Circulating RNA Transcripts Identify Therapeutic
Response in Cystic Fibrosis Lung Disease
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Rationale: Circulating leukocyte RNA transcripts are systemic
markers of inflammation, which have not been studied in cystic
fibrosis (CF) lung disease. Although the standard assessment of
pulmonary treatment response is FEV;, a measure of airflow limita-
tion, the lack of systemic markers to reflect changes in lung in-
flammation critically limits the testing of proposed therapeutics.
Objectives: We sought to prospectively identify and validate periph-
eral blood leukocyte genes that could mark resolution of pulmonary
infection and inflammation using a model by which RNA transcripts
could increase the predictive value of spirometry.

Methods: Peripheral blood mononuclear cells were isolated from 10
patients with CF and acute pulmonary exacerbations before and
after therapy. RNA expression profiling revealed that 10 genes
significantly changed with treatment when compared with matched
non-CF and control subjects with stable CF to establish baseline
transcript abundance. Peripheral blood mononuclear cell RNA tran-
scripts were prospectively validated, using real-time polymerase
chain reaction amplification, in an independent cohort of acutely ill
patients with CF (n = 14). Patients who responded to therapy were
analyzed using general estimating equations and multiple logistic
regression, such that changes in FEV,% predicted were regressed
with transcript changes.

Measurements and Main Results: Three genes, CD64, ADAM9, and
CD36, were significant and independent predictors of a therapeutic
response beyond that of FEV, alone (P < 0.05). In both cohorts,
receiver operating characteristic analysis revealed greater accuracy
when genes were combined with FEV;.

Conclusions: Circulating mononuclear cell transcripts characterize
aresponse to the treatment of pulmonary exacerbations. Even in small
patient cohorts, changesin gene expression in conjunction with FEV,
may enhance current outcomes measures for treatment response.

Keywords: cystic fibrosis; peripheral blood mononuclear cells; bio-
markers; pulmonary exacerbation

Cystic fibrosis (CF) is the most common lethal inherited disease
in the Western world, with respiratory failure accounting for
more than 80% of deaths from the disease, usually in the third
or fourth decade of life. The triad of mucus airway obstruction,
chronic Pseudomonas aeruginosa infection, and severe airway
inflammation are the major pathogenic factors in CF lung
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Although severe airway inflammation is a hallmark of
cystic fibrosis lung disease, no systemic marker of inflam-
mation has been validated.

What This Study Adds to the Field

We demonstrate that circulating leukocyte RNA tran-
scripts predict treatment response in cystic fibrosis lung
disease and may potentially serve as biomarkers to
strengthen current outcomes measures in clinical trials.

disease (1). There is a critical need for effective antimicrobial
and antiinflammatory therapies to mitigate disease in this young
population. The design of clinical trials in CF is hampered, in
part, by the lack of sensitive measures of treatment response.
The most established outcome measure for CF therapies is
FEV,, a functional measure of airflow limitation, and a key
consideration in the advancement of treatments from phase 2 to
phase 3 trials. The process of airway remodeling by inflamma-
tory cells is progressive and may not be detected by FEV, alone
in the timeframe of a typical phase 2 trial. To date, no systemic
marker of treatment response has been validated in CF. The
gene expression of peripheral leukocytes has never been studied
as a predictor of treatment response in CF, yet peripheral blood
mononuclear cells (PBMCs) serve as the source of the dense
mononuclear infiltrate present at sites of CF airway injury and
acquire a unique transcriptional “fingerprint” as a result of
repeated passages through the pulmonary vascular bed. Fur-
thermore, circulating leukocytes have demonstrated diagnostic
and prognostic utility for multiple pulmonary conditions, in-
cluding steroid sensitivity in asthma and discrimination between
viral and bacterial pulmonary infections (2-6).

A condensed model of deterioration in CF lung disease is
represented by episodic pulmonary exacerbations. Primarily
a clinical diagnosis, exacerbations are treated with antimicro-
bials, considered the standard of care to decrease pulmonary
bacterial burden and host airway inflammation. The aggressive
treatment of typical pulmonary exacerbations results in rapid
reduction in pulmonary inflammation due to reduced infection
(7-10). Response to treatment is assessed by improvements in
spirometry and clinical evaluation (11). Because exacerbation
frequency is positively correlated with respiratory decline (12—
14), the assessment of the effect of therapies on reducing the
incidence of pulmonary exacerbations is a key measure in
clinical trials for evaluating the most important drugs used in
CF care (15-18).

In two separate cohorts of patients with CF, we identified
three PBMC genes whose changes in expression correlate with
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the onset and resolution of acute pulmonary exacerbations. The
genes consistently added independent predictive power to
FEV,, and represent a novel tool to quantify CF therapeutic
response noninvasively.

METHODS

Patient Recruitment

Subjects older than 18 years with CF (sweat chloride testing and
genotype) were enrolled at the time of intravenous antibiotic initiation
for a clinically diagnosed pulmonary exacerbation at a Cystic Fibrosis
Foundation (CFF)-accredited adult CF clinic. Patients enrolled met
CFF Clinical Practice criteria for an acute pulmonary exacerbation and
were treated for a minimum of 2 weeks with intravenous antibiotics
(19). This observational trial used within-subject comparisons, such
that each subject served as his or her own control, after treatment with
antibiotics. Blood was drawn at initiation (*2 d) and completion (*1
wk) of antibiotic therapy. At each time point, the following were
sampled: (/) blood for PBMC isolation and whole-blood differentials,
(2) sputum microbiology, (3) simple spirometry for FEVy, and (4)
plasma cytokines. In addition, transcript abundance in study patients
was compared with PBMC array data from eight healthy volunteer
subjects and six control subjects with stable CF. Next, a validation
study was performed on 14 adult patients with CF suffering from acute
pulmonary exacerbations. Enrollment and assessment of blood, micro-
biology, and spirometry occurred as described above.

PBMC Isolation

PBMCs were isolated via density gradient centrifugation followed by
RNA isolation, as described in the online supplement. PBMC counts at
each isolation were compared using paired ¢ tests.

Microarray Hybridization and Data Analysis

Expression profiling of PBMC RNA (development cohort) identified
transcriptional changes before and after antibiotic therapy, using
Affymetrix (Foster City, CA) Hul33 Plus 2.0 gene arrays. From known
gene sequences, we identified differentially expressed genes with
treatment in pairwise comparisons, with a minimum of 1.4-fold change.
Ontology analysis for biologic plausibility narrowed the list from 32 to
19 candidate genes. After reverse transcriptase—polymerase chain re-
action (RT-PCR) validation, transcript abundance from the 10 remain-
ing genes were compared with PBMC microarray data from matched
normal control subjects and control subjects with CF, using analysis of
variance (ANOVA). See the online supplement for detailed methods.

Quantitative RT-PCR Validation

Real-time RT-PCR confirmed microarray expression data in the
development cohort and measured transcript abundance in the valida-
tion cohort, using Sybrgreen indicator on a 7300 Real Time PCR

CF Gene Marker trial
(n=38)

l T~

Normal controls (n=8)
Stable CF controls (n=6)

Development cohort
n=10 (Table 2)

PBMC expression pre- and post- therapy

Gene microarray (Figure 2)

PBMC gene expression:10 genes
Gene microarray (Figure 2)

CF gene signature: 10 genes
(Table 3)

1. Multiple logistic regression of FEV, & Gene transcripts

2. ROC analysis for predictors
(n=9 responders) (Figure 4, Table 6)
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System (Applied Biosystems, Foster City, CA). Details are specified in
the online supplement. Log-transformed transcript abundance was
compared using paired ¢ tests.

Plasma Cytokine Measurements

Nineteen cytokines and C-reactive protein (CRP) levels were quanti-
fied at each blood draw in the development cohort. Details are in-
cluded in the online supplement. Paired ¢ tests compared log-transformed
pre- and postantibiotic values. Spearman correlation coefficients (SAS,
Version 9.0; SAS Institute, Cary, NC) assessed relationships between
CRP, FEV,, circulating leukocytes, and gene expression pre- and
postantibiotic therapy.

Endpoints

Primary endpoints were lung function (FEV;% predicted) and gene
transcript changes after treatment. Patients whose FEV;% predicted
increased with therapy and who were not rehospitalized with a di-
agnosis of acute exacerbation within 7 days were included in the
logistic regression model.

Statistical Methods

Using Generalized Estimating Equations software (SAS), multivariate
logistic regression models were constructed predicting resolution of
acute pulmonary exacerbations as a function of FEV;% predicted, and
the discriminative value of combinations of genes identified by the
development cohort. To identify the most frugal combination of
predictors for resolution of inflammation, we required a P value less
than 0.05 for entry into the model, allowing determination of the
unique contribution of the genes beyond FEV,. Receiver operating
characteristic (ROC) analyses reflected the overall diagnostic value of
the gene markers in terms of enhanced sensitivity and specificity over
FEV, alone.

RESULTS

Sequential Data Analysis Strategy

The stepwise execution of this study is shown in Figure 1.
Candidate genes, differentially regulated before and after
antibiotic therapy in patients with CF and acute lung infection,
were identified in 10 patients on the basis of data generated from
high-density oligonucleotide array experiments on patients’
PBMC samples. Nonparametric univariate tests ranked genes
on their ability to discriminate between the two time points.
PBMC transcript abundance from patients with stable CF and
normal healthy control subjects, matched in age and sex to the
CF population and prepared with identical method and array
platforms, was included in the analysis. Samples underwent
whole-blood differentials as well as cell counts after each
isolation event. Although there was a trend toward decreased

Validation cohort
n=14 (Table 2)

PBMC expression pre- and post- therapy
Quantitative RT-PCR for 10 genes

1. Multiple logistic regression of FEV, & Gene transcripts
2. ROC analysis for predictors
(n=12 responders) (Figure 4, Table 6)

Figure 1. Study design and sequence for study groups. Genes identified in the development cohort were tested in the validation cohort. CF = cystic
fibrosis; PBMC = peripheral blood mononuclear cell; ROC = receiver operating curve.
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total white blood cell count after treatment of pulmonary
exacerbations (P = 0.052), there were no statistically significant
differences in median percentage values of neutrophils, lym-
phocytes, monocytes, eosinophils, and basophils, pre- and post-
therapy, nor were there significant differences between PBMC
absolute numbers pre— and post-antibiotic therapy, after iso-
lation. Second, classifier genes were independently confirmed in
the same set of samples using quantitative real-time RT-PCR.
Of note, 6 of 10 patients in the development cohort had sufficient
remaining RNA, after microarray analysis, for transcript meas-
urements of 10 genes. Third, the resulting “CF gene signature,”
consisting of genes significantly changed in both microarray and
RT-PCR experiments, was then tested for its ability to classify
therapeutic response in an independent group of patients with
CF undergoing therapy for acute pulmonary infections. Table 1
depicts measurement distributions performed for all 24 samples
from patients with CF. Fourth, using FEV; improvement as
a standard measure of clinical response, logistic regression on
the change in FEV,% predicted, with gene transcript changes,
allowed association between measurements of lung function and
genes in the responder groups for both cohorts. Finally, a compar-
ison of the diagnostic value of genes in combination with FEV; as
markers, was depicted using ROC curves.

Baseline Patient Characteristics

PBMCs were isolated from 22 adult patients with CF at the
beginning and end of a course of antibiotic treatment for an
acute pulmonary exacerbation, representing a total of 24 acute
pulmonary exacerbations. The development cohort contained
10 patients, and a subsequent validation cohort consisted of 14
patients. Two patients in the development cohort suffered
subsequent exacerbations and were included in the validation
cohort 2 years later. All patients met CFF guidelines for an
acute pulmonary exacerbation (19). The baseline demographics,

TABLE 1. ANALYSIS PERFORMED ON CYSTIC FIBROSIS SAMPLES
IN DEVELOPMENT AND VALIDATION COHORTS

Plasma Logistic
PBMC Gene Quantitative Cytokine Regression

Patient ~ Microarray RT-PCR Measurements FEV; CRP Model
1 X X X X X

2 X X X X X

3 X X X X X X

4 X X X X X X

5 X X X X X X

6 X X X X X X

7 X X X X X X

8 X X X X X X

9 X X X X NR*
10 X X X X X
V11 X X NR
V12 X X X
V13 X X X
V14 X X X
V15 X X X
V16 X X X
V17 X X X
V18 X X NR
V19 X X X
V20 X X X
V21 X X X
V22 X X X
V23 X X X
V24 X X X

Definition of abbreviations: CRP = C-reactive protein; NR = nonresponder;
PBMC = peripheral blood mononuclear cells; V = validation cohort population.
* Nonresponders were not included in logistic regression model.
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severity of airflow limitation, genotype, and sputum microbiol-
ogy for the development and validation cohorts are shown in
Table 2. Both groups had moderate to severe airway disease by
American Thoracic Society criteria, on the basis of FEV,%
predicted measured at the completion of intravenous antibiotic
therapy (20). Ninety percent of patients in both groups grew P.
aeruginosa on sputum culture at the time of therapy. Staphylo-
coccus aureus was commonly isolated in both groups, although
only one strain was methicillin resistant. Whereas no patients
were treated with steroids in the development cohort, over half
of the validation cohort received steroids (P = 0.002). The
median pretreatment FEV;% was lower in the validation group
(P = 0.04); however, post-treatment FEV;% predicted did not
significantly differ between groups. All patients exhibited FEV,
increases at the conclusion of therapy except for a single patient
in the development cohort, whose FEV,% predicted declined by
26% after therapy. This patient concomitantly suffered a severe
flare-up of CF-related arthritis at the end of her antibiotic ther-
apy. Given the drop in FEV;, this patient was considered a non-
responder, and her gene copy changes were not used in the
regression analyses for genes with FEV;. Clinical nonresponders
for the second cohort are described below.

A Transcriptional Signature Characterizes the Effect of
Antibiotic Therapy in Patients with CF with Acute
Pulmonary Exacerbations

Table 3 lists 10 genes significantly changed (P < 0.05) by both
microarray and quantitative real-time RT-PCR analysis in the
development cohort of patients with CF. After ontology anal-
ysis, 19 candidate genes identified by microarray analysis were
evaluated by quantitative PCR in the same samples to validate
results. Of 19 genes, 10 were significantly changed when

TABLE 2. BASELINE CHARACTERISTICS OF STUDY POPULATION

Development Group  Validation Group

Characteristic (n=10) (n=14)
Age, yr 26 = 5.7 27 3
Sex
Male 3 (30) 9 (64)
Female 7 (70) 5 (42)
Genotype
AF508/AF508 8 (80) 9 (64)
Other 2 (20) 5 (36)
FEV;, % predicted
Pre-therapy 44 =19 31.5 £ 18*
Post-therapy 51 = 44 = 20
Sputum culture
Pseudomonas aeruginosa 9 (90) 13 (93)
Staphylococcus aureus 7 (70) 8 (57)
(methicillin sensitive)
Staphylococcus aureus 1(10) 0
(methicillin resistant)
Other (Burkholderia cepacia, 1(10) 4 (29)
Alcaligenes xylosoxidans,
Aspergillus fumigatus)
Systemic antibiotic therapy
APAG + 4th gen Ceph or 7 (70) 10 (71)
Carbapenem or Monobactam
Other combination? 3 (30) 4 (29)
Systemic steroid use 0 8 (57)*
CFRD 4 (40) 5 (36)

Definitions of abbreviations: APAG = antipseudomonal aminoglycoside; CFRD =
cystic fibrosis—related diabetes mellitus as diagnosed by Cystic Fibrosis Founda-
tion guidelines; 4th gen Ceph = fourth generation cephalosporin.

Values are n (%) or mean = SD.

* P < 0.05.

" Other therapy includes vancomycin, nafcillin, cefazolin, levofloxacin, and
carbapenem/monobactam combinations.
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TABLE 3. CLASSIFICATION OF 10 GENES IN THE CYSTIC FIBROSIS THERAPEUTIC GENE SIGNATURE

Array* PCR?
Gene Description Fold Change P Values Fold Change P Value
Cell membrane molecules and receptors
CD64 Fcy receptor 1A -2.4 0.004 =21 0.007
CD36 Collagen type 1 receptor/thrombospondin receptor -1.7 <0.001 -1.6 <0.001
CD163 Hemoglobin scavenger receptor -1.6 0.003 -1.7 0.024
TLR2 Toll-like receptor 2 -1.6 0.003 -1.7 0.011
HCA112 Hepatocellular carcinoma-associated antigen 112 -1.8 0.004 -1.6 0.012
PLXND1 Plexin D1 -1.7 0.005 -1.3 0.083
Immune response
IL32 Interleukin 32 1.4 0.033 1.4 0.001
Matrix degradation/extravasation
HPSE Heparanase -1.4 0.017 -1.6 0.004
ADAM9 A disintegrin and metalloproteinase, meltrin gamma -25 0.004 -1.7 0.016
CSPG2 Versican, chondroitin sulfate proteoglycan 2 -1.9 <0.001 -1.9 0.015

Definition of abbreviation: PCR = polymerase chain reaction.

Values are mean fold changes or P values calculated by paired t test after log transformation; n = 6 patient samples pre- and postantibiotic therapy from development

cohort.

* Pre- and postantibiotic therapy expression values from oligonucleotide arrays.

T Pre- and postantibiotic therapy real-time PCR gene expression values as copies per 1,000 copies of housekeeping gene, hypoxanthine-phosphoribosyl transferase

(HPRT).

measured by both methods. Of note, the real-time RT-PCR
validation occurred in six pairs of RNA samples, because the
other samples did not have sufficient remaining RNA after
microarray to be evaluated by PCR. We designated these 10
PBMC genes, reflecting treatment of CF pulmonary exacerba-
tions, the “CF therapeutic signature.” The vast majority of
genes (9 of 10) were down-regulated after resolution of the
acute pulmonary exacerbation. Only IL-32 increased transcrip-
tion after treatment, suggesting suppression during the acute
exacerbation and a return to normal baseline after treatment, as
indicated by transcripts in normal control subjects. In Figure 2,
we compare pre- and post-antibiotic therapy median values and
distribution for CF genes in the development cohort with array
data from eight age- and sex-matched normal control subjects,
as well as six control subjects with stable CF. Before antibiotic
therapy, expression of all genes, except for TLR2, significantly
differed from expression in normal subjects (ANOVA, P <
0.05; pairwise comparison with Fisher’s protected least signifi-
cant difference test [PLSD], P < 0.05) and expression of 5 of 10
genes (PLXND1, ADAMY9, CSPG2, CD64, and CD36) differed
from that in stable subjects with CF (ANOVA, P < 0.05;
pairwise comparison with Fisher’'s PLSD, P < 0.05). After
treatment of the acute pulmonary exacerbation, none of the 10
genes differed significantly between post-therapy patients and
control subjects with stable CF. The following genes were
significantly different between preantibiotic CF and stable CF
and unchanged between postantibiotic CF and stable CF:
PLXND1, ADAMY, CSPG2, CD64, and CD36 (using ANOVA
and pairwise comparison with Fisher’s PLSD). In post-therapy
patients with CF, expression of three genes, CD64, ADAMY,
and PLXND1, remained significantly different in patients with
CF compared with normal control subjects (ANOVA, P < 0.05;
pairwise comparison with Fisher’s PLSD, P < 0.05).

The CF Therapeutic Signature and Associations with
Common Clinical Outcome Measures

Measurements of CRP and FEV; were performed simulta-
neously with PBMC isolation in the development cohort. As
expected, improvement in FEV;% predicted was statistically
significant after treatment, (P = 0.02 by paired ¢ test; 95%
confidence intervals, —1.8 to —15.78) (Figure 3). The change in

plasma CRP levels between pairs did not reach statistical
significance (P = 0.09). The correlations between gene expres-
sion values and both FEV; and CRP levels were evaluated with
Spearman’s rank order correlation coefficient (r) in Table 4. A
significant correlation exists between the development cohort
expression values and CRP values for 7 of the 10 genes: TLR2,
CD64, CSPG2, HPSE, 1L-32, CD163, and ADAMY9. No corre-
lation was noted between FEV; change and the 10-gene CF sig-
nature. Furthermore, we conducted correlation analyses be-
tween genes and circulating cellular markers of inflammation,
namely, neutrophil counts and total white blood cell counts
(Table 5). Four genes were highly correlated (P < 0.05) to cir-
culating neutrophil counts before and after therapy: ADAMO,
CSPG2, IL32, and CD163.

Plasma Cytokine Changes in the Resolution of the Acute
Pulmonary Exacerbations in CF

Multiple analytes were measured in aliquots of plasma with the
Luminex system (Luminex Corp., Austin, TX), taken from the
same blood specimens from which PBMCs were isolated before
and after antibiotic therapy. Table 6 depicts mean cytokine
measurements at both time points and their associated P values.
After the Bonferroni’s correction for multiple tests, the change
in granulocyte colony-stimulating factor fails to reach signifi-
cance at the P < 0.05 level.

Prospective Evaluation of the CF Therapeutic Signature in
a Validation Cohort of Patients with CF

Expression of the 10 identified classifier genes was evaluated in
an independent population of patients with CF and acute pul-
monary exacerbations via real-time RT-PCR (n = 14). PBMC
isolation and FEV; measurements were performed on adult
patients with CF at the initiation and termination of antibiotic
therapy for acute pulmonary exacerbations using identical
methods as for the development cohort. This validation group
of patients was heterogeneous in terms of sputum microbiology
and variable use of systemic steroids and was ultimately more
representative of a realistic clinical setting (Table 2). Although
many patients were treated with steroids, as opposed to none
in the initial study group, the presence of steroids did not
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significantly alter gene expression between steroid-treated
and steroid-naive patients for 9 of 10 genes (by multi-way
ANOVA). Only transcript changes in HPSE significantly dif-
fered between steroid-treated and steroid-naive patients (P =
0.03). FEV; improved significantly between pre- and post-
measurement in this cohort (P = 0.003 by paired ¢ test). All
patients in the validation cohort had a higher FEV,% predicted
at the second measurement. However, two patients in this
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Figure 2. Comparison of median expression values of the cystic
fibrosis (CF) gene signature in preantibiotic (Pre-Rx) and postanti-
biotic (Post-Rx) peripheral blood mononuclear cell samples versus
age- and sex-matched normal control subjects and patients with
stable CF. Whiskers on box plots represent range of expression values
between patient samples for each individual gene. Median is
represented within each box whose boundaries represent the
25th-75th quartiles. Differences in transcript abundance between
pre- and post-therapy patients with CF were significant (P < 0.05)
for all genes, except for HCA112. *P < 0.05 using analysis of
variance with Fisher’s protected least significant difference test for
difference between bracketed groups.

cohort with severe airway limitation (FEV; <25% predicted
at both measurements) manifested an improvement of 100 ml or
less in FEV,% predicted and were considered nonresponders
based on clinical parameters. Both patients had poor outcomes:
one was readmitted with recurrent pulmonary symptoms in
6 days and the second was never discharged due to a persistently
poor clinical response to antibiotics and underwent lung trans-
plant 43 days later. These nonresponders were not included in
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Figure 3. Clinical outcomes as represented by changes in FEV;%
predicted and C-reactive protein (CRP) pre- and post-antibiotic
therapy in the development cohort. The left panel represents changes
in FEV,% predicted at initiation (Pre-Rx) and termination (Post-Rx) of
antibiotics. Box plot boundaries represent 25th-75th quartiles of
values, with median line within the box, and whiskers representing
FEV,1% predicted ranges. CRP values in mg/d| are also depicted in pre-
and post-therapy groups, with normal standard range. *P = 0.02 for
differences between FEV,% predicted pre- and post-therapy by paired
t test. P = 0.09 for differences between pre- and post-therapy CRP
values by paired t test.

the logistic regression analysis of the validation cohort, because
the model was predicated on identifying genes associated with
therapeutic response. In a univariate analysis of individual gene
changes within the validation cohort, five genes were signifi-
cantly changed in responders after antibiotic therapy, based
on log-transformed gene expression values measured by real-
time RT-PCR: CD36, P = 0.002; CD64, P = 0.007; PLXND1,
P = 0.01; CSPG2, P = 0.002; and TLR2, P = 0.05.

Diagnostic Value of the CF Therapeutic Signature in
Association with Percentage of Change in FEV,

Using multivariate analysis, we evaluated the combined explan-
atory power of FEV, in combination with gene expression
values. The addition of two gene measurements to the re-

TABLE 4. SPEARMAN'’S RANK CORRELATION COEFFICIENTS (rs)
FOR GENES, FEV,, AND C-REACTIVE PROTEIN PRE- AND
POST-ANTIBIOTIC THERAPY

FEV, CRP

Variable rs P Value rs P Value
FEV, 1.00 —0.45 0.05*
CRP —0.44 0.05* 1.00

PLXND1 -0.38 0.10 0.42 0.07
HCA112 0.42 0.07 0.21 0.38
ADAM9 —-0.35 0.13 0.57 0.01*
HPSE 0.08 0.72 0.54 0.01*
CSPG2 —0.31 0.18 0.45 0.05*
IL32 0.09 0.71 -0.47 0.04*
CDé64 0.03 0.88 0.49 0.03*
CD36 -0.25 0.30 0.31 0.18
CD163 -0.42 0.06 0.48 0.03*
TLR2 -0.18 0.44 0.49 0.02*

Definition of abbreviation: CRP = C-reactive protein.
* P values were calculated by paired t test on log-transformed values.

TABLE 5. SPEARMAN’S RANK CORRELATION COEFFICIENTS (rs)
FOR GENES, CIRCULATING BLOOD NEUTROPHILS, AND TOTAL
WHITE BLOOD CELLS PRE- AND POST-ANTIBIOTIC THERAPY

PMNS WBC

Variable rs P Value rs P Value
PMNS 1.00 0.87 <0.01*
WBC 0.87 <0.01* 1.00

PLNX 0.42 0.07 0.39 0.09

HCA112 —0.04 0.89 -0.25 0.29

ADAM9 0.47 0.04* 0.28 0.23

HPSE 0.25 0.31 —-0.02 0.93

CSPG2 0.54 0.02* 0.31 0.19

IL32 —0.60 <0.01* -0.31 0.18

CD64 0.13 0.61 —0.08 0.75

CD36 0.42 0.07 0.21 0.37

CD163 0.50 0.03* 0.36 0.12

TLR2 0.24 0.32 0.21 0.37

Definition of abbreviations: PMNS = polymorphonuclear leukocytes; WBC =
white blood cells.
* P values were calculated by paired t test on log-transformed values.

gression substantially increased the explanatory power of the
model. ROC curves, shown in Figures 4A and 4B, demonstrate
the sensitivity and specificity of gene expression values for
assessing treatment response. Juxtaposition of ROC curves
demonstrates the additional discriminatory capacity of gene
measurements, compared with FEV; alone, to diagnose resolu-
tion of airway inflammation. In the development cohort, four
different pairs of genes were combined with FEV (c-statistic =
0.75, 0.85, and 0.88, respectively) to give an overall better
diagnostic performance than FEV, alone (c-statistic = 0.58).
In the validation cohort, four different pairs of genes combined
with FEV; (c-statistic ranging from 0.73 to 0.80) demonstrated
a more robust performance than did FEV; alone (c-statistic =
0.69). Table 7 demonstrates diagnostic values (area under ROC
curves) for pairs of PBMC gene markers and their independent

TABLE 6. CYSTIC FIBROSIS PLASMA CYTOKINE LEVELS PRE-
AND POST-ANTIBIOTIC THERAPY IN DEVELOPMENT GROUP

Cytokine Pre-RX Post-RX P Value*
IL-1a 0.15 £0.15 <0.01 0.30
IL-18 1.09 * 0.41 0.88 + 0.50 0.60
IL-1RA 2,608 = 1412 1,637 + 667 0.20
IL-2 0.95 = 0.34 0.45 = 0.29 0.30
IL-4 <0.01 0.78 + 0.40 0.08
IL-5 0.93 * 0.64 0.20 = 0.11 0.08
IL-6 7.34 = 3.39 3.57 = 2.03 0.10
IL-8 5.37 £ 2.25 2.56 = 1.31 0.10
IL-10 3.24 = 2.74 1.50 = 0.55 0.90
IL-13 1,118 = 388 1,539 + 495 0.30
IL-17 2.38 + 1.36 0.15 + 0.15 0.08
TNF-a 2.99 * 0.83 3.04 = 0.68 0.80
IFN-y 0.04 + 0.04 0.37 £ 0.20 0.80
G-CSF 29.50 = 10.30 12.27 + 4.96 0.02
GM-CSF 0.14 = 0.08 0.45 = 0.33 0.06
MIP-18 39.10 + 13.50 31.51 + 8.83 0.20
VEGF 10.75 + 2.82 10.57 + 2.76 0.50
RANTES 3216 = 433 4,268 = 776 0.30

Definition of abbreviations: G-CSF = granulocyte colony-stimulating factor ;
GM-CSF = granulocyte-macrophage colony-stimulating factor ; MIP-18 =
macrophage inflammatory protein-1B; Pre-RX = before antibiotic therapy;
Post-RX = after antibiotic therapy; RANTES = regulated upon activation, normal
T-cell expressed and secreted; TNF-a = tumor necrosis factor-o; VEGF = vascular
endothelial growth factor.

Values are mean + SEM.

* P values were calculated by paired t test on log-transformed values.
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Figure 4. Receiver operating characteristic (ROC) curves of gene
combinations and FEV;. ROC curves depict the fraction of true-positive
(sensitivity) and false-positive (1 — specificity) values plotted for RNA
transcripts and FEV;% predicted. A perfect test is indicated by an area
under curve = 1. A test with no discriminatory value has an area under
curve = 0.50. (A) ROC curves for the development cohort depicting
discriminatory capacity of FEV;% predicted alone versus FEV; with
CD64 and ADAMY transcripts (c-statistic = 0.88). (B) ROC curves for
validation group comparing FEV;% predicted alone with FEV; plus
CD64 and CD36 transcripts (c-statistic = 0.80).

association with improvement in FEVy, in both development
and validation groups. As demonstrated by P values less than
0.05 for each gene in the model, the genes contributed meaning-
ful diagnostic information not available from FEV; alone. The
use of two gene markers combined with FEV; was an optimal
pairing, as less than two lost significance and greater than two
did not improve significance by logistic function. From the 10-
gene signature, 7 genes were strong independent predictors for
treatment response in the regression model for the two groups.
Three genes significantly improved diagnostic value (P < 0.05)
in both cohorts. In the first cohort, the gene pair with the highest
predictive accuracy, based on c-statistic, as well as statistical
significance for each gene in the model, consisted of CD64 and
ADAM?Y (c = 0.88). In the validation cohort, the best predictive
pair, in terms of c-statistic and significance in all genes, was
represented by CD64 and CD36 (¢ = 0.80). The independent,
significant explanatory power contributed by these genes to
both patient groups demonstrates that gene expression values
from the CF therapeutic signature enhance the predictive
discriminating value of FEV; alone.
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TABLE 7. DIAGNOSTIC VALUE OF CYSTIC FIBROSIS THERAPEUTIC
SIGNATURE FOR RESOLUTION OF AIRWAY INFLAMMATION

P Values (logistic regression)

Area under
Markers ROC Curve Gene 1 Gene 2 FEV,
Development cohort
CD64 ADAM9 0.88 0.0003 0.03 0.89
CD64 PLXNDI1 0.85 0.003 0.01 0.19
CSPG2 ADAM9 0.85 0.01 0.005 0.85
CSPG2 CD163 0.75 0.008 0.03 0.64
FEV; alone 0.58 0.004
Validation cohort
CD64 CD36 0.8 0.02 0.03 0.5
CD64 CSPG2 0.77 0.02 0.004 0.6
CD64 IL32 0.76 0.03 0.02 0.5
CD36 ADAM9 0.73 0.02 0.03 0.4
FEV; alone 0.69 0.25

Definition of abbreviations: ROC = receiver operating characteristic.

DISCUSSION

In CF lung tissue, mononuclear cells that originate from the
peripheral blood are abundantly present at sites of airway
injury. Histologic studies of CF airways highlight mononuclear
cells as the predominant cell population in areas of cartilaginous
destruction and identify lymphocytes as the majority cell type
infiltrating airway submucosa (21). (22). The consistent change
in expression of a small group of PBMC genes among patients
with CF with heterogeneous genotypes, lung function, sputum
microbiology, and antibiotic regimens creates a strong basis on
which to study the participation of these cells in CF lung disease
pathogenesis.

This study is unique in several aspects. It is the first study of
its kind to use circulating leukocyte transcripts to assess re-
sponse to therapy in CF lung disease. By correlation with
known inflammatory markers, CRP and circulating neutrophil
counts, the gene predictors are plausible markers of inflamma-
tion. Second, the gene transcript changes demonstrate repro-
ducibility across two patient groups and discriminatory capacity
to differentiate between acutely ill and subsequently treated
patients. Third, our regression model demonstrates that mRNA
changes in circulating leukocytes add meaningful diagnostic
information to FEV; in assessing treatment response in acute
pulmonary exacerbations.

Genes identified in this study may serve to generate addi-
tional hypotheses concerning disease pathogenesis, inflamma-
tory regulation, and treatment response in the CF airway. Seven
of the 10 genes (and the proteins they encode) featured in this
article (IL32, HPSE, ADAMY9, PLXND1, HCA112, CSPG2,
and CD163) have not previously been linked to CF lung disease.
It is important to note that these genes are not specific to CF
and have varying roles in other conditions characterized by
pathologic pulmonary inflammation, including asthma and
pneumonia (23, 24). The fact that these genes encode for
proteins implicated in inflammatory processes lends biologic
plausibility to naming them as potential markers of the resolu-
tion of CF airway infection and inflammation. As a group, these
genes represent functions of immune recognition and response,
phagocytosis, and matrix degradation. TLR2 represents a cen-
tral pattern recognition receptor for the innate response against
bacterial infection. IL-32 is a newly described tumor necrosis
factor-inducible intracellular cytokine (25). An inducer of
proinflammatory cytokines, IL-32 induces blood monocyte
differentiation to macrophages, with subsequent phagocytic
activity for live bacteria (26). The expression of IL-32 by
inflamed luminal epithelia may facilitate differentiation of
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blood monocytes infiltrating infected lung (26). Three surface-
receptor genes participate in phagocytosis. CD64, or FcyRIA,
mediates receptor-mediated endocytosis of IgG-antigen com-
plexes in macrophages (27). CD36, a scavenger receptor,
mediates macrophage uptake of oxidized low-density lipopro-
tein, as well as serving as a surface receptor for thrombospondin-1
(28-30). CD163 serves as a macrophage cell surface hemoglobin
scavenger receptor and was recently shown to be highly pre-
dictive of mortality in pneumococcal bacteremia (24, 31). Deg-
radative enzymes, including heparanase, ADAMY, and versi-
can, facilitate extravasation of leukocytes to inflamed tissues. In
persistent airway inflammation, this process may culminate in
marked and irreversible structural injury to lung parenchyma by
modification of extracellular matrix architecture (32).

This study was designed to measure markers that change
with aggressive treatment of a pulmonary exacerbation, the
current best therapy for reduction of acute increases in airway
infection and inflammation in CF lung disease. This design has
several advantages. First, our design closely parallels a clinical
trial sequence in which a treatment would be tested for its effect
on decreasing inflammation. Second, our gene signature is not
pathogen limited. Our study population suffered from infection
with a representative variety of bacterial pathogens, typical of
the CF population as a whole. When patients with CF were
treated for pulmonary exacerbations, expression of most of the
candidate genes more closely resembled the normal control
subjects (Figure 2), which supports the biologic roles of these
genes as markers of decreased infection and inflammation.
Furthermore, one-half of the genes were specific for exacerba-
tion among patients with CF, meaning that, when compared
with patients with stable CF, values differed significantly before
treatment but not after treatment. This includes the three genes
(CD64, ADAMY, and CD36) that were most highly diagnostic
of therapeutic response. One of the genes that added significant
explanatory power to the regression model in both patient
groups, ADAMD, is highly representative of immediate post-
exacerbation transcriptional changes and is the only gene whose
postexacerbation expression remained significantly different
from both normal PBMC and control subjects with stable CF.

Simultaneous measurements of respiratory physiology and
plasma markers allowed for statistical comparisons of multiple
outcomes measures. The significant correlation of more than
one-half of the genes in the CF therapeutic signature with
changes in CRP, a well-characterized serum marker of in-
flammation, in addition to correlations to neutrophil counts,
further strengthens the association of these genes with inflam-
matory processes. The concomitant evaluation of a relatively
comprehensive panel of plasma cytokines in the development
cohort did not demonstrate statistical significance. Post-treatment
cytokine measurements were lower than pretreatment measure-
ments; however, the specific cytokines reduced differed from
patient to patient, making none of them broadly applicable as
a marker for exacerbation resolution in a cohort of this size.
Although this study was not powered to detect a significant
difference in plasma cytokine concentrations, our group and
others are currently conducting larger-scale longitudinal studies
of blood, sputum, and plasma markers in the resolution of acute
exacerbations, which will allow simultaneous analysis of
markers reflecting compartmental and circulating inflammation.

The complexity of CF airway inflammation is such that local
events within airways may be heterogeneous and compartmen-
talized across lung segments. Although PBMCs are easily
accessible, they may not completely reflect inflammatory pro-
cesses occurring in all pulmonary compartments. It would be of
great interest to compare the response of PBMC RNA tran-
scripts to direct measures of airway inflammation.

Although many markers of airway inflammation can be
detected in the sputum, multiple previous studies (particularly
of this size) have not been able to detect changes in sputum
concentrations of inflammatory markers associated with the
treatment of an acute pulmonary exacerbation (33-38). Thus, to
directly compare identified changes in PBMC expression with
specific inflammatory markers in the sputum, sputum markers
of inflammation were not analyzed as a part of this study.. The
compartmental quality of local pulmonary events may also
reflect, in part, the relative steroid independence of the gene
expression change in the steroid-exposed validation cohort. In
animal models, glucocorticoids typically suppress local blood
flow at sites of inflammation, reduce vascular permeability, and
reduce leukocyte migration. These responses would likely have
greater effect on local transcription profiles at the site of
inflammation rather than on circulating expression (39-41). In
addition, whereas corticosteroid therapy did not affect expres-
sion of 9 of 10 genes, the study was not powered to detect
significant steroid-modulated differences in gene expression.

A systemic marker of lung inflammation has many advantages,
because blood can be obtained from subjects of any age and
disease severity, and may reflect the status of inflammation
throughout the lung, rather than one segment, as is assessed by
bronchoalveolar lavage. The current study establishes that the use
of PBMC expression permits the assessment of leukocyte activity,
concomitantly with the functional information represented by
FEV,, to reflect treatment of an acute pulmonary exacerbation.
This analysis is sensitive, inexpensive, and obtained from tissue
that is easily accessible in pediatric and adult populations, and has
the potential to be performed in a clinical laboratory.

The identification of relevant biomarkers could have more
immediate clinical implications for several large subpopulations
of patients with CF. In children, airway infection and inflam-
mation can occur as early as 4 weeks of age (42). Computed
tomography radiographic studies have demonstrated consider-
able bronchiectasis and parenchymal abnormalities in children
with normal lung function (43). Sensitive markers could allow
for a personalized strategy of antiinfectious and antiinflamma-
tory treatment in young children, with the ability to rapidly
monitor outcomes from these interventions. Conversely, in
patients with severe lung destruction and multiple antibiotic
drug-resistant organisms, assessment of response to a particular
treatment is often difficult, given day-to-day variability in
disease and the degree of irreversibility in airway damage. A
sensitive measure of leukocyte activities could be used to gauge
response to therapeutics when clinical response lags far behind.

It is important to acknowledge the small size of our study. In
addition, two patients provided samples in both cohorts, defining
two separate pulmonary exacerbations for each individual. A
larger trial is underway by our group to define the optimal
combination of genes to characterize a successful therapeutic
response. Validation will also require determination of intra-
and interindividual variability, responders versus nonresponders,
and corticosteroid effect. Herein, we have identified potential
gene biomarkers, from which various gene combinations with
FEV; serve as accurate predictors of resolution of pulmonary
exacerbations, with greater sensitivity, specificity, and discrimi-
natory capacity than FEV, alone. Future separate studies will be
necessary to determine whether genes have applicability as
outcomes measures in clinical trials for antiinflammatory drugs.
The utilization of leukocyte gene expression to bolster standard
physiologic outcome variables has major implications in terms of
the conduct of small trials in rare human diseases.
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