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Abstract

Background: Cystic fibrosis (CF) is the most common,
lethal autosomal recessive disease affecting children in the
United States and Europe. Extensive work is being per-
formed to develop both gene and drug therapies. The
principal mutation causing CF is in the CFTR gene
([�F508]CFTR). This mutation causes the mutant protein
to traffic poorly to the plasma membrane, and degrades
CFTR chloride channel activity. CPX, a candidate drug for
CF, binds to mutant CFTR and corrects the trafficking
deficit. CPX also activates mutant CFTR chloride channel
activity. CF airways are phenotypically inundated by in-
flammatory signals, primarily contributed by sustained
secretion of the proinflammatory cytokine interleukin 8
(IL-8) from mutant CFTR airway epithelial cells. IL-8 pro-
duction is controlled by genes from the TNF-�R/NF�B
pathway, and it is possible that the CF phenotype is due
to dysfunction of genes from this pathway. In addition,
because drug therapy with CPX and gene therapy with
CFTR have the same common endpoint of raising the lev-
els of CFTR, we have hypothesized that either approach
should have a common genomic endpoint.
Materials and Methods: To test this hypothesis, we stud-
ied IL-8 secretion and global gene expression in IB-3 CF
lung epithelial cells. The cells were treated by either gene
therapy with wild-type CFTR, or by pharmacotherapy with
the CFTR-surrogate drug CPX. CF cells, treated with either
CFTR or CPX, were also exposed to Pseudomonas aeruginosa,
a common chronic pathogen in CF patients. cDNA microar-
rays were used to assess global gene expression under 
the different conditions. A novel bioinformatic algorithm
(GENESAVER) was developed to identify genes whose ex-
pression paralleled secretion of IL-8. 
Results: We report here that IB3 CF cells secrete massive
levels of IL-8. However, both gene therapy with CFTR and
drug therapy with CPX substantially suppress IL-8 secre-
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tion. Nonetheless, both gene and drug therapy allow the CF
cells to respond with physiologic secretion of IL-8 when the
cells are exposed to P. aeruginosa. Thus, neither CFTR nor
CPX acts as a nonspecific suppressor of IL-8 secretion from
CF cells. Consistently, pharmacogenomic analysis indicates
that CF cells treated with CPX greatly resemble CF cells
treated with CFTR by gene therapy. Additionally, the same
result obtains in the presence of P. aeruginosa. Classical hier-
archical cluster analysis, based on similarity of global gene
expression, also supports this conclusion. The GENESAVER
algorithm, using the IL-8 secretion level as a physiologic
variable, identifies a subset of genes from the TNF-�R/NF�B
pathway that is expressed in phase with IL-8 secretion from
CF epithelial cells. Certain other genes, previously known
to be positively associated with CF, also fall into this cate-
gory. Identified genes known to code for known inhibitors
are expressed inversely, out of phase with IL-8 secretion. 
Conclusions: Wild-type CFTR and CPX both suppress
proinflammatory IL-8 secretion from CF epithelial cells.
The mechanism, as defined by pharmacogenomic analysis,
involves identified genes from the TNF-�R/NF�B pathway.
The close relationship between IL-8 secretion and genes
from the TNF-�R/NF�B pathway suggests that molecular
or pharmaceutical targeting of these novel genes may have
strategic use in the development of new therapies for CF.
From the perspective of global gene expression, both gene
and drug therapy have similar genomic consequences. This
is the first example showing equivalence of gene and drug
therapy in CF, and suggests that a gene therapy-defined
endpoint may prove to be a powerful paradigm for CF
drug discovery. Finally, because the GENESAVER algo-
rithm is capable of isolating disease-relevant genes in a hy-
pothesis-driven manner without recourse to any a priori
knowledge about the system, this new algorithm may also
prove useful in applications to other genetic diseases.

Introduction
Cystic fibrosis (CF) continues to be the most com-
mon fatal autosomal recessive disease in the United
States, affecting 1 child per 2500 live births (1). Mu-
tations in the chloride channel CFTR gene have been
shown to be responsible for the disease, the most



frequently occurring CF mutation being [�F508]
CFTR (2–4). The consequences of this mutation are
that the mutant protein fails to traffic efficiently
through the endoplasmic reticulum to the plasma
membrane where chloride conduction would other-
wise occur (5–8). Recent attempts at pharmacologic
treatment of CF have focused on using small mole-
cules such as CPX (9), presently in phase 2 clinical
trials, and phenylbutyrate (10) to promote proper
trafficking of the mutant CFTR. This trafficking
failure also has the functional consequence of estab-
lishing a pro-inflammatory environment by a mech-
anism that is poorly understood (11–14). Opera-
tionally, high levels of the pro-inflammatory cytokine
interleukin-8 (IL-8) occur in the lung and are thought
to be responsible for lung pathology in CF patients
even prior to development of chronic bacterial infec-
tions (15,16). The expectation is that IL-8 production
in CF airway cells ought to be suppressed by wild-
type CFTR or by CPX-enhanced trafficking of mutant
CFTR. However, it is not known to what extent this
conclusion is correct. Furthermore, the mechanisms
by which CFTR might interact with the regulatory
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pathways controlling IL-8 synthesis and secretion are
not known. 

Using the CF airway epithelial cell line IB-3, we
describe here mechanisms by which CFTR and CPX
suppress IL-8 secretion. We further investigated the
mechanism of this effect using cDNA microarray
technology. We have previously used this approach
to study the pharmacogenomics of CFTR and of the
CF drug CPX in recombinant HEK293 fibroblasts
expressing wild-type and �F508 CFTR (17), and
this work extends these studies to natural CF lung
epithelial cells. The reason for focusing on the gene
microarray approach to the analysis of IL-8 produc-
tion by CF cells is that a large number of genes, in-
cluding those from the NF�B pathway, appear to be
involved in the process (Fig. 1). For these reasons,
we hypothesized that somewhere within the NF�B
pathway resides the mechanism responsible for the
massive synthesis and secretion of pro-inflammatory
IL-8 by CF lung epithelial cells. 

Our present data indicate that both CFTR and
CPX change the global gene expression of CF airway
epithelial cells in similar ways, both in the presence

Fig. 1. The TNF-�R/NF�B signaling pathway. (A) The NF�B signaling cascade is hypothesized to be initiated by several indepen-
dent pathways involving receptors for TNF-�, IL-1, and bacterial lipopolysaccharides (LPS), which then converge on NIK, or on
members of the MAP6K family. (B) Launching of this hypothetically common pathway activates a complex of I�B-kinases (IKK�, �,
and �). The NF�B complex, composed of p65 and p50 components, is inactive when complexed with I�B. (C) When the activated
IKKs phosphorylate I�B, the proteosome attacks the phospho-I�B, releasing the residual p65/p50 complex. (D) This NF�B het-
erodimer enters the nucleus and binds to �B sites on promotors for IL-8, I�B, TNF-�, IL-1, and other inflammatory signaling mole-
cules. In this manner IL-8 gets transcribed and eventually secreted. It is worthy to note that this pathway induces both positive and
negative feedback messages. TNF-� is an example of the former and I�B an example of the latter. (E) Once within the nucleus, the
NF�B complex is removed from the �B sites by binding to a fresh I�B molecule from the cytosol, which then leaves the nucleus as
the inactive p65/p50/I�B complex. Under normal circumstances, the process then begins again upon physiologic activation. The p50
component is synthesized as a larger p105 precursor that is able to bind to p65. When bound to p65, p105 acts not only as a p50
ligand to p65, but also as an inhibitory I�B-like ligand. In this latter role, the IKKs have no activating effect on the NF�B complex
[see Rothwarf and Karin (37)].



O. Eidelman et al.: Control of the Proinflammatory State in CF Lung Epithelial Cells 525

added to remove extracellular bacteria. Supernatants
were collected at specific times and cellular RNA was
prepared from the IB3 cells. The supernatants were
stored at �80�C until assay for IL-8.

Pharmacokinetics of CPX Action on IL-8 Secretion
Duplicate samples of IB3 cells were plated with or
without 10 �M CPX in 0.1% DMSO and grown for
24 hr in the LHC-8 medium. At the 24-hr time point,
the medium was replaced with fresh medium with
or without 10 �M CPX, and the cells placed back in
culture. As a control, a 0.1% DMSO vehicle replaced
the CPX. At given times during the ensuing 24 hr,
samples of supernatant from duplicate wells were
taken for IL-8 ELISA assay. No significant differ-
ences in IL-8 secretion were noted between the
0.1% DMSO vehicle and medium without vehicle
(see Fig. 1 inset). However, an inhibitory effect on
IL-8 secretion was observed with 1% DMSO. 

Preparation of RNA for Genomic Analysis

Total RNA was prepared from cells as described by
Srivastava et al. (17). The total RNA preparation was
then treated with DNAse I to eliminate genomic
DNA contamination, and then treated with two
rounds of purification of polyA� RNA using a
mRNA isolation kit from Invitrogen (Carlsbad, CA,
USA). The quality of the resultant mRNA was then
be analyzed on a formaldehyde-denatured agarose
gel, and by measurement of the OD260. To prepare
32[P]-cDNA probes corresponding to specifically
known genes, 1 �g of polyA� RNA was mixed with
MMLV reverse transcriptase, dNTP mix, and cDNA
synthesis primer mixes for the corresponding genes.
The reaction was carried out on a thermocycler set at
50�C for 25 min and terminated by the addition of
0.1 M of EDTA, pH 8.0, and 1 mg/ml of glycogen.
The 32[P]-labeled cDNA probes were then purified
from unincorporated label on a CHROMASPIN-200
column (CLONTECH, Palo Alto, CA, USA).

Labeling of cDNA Microarrays With Synthesized Probes

The cDNA expression microarrays on nylon mem-
branes were obtained from CLONTECH and were
prehybridized using Express Hyb (CLONTECH) at
68�C for 1 hr, and then incubated overnight in Express
Hyb with the denatured and neutralized labeled
probes. Following this incubation, the membranes
were washed three times in 2� SSC/1% SDS at 68�C
for 30 min, and then twice in 0.1% SSC/0.5% SDS at
68�C for 30 min. The arrays were then exposed for 
6 hr on a Storm Phosphoimager plate (Molecular Dy-
namics, Sunnyvale, CA, USA).

Imaging and Quantitation of the cDNA Microarray

Imaging data from the Storm PhosphorImager was
downloaded into a Microsoft Excel spreadsheet.
Duplicate data were ratioed to the ubiquitin stan-
dard. Further validation was performed as de-
scribed in Srivastava et al. (17).

and absence of bacteria. Furthermore, using the
novel GENESAVER algorithm, we find that genes
involved in the TNF-�R/NF�B pathway are affected
in similar ways by CFTR and CPX. The new algo-
rithm also identifies genes known from the litera-
ture database to be associated with CF. We conclude
that the tonic counter-inflammatory actions of CFTR,
and of the CFTR surrogate CPX, in airway epithelial
cells involve control of an ensemble of genes in the
TNF-�R/NF�B pathway. We suggest that these new
observations may be useful in developing novel
approaches to drug discovery and therapy for CF.

Materials and Methods
Culture of IB3 Cells and Assay of Secreted IL-8

IB3 cells and repaired cell lines, IB3-S9 (repaired
with AAV-wild-type CFTR) and IB3-C38 (repaired
with AAV-[des 1-119]CFTR) were obtained from 
Dr. Pamela Zeitlin, Johns Hopkins University School
of Medicine, and cultured in serum-free, gentimycin-
free LHC-8 medium (Biofluids, Rockville, MD, USA).
Unless otherwise specified, cells were grown to con-
fluence in the presence or absence of CPX, washed
with fresh medium, and then replaced in the incuba-
tor along with drugs or bacteria. Samples of super-
natant medium were removed at the times shown
and stored at �80�C until assayed for IL-8. The IL-8
assay was performed using either a visible light 
enzyme-linked immunosorbent assay (ELISA) kit
from Endogen (Woburn, MA, USA), or our ELISA
system prepared from components supplied by En-
dogen. Results from both assays were equivalent.

Culture of P. aeruginosa and Exposure to IB3 Cells

A clinical isolate of P. aeruginosa was obtained from the
Food and Drug Administration (FDA). This isolate
was determined to be a rough strain (personal com-
munication, Dr. Joanna Goldberg, University of Vir-
ginia School of Medicine, Charlottesville, VA, USA),
and, therefore, similar to strains isolated from CF pa-
tients. To analyze the infection of IB3 cells with 
P. aeruginosa, a modification of the cell association as-
say of Weinstein et al. (18) was used. Briefly, the bac-
teria were grown overnight in Luria Bertani (LB)
medium at 37�C in a shaking water bath. One hun-
dred microliters were then transferred to fresh LB and
the bacteria grown to mid-late log. Subsequently, the
bacteria were centrifuged at 10,000 rpm for 10 min,
and then resuspended in an equivalent volume of
LHC-8 medium. To determine the number of colony
forming units in the culture, serial dilutions of the
bacterial suspension were made in saline, and the
appropriate dilutions were plated on LB agar plates.
The IB3 monolayers were inoculated with P. aeruginosa
at a multiplicity of infection of 15:1, and then spun
onto the monolayer to promote maximal attachment.
Incubation was allowed to proceed for 1.5 hr, after
which the monolayers were washed extensively.
Thereafter, LHC-8 with gentamicin (100 �g/ml) was



Hierarchical Cluster Analysis of cDNA Array Data

The clustering analysis was performed as described
by Eisen et al. (19), and is accessible on the web at
http://www.microarrays.org/software.

GRASP Method for Data Mining From cDNA Arrays

The strategy we employed is embodied in the
GRASP methodology, in which variation in gene
expression is quantitated in terms of the number of
standard deviations (SDs) individual genes vary
from the mean variation of the entire array [see
Srivastava et al. (17)]. This technique vastly in-
creases the statistical power of the analysis. Briefly,
following ratioing to the ubiquitin standard, each
gene on each blot is analyzed in duplicate, the error
being about 1.3%. Duplicate samples on duplicate
blots were found to vary from each other by only
about 12%. Expression data for a given gene in a
treated cell are then ratioed to expression in the
parental cell line, and the log of this ratio is
graphed against the log of an equivalent ratio of
gene expressions for a different treatment to that of
the parental cell line. The diagonal of this orthogo-
nal plot is the distribution of equivalently express-
ing genes. The relationship of different genes to
this diagonal is then expressed as being inside or
outside the �1 SD region around the diagonal. Rel-
ative positions on the orthogonal plot, outside the
�1 SD region then allow one to state that the ex-
pression of the given gene is or is not related to the
mutation or experimental condition. The distance
of each gene from the diagonal is then assessed as
being a given multiple of SDs from the mean of the
entire distribution.

Genome Space Vector (GENESAVER) Method for Data
Mining From cDNA Arrays

For this study, we developed a novel data mining
approach in which we calculate a seven-component
vector based on the logarithms of the ratios of
expression level of each gene in a certain condition
relative to the expression level of that gene in a re-
spective control condition. These seven conditions
are (i) IB3 in the presence of CPX versus control IB3
cells; (ii) IB3 transfected with wt-CFTR (i.e., S9
cells) versus control IB3 cells; (iii) IB3 in the pres-
ence of P. aeruginosa versus control IB3 cells; (iv) IB3
in the presence of P. aeruginosa and CPX versus
control IB3 cells; (v) S9 in the presence of CPX
versus control S9 cells; (vi) S9 in the presence of 
P. aeruginosa versus control S9 cells; and (vii) S9 in
the presence of P. aeruginosa and CPX versus control
S9 cells. Similarly, we then calculate a vector de-
scribing the effects of these various experimental
conditions on IL-8 secretion. We define each vector
component as the log of the ratios of measured lev-
els of secreted IL-8 in the experimental condition
versus the respective control, as listed above. The
next step is to calculate for each gene the angle (in
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seven-dimensional space) between its own vector
and that of the IL-8 vector. We then sort the list of
genes according to that calculated angle. This
“genomic-space angle” reflects the correlation be-
tween the effects of these seven experimental condi-
tions on IL-8 secretion and the expression levels of
the given gene. As described, an angle close to 0�
defines genes whose expression closely parallels IL-
8 secretion in all conditions. An interesting addi-
tional feature of this approach is the ability to “mine
out” anti-parallel (close to 180�) genes, whose pat-
tern of expression is opposite to the pattern of IL-8
secretion. The latter genes are also of equal intrinsic
interest because, a priori, we do not know whether
a given gene has positive or negative actions on the
process of IL-8 secretion. As a default correction for
experimental and other errors, we used all genes
within a 30� solid angle of either 0� or 180�. In addi-
tion, we only looked at genes that were significantly
affected by the above conditions, by mining out
those genes whose vectors were significantly greater
than the average length (i.e., �1 SD from the aver-
age vector length).

Results
Influence of CFTR on Secretion of IL-8 From IB3 Cells

IB3, IB3-S9, and IB-C38 cells were grown to conflu-
ence in 24-well microtiter plates at 37�C. At various
times thereafter, the cell-free supernatants were
assayed for the presence of IL-8 by ELISA. As shown
in Figure 2, constitutive IL-8 secretion was very 
high in the CF mutant IB3 cells. In contrast,
IL-8 constitutive secretion rates were substantially
lower in IB3 cells repaired with wild-type CFTR,
namely IB3-S9 cells. Over a 6-hr period, levels of
IL-8 in the supernatants of IB3 cells were approxi-
mately 400 ng/well compared to approximately 50 ng/
well for the IB3-S9 cells. Thus, the introduction of
the wild-type CFTR gene into the mutant cells re-
sults in an 8-fold reduction in spontaneous IL-8 se-
cretion. In addition we find that repair of IB3 cells
with a truncated form of CFTR, [des 1-119]-CFTR,
also results in a partial suppression of IL-8 secretion.
This truncated protein misses some binding sites for
interaction with other proteins, but the chloride 
secretion function does not seem to be impaired
(20). Furthermore, in IB3-C38 cells, NF�B-activation
after treatment with TNF-� is distinct from that of IB3
cells, and seems to be commensurate with that of nor-
mal lung cells (21). These latter cells, IB3-C38, exhibit
an approximately 5-fold reduction in IL-8 released
over the same 6-hr time period.

Influence of the CFTR Activator CPX on IL-8 Secretion
From IB3 Cells

As shown in Figure 3, CPX reduces the rate of IL-8
secretion from IB3 cells. After 24 hr of treatment
with 10 �M of CPX, the rate of IL-8 secretion over
the next 6 hr was reduced by approximately 30%
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by the 24-hr time point. These rates are statistically
different.

Influence of P. aeruginosa and CPX on IL-8 Secretion
From IB3 Cells

In this experiment, cells were grown for 24 hr in the
presence or absence of 10 �M CPX, washed, and
then exposed to P. aeruginosa for an additional 1.5 hr
before cell-free supernatants were assayed for
secreted IL-8. As shown in Figure 4, CPX alone
reduces the level of constitutively secreted IL-8 in
IB3 cells. This result is similar to that shown in Fig-
ure 3. In contrast, the effect of CPX on IL-8 secretion
in the repaired IB3-S9 is less profound. When these
cultures are subsequently incubated with P. aeruginosa
several events occur. In the DSMO control cultures, 
P. aeruginosa induces IL-8 secretion in both the mutant
CRTR and the repaired CFTR cell lines. Interestingly,
in those cultures pretreated with CPX, P. aeruginosa
induced more IL-8 secretion than in the DMSO con-
trol. Taken together, these data indicate that CPX
suppresses constitutive levels of IL-8 secretion from
the IB3 cells, but does not interfere with the physio-
logic response of the IB3 cells to the P. aeruginosa. In
fact, the results suggest that CPX actually promotes
the physiologic response of the CF epithelial cell to
secrete more IL-8 in the presence of P. aeruginosa.

Gene Expression Analysis of CPX and CFTR Effects 
on IB3 Cells, in the Presence and Absence of P. aeruginosa
To investigate the underlying genomic mechanisms
of CPX and CFTR action on IB3 cells, we examined
gene expression in these cells using cDNA microar-

compared to the 0.1% DMSO control. This effect of
CPX on IL-8 secretion is reversible, but lasted about
12 hr after drug removal. The dashed gray line in
Figure 3 shows that removal of CPX from the culture
medium after the initial 24 hr with CPX resulted
in a sustained suppressive effect for up to 12 hr.
However, the effect appeared to wash out eventu-
ally, resulting in control levels of IL-8 secretion

Fig. 2. Time course of IL-8 secretion from IB3 cells and
CFTR transfected IB3 cells. IB3 cells and IB3 cells transfected
either with wt-CFTR (S9) or with des[1-119]CFTR (C38) were
grown to confluence in LHC-8 medium as described in Meth-
ods. At time 0, the medium was changed. Samples of the
medium were taken at the indicated times and the IL-8 levels
were determined by ELISA assay.

Fig. 3. The effect of CPX treatment on
the time course of IL-8 secretion from IB3
cells. IB3 cells were grown as described in
Methods. Dishes labeled TREATMENT (red)
or WASH-OUT (gray) were pretreated for 24
hr with 10 �M CPX in LHC-8 and CONTROL
(blue) dishes were pretreated with 0.1%
DMSO. At time 0, the media were changed
to LHC-8 containing 10 �M CPX (TREAT-
MENT, red) or 0.1% DMSO (CONTROL,
blue; WASH-OUT, gray). IL-8 levels were
measured at the indicated time points. The
top panel shows the levels of CPX for the 
respective samples during the pre-incubation
and the measurement periods. The inset
shows the rate of IL-8 secretion in the first 
12 hr calculated from the linear regression 
of the kinetic data. The bars show the 
rates for control without DMSO 
(11.4 � 0.4 pg/well/hr), control with DMSO
(11.4 � 0.8 pg/well/hr), CPX treatment 
(8.8 � 0.2 pg/well/hr) and washout 
(9.7 � 0.2 pg/well/hr). The IL-8-secretion
rates of the Control and of the DMSO-
Control are virtually the same while the other
rates are significantly different from each
other at least at the p 	 0.02 level (CPX 
versus DMSO-Control: p 
 0.0008; Wash-Out
versus DMSO-Control: p 
 0.022; Wash-Out
versus CPX-treated: p 
 0.0005).



rays. For this purpose, we prepared RNA from the
cells described in Figures 3 and 4 and used them for
the gene expression analyses shown in Figures 5
and 6. These figures compare the expression level of
each one of 588 genes in IB3 cells as a function of
their expression level in the wild-type CFTR-
repaired IB3-S9 cells. As shown in Figure 5, a sub-
stantial number of genes are expressed quite differ-
ently in IB3 and in IB3-S9 cells. This is evident by
the points that are away from the main diagonal in
each figure. The triangles in these graphs show the
relation between gene expression in IB3 cells and in
IB3-S9 cells. The circles depict the effects of cultur-
ing the IB3 cells in the presence of CPX for 48 hr
prior to RNA extraction. The effect of CPX on global
gene expression in these cells can be assessed statis-
tically by comparing the regression lines for all
genes under the various conditions. By calculating
the significance of the difference between the slopes
of the regression lines we find that the CPX lines are
significantly different than the no-CPX lines at the 
p 	 0.001 level, both in the presence (Fig. 6) and
absence (Fig. 5) of P. aeruginosa. Because of our
hypothesis regarding the possible importance of
TNF-�R/NF�B–related genes, we have specifically
marked the subset of TNF-�R/NF�B–related genes
available in the array by large red triangles (without
CPX) or large blue circles (in the presence of CPX).
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Statistical analysis shows that the slopes of the re-
gression line for the TNF-�R/NF�B subset is signif-
icantly different at the p 	 0.05 level from that of the
TNF-�R/NF�B subset in cells cultured in the pres-
ence of CPX. However, in the presence of bacterial
challenge from P. aeruginosa, the slopes of these two
regression lines are not significantly different (p 

0.5). These finding are in accord with the results
shown in Figure 4, where CPX has an inhibitory
effect on IL-8 secretion from IB3 cells when no
bacteria are present, but little or even an increasing
effect when challenged with P. aeruginosa. 

Hierarchical Cluster Analysis of Gene Expression in IB3
Cells Following Exposure to CPX, CFTR, and P. aeruginosa
As an alternative approach to understanding the
genomic basis of common functional consequences
for CPX and CFTR, we used hierarchical cluster
analysis. This discovery-driven approach allows us
to ask which genes and which cell conditions are
most correlated without specific reference to our
own a priori assumptions. Our approach to this
analysis has been to use gene expression ratios for

Fig. 4. The effect of CPX and of P. aeruginosa on IL-8
secretion from CFTR mutant IB3 cells and CFTR gene-
repaired IB3-S9 cells. IB3 and IB3-S9 cells were grown as
described in Methods in the presence of either 10 �M CPX
(hatched bars) or 0.1% DMSO (solid bars), as indicated. The
epithelial cells were then washed free of CPX or DMSO and
incubated with P. Aeruginosa for 90 min. The quantity of IL-8
secreted was then assessed by ELISA of the cell-free super-
natant. Each CPX condition was found to be statistically differ-
ent from its respective control (p 	 0.05).

Fig. 5. Influence of CPX on global gene expression in CF
IB3 and gene repaired IB3-S9 cells. Gene expression levels,
plotted as a function of the expression levels of the respective
genes in the wild-type CFTR transfected IB3-S9 cells, are com-
pared between IB3 cells (triangles) and CPX treated IB3 cells
(circles). NF�B-related genes are denoted by larger symbols.
The diagonal (black line) represents the location where expres-
sion level is equal to that in the IB3-S9 cells. The other lines
are the linear regressions for the following groups: yellow, no
CPX; red, NF�B-related genes with no CPX; green, with 10 �M
CPX; blue, NF�B-related genes with CPX. Note that when CPX
is added to the cultures the expression of all genes in the array
tends to move toward the diagonal.
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These clusters can be studied to determine whether
NF�B pathway genes are multiply associated with
any of these clusters. One specific question we asked
was whether the activating p65 NF�B subunit or the
inhibitory p105 NF�B subunit clustered together. As
shown in Figure 7, we found that p65 and p105
occurred in separate clusters, and that both clustered
separately from the presumably unrelated R�B gene.
Other genes, not clearly related to either p65 or
p105, also clustered with each of these species. Thus
it became clear that although we could functionally
distinguish identified genes from one another by
this approach, it was less feasible to use this method
to make a compelling positive identification of func-
tionally related genes. In addition, because there are
approximately as many NF�B-related genes as pri-
mary clusters, it is clear that several of these NF�B
genes might, by sheer coincidence, group into one of
the clusters. Thus, a more physiologically relevant
method was needed for analyzing the clustering pat-
terns of these large ensembles of genes. 

Development of a Physiology-Based Vectorial Cluster
Analysis of Gene Expression in IB3 Cells

Gene expression by cells under a variety of condi-
tions can also be analyzed by clustering according
to a physiologic pattern. In the present case, we
asked which genes in IB3 cells paralleled the pat-
tern of expression and secretion of IL-8. Although
this concept is simple, to achieve this aim we had to
develop a novel bioinformatics paradigm that
would allow us to assess the correlation between
expression patterns and experimental results. Our
approach was to assign for each gene a “genomic
space vector” based on the gene’s response to vari-
ous experimental conditions. Using these vectors
we then calculated for each gene a “genomic space
angle” between the gene’s vector and a similar vec-
tor based on the physiologically relevant parameter
of IL-8 secretion. 

The rationale behind this approach is that the
smaller the angle between the two vectors, the
more closely the expression pattern of the gene of
interest correlated with the pattern of expression
and secretion of IL-8. Thus, an angle of 0� would
mean exact convergence. Exact convergence means
that when IL-8 secretion went up, the expression
level of the gene of interest would also go up and
vice versa, in phase with the IL-8 activity. By
contrast, an angle of 180� would mean an exactly
inverse behavior, so that when IL-8 secretion went
up, the expression level of the gene of interest
would go down, and vice versa. We also used the
GRASP technique (17) to mine out those genes that
both satisfied the angle criteria and were more than
1 SD greater than the logarithmic average length of
all the vectors. We have called this new data-
mining algorithm GENESAVER (Genomic Space
Vector). The details of this procedure are given in
the Methods section. 

IB3 cells under conditions of with or without CPX,
CFTR, and P. aeruginosa, and to allow the clustering
algorithm to dyadically group cells and genes. 

As shown in Figure 7, the clustering of the ex-
perimental conditions (top dendritic tree) indicates
several discrete dyadic clusters. The first such dyadic
cluster includes repaired IB3-S9 cells and IB3 cells
treated with CPX. This result indicates that the clus-
tering algorithm finds that CPX treatment makes the
mutant cells genomically more similar to the CFTR-
repaired IB3-S9 cells than to the untreated parental
IB3 cells themselves. The dyadic cluster on the ex-
treme left indicates that the same is true in the pres-
ence of P. aeruginosa. The third dyadic cluster is IB3
cells in the presence or absence of P. aeruginosa. This
result indicates that the clustering algorithm finds
that IB3 cells respond to the bacteria so modestly
that their patterns of gene expression are virtually
identical. This might be indicative of the fact that the
IB3 cells are already in a “stimulated” state, even
without bacteria present. A fourth dyadic cluster
consists of IB3-S9 cells with added bacteria, in the
presence or absence of CPX. This result indicates
that CPX confers little additional difference to the
genomic response of CFTR-repaired IB3 cells when
challenged by exposure to P. aeruginosa. 

The genes themselves (the vertical left hand
dendritic tree) cluster into at least 13 major groups.

Fig. 6. Influence of CPX on global gene expression of CF
IB3 and gene repaired IB3-S9 cells exposed to P. aeruginosa.
Gene expression levels in IB3 cells exposed to P. aeruginosa for
1.5 hr are plotted as a function of the expression levels of the
respective genes in the wild-type CFTR transfected IB3-S9
cells. The symbols and the colors are as described in the legend
to Figure 5.



The significant data from this bioinformatics ex-
periment are abstracted in Table 1. For each gene,
we give the array location, the significance of the
change (in standard deviations from the average
change), and the angle in seven-dimensional space.
These data show that certain pro-inflammatory or
pro-apoptotic genes are positively and significantly
correlated with IL-8 secretion by IB3 cells under the
eight experimental conditions (see Fig. 1 for rela-
tionships). These include the TNF-� receptor itself,
and the TNF-� receptor adapter proteins TRADD,
CIAP1, RIP, TRAF (CRAF1), and TRAMP. The re-
mainder includes five TNF-� receptor-associated
pro-apoptotic genes, as well as RANTES and TGF�.
Six other positively correlated genes are listed sepa-
rately, which as a group are associated with either
cell division or cellular proliferation. 

Of the genes whose expression is negatively and
significantly correlated with IL-8 secretion, we found
only one NF�B-related gene: the inhibitory NF�B-
p105 subunit. However, in addition to NF�B-p105,
there was also a surprisingly familiar face: the
gene for ezrin. This gene is an adapter protein that
binds to CFTR through PDZ domains linkers, and is
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known to be important for processing and apical 
targeting of CFTR. Finally, within this negatively
correlated group is a set of 13 genes associated with
either cell division or transcription. We have calcu-
lated that the probability of this number of identified
genes occurring purely by chance within a �60� solid
angle in seven-dimensional space can be as low as
1.3 � 10�10 (i.e., �1 chance in 10 billion). In an effort
to be complete, we also list in our analysis those
genes in the array that, although not correlating well
with IL-8 secretion, do fall into the top 5% of the dis-
tribution of gene vector lengths. The complete data
for all genes available to us in our arrays can be 
accessed on our web site (http://www.usuhs.mil).

Discussion
Using pharmacogenomic and biochemical techniques
to analyze IB3 CF airway epithelial cells, we have
determined that the typically high levels of secretion
of the pro-inflammatory cytokine IL-8 can be sup-
pressed by repair with either wild-type CFTR, or by
treatment with the xanthine drug CPX. Our data
indicate that the mechanism of IL-8 control in CF cells

Fig. 7. Hierarchical Cluster Analysis of genes and of experimental conditions for IB3 cells. Gene expression levels for all 
588 genes (shown on the left) in the eight experimental conditions shown on the top dendritic tree were analyzed using the cluster
and the tree view applications from Stanford (www.microarrays.com). On the horizontal axis, the far-right dyad shows that treatment
of the CF IB3 cells with CPX causes it to most closely resemble the gene repaired IB3-S9 cell. Other relationships are discussed in the
text. On the vertical axis, relative expression of genes are color-coded in graded red (high expression) and graded green (low expres-
sion) The indicated parts of the gene expression tree are magnified in the middle panel and further enlarged in the right panel. 
Note that NF�B/p65, which activates IL-8 production, and NF�B/p105, which suppresses IL-8 production, cluster separately from each
other, and from R�B and RANTES.
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Table 1. Correlation between gene expression and IL8 secretion using the genomic space vectors
(GENESAVER) algorithm

Positive Correlation Inverse Correlation Not Correlated 
Gene (0–60�) (120–180�) (60�–120�)
Description [Location, S.D., Angle] [Location, S.D., Angle] [Location, S.D., Angle]

Associated with TNF TNF�R, [C1c, 0.8, 37�] NF�B-p105, [D1a, 1.3, 128�]
Receptors and CRAF-1(TRAF), [C5d, 1.0, 22�]
NF�B pathway TRADD, [C4a, 1.6, 49�]

RIP, [C3k, 0.3, 43�]
FAS Antigen, [C2b, 1.7, 52�]
FAN, [C5b, 1.6, 50�]
CASPASE 7, [C5f, 1.1, 42�]
CASPASE 10, [C4n, 1.6, 48�]
FLICE 2, [C4n, 1.6, 48�]
CD70, [C2a, 1.1, 53�]
TRAMP, [C5c, 1.4, 39�]
bcl-2, [C4b, 2, 56�]

Other Inflammatory RANTES, [F2j, 1.4, 52�] Interferon consensus BP, [D1j, 2.3, 147�]
TGF�, [C1f, 1.0, 23�]

Known to bind CFTR EZRIN, [A2f, 1.2, 143�]

Other (Top 5% by length) GRB2 isoform, [C2i, 3.8, 21�] Ets-like gene, [A1j, 2.1, 160�] IGF-IR, [C1a, 2.3, 67�]
BMP-2B, [F2b, 2.7, 30�] GATA-binding protein, [D1b, 1.7, 150�] c-myb �, [A1c, 2.2, 116�]
Ku (p70/p80) subunit, [C6a, 1.9, 47�] DNA-binding protein, [D2f, 2.4, 143�] SLAP, [B6a, 2, 70�]
Cyclin G1, [A7a, 1.8, 55�] Global transcription activator, [D1i, 2.2, 148�] Ca-ATPase 2, [B1a, 1.9, 89�]
DNA-repair XRCC1, [C6d, 1.7, 39�] Guanine nucleotide-BP G-s �, [D3k, 2, 149�] i NOS, [C1b, 1.9, 63�]
PKA-R1-�, [B5m, 1.5, 56�] B-myb, [A1f, 2, 131�] NIP1 (NIP1), [C4c, 1.8, 63�]

Transcription factor LSF, [D5n, 1.9, 143�]
c-erbA, [A1g, 1.8, 133�]
DNA-binding protein PO-GA, [D2h, 1.6, 151�]
c-kit proto-oncogene, [A1d, 1.6, 124�]
DNA-binding SMBP2, [D1h, 1.6, 149�]
IGF-RII, [A1m, 1.6, 157�]
Transcription factor AREB6, [D2l, 1.6, 149�]

involves a direct relationship between wild-type CFTR
protein expression, regulated IL-8 expression, and
mRNA expression of an ensemble of genes from the
TNF-�R/NF�B pathway. Briefly, the presence of mutant
CFTR results in elevation of IL-8 expression, which is
paralleled genomically by an elevation in a subset of
activating genes in the TNF-�R/NF�B pathway, or by
reduction in certain inhibitory genes from the same
pathway. Therefore, we interpret these data to suggest
that molecular or pharmaceutical targeting of these
ensembles of identified genes may have strategic use in
developing new therapies for CF.

A New Pharmacogenomic Paradigm for Drug 
Discovery in CF

The rationale behind a pharmacogenomic approach to
CF drug discovery has been the expectation that an ef-
fective drug could induce a CF cell to behave genom-
ically similar to one treated with wild-type CFTR. In
the case of the drug CPX, this expectation has now
been realized. To achieve this end, a classical hierar-
chical clustering algorithm was utilized to test this hy-

pothesis. This algorithm (see Fig. 7) allowed us to
scrutinize binary comparisons of all the conditions in
terms of similarity of gene expression for all genes in
the array. Without knowing the identity of specific
genes, the algorithm sorted through all possible
arrangements of gene expression and determined that
cells treated with wild-type CFTR (i.e., IB3-S9) or
with CPX more closely resembled each other than
they resembled the parental IB3 cells. This observa-
tion is the first example of which we are aware where
one can actually demonstrate the premise of the phar-
macogenomics paradigm for drug discovery.

We also used this approach to model drug and
gene actions on the response of CF cells to exposure to
P. aeruginosa. These experiments are important because
many CF patients are chronically infected with this
gram-negative bacterium. In genomic experiments us-
ing the GRASP algorithm, we found that IB3 cells re-
sponded quite modestly to exposure to a clinical iso-
late of this organism. However, IB3 cells treated with
either wild-type CFTR or CPX responded robustly
and similarly, with significant movement noted for



NF�B-related genes. This result was borne out inde-
pendently when the hierarchical clustering algorithm
was used to analyze the entire gene array. Thus, we
conclude that CPX and CFTR induce similar changes
in gene expression, and that similar, but additional,
changes occur in the presence of bacteria. We also con-
clude from this set of results that the CF cell appears
to have a fundamental problem in responding to the
presence of P. aeruginosa. One possible basis for this
phenomenon is that the simple presence of the CFTR
mutation induces the cell’s control systems to act as
though bacteria have already arrived. If our idea is
correct, then such a result would mean that the CF cell
has already launched a massive baseline pro-inflam-
matory response and that further relevant responses at
the genomic level are not possible. The genomic basis
of this pathophysiologic process seems to be tonic ac-
tivation of the TNF-�R/NF�B pathway.

Development of the GENESAVER Algorithm to Identify
Genes on the Basis of a Physiologic Variable

To be able to draw conclusions about the identity of
genes involved in the enhanced constitutive secretion
of IL-8 by CF lung cells, we needed to develop the
GENESAVER algorithm. GENESAVER uses a multi-
dimensional analysis paradigm to determine exactly
which genes in the entire array change in parallel
with the physiologic variable of IL-8 activity. In fact,
we had originally hypothesized that some of the genes
from the NF�B pathway might be important. After all,
there has been a well-documented relationship be-
tween IL-8 expression and control by the NF�B sys-
tem in epithelial cells. However, this pathway is so
complex, and the cross-talk with other pathways so
extensive (see Fig. 1) that we needed to develop an
analytic approach that did not take this prior knowl-
edge into account. The development of the GENE-
SAVER algorithm allowed us to use the physiologic
variable IL-8 as a compass to tease out only those
genes that precisely followed IL-8 secretion, either
positively or negatively. The validation of this ap-
proach rests in the fact that the algorithm identifies
genes from the TNF-�R and NF�B systems, which
have historically been intimately linked in the litera-
ture database with the CF phenotype. Importantly,
however, as shown below, this algorithm also identi-
fies other genes with a historical association with CF. 

Validation of GENESAVER-Identified Genes by Recourse
to the Literature Database

This database linkage includes the relationship be-
tween CF and apoptotic signaling. For example, a
10-fold elevation in TUNEL labeling for fragmented
DNA has been reported in crypt enterocytes observed
in duodenal biopsies of CF patients (24). In addition,
expression of FAS and FAS ligand proteins, both
markers of apoptosis, are markedly increased in biop-
sies of CF bronchial epithelium and cultured CF tra-
cheal cell lines (25). Finally, disordered regulation of
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apoptosis has also been reported in heterologous
C127 cells expressing mutant [�F508]CFTR (26).
However, the other apoptotic genes identified by the
GENESAVER algorithm have not previously been
associated specifically with CF. These include TNF-�
receptor-1 associated death domain protein (TRADD),
TNF-� receptor associated factor (TRAF2), TNF-� re-
ceptor interacting protein (RIP), and inhibitor of apo-
tosis protein 1 (CIAP1/2). These genes are involved in
transducing interactions between TNF-�R and down-
stream apoptotic components such as caspase 7, FLICE,
FAS antigen, FAN, and TRAMP. Therefore, it is a rea-
sonable expectation that if the downstream factors are
important, then upstream adapters will probably be
important as well. Nonetheless, the significance of any
of these identified genes for CF remains a subject for
further investigation.

The power of the GENESAVER algorithm is fur-
ther manifest by its ability to identify additional genes
with substantial CF pedigrees (see Table 1). For ex-
ample, RANTES and TGF-� are identified as posi-
tively correlated with IL-8 secretion, whereas ezrin is
inversely correlated. In the case of RANTES, it is
known that production of this cytokine by CF epithe-
lial cells is affected by P. aeruginosa exotoxins such as
pyocyanin (27) and exoenzyme S (28), as well as the
presence of wild-type CFTR in cultured epithelial
cells (29). High levels of TGF-�1 are expressed in the
hyperplastic epithelium and elsewhere in CF patients
(30). In addition, a high TGF-� producer genotype is
positively correlated in CF patients with increased
risk of accelerated decline in pulmonary function (31).
Finally, very high expression levels of TGF-�, and in-
cidentally, also of interferon-�, have been reported in
CF patients (32). Ezrin has been implicated with not
only targeting of CFTR to the apical plasma mem-
brane of lung epithelial cells (33,34), but also with in-
teraction between CFTR and protein kinase A (35,36).
It is possible that as IL-8 secretion is suppressed by el-
evated CFTR expression, ezrin may be induced in
parallel to provide the escort service for CFTR to the
plasma membrane. Finally, we are unaware of any
specific relationship to CF of those genes identified in
the category of cell division and transcription. How-
ever, as further study and evaluation of these pharma-
cogenomic results progress, the importance of some of
these genes could become apparent. 

Conclusions
Wild-type CFTR and CPX both suppress proinflam-
matory IL-8 secretion from CF epithelial cells. The
mechanism, as defined by pharmacogenomic analysis,
involves identified genes from the TNF-�R/NF�B
pathway. The close relationship between IL-8 secre-
tion and genes in the TNF-�R/NF�B pathway sug-
gests that molecular or pharmaceutical targeting of
these novel genes may have strategic use for the de-
velopment of new therapies for CF. From the perspec-
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tive of global gene expression, both gene and drug
therapy have similar genomic consequences. Our re-
sults are the first example showing equivalence of
gene and drug therapy in CF. Our findings suggest
that a gene therapy-defined endpoint may prove to be
a powerful paradigm for CF drug discovery. Finally,
because the GENESAVER algorithm is capable of iso-
lating disease-relevant genes in a hypothesis-driven
manner, without recourse to any a priori knowledge
about the system, this new algorithm may also prove
useful in applications to other genetic diseases.
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