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Abstract
Rationale: In cystic ﬁbrosis (CF), pulmonary exacerbations present
an opportunity to deﬁne the effect of antibiotic therapy on systemic
measures of inﬂammation.
Objectives: Investigate whether plasma inﬂammatory proteins
demonstrate and predict a clinical response to antibiotic therapy and
determine which proteins are associated with measures of clinical
improvement.
Methods: In this multicenter study, a panel of 15 plasma proteins
was measured at the onset and end of treatment for pulmonary
exacerbation and at a clinically stable visit in patients with CF
who were 10 years of age or older.
Measurements and Main Results: Signiﬁcant reductions
in 10 plasma proteins were observed in 103 patients who had
paired blood collections during antibiotic treatment for pulmonary
exacerbations. Plasma C-reactive protein, serum amyloid A,
calprotectin, and neutrophil elastase antiprotease complexes

correlated most strongly with clinical measures at exacerbation onset.
Reductions in C-reactive protein, serum amyloid A, IL-1ra, and
haptoglobin were most associated with improvements in lung
function with antibiotic therapy. Having higher IL-6, IL-8,
and a1-antitrypsin (a1AT) levels at exacerbation onset were
associated with an increased risk of being a nonresponder (i.e., failing
to recover to baseline FEV1). Baseline IL-8, neutrophil elastase
antiprotease complexes, and a1AT along with changes in several
plasma proteins with antibiotic treatment, in combination with
FEV1 at exacerbation onset, were predictive of being a treatment
responder.
Conclusions: Circulating inﬂammatory proteins demonstrate
and predict a response to treatment of CF pulmonary exacerbations.
A systemic biomarker panel could speed up drug discovery, leading
to a quicker, more efﬁcient drug development process for the CF
community.
Keywords: cystic ﬁbrosis; pulmonary exacerbation; inﬂammation;
plasma; biomarker
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Clinical and translational research in cystic
ﬁbrosis (CF) is hampered, in part, by
a lack of sensitive biochemical measures of
treatment response. As a result of a growing
pipeline of drugs, including treatments
targeting the basic protein defect, which
have led to improved lung function, reduced
frequency of pulmonary exacerbations,
and increased life expectancy (1, 2), it is
becoming more difﬁcult to demonstrate
efﬁcacy with investigational therapies in
CF. The CF community has recognized this
challenge and emphasized the need to
identify and validate biomarkers to serve
as prognostic indicators of therapeutic
response and outcome measures in earlyphase CF clinical trials (3). Because lung
disease is the major determinant of
quality of life and survival in CF, and
airway inﬂammation is a hallmark
feature of CF lung disease, there is strong
rationale to focus the search for relevant
pulmonary biomarkers to measures of
inﬂammation.
Acute pulmonary exacerbations are
episodes of acute worsening of respiratory
symptoms (4). Intravenous antibiotics are
prescribed to those individuals judged to
have severe symptoms and those who
fail to adequately respond to outpatient
oral and nebulized antibiotic therapy.
Numerous studies have demonstrated
that patients with CF generally improve
within 2 weeks of being started on
intravenous antibiotics (5). Therefore,
exacerbations present a unique opportunity
to deﬁne the effect of intravenous antibiotic
therapy on candidate markers of
inﬂammation and to determine whether
clinical improvements are associated
with signiﬁcant and relatively rapid
changes in inﬂammation.
Systemic (blood-based) markers of
inﬂammation are ideal in that blood
measurements are easily standardized,
repeatable, and can be obtained from
subjects of any age and disease severity.
An important question however, is whether
systemic markers are sensitive enough to
detect a meaningful change in lung disease,
given that the inﬂammatory response to
infection in CF is largely conﬁned to the
lung (6). A recent systematic review
summarized the results of studies that
have used systemic biomarkers to monitor
response to treatment during pulmonary
exacerbations (7). C-reactive protein (CRP)
has been the most widely investigated
biomarker, decreasing in response to

exacerbation treatment in the majority
of studies. Other promising candidate
biomarkers include neutrophil elastase
antiprotease complexes (NEAPC),
IL-6, and calprotectin. As noted in the
review (7), most of these studies were small,
single-center studies that enrolled primarily
adults with CF and relied on varying
deﬁnitions of pulmonary exacerbations.
Additionally, none of these studies
investigated a panel of blood biomarkers
to monitor response to exacerbation
treatment or examined whether blood
biomarkers can predict which individuals
fail to recover to their baseline lung
function (7).
In this prospective, multicenter study,
we measured changes in 15 plasma proteins
during intravenous antibiotic treatment
for pulmonary exacerbations and at
a follow-up visit to (1) investigate
relationships between systemic
inﬂammation and indicators of clinical
improvement, (2) determine whether
systemic measures of inﬂammation can
reliably distinguish exacerbation from
stable disease, and (3) examine the value
of a systemic inﬂammatory panel for
predicting clinical response to intravenous
antibiotic therapy. This is the largest and
most comprehensive study of plasma
measures of inﬂammation during CF
exacerbations ever reported. Some of the
results of this study have been previously
reported in abstract form (8).

Methods
Study Subjects and Design

Patients with CF 10 years of age and older
who were being treated with intravenous
antibiotics for a pulmonary exacerbation
were recruited from six accredited CF
Foundation (CFF) care centers. Participants
had to demonstrate at least 3 of 11 criteria
for pulmonary exacerbation, deﬁned by
a CFF consensus committee (see Table
E1 in the online supplement) (9). An
exacerbation score was calculated for each
subject at the time of antibiotic initiation
using a previously published scoring system
(10). Participants were treated with at least
two intravenous antibiotics, targeting their
speciﬁc CF pathogens, and aggressive
mucus clearance based on standard CF
clinical care guidelines (9) for a minimum
of 10 days. Concomitant administration of
inhaled and oral antibiotics and systemic

corticosteroids were left to the discretion
of the treating physicians at the
participating sites (indications for
corticosteroid treatment are provided in
the online supplement). Blood was ﬁrst
collected within 24 hours of starting

Table 1. Clinical characteristics of
patients with paired blood collections
during intravenous antibiotic treatment for
pulmonary exacerbations at exacerbation
onset
N = 103
Age, mean (SD), yr
Age group
10–18 yr, n (%)
Mean (SD)
.18 yr, n (%)
Mean (SD)
Sex, female, n (%)
Race, n (%)
White
Hispanic
African American
Aleut/Eskimo
Genotype n (%)
F508del homozygous
F508del heterozygous
Unknown

96
3
3
1

93.2%
2.9%
2.9%
1.0%

58
38
7

56.3%
36.9%
6.8%

Pancreatic insufﬁcient, n (%)

97

94.9%

BMI, mean (SD), kg/m2
FEV1, mean (SD), L
FEV1% predicted,* mean (SD)
FEV1% predicted group,*
n (%)
,50%
50–70%
70–90%
FVC, mean (SD), L
FVC % predicted,* mean (SD)

20.1 3.3
1.7 0.7
54.7 21.3

Microbiology,† n (%)
No growth
Growth observed
Polymicrobial cultures
Pseudomonas aeruginosa:
any
Pseudomonas aeruginosa:
mucoid
Pseudomonas aeruginosa:
nonmucoid
Methicillin-resistant
Staphylococcus aureus

23.5

9.9

32
31.1%
13.5 2.4
71
68.9%
28.1 8.6
64
62.1%

51
25
21
2.7
71.4

49.5%
24.3%
20.4%
0.9
18.5%

1
88
65
67

1.1%
98.9%
73.0%
75.3%

53

59.6%

32

36.0%

30

33.7%

*Spirometry % predicted is calculated using the
Wang equations (12) for female subjects less
than 16 yr of age and male subjects less than 18
yr of age. The Hankinson equations (13) are used
for female subjects 16 yr and older and male
subjects 18 yr and older.
†
Baseline respiratory culture data were available
from 89 participants.
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intravenous antibiotic therapy (Visit 1).
Attempts were made to collect these
samples before the administration of
the ﬁrst dose of intravenous antibiotics;
however, the administration of
antibiotics was not considered an
exclusion criterion.
The second blood specimens were
obtained toward the end of the treatment
course, typically between Days 10 to 21
after starting intravenous antibiotics (Visit
2), and the third blood specimens were
collected at a routine outpatient clinic visit
at least 2 weeks after completing all systemic
antibiotic treatment (intravenous and oral)
for their pulmonary exacerbation (Visit 3).
At all three time points, anthropometric data
and oxygen saturations were obtained,
sputum was collected for microbiology
per CF consensus guidelines (11), and
spirometry was performed. Spirometric
values included FVC and FEV1 and were
expressed as percent of predicted normal
using reference equations (12, 13).
Participants were withdrawn from analyses
if blood was not collected and properly
processed at the ﬁrst two time points
(Visits 1 and 2). This study had approval
from the local research ethics committee
of each participating institution, and all
participants or guardians provided written
informed consent.
Blood Processing and Analysis of
Plasma Proteins

Venous blood was collected into
ethylenediaminetetraacetic acid collection
tubes and processed and stored according
to a standard operating procedure
developed speciﬁcally for this study
(details provided in the online
supplement). Plasma proteins were
measured in the CFF Therapeutics Center
for Biochemical Markers at the University
of Colorado. A list of the commercially
available assays used to measure each of
the 15 plasma analytes is provided in Table
E2. An aliquot of serum was also collected
at each time point and submitted to
the onsite hematology laboratory for
a complete blood count and cell
differential counts.

coefﬁcient was used to assess
correlations between plasma markers
and clinical measures. A “responder”
to antibiotic therapy was someone who
recovered to baseline lung function
deﬁned as any FEV 1 in the 3 months
after intravenous antibiotic treatment
that was greater than or equal to 90%
of the best FEV 1 within 6 months before
the exacerbation (14). Multivariate
modeling (three staged, step-down,
signiﬁcance threshold = 0.10) and
area under the receiver operating
characteristics curve (AUC) and Akaike
Information Criterion (AIC) for
unnested models were used to identify
a panel of plasma analytes (both baseline
and change measurements) that were
predictive of being a responder.
Additional details are provided in
the online supplement.

Results
Baseline Patient Characteristics
and Clinical Response to
Antibiotic Therapy

One hundred twenty-three participants
were enrolled; 122 completed the ﬁrst

blood collection, 103 completed the ﬁrst
and second collections, and 70 completed
all three collections (Figure E1). Baseline
clinical characteristics of the 103 who
had paired blood collections during
intravenous antibiotic treatment for
exacerbations are summarized in Table 1.
Ninety-eight (95%) study participants had
a pulmonary exacerbation score of 2.6 or
higher (mean 6 SD, 4.4 6 1.4; range, 1.5–
8.7). Fifty-two percent of participants
experienced a decrease in FEV1 of at least
10% from a previous measurement taken
within 3 months before their exacerbation.
Duration of intravenous antibiotic therapy
was 16.8 6 7.9 days (range, 7–61 d), and
the time between the ﬁrst two blood
collections was 14.8 6 4.8 days (range,
6–31 d). The third visit occurred
292 6 140 days (range, 35–659 d)
after completing treatment for the
exacerbation. The most common
intravenous antibiotic treatments
prescribed for the exacerbations were
tobramycin (66% of participants),
meropenem (50%), ceftazidime (27%),
and vancomycin (25%). Seventeen percent
of participants were also treated with
systemic corticosteroids. All clinical
measurements, including FEV1, FVC,

Table 2. Plasma protein concentrations and serum white cell and neutrophil counts
(log10 transformed values) at exacerbation onset (V1), end of antibiotic therapy (V2), and
a clinically stable follow-up visit (V3)
Analyte

Preintravenous (V1)

End of Therapy (V2)

Clinical Stability (V3)

N

Mean

SD

N

Mean

SD

N

Mean

SD

122
122
121
122
122
122
122
122
122
122
122
122
122
122
122
122
96

0.94
0.87
1.01
1.06
0.73
1.62
3.89
1.94
0.81
1.57
2.28
2.26
1.44
4.85
3.41
1.07
0.94

0.58
0.57
0.70
0.26
0.39
0.56
0.42
0.26
0.44
0.13
0.20
0.10
0.31
1.04
0.53
0.14
0.17

103
103
103
103
103
103
103
103
101
103
103
103
102
102
102
102
81

0.56
0.76
0.75
1.01
0.77
1.23
3.79
1.81
0.50
1.56
2.16
2.26
1.42
4.07
3.34
0.97
0.80

0.41
0.64
0.72
0.32
0.36
0.54
0.38
0.18
0.27
0.15
0.24
0.09
0.29
0.83
0.50
0.14
0.18

82
81
82
82
82
82
82
82
81
82
82
82
81
81
81
79
59

0.74
0.64
0.72
1.01
0.78
1.78
3.97
1.89
0.64
1.55
2.23
2.24
1.38
4.69
3.46
1.04
0.91

0.49
0.69
0.51
0.30
0.29
0.42
0.30
0.23
0.36
0.12
0.19
0.10
0.30
0.98
0.44
0.14
0.19

Statistical Analysis

hsCRP
IL-1ra
IL-6
IL-8
TNF-a
G-CSF
TGF-b1
NEAPC
CALPR
CERUL
HAPTO
a1AT
ARG1
SAA
sCD40
WBC (103/ml)
PMNs (103/ml)

Summary statistics and 95% conﬁdence
intervals (CIs) were reported for baseline
and change measures; two-sided P values
for analyte changes were derived from
paired t tests. Spearman correlation

Definition of abbreviations: a1AT = a1-antitrypsin; ARG1 = arginase-1; CALPR = calprotectin;
CERUL = ceruloplasmin; G-CSF = granulocyte colony stimulating factor; HAPTO = haptoglobin;
hsCRP = high-sensitivity C-reactive protein; NEAPC = neutrophil elastase antiprotease complexes;
PMNs = neutrophils; SAA = serum amyloid A; sCD40 = soluble CD40; TGF-b1 = transforming growth
factor-b1; TNF-a = tumor necrosis factor-a; WBC = white blood cell.
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0.0

–0.2

–0.4

–0.6

–0.8

–1.0

Concentrations of the 15 plasma proteins,
serum WBC, and neutrophil counts at
baseline, after intravenous antibiotic therapy
(V2), and at a clinically stable visit (V3) are
reported in Table 2. Signiﬁcant reductions

Neutrophils

WBC

SAA

sCD40

ARG1

Plasma Biomarker

B
0.2

0.0

–0.2

Neutrophils

77 53

WBC

α1AT

SAA

HAPTO

81 81

sCD40

82 81

ARG1

82

CERUL

G-CSF

81 82

CALPR

Il8

82 82

NEAPC

82 82

TGFβ1

82

TNFα

81 81

Il6

n = 82

IL1ra

–0.4

Plasma Biomarker

Change in Systemic Inﬂammation
during Exacerbations and on Return
to Clinical Stability

α1AT

CERUL

HAPTO

CALPR

TGFβ1

NEAPC

G-CSF

Il8

TNFα

Il6

IL1ra

hsCRP

n = 103 103 103 103 103 103 103 103 101 103 103 103 102 102 102 94 76

hsCRP

Baseline differences in plasma protein
measurements and serum white blood cell
(WBC) and neutrophil counts at the onset of
exacerbations (V1) were examined by age
(, vs. >18 yr of age), FEV1 (, vs. >70%
predicted), Pseudomonas aeruginosa and
methicillin-resistant Staphylococcus aureus
(MRSA) infection status, and steroid use
during exacerbation treatment. Older
participants with CF had signiﬁcantly
higher baseline circulating WBC and
neutrophil counts and concentrations of
high sensitivity (hs)CRP, serum amyloid
A (SAA), ceruloplasmin, haptoglobin,
granulocyte colony stimulating factor
(G-CSF), and a1-antitrypsin (a1AT)
compared with younger participants,
whereas transforming growth factor-b1
(TGF-b1) and soluble (s)CD40 levels
were signiﬁcantly higher among younger
participants with CF (Table E4). Those with
lower FEV1 at the time of exacerbation had
signiﬁcantly higher WBC and neutrophil
counts and higher concentrations of 10
of the 15 plasma proteins compared with
those with higher FEV1 (Table E5). There
were no differences in any of the systemic
measures of inﬂammation at baseline by
P. aeruginosa (Table E6) or MRSA (Table
E7) status. Study participants treated with
a course of systemic corticosteroids
during their exacerbation had lower
baseline tumor necrosis factor (TNF)-a
concentrations compared with the majority
not treated with steroids (Table E8). There
were no observed associations between
baseline measures of systemic inﬂammation
and pulmonary exacerbation score or
mean decline in FEV1% predicted at
exacerbation onset (assessed by best FEV1
within 6 mo of the exacerbation and FEV1
at V1) (data not shown).

exacerbations: hsCRP, IL-1ra, IL6, G-CSF, TGF-b1, NEAPC, calprotectin,
ceruloplasmin, haptoglobin, SAA, WBC,

A

Change in Log10 Concentration
(V2-V1)

Relationships between Systemic
Inﬂammation and Patient
Characteristics at
Exacerbation Onset

in several markers of systemic
inﬂammation were observed during
intravenous antibiotic treatment for

Change in Log10 Concentration
(V3-V1)

oxygen saturations, weight, and body
mass index (BMI) signiﬁcantly improved
after antibiotic therapy (Table E3).

Figure 1. Changes in plasma measures of inflammation (log10 transformed values) (A) with antibiotic
therapy (end of antibiotic therapy [V2] 2 exacerbation onset [V1]), and (B) between exacerbation
and clinical stability (clinically stable follow-up visit [V3] 2 V1). Means and 95% confidence intervals
displayed. a1AT = a1-antitrypsin; ARG1 = arginase-1; CALPR = calprotectin; CERUL = ceruloplasmin;
G-CSF = granulocyte colony stimulating factor; HAPTO = haptoglobin; hsCRP = high-sensitivity
C-reactive protein; NEAPC = neutrophil elastase antiprotease complexes; SAA = serum amyloid A;
sCD40 = soluble CD40; TGFb1 = transforming growth factor-b1; TNFa = tumor necrosis factor-a;
WBC = white blood cell.
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and neutrophil counts (Figure 1A). Greater
reductions in hsCRP and IL-8 were seen in
the participants treated with concomitant
systemic corticosteroids versus those who
were not (Table E9). Changes in systemic
measures of inﬂammation based on
underlying infection status are presented
in Tables E10 (P. aeruginosa) and E11
(MRSA). Signiﬁcant differences were also
observed between clinical stability (V3)
and exacerbation (V1) for hsCRP, IL-1ra,
IL-6, calprotectin, ceruloplasmin,
haptoglobin, SAA, and WBC (all
decreased at V3) and G-CSF (increased
at V3) (Figure 1B).
Relationships between Systemic
Inﬂammation and Clinical Outcomes
at Exacerbation Onset and after
Antibiotic Therapy

Investigating the relationships between the
systemic measurements of inﬂammation
and the clinical measures at the time of
exacerbation (V1), there were multiple
inverse correlations observed (Table E12).
Four of the protein analytes that correlated
most strongly with clinical measures at
baseline, hsCRP, SAA, calprotectin, and
NEAPC, are displayed in Figure 2A.
Correlations between changes in
inﬂammatory markers and changes in
clinical measures after intravenous
antibiotic therapy (V2 2 V1) are shown
in Table E13. Decreases in calprotectin,
a1AT, WBC, and neutrophil counts
were most strongly associated
with improvements in weight and BMI,
whereas reductions in hsCRP, SAA,
IL-1ra, and haptoglobin were most
associated with improvements in lung
function. Correlation plots for changes in
select inﬂammatory markers with changes
in clinical measures are presented in
Figure 2B. Similar analyses were
performed excluding those participants
who received corticosteroids during
their exacerbation management, and
results are displayed in Table E14 and
Figure E2.
Systemic Inﬂammation and
Responder Status

Responder status could be determined in the
majority of participants (90/103), and 76
participants (84%) recovered at least 90%
of their baseline FEV1 within 3 months
of the exacerbation (“responders”). For
responders, the mean (SD) FEV1 at
exacerbation onset was higher (58.2 [21.4] %
712

A

Baseline hsCRP
FEV1 (L)

Baseline NEAPC

–0.46 (–0.59, –0.29)

FEV1 (% predicted)

–0.31 (–0.47, –0.12)

–0.55 (–0.67, –0.36)

FVC1 (L)

–0.25 (–0.41, –0.06)

–0.31 (–0.47, –0.12)

FVC1 (% predicted)

–0.25 (–0.42, –0.04)

–0.53 (–0.65, –0.36)

–0.22 (–0.39, –0.02)

Weight(kg)

–0.24 (–0.41, –0.05)

BMI

–0.32 (–0.49, –0.12)

O2 Saturation

–1.0

–0.5

0.0

0.5

1.0

–0.31 (–0.48, –0.15)
–1.0

–0.5

0.0

correlation

correlation

Baseline CALPR

Baseline SAA

FEV1 (L)

–0.49 (–0.62, –0.32)

FEV1 (% predicted)

–0.49 (–0.63, –0.29)

FVC1 (L)

1.0

–0.41 (–0.55, –0.22)
–0.48 (–0.62, –0.28)

–0.37 (–0.52, –0.19)

FVC1 (% predicted)

0.5

–0.28 (–0.45, –0.09)

–0.48 (–0.63, –0.30)

–0.45 (–0.60, –0.27)

Weight(kg)

–0.25 (–0.43, –0.07)

BMI

–0.36 (–0.51, –0.17)

O2 Saturation

–1.0

–0.5

0.0

0.5

1.0

–0.31 (–0.48, –0.13)
–1.0

–0.5

0.0

0.5

correlation

correlation

Baseline WBC

Baseline Neutrophils

FEV1 (L)

–0.31 (–0.48, –0.13)

FEV1 (% predicted)

–0.33 (–0.48, –0.13)

FVC1 (L)

1.0

–0.29 (–0.49, –0.06)
–0.41 (–0.60, –0.16)

–0.21 (–0.39, –0.02)
–0.28 (–0.46, –0.08)

FVC1 (% predicted)

–0.38 (–0.56, –0.14)

Weight(kg)
BMI

–0.24 (–0.39, –0.04)

O2 Saturation

–1.0

–0.5

0.0

correlation

0.5

1.0

–1.0

–0.5

0.0

0.5

1.0

correlation

Figure 2. Forest plots of correlations at onset of exacerbation (A) and with antibiotic therapy (B)
between select markers of inflammation and clinical measures. The correlation coefficients and
95% confidence intervals are displayed; correlations are significant if the confidence interval does
not cross zero. BMI = body mass index; CALPR = calprotectin; hsCRP = high-sensitivity C-reactive
protein; NEAPC = neutrophil elastase antiprotease complexes; SAA = serum amyloid A;
WBC = white blood cell.

predicted) than for nonresponders (44.6
[17.2] % predicted; P = 0.028). No other
characteristic, including sex, age, BMI,
genotype, exacerbation score, presenting

FEV1 drop of 10% or more, intravenous
antibiotic duration, or underlying bacterial
infection, was signiﬁcantly associated with
responder status. We investigated whether
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B

Change in hsCRP
FEV1 (L)

Change in NEAPC

–0.25 (–0.44, –0.06)

FEV1 (% predicted)
FVC1 (L)
FVC1 (% predicted)

–0.21 (–0.38, –0.03)

–0.21 (–0.41, 0.00)

Weight(kg)
BMI

–0.31 (–0.49, –0.10)

O2 Saturation

–1.0

–0.5

0.0

0.5

1.0

–1.0

–0.5

0.0

0.5

correlation

correlation

Change in CALPR

Change in SAA

FEV1 (L)

–0.22 (–0.42, –0.02)

1.0

–0.29 (–0.46, –0.09)

FEV1 (% predicted)

–0.21 (–0.41, –0.01)

FVC1 (L)

–0.23 (–0.42, –0.01)

FVC1 (% predicted)
Weight(kg)

–0.34 (–0.50, –0.13)

–0.24 (–0.43, –0.03)

BMI

–0.32 (–0.49, –0.10)

–0.20 (–0.39, 0.02)

O2 Saturation

–0.29 (–0.48, –0.10)

–0.21 (–0.43, –0.02)

–1.0

–0.5

0.0

0.5

1.0

–1.0

–0.5

0.0

0.5

correlation

correlation
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Figure 2. (Continued).

baseline measures of systemic inﬂammation
and changes in these measures were able to
discriminate treatment responders from
nonresponders (Table 3). Having higher
IL-6, IL-8, and a1AT concentrations at the
time of exacerbation were associated with an
increased risk of being a nonresponder
(i.e., failing to recover to baseline FEV1).
With antibiotic treatment, only a change

in arginase-1 differed signiﬁcantly by
responder status.
Combining Systemic Inﬂammation
with Clinical Parameters to Predict
Responder Status

Considering ﬁrst the participant and
clinical characteristics in a multivariate
logistic regression model, only FEV1 at

1.0

exacerbation onset was predictive of being
a responder, with an AUC of 0.62 (95%
CI, 0.47–0.79; AIC = 77.0) (Figure 3).
Next, adding the systemic measures of
inﬂammation at exacerbation onset, IL-8,
NEAPC, and a1AT improved the model,
with an AUC of 0.77 (95% CI, 0.65–0.94;
AIC = 74.4). Furthermore, changes in
hsCRP, SAA, arginase-1, haptoglobin,
IL-8, TGF-b1, TNF-a, a1AT, and sCD40
with antibiotic treatment, in combination
with FEV1 at exacerbation onset, were
more strongly associated with being
a responder, with an AUC of 0.90 (95%
CI, 0.86–1.0; AIC = 72.1), signiﬁcantly
improved discrimination over FEV1
alone (P , 0.05).

Discussion
This multicenter study has demonstrated
that several systemic measures of
inﬂammation were responsive to
intravenous antibiotic treatment for
pulmonary exacerbations and were able
to reliably distinguish exacerbation from
stable disease. Plasma hsCRP, SAA,
calprotectin, and NEAPC correlated
most strongly with clinical measures
at exacerbation onset. At the time of
exacerbation, circulating WBC and
neutrophil counts and concentrations
of hsCRP, SAA, G-CSF, ceruloplasmin,
haptoglobin, and a1AT were signiﬁcantly
higher in older patients with CF and those
with lower lung function. After antibiotic
therapy, reductions in hsCRP, SAA, IL-1ra,
and haptoglobin were most strongly
associated with improvements in
lung function, whereas decreases in
calprotectin, a1AT, WBC, and neutrophil
counts correlated with improvements in
weight and BMI. This study also sought to
determine whether systemic inﬂammatory
proteins were associated with and might
even predict which patients fail to recover
to their baseline lung function. Among
several clinical characteristics considered,
FEV1 at exacerbation onset was the only
factor associated with responder status
(responders were more likely to have
a higher FEV1 at exacerbation onset). We
found that having higher IL-6, IL-8, and
a1AT levels at exacerbation onset were
associated with an increased risk of being
a nonresponder. Importantly, changes
in several inﬂammatory markers with
antibiotic treatment, in combination with
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Table 3. Plasma protein concentrations and serum white cell and neutrophil counts
(log10 transformed values) at exacerbation onset (V1), and changes in measures of
inﬂammation with antibiotic therapy by responder and nonresponder status
P Value*

90% Recovery to Baseline FEV1
Nonresponders (N = 14)

hsCRP at V1
IL-1ra at V1
IL-6 at V1
IL-8 at V1
TNF-a at V1
G-CSF at V1
TGF-b1 at V1
NEAPC at V1
CALPR at V1
CERUL at V1
HAPTO at V1
a1AT at V1
ARG1 at V1
SAA at V1
sCD40 at V1
WBC at V1, 103/ml
Neutrophils at
V1, 103/ml
hsCRP change†
IL-1ra change†
IL-6 change†
IL-8 change†
TNF-a change†
G-CSF change†
TGF-b1 change†
NEAPC change†
CALPR change†
CERUL change†
HAPTO change†
a1AT change †
ARG1 change†
SAA change†
sCD40 change†
WBC change†
Neutrophils
change†, 103/ml

Responders (N = 76)

N

Mean
or (%)

SD

N

Mean or %

SD

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
13
10

1.14
1.09
1.44
1.22
0.88
1.87
4.11
2.13
0.97
1.65
2.32
2.32
1.48
5.08
3.64
1.08
0.95

0.59
1.01
0.91
0.31
0.59
0.78
0.5
0.4
0.44
0.18
0.19
0.11
0.37
1.09
0.53
0.10
0.12

76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
59

0.91
0.88
0.98
1.03
0.7
1.58
3.9
1.93
0.79
1.57
2.26
2.26
1.46
4.79
3.38
1.06
0.93

0.58
0.47
0.66
0.25
0.36
0.52
0.38
0.23
0.43
0.12
0.2
0.1
0.3
1.02
0.54
0.15
0.18

0.177
0.454
0.025
0.013
0.297
0.196
0.076
0.095
0.168
0.147
0.320
0.040
0.857
0.340
0.103
0.890
0.925

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
12
9

20.31
20.28
20.5
20.01
20.17
20.5
20.08
20.24
20.31
20.03
20.04
20.02
20.2
20.52
20.09
20.08
20.15

0.67
0.72
0.84
0.29
0.56
0.48
0.45
0.4
0.38
0.06
0.14
0.1
0.34
1.12
0.32
0.15
0.14

76
76
76
76
76
76
76
76
74
76
76
76
75
75
75
69
54

20.4
20.11
20.24
20.05
0.08
20.38
20.11
20.12
20.33
20.02
20.13
20.01
0
20.82
20.03
20.09
20.12

0.57
0.46
0.64
0.16
0.34
0.57
0.28
0.21
0.35
0.11
0.19
0.09
0.3
0.96
0.38
0.14
0.20

0.616
0.419
0.176
0.569
0.126
0.444
0.820
0.292
0.828
0.768
0.097
0.714
0.028
0.308
0.552
0.591
0.758

Definition of abbreviations: a1AT = a1-antitrypsin; ARG1 = arginase-1; CALPR = calprotectin;
CERUL = ceruloplasmin; G-CSF = granulocyte colony stimulating factor; HAPTO = haptoglobin;
hsCRP = high-sensitivity C-reactive protein; NEAPC = neutrophil elastase antiprotease complexes;
SAA = serum amyloid A; sCD40 = soluble CD40; TGF-b1 = transforming growth factor-b1; TNF-a =
tumor necrosis factor-a; WBC = white blood cell.
*P value for continuous variables based on two sample t test with pooled or Satterthwaite
variance. P value for categorical variables based on the Fisher exact test.
†
Change is the difference between V2 and V1 in each marker.
Statistically significant P values are presented in bold type.

FEV1 at exacerbation onset, were more
strongly associated with being a responder
than FEV1 alone.
Concomitant systemic corticosteroids
did not substantially impact the majority
of plasma protein measurements, consistent
with previous ﬁndings that adding oral
prednisone to standard CF exacerbation
treatment resulted in no signiﬁcant
change in clinical outcomes and no
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additional reductions in sputum markers
of inﬂammation (15). In our study,
though, systemic corticosteroids did lead
to greater reductions in hsCRP and
IL-8, an effect that has been observed in
other acute proinﬂammatory states treated
with corticosteroids (16–18). For the
most part, participants treated with
corticosteroids during exacerbation were
not characterized by distinct biomarker

proﬁles at the onset of exacerbation
compared with those who were not treated.
Our ﬁndings largely mirror those
found in smaller, single-center studies
(summarized in Reference 7) demonstrating
signiﬁcant decreases in systemic measures
of inﬂammation after antibiotic treatment
during exacerbations. As noted in that
review, CRP has been the most widely
studied circulating biomarker. Here, we
conﬁrm that CRP is highly responsive
to exacerbation treatment. Additionally,
SAA, calprotectin, and G-CSF
demonstrate comparable change with
antibiotic treatment. Although CRP
and SAA are nonspeciﬁc acute-phase
reactants, calprotectin and G-CSF are
markers of neutrophilic inﬂammation
that might be more informative in tracking
disease activity and response to therapy in
CF. Circulating calprotectin has shown
greater change than other systemic
or sputum markers of inﬂammation
with exacerbation treatment (19, 20).
Interestingly, G-CSF was the only protein
that was higher at the clinically stable
follow-up visit than at exacerbation
onset. This is an important and
potentially worrisome ﬁnding, as G-CSF
has been implicated in the altered Th1/
Th2 lymphocyte proﬁle observed in
CF, skewing in the direction of a Th2dominated immune response in chronically
P. aeruginosa–infected patients (21–23).
Because we performed complete blood
counts, we were able to identify several
proteins that were more responsive to
exacerbation treatment than circulating
WBC and neutrophil counts, including
proteins that correlated more strongly
with clinical outcomes (lung function
and weight improvements) than did
WBC and neutrophil counts.
The proteins assayed in this study
were identiﬁed by an expert panel in
a CFF Therapeutics–sponsored CF
Proteomics Biomarker Meeting. Selection
criteria for the 15 candidate proteins
included detection in blood, biologic
plausibility, publications suggesting a role
for these proteins in CF or other chronic
inﬂammatory lung diseases (including
proteomic investigations [24–26]), and
availability and subsequent validation
of commercial assays (ELISA or other)
for these proteins. Although airway
inﬂammation has long been recognized as
a hallmark feature of CF lung disease, the
role of systemic inﬂammation in CF has

AnnalsATS Volume 12 Number 5 | May 2015

ORIGINAL RESEARCH

1.0

Sensitivity

0.8

0.6

0.4

Baseline FEV1

(AUC=.62; AIC=77.0)

Baseline FEV1
Baseline: IL8 NEAPC α1AT

(AUC=.77; AIC=74.4)

Baseline FEV1
Change: hsCRP IL8 TNFα TGFβ1 HAPTO
α1AT ARG1 SAA sCD40 (AUC=.90; AIC=72.1)

0.2

0.0
0.0

0.2

0.4

0.6
1-Specificity

0.8

1.0

Figure 3. Receiver operating characteristic curves to predict responder status using baseline
FEV1 alone, a combination of systemic inflammatory measurements at exacerbation onset, and
changes in inflammatory measurements with antibiotic therapy. AIC = Akaike Information Criterion;
a1AT = a1-antitrypsin; ARG1 = arginase-1; AUC = area under the receiver operating characteristics
curve; HAPTO = haptoglobin; hsCRP = high-sensitivity C-reactive protein; NEAPC = neutrophil
elastase antiprotease complexes; SAA = serum amyloid A; sCD40 = soluble CD40; TGFb1 =
transforming growth factor-b1; TNFa = tumor necrosis factor-a.

been less clear. Systemic inﬂammation
likely reﬂects and possibly links the
pulmonary component and the
extrapulmonary comorbidities of CF,
including CF-related diabetes, liver
disease, intestinal disease, and bone
disease. Even without a clear understanding
of what organs or disease processes
are principally represented, systemic
inﬂammation may be a speciﬁc
therapeutic target in patients with CF.
In fact, based on preliminary ﬁndings
from this study, serum CRP, SAA, and
calprotectin were measured and used to
demonstrate immunomodulatory effects
of azithromycin in a CF interventional
trial (27). Reduction in these inﬂammatory
markers correlated with improvements in
lung function and weight gain, providing
indirect evidence that these changes were
associated with clinically meaningful
outcomes. This was the ﬁrst study to
demonstrate the usefulness of a panel
of systemic inﬂammatory markers in
a CF interventional trial, and these data
provide evidence that systemic measures of
inﬂammation have added value and should
be included in future CF clinical trials.

There is considerable interest to
identify and validate biomarkers that aid
in the diagnosis of exacerbations, help to
deﬁne exacerbation severity and etiology,
and reﬂect improvement with exacerbation
treatment. In terms of diagnosis, systemic
markers of inﬂammation were not used to
diagnose exacerbations in this study, but
several were able to distinguish exacerbation
from stable disease. We did not observe any
relationships between plasma inﬂammatory
proteins and exacerbation severity, and
this may reﬂect the heterogeneity of
exacerbations in CF. In fact, there is ongoing
debate on how CF pulmonary exacerbations
should be deﬁned (28, 29). In practical
terms, an exacerbation represents an
acute deterioration in symptoms beyond
the patient’s usual day-to-day variation.
However, this deﬁnition entails subjective
assessment by both the patient and
provider, and there is a need in both the
clinic and in clinical trials for an objective
method of conﬁrming an exacerbation.
Several inﬂammatory proteins assayed in
this study may be useful in this regard.
Furthermore, ﬁndings from this
investigation demonstrate that systemic

measures of inﬂammation capture the
response to exacerbation treatment and may
be used to identify treatment nonresponders
sooner. Approximately 25% of CF
exacerbations result in permanent loss of
lung function despite intensive treatment
(14). This is a key morbidity in CF. Our
data suggest that a baseline determination
of inﬂammation at the time of exacerbation
as well as monitoring changes in circulating
inﬂammatory proteins with antibiotic
treatment may identify nonresponders
early, providing an opportunity to
intervene and modify treatment course.
The strengths of the present study
were the assessment of 15 candidate bloodbased proteins from more than 100 separate
patients with CF experiencing exacerbations
meeting a standardized, symptom-based
deﬁnition. Pulmonary exacerbations are
a useful and pragmatic model with which
to assess response to treatment. The
multicenter design allowed for both older
children and adults to be enrolled. Our
patients had a broad range of disease
severity, representative of the larger CF
population. This enabled us to examine
the inﬂuence of age and disease severity
on systemic inﬂammatory protein levels.
Additionally, this study is the ﬁrst to report
on the use of a systemic inﬂammatory panel,
in combination with FEV1, to monitor
response to exacerbation treatment and
predict which patients fail to recover to
their baseline lung function.
The limitations of this study need
to be considered. Although the deﬁnition
of pulmonary exacerbation was protocol
deﬁned, treatments were not standardized
across sites in this study. Because older
children and adults were enrolled, the
ﬁndings cannot be extrapolated to
infants and younger children, in whom
exacerbations are common, milder, and
generally treated with oral antibiotics (30).
We did not assess airway inﬂammation and
cannot determine whether changes in
systemic measures of inﬂammation reﬂect
inﬂammatory changes in the lungs. Three
studies have reported modest correlations
between blood-based biomarker levels and
select markers of airway inﬂammation (IL8, TNF-a, TGF-b1) during CF pulmonary
exacerbations (31–33). This suggests that
assay of systemic inﬂammatory markers
may, to some extent, reﬂect inﬂammatory
burden in the lungs. Systemic measures of
inﬂammation appear to have greater value
in demonstrating response to exacerbation
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treatment compared with sputum
measurements, as the ﬁndings from
blood-based measurements across
multiple studies have been more consistent
(7) than studies relying on sputum
assessments, which have yielded
conﬂicting results (20, 34).
In the study from Horsley and
colleagues (20), in which both sputum
and blood were collected to track changes
during CF pulmonary exacerbations, the
most signiﬁcant changes in inﬂammation
were observed in serum rather than
sputum. Similarly, data from another study
examining the effects of CF pulmonary
exacerbation treatment on both systemic
and airway inﬂammation demonstrated
a reduction in systemic inﬂammation after
intravenous antibiotics but a persistent

inﬂammatory response in the airways (35).
These data suggest that systemic measures
of inﬂammation may be more useful
than sputum markers in short-term
interventional studies, particularly ones
that investigate exacerbation therapies.
In summary, several systemic
measures of inﬂammation have value for
demonstrating and predicting clinical
response to intravenous antibiotic therapy.
Systemic inﬂammatory markers appear to
sensitively detect a meaningful change in
lung disease during treatment for CF
pulmonary exacerbations. A key next step
will be to determine whether monitoring
circulating proteins, including their
integration in a clinical trial of CF
pulmonary exacerbations, improves health
outcomes beyond traditional symptom
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