2023).

Casanova, C.; Celli, B.R.; de-Torres, J.P.; Martinez-Gonzalez, C.; Cosio, B.G.; Pinto-Plata, V.; de Lucas-Ramos, P,; Divo, M.; Fuster,
A.; Peces-Barba, G.; et al. Prevalence of persistent blood eosinophilia: Relation to outcomes in patients with COPD. Eur. Respir. J.
2017, 50, 1701162. [CrossRef]

Walters, J.A.; Tan, D.J.; White, C.J.; Gibson, P.G.; Wood-Baker, R.; Walters, E.H. Systemic corticosteroids for acute exacerbations of
chronic obstructive pulmonary disease. Cochrane Database Syst. Rev. 2014, 9, CD001288. [CrossRef]

Volmer, T.; Effenberger, T.; Trautner, C.; Buhl, R. Consequences of long-term oral corticosteroid therapy and its side-effects in
severe asthma in adults: A focused review of the impact data in the literature. Eur. Respir. J. 2018, 52, 1800703. [CrossRef]
[PubMed]

Bafadhel, M.; McKenna, S.; Terry, S.; Mistry, V.; Pancholi, M.; Venge, P.; Lomas, D.A_; Barer, M.R.; Johnston, S.L.; Pavord, I.D.; et al.
Blood eosinophils to direct corticosteroid treatment of exacerbations of chronic obstructive pulmonary disease: A randomized
placebo-controlled trial. Am. . Respir. Crit. Care Med. 2012, 186, 48-55. [CrossRef] [PubMed]

Ramakrishnan, S.; Jeffers, H.; Langford-Wiley, B.; Davies, J.; Mahdi, M.; Court, C.; Binnian, L; Bright, S.; Cartwright, S.; Fox, R,;
et al. Point of care blood eosinophil guided oral prednisolone for COPD exacerbations: A multi-centre double blind randomised
controlled trial (The STARR? trial). Eur. Respir. J. 2022, 60, 4728. [CrossRef]

Eosinophil-Driven Corticotherapy for Patients Hospitalized for COPD Exacerbation (eo-Drive).  Available online:
https:/ /clinicaltrials.gov/ct2 /show /NCT04234360?recrs=abdf&type=Intr&cond=Copd&draw=3&rank=54 (accessed on
15 January 2023).


https://doi.org/10.1164/rccm.201104-0597OC
https://doi.org/10.2147/COPD.S100338
https://doi.org/10.1016/j.rmed.2016.01.013
https://doi.org/10.1080/07853890.2021.1949489
https://doi.org/10.1016/S2213-2600(18)30006-7
https://doi.org/10.1016/j.jvir.2017.11.026
https://doi.org/10.1164/rccm.201509-1869OC
https://doi.org/10.1016/j.jaip.2017.10.004
https://doi.org/10.2147/COPD.S90330
https://www.ncbi.nlm.nih.gov/pubmed/26648709
https://doi.org/10.1136/thx.2004.032516
https://www.ncbi.nlm.nih.gov/pubmed/15741434
https://doi.org/10.1016/S2213-2600(19)30190-0
https://www.ncbi.nlm.nih.gov/pubmed/31281061
https://doi.org/10.1016/S2213-2600(18)30368-0
https://doi.org/10.1183/23120541.00100-2015
https://doi.org/10.1016/S2213-2600(17)30432-0
https://doi.org/10.1183/09031936.02.00000902
https://goldcopd.org/2023-gold-report-2/
https://doi.org/10.1183/13993003.01162-2017
https://doi.org/10.1002/14651858.CD001288.pub4
https://doi.org/10.1183/13993003.00703-2018
https://www.ncbi.nlm.nih.gov/pubmed/30190274
https://doi.org/10.1164/rccm.201108-1553OC
https://www.ncbi.nlm.nih.gov/pubmed/22447964
https://doi.org/10.1183/13993003.congress-2022.4728
https://clinicaltrials.gov/ct2/show/NCT04234360?recrs=abdf&type=Intr&cond=Copd&draw=3&rank=54

Biomedicines 2023, 11, 1395 11 of 13

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Sivapalan, P.; Lapperre, T.S.; Janner, J.; Laub, R.R.; Moberg, M.; Bech, C.S.; Eklof, J.; Holm, ES.; Armbruster, K.; Sivapalan, P;
et al. Eosinophil-guided corticosteroid therapy in patients admitted to hospital with COPD exacerbation (CORTICO-COP): A
multicentre, randomised, controlled, open-label, non-inferiority trial. Lancet Respir. Med. 2019, 7, 699-709. [CrossRef]
Wedzicha, J.A.; Banerji, D.; Chapman, K.R.; Vestbo, J.; Roche, N.; Ayers, R.T.; Thach, C.; Fogel, R.; Patalano, F.; Vogelmeier, C.E;
et al. Indacaterol-Glycopyrronium versus Salmeterol-Fluticasone for COPD. N. Engl. ]. Med. 2016, 374, 2222-2234. [CrossRef]
[PubMed]

Calverley, PM.; Anderson, J.A.; Celli, B.; Ferguson, G.T.; Jenkins, C.; Jones, PW.; Yates, J.C.; Vestbo, J.; TORCH Investigators.
Salmeterol and fluticasone propionate and survival in chronic obstructive pulmonary disease. N. Engl. ]. Med. 2007, 356, 775-789.
[CrossRef]

Eklof, ].; Ingebrigtsen, T.S.; Sorensen, R.; Saeed, M.1; Alispahic, I.A.; Sivapalan, P; Boel, ].B.; Bangsborg, J.; Ostergaard, C.; Dessau,
R.B.; et al. Use of inhaled corticosteroids and risk of acquiring Pseudomonas aeruginosa in patients with chronic obstructive
pulmonary disease. Thorax 2022, 77, 573-580. [CrossRef]

Mohsin, R.U.; Heerfordt, C.K.; Eklof, J.; Sivapalan, P.; Saeed, M.L; Ingebrigtsen, T.S.; Nielsen, S.D.; Harboe, Z.B.; Iversen, K.K,;
Bangsborg, J.; et al. Use of Inhaled Corticosteroids and Risk of Acquiring Haemophilus influenzae in Patients with Chronic
Obstructive Pulmonary Disease. J. Clin. Med. 2022, 11, 3539. [CrossRef]

Ronn, C,; Sivapalan, P; Eklof, ].; Kamstrup, P; Biering-Sorensen, T.; Bonnesen, B.; Harboe, Z.B.; Browatzki, A.; Kjaergaard, J.L.;
Meyer, C.N.; et al. Hospitalization for chronic obstructive pulmonary disease and pneumonia: Association with the dose of
inhaled corticosteroids. A nation-wide cohort study of 52 100 outpatients. Clin. Microbiol. Infect. 2022, 29, 523-529. [CrossRef]
Suissa, S.; Kezouh, A.; Ernst, P. Inhaled corticosteroids and the risks of diabetes onset and progression. Am. |. Med. 2010,
123, 1001-1006. [CrossRef]

Ernst, P; Baltzan, M.; Deschenes, J.; Suissa, S. Low-dose inhaled and nasal corticosteroid use and the risk of cataracts. Eur. Respir.
J. 2006, 27, 1168-1174. [CrossRef] [PubMed]

Jordan, A.; Sivapalan, P; Eklof, J.; Vestergaard, ].B.; Meteran, H.; Saeed, M.I.; Biering-Sorensen, T.; Lokke, A.; Seersholm, N.;
Jensen, J.U.S. The Association between Use of ICS and Psychiatric Symptoms in Patients with COPD-A Nationwide Cohort Study
of 49,500 Patients. Biomedicines 2021, 9, 1492. [CrossRef] [PubMed]

van der Meulen, M.; Amaya, ].M.; Dekkers, O.M.; Meijer, O.C. Association between use of systemic and inhaled glucocorticoids
and changes in brain volume and white matter microstructure: A cross-sectional study using data from the UK Biobank. BMJ
Open 2022, 12, €062446. [CrossRef] [PubMed]

Bafadhel, M.; Singh, D.; Jenkins, C.; Peterson, S.; Bengtsson, T.; Wessman, P.; Fageras, M. Reduced risk of clinically important
deteriorations by ICS in COPD is eosinophil dependent: A pooled post-hoc analysis. Respir. Res. 2020, 21, 17. [CrossRef]
[PubMed]

BTS guidelines for the management of chronic obstructive pulmonary disease. The COPD Guidelines Group of the Standards of
Care Committee of the BTS. Thorax 1997, 52 (Suppl. 5), S1-528.

Siva, R.; Green, R.H.; Brightling, C.E.; Shelley, M.; Hargadon, B.; McKenna, S.; Monteiro, W.; Berry, M.; Parker, D.; Wardlaw,
A.].; et al. Eosinophilic airway inflammation and exacerbations of COPD: A randomised controlled trial. Eur. Respir. J. 2007,
29,906-913. [CrossRef]

Eosinophil-guided Reduction of Inhaled Corticosteroids (COPERNICOS). ClinicalTrials.gov. 2020. Available online: https:
/ /ClinicalTrials.gov /show /NCT04481555 (accessed on 7 March 2023).

Allison, J.; Hall, L.; MaclIntyre, L; Craig, R.K. The construction and partial characterization of plasmids containing complementary
DNA sequences to human calcitonin precursor polyprotein. Biochem. J. 1981, 199, 725-731. [CrossRef]

Le Moullec, ].M.; Jullienne, A.; Chenais, J.; Lasmoles, F; Guliana, ].M.; Milhaud, G.; Moukhtar, M.S. The complete sequence of
human preprocalcitonin. FEBS Lett. 1984, 167, 93-97. [CrossRef]

Kiriakopoulos, A.; Giannakis, P.; Menenakos, E. Calcitonin: Current concepts and differential diagnosis. Ther. Adv. Endocrinol.
Metab. 2022, 13, 20420188221099344. [CrossRef]

Vijayan, A.L.; Ravindran, S.; Saikant, R.; Lakshmi, S.; Kartik, R. Procalcitonin: A promising diagnostic marker for sepsis and
antibiotic therapy. J. Intensive Care 2017, 5, 51. [CrossRef]

Assicot, M.; Gendrel, D.; Carsin, H.; Raymond, J.; Guilbaud, J.; Bohuon, C. High serum procalcitonin concentrations in patients
with sepsis and infection. Lancet 1993, 341, 515-518. [CrossRef] [PubMed]

Miiller, B.; White, J.C.; Nylén, E.S.; Snider, R.H.; Becker, K.L.; Habener, J.F. Ubiquitous expression of the calcitonin-i gene in
multiple tissues in response to sepsis. J. Clin. Endocrinol. Metab. 2001, 86, 396—404. [CrossRef]

Nishikura, T. Procalcitonin (PCT) production in a thyroidectomized patient. Intensive Care Med. 1999, 25, 1031. [CrossRef]
[PubMed]

Dandona, P; Nix, D.; Wilson, M.E,; Aljada, A.; Love, J.; Assicot, M.; Bohuon, C. Procalcitonin increase after endotoxin injection in
normal subjects. |. Clin. Endocrinol. Metab. 1994, 79, 1605-1608. [CrossRef] [PubMed]

Oberhoffer, M.; Stonans, I.; Russwurm, S.; Stonane, E.; Vogelsang, H.; Junker, U; Jager, L.; Reinhart, K. Procalcitonin expression in
human peripheral blood mononuclear cells and its modulation by lipopolysaccharides and sepsis-related cytokines in vitro. J.
Lab. Clin. Med. 1999, 134, 49-55. [CrossRef]

Pepys, M.B.; Hirschfield, G.M. C-reactive protein: A critical update. J. Clin. Investig. 2003, 111, 1805-1812. [CrossRef]


https://doi.org/10.1016/S2213-2600(19)30176-6
https://doi.org/10.1056/NEJMoa1516385
https://www.ncbi.nlm.nih.gov/pubmed/27181606
https://doi.org/10.1056/NEJMoa063070
https://doi.org/10.1136/thoraxjnl-2021-217160
https://doi.org/10.3390/jcm11123539
https://doi.org/10.1016/j.cmi.2022.11.029
https://doi.org/10.1016/j.amjmed.2010.06.019
https://doi.org/10.1183/09031936.06.00043005
https://www.ncbi.nlm.nih.gov/pubmed/16481387
https://doi.org/10.3390/biomedicines9101492
https://www.ncbi.nlm.nih.gov/pubmed/34680609
https://doi.org/10.1136/bmjopen-2022-062446
https://www.ncbi.nlm.nih.gov/pubmed/36041764
https://doi.org/10.1186/s12931-020-1280-y
https://www.ncbi.nlm.nih.gov/pubmed/31924197
https://doi.org/10.1183/09031936.00146306
https://ClinicalTrials.gov/show/NCT04481555
https://ClinicalTrials.gov/show/NCT04481555
https://doi.org/10.1042/bj1990725
https://doi.org/10.1016/0014-5793(84)80839-X
https://doi.org/10.1177/20420188221099344
https://doi.org/10.1186/s40560-017-0246-8
https://doi.org/10.1016/0140-6736(93)90277-N
https://www.ncbi.nlm.nih.gov/pubmed/8094770
https://doi.org/10.1210/jc.86.1.396
https://doi.org/10.1007/s001340051006
https://www.ncbi.nlm.nih.gov/pubmed/10501769
https://doi.org/10.1210/jcem.79.6.7989463
https://www.ncbi.nlm.nih.gov/pubmed/7989463
https://doi.org/10.1016/S0022-2143(99)90053-7
https://doi.org/10.1172/JCI200318921

Biomedicines 2023, 11, 1395 12 of 13

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Landry, A.; Docherty, P.; Ouellette, S.; Cartier, L.]. Causes and outcomes of markedly elevated C-reactive protein levels. Can. Fam.
Physician 2017, 63, e316-e323.

Sproston, N.R.; Ashworth, J.J. Role of C-Reactive Protein at Sites of Inflammation and Infection. Front. Immunol. 2018, 9, 754.
[CrossRef]

Simon, L.; Gauvin, F.; Amre, D.K,; Saint-Louis, P.; Lacroix, J. Serum procalcitonin and C-reactive protein levels as markers of
bacterial infection: A systematic review and meta-analysis. Clin. Infect. Dis. 2004, 39, 206-217. [CrossRef]

Samsudin, I.; Vasikaran, S.D. Clinical Utility and Measurement of Procalcitonin. Clin. Biochem. Rev. 2017, 38, 59-68.

Perren, A.; Cerutti, B.; Lepori, M.; Senn, V.; Capelli, B.; Duchini, F.; Domenighetti, G. Influence of steroids on procalcitonin and
C-reactive protein in patients with COPD and community-acquired pneumonia. Infection 2008, 36, 163-166. [CrossRef]

Blum, C.A.; Nigro, N.; Briel, M.; Schuetz, P.; Ullmer, E.; Suter-Widmer, I.; Winzeler, B.; Bingisser, R.; Elsaesser, H.; Drozdov, D.;
et al. Adjunct prednisone therapy for patients with community-acquired pneumonia: A multicentre, double-blind, randomised,
placebo-controlled trial. Lancet 2015, 385, 1511-1518. [CrossRef] [PubMed]

Azzini, A M.; Dorizzi, RM,; Sette, P.; Vecchi, M.; Coledan, I; Righi, E.; Tacconelli, E. A 2020 review on the role of procalcitonin in
different clinical settings: An update conducted with the tools of the Evidence Based Laboratory Medicine. Ann. Transl. Med.
2020, 8, 610. [CrossRef] [PubMed]

Lopez-Campos, J.L.; Hartl, S.; Pozo-Rodriguez, F.; Roberts, C.M.; On behalf of the European COPD Audit Team. Antibiotic
Prescription for COPD Exacerbations Admitted to Hospital: European COPD Audit. PLoS ONE 2015, 10, e0124374. [CrossRef]
Ramirez, J.; Guarner, F.; Bustos Fernandez, L.; Maruy, A.; Sdepanian, V.L.; Cohen, H. Antibiotics as Major Disruptors of Gut
Microbiota. Front. Cell. Infect. Microbiol. 2020, 10, 572912. [CrossRef] [PubMed]

Huttner, A.; Harbarth, S.; Carlet, J.; Cosgrove, S.; Goossens, H.; Holmes, A ; Jarlier, V.; Voss, A.; Pittet, D. Antimicrobial resistance:
A global view from the 2013 World Healthcare-Associated Infections Forum. Antimicrob. Resist. Infect. Control 2013, 2, 31.
[CrossRef]

Schuetz, P,; Christ-Crain, M.; Thomann, R.; Falconnier, C.; Wolbers, M.; Widmer, 1.; Neidert, S.; Fricker, T.; Blum, C.; Schild, U.;
et al. Effect of procalcitonin-based guidelines vs standard guidelines on antibiotic use in lower respiratory tract infections: The
ProHOSP randomized controlled trial. JAMA 2009, 302, 1059-1066. [CrossRef]

Huang, D.T.; Yealy, D.M,; Filbin, M.R.; Brown, A.M.; Chang, C.H.; Doi, Y.; Donnino, M.W,; Fine, |.; Fine, M.].; Fischer, M. A ; et al.
Procalcitonin-Guided Use of Antibiotics for Lower Respiratory Tract Infection. N. Engl. J. Med. 2018, 379, 236-249. [CrossRef]
Christ-Crain, M.; Jaccard-Stolz, D.; Bingisser, R.; Gencay, M.M.; Huber, PR.; Tamm, M.; Muller, B. Effect of procalcitonin-guided
treatment on antibiotic use and outcome in lower respiratory tract infections: Cluster-randomised, single-blinded intervention
trial. Lancet 2004, 363, 600-607. [CrossRef]

Corti, C.; Fally, M.; Fabricius-Bjerre, A.; Mortensen, K.; Jensen, B.N.; Andreassen, H.F,; Porsbjerg, C.; Knudsen, ].D.; Jensen, J.U.
Point-of-care procalcitonin test to reduce antibiotic exposure in patients hospitalized with acute exacerbation of COPD. Int. ].
Chronic Obstr. Pulm. Dis. 2016, 11, 1381-1389. [CrossRef]

Stolz, D.; Christ-Crain, M.; Bingisser, R.; Leuppi, J.; Miedinger, D.; Muller, C.; Huber, P.; Muller, B.; Tamm, M. Antibiotic treatment
of exacerbations of COPD: A randomized, controlled trial comparing procalcitonin-guidance with standard therapy. Chest 2007,
131, 9-19. [CrossRef] [PubMed]

Verduri, A.; Luppi, F; D’Amico, R.; Balduzzi, S.; Vicini, R.; Liverani, A.; Ruggieri, V.; Plebani, M.; Barbaro, M.P,; Spanevello, A;
et al. Antibiotic treatment of severe exacerbations of chronic obstructive pulmonary disease with procalcitonin: A randomized
noninferiority trial. PLoS ONE 2015, 10, e0118241. [CrossRef]

Daubin, C.; Valette, X.; Thiolliere, F.; Mira, J.P.; Hazera, P,; Annane, D.; Labbe, V.; Floccard, B.; Fournel, F.; Terzi, N.; et al.
Procalcitonin algorithm to guide initial antibiotic therapy in acute exacerbations of COPD admitted to the ICU: A randomized
multicenter study. Intensive Care Med. 2018, 44, 428-437. [CrossRef] [PubMed]

Wang, J.X.; Zhang, S.M.; Li, X.H.; Zhang, Y.; Xu, Z.Y.; Cao, B. Acute exacerbations of chronic obstructive pulmonary disease with
low serum procalcitonin values do not benefit from antibiotic treatment: A prospective randomized controlled trial. Int. J. Infect.
Dis. 2016, 48, 40-45. [CrossRef] [PubMed]

Kristoffersen, K.B.; Sogaard, O.S.; Wejse, C.; Black, ET.; Greve, T.; Tarp, B.; Storgaard, M.; Sodemann, M. Antibiotic treatment
interruption of suspected lower respiratory tract infections based on a single procalcitonin measurement at hospital admission-a
randomized trial. Clin. Microbiol. Infect 2009, 15, 481-487. [CrossRef] [PubMed]

Schuetz, P.; Wirz, Y.; Sager, R.; Christ-Crain, M.; Stolz, D.; Tamm, M.; Bouadma, L.; Luyt, C.E.; Wolff, M.; Chastre, ].; et al. Effect of
procalcitonin-guided antibiotic treatment on mortality in acute respiratory infections: A patient level meta-analysis. Lancet Infect.
Dis. 2018, 18, 95-107. [CrossRef] [PubMed]

Farooq, A.; Colon-Franco, ].M. Procalcitonin and Its Limitations: Why a Biomarker’s Best Isn't Good Enough. J. Appl. Lab. Med.
2019, 3, 716-719. [CrossRef] [PubMed]


https://doi.org/10.3389/fimmu.2018.00754
https://doi.org/10.1086/421997
https://doi.org/10.1007/s15010-007-7206-5
https://doi.org/10.1016/S0140-6736(14)62447-8
https://www.ncbi.nlm.nih.gov/pubmed/25608756
https://doi.org/10.21037/atm-20-1855
https://www.ncbi.nlm.nih.gov/pubmed/32566636
https://doi.org/10.1371/journal.pone.0124374
https://doi.org/10.3389/fcimb.2020.572912
https://www.ncbi.nlm.nih.gov/pubmed/33330122
https://doi.org/10.1186/2047-2994-2-31
https://doi.org/10.1001/jama.2009.1297
https://doi.org/10.1056/NEJMoa1802670
https://doi.org/10.1016/S0140-6736(04)15591-8
https://doi.org/10.2147/COPD.S104051
https://doi.org/10.1378/chest.06-1500
https://www.ncbi.nlm.nih.gov/pubmed/17218551
https://doi.org/10.1371/journal.pone.0118241
https://doi.org/10.1007/s00134-018-5141-9
https://www.ncbi.nlm.nih.gov/pubmed/29663044
https://doi.org/10.1016/j.ijid.2016.04.024
https://www.ncbi.nlm.nih.gov/pubmed/27155210
https://doi.org/10.1111/j.1469-0691.2009.02709.x
https://www.ncbi.nlm.nih.gov/pubmed/19416298
https://doi.org/10.1016/S1473-3099(17)30592-3
https://www.ncbi.nlm.nih.gov/pubmed/29037960
https://doi.org/10.1373/jalm.2017.025916
https://www.ncbi.nlm.nih.gov/pubmed/31639738

Biomedicines 2023, 11, 1395 13 of 13

91. Desai, H.; Eschberger, K.; Wrona, C.; Grove, L.; Agrawal, A.; Grant, B.; Yin, J.; Parameswaran, G.L; Murphy, T.; Sethi, S. Bacterial
colonization increases daily symptoms in patients with chronic obstructive pulmonary disease. Ann. Am. Thorac. Soc. 2014,
11, 303-309. [CrossRef]

92. Daniels, ].M.; Schoorl, M.; Snijders, D.; Knol, D.L.; Lutter, R.; Jansen, H.M.; Boersma, W.G. Procalcitonin vs C-reactive protein as
predictive markers of response to antibiotic therapy in acute exacerbations of COPD. Chest 2010, 138, 1108-1115. [CrossRef]

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/10.1513/AnnalsATS.201310-350OC
https://doi.org/10.1378/chest.09-2927

	Introduction 
	Blood Eosinophils as a Treatment Response Marker 
	Eosinophil-Guided OCS for Acute Exacerbations 
	Eosinophil-Guided ICS for Stable COPD 
	Future Perspectives of Eosinophil-Guided Treatment 
	Procalcitonin as a Biomarker in Respiratory Infections 
	Procalcitonin Guidance to Reduce Antibiotic Exposure in Acute Exacerbations of COPD 
	Conclusions 
	References

