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Progressive	pulmonary	disease	and	infections	with	Pseudomonas aeruginosa remain	an	intractable	problem	in	
cystic	fibrosis	(CF).	At	the	cellular	level,	CF	is	characterized	by	organellar	hyperacidification,	which	results	in	
altered	protein	and	lipid	glycosylation.	Altered	pH	of	the	trans-Golgi	network	(TGN)	may	further	disrupt	the	
protein	processing	and	packaging	that	occurs	in	this	organelle.	Here	we	measured	activity	of	the	major	TGN	
endoprotease	furin	and	demonstrated	a	marked	upregulation	in	human	CF	cells.	Increased	furin	activity	was	
linked	to	elevated	production	in	CF	of	the	immunosuppressive	and	tissue	remodeling	cytokine	TGF-β	and	
its	downstream	effects,	including	macrophage	deactivation	and	augmented	collagen	secretion	by	epithelial	
cells.	As	furin	is	responsible	for	the	proteolytic	processing	of	a	range	of	endogenous	and	exogenous	substrates	
including	growth	factors	and	bacterial	toxins,	we	determined	that	elevated	furin-dependent	activation	of	exo-
toxin	A	caused	increased	cell	death	in	CF	respiratory	epithelial	cells	compared	with	genetically	matched	CF	
transmembrane	conductance	regulator–corrected	cells.	Thus	elevated	furin	levels	in	CF	respiratory	epithelial	
cells	contributes	to	bacterial	toxin–induced	cell	death,	fibrosis,	and	local	immunosuppression.	These	data	
suggest	that	the	use	of	furin	inhibitors	may	represent	a	strategy	for	pharmacotherapy	in	CF.

Introduction
Cystic fibrosis (CF), the most common lethal inheritable disease 
in Caucasians (1), is caused by mutations in the gene encoding a 
chloride channel termed CF transmembrane conductance regu-
lator (CFTR), resulting in multi-organ dysfunction. The main 
life-shortening pathology in CF is associated with chronic Pseu-
domonas aeruginosa lung infections (1). Mutations in CFTR have 
pleiotropic effects on the function of other ion transporters (2, 
3). Of particular importance is the CFTR-dependent regulation 
of the amiloride-sensitive epithelial sodium channel in respiratory 
epithelial cells (2, 3), causing electrolyte and fluid hyperabsorp-
tion in the CF lung (2, 4) and hyperacidification of intracellular 
organelles of CF lung epithelial cells including trans-Golgi net-
work (TGN) and endosomal compartments (5–10). In addition, 
there is an abundance of proposed defects related to pathology 
in CF, including defective phagosomal acidification in macro-
phages (11), altered P. aeruginosa uptake by respiratory epithelial 
cells (12), impaired glycosylation (13), enhanced Toll-like receptor 
activation (14), reduced levels of iNOS (15), and disrupted cho-
lesterol transport (16). The wide range of deficiencies in CF is a 
reflection of the multifactorial nature of problems in CF, and only 
seldom can multiple manifestations of lung disease be ordered in 
a sequence of causal relationships. One exception is the following 
series of linked abnormalities (5): (a) CFTR loss–associated aber-
rant sodium transport; (b) organellar hyperacidification due to 
uninhibited sodium transport out of the organellar lumen, thus 

permitting higher proton accumulation; (c) altered protein and 
lipid glycosylation due to TGN hyperacidification; (d) increased 
bacterial adhesion due to altered glycosylation of cell surface–des-
tined macromolecules; and (e) elevated inflammation in response 
to bacterial products due to hyperacidified endosomes in which 
many Toll-like receptors function.

The reports on altered products of glycosylase action in the TGN 
of CF respiratory epithelial cells (6, 13) indicate that the hyper-
acidified lumen of this organelle (6) may have other consequences 
on the properties of CF cells. In addition to being the organelle 
carrying out terminal glycosylation modifications of proteins des-
tined for secretion or for sorting to the plasma membrane, TGN is 
a biosynthetic station in which a number of proteins are processed 
from their pro forms to mature proteins, with the endoprotease 
furin being a main proprotein convertase in this compartment 
(17). Furin is primarily located in the TGN (17), but it also readily 
traffics to the plasma membrane and recycles via the endosomal 
organelles. The dynamic distribution of furin enables it to cleave 
and activate numerous intracellular and extracellular proproteins 
in both the biosynthetic and endocytic pathways (17). Furin is 
involved in the processing of the substrates, containing the mini-
mal basic amino acid RXXR recognition motif, such as coagulation 
factors, hormones and growth factors, cell-surface receptors, and 
extracellular matrix proteins (17). However, furin is not limited to 
processing of endogenous cellular proteins; it can be co-opted by 
bacterial toxins and viral coat proteins for maturation and activa-
tion in the host (17). We wondered, given the TGN dysfunction, 
as evidenced by defective sialylation of CF proteins and glycolip-
ids (6, 13), whether furin activity was perturbed in CF respiratory 
epithelial cells and what would be the physiological consequences 
of potentially altered furin action. We report here that CF cells 
show increased furin activity, which explains the abnormally high 
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TGF-β levels in CF cells (18), since pro–TGF-β is one of the furin 
substrates. Moreover, we demonstrate that elevated furin levels in 
CF cells renders them more sensitive to the main P. aeruginosa toxin 
(19), exotoxin A (ExoA), which requires furin-dependent process-
ing for activation.

Results
Increased furin activity in CF cells. To determine furin activity, perme-
abilized cells were assayed with the fluorogenic peptide substrate 
boc-RVRR-amc, which is cleaved to liberate a fluorescent product, 
reflecting furin activity. A CF bronchial epithelial cell line, IB3-1, 
from a patient with the DF508/W1282X CFTR mutant genotype 
(20), displayed a higher furin activity than the CFTR-corrected, 
genetically matched S9 cells (20) (Figure 1A). Increased furin activ-
ity was also found when other CF and normal cells were compared, 
including pCEP-R cells, in which the CF phenotype is induced 
using a dominant-negative construct expressing the R domain of 
CFTR (Figure 1A). Furin activity was also examined in primary 
human lung epithelial cells (Figure 1B). The assay for furin was 
controlled by including the furin inhibitor decanoyl-RVKR-chlo-
romethylketone (CMK) in the reaction mixture (Figure 1B). Higher 
levels of furin in CF cells were detected by western blots (Figure 1C). 
Thus CF cells have elevated levels of furin, and this translates into a 
higher furin activity in CF cells compared with normal cells.

Increased furin activity is responsible for elevated TGF-β production by CF 
cells. CF cells produce more TGF-β than do normal cells (18) (Sup-

plemental Figure 1; supplemental material available 
online with this article; doi:10.1172/JCI31499DS1). 
We tested whether elevated levels of TGF-β are due 
to increased activity of furin in CF cells. Pro–TGF-β 
is processed by furin in the TGN, an organelle that is 
hyperacidified in CF (6, 9), releasing the mature TGF-β. 
We tested whether excess TGF-β is due to altered furin 
activity in CF cells by examining the effects of furin 
inhibitors CMK and Portland α1–antitrypsin (α1-PDX). 
IB3-1 cells were incubated in media with 50 μM CMK 
(directly tested for inhibitory action on furin; Figure 
1D) or 5 μM α1-PDX for 24 hours, and bioactive TGF-β  
was determined using PAI/L assay detecting biologi-
cally active TGF-β. The amounts of TGF-β released by 

IB3-1 cells were reduced by CMK and α1-PDX treatment (P < 0.01) 
(Figure 1D). Furin inhibitors brought the levels of TGF-β in IB3-1  
cells to those in genetically matched, CFTR-corrected cells (S9)  
(P < 0.05). These results show that increased furin activity in CF 
epithelial cells governs the abnormally high TGF-β levels and that 
this can be corrected with furin inhibitors.

Normalization of furin activity in CF cells. Furin is proteolytically 
processed into its mature form within the TGN (17) as a step 
necessary for  its convertase action. Chloroquine corrects the 
hyperacidification of a subset of intracellular organelles that are 
abnormally acidic in CF lung epithelial cells (5, 6). Chloroquine 
restored the pH of the TGN in IB3-1 mutant cells to levels match-
ing those in CFTR-transfected S9 cells (Supplemental Figure 2). 
We tested whether furin processing is enhanced in CF lung epi-
thelial cells due to the hyperacidification of the TGN. When CF 
cells were incubated with 0.1 mM chloroquine, total furin activity 
was significantly inhibited in all cells tested (Figure 2, A–C). The 
effect of hyperacidification was additionally confirmed by using 
primary human CF lung epithelial cells and applying another 
acidification antagonist, bafilomycin A1, an inhibitor of vacuolar 
H+ ATPase responsible for acidification of intracellular organ-
elles including endosomes and TGN. Bafilomycin A1 brought 
furin activity levels in CF primary cells to levels seen in normal 
primary cells (Figure 2D). These results indicate that excessive 
furin processing/activation in CF cells can be normalized by cor-
recting organellar pH with chloroquine.

Figure 1
Furin levels are elevated in CF cells. Furin activity was 
measured by monitoring cleavage of fluorogenic substrate 
boc-RVRR-amc in extracts from lung epithelial cells. One 
unit of activity was defined as the amount of enzyme 
required to liberate 1 pmol of AMC from boc-RVRR-amc. 
(A) IB3-1, pCEP-R, and CFBE (all 3 cell lines with a CF 
phenotype) and S9, pCEP, and 16HBE (all 3 cell lines with 
CFTR-corrected or non-CF phenotype). (B) Furin activity 
in primary human (CF and normal) lung epithelial cells 
measured in the presence or absence of the furin inhibi-
tor CMK. (C) Furin western blot and densitometry analy-
sis. (D) Human lung epithelial cells after treatment with 
furin inhibitors CMK and α1-PDX. Production of TGF-β  
was measured in IB3-1 (CF) and S9 (CFTR corrected) 
epithelial cells using TGF-β–responsive luciferase assay. 
CMK, 50 μM; α1-PDX, 5 μM. Data are presented as per-
centage of furin or TGF-β, for which 100% corresponds 
to protein levels in non-CF cells (n = 3 experiments).  
Mean ± SEM (*P < 0.05, **P < 0.01; †P ≥ 0.05).
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Higher furin levels in CF cells and positive feedback loop with TGF-β. 
TGF-β is known to induce the expression of furin in a positive 
feedback loop (21). To test whether these relationships contribute 
to elevated furin levels in CF, we treated CF cells with blocking anti-
bodies against TGF-β and measured furin (Figure 2, A–D). After 
treatment with blocking antibodies against TGF-β, furin activity 
decreased in CF cells. Irrelevant antibodies had no effect (data not 
shown). In a converse experiment, pretreatment of normal cells (S9, 
pCEP, 16HBE, and primary normal human lung epithelial cells) 
with TGF-β1 caused elevated furin activity (Figure 2, A–D). Thus 
TGF-β and furin are linked in a positive amplification loop in respi-
ratory epithelial cells, which augments furin levels in CF.

Elevated furin and TGF-β levels increase collagen production. In pul-
monary fibrosis, respiratory epithelial cells produce more collagen 
with TGF-β being the most direct stimulator of collagen produc-
tion (22, 23). To examine whether increased TGF-β levels lead to 
altered collagen production by CF cells, collagen levels were mea-
sured using Sircol collagen assay (Figure 3A). Total soluble colla-
gen was increased in all CF lines tested (IB3-1, pCEP-R, and CFBE) 

relative to normal or CFTR-corrected respiratory epithelial cells. 
Blocking TGF-β antibodies decreased the soluble collagen content 
in IB3-1 cells. A furin inhibitor, α1-PDX also downregulated the 
level of soluble collagen (Figure 3B). The total soluble collagen 
secretion was markedly decreased when IB3-1 cells were treated 
with chloroquine (Figure 3B).

TGF-β suppresses antipseudomonal action of macrophages and dimin-
ishes iNOS expression in CF epithelial cells. TGF-β contributes to the 
persistence of certain infections by downregulating the antimi-
crobial activity of macrophages (24–26). To determine whether 
the increased TGF-β affected P. aeruginosa killing by macrophages, 
we examined the effect of TGF-β on the ability of primary human 
peripheral blood monocyte-derived macrophages (MDM) to elimi-
nate bacteria (Supplemental Figure 3). The TGF-β–treated MDM 
displayed a 2-fold reduction in their ability to kill P. aeruginosa (Sup-
plemental Figure 3A). To test directly whether increased TGF-β  
produced by CF respiratory epithelial cells can affect the ability of 
human macrophages to kill P. aeruginosa, we conducted coculture 
experiments with CF primary cells and MDM. When cocultures 
consisting of CF primary lung epithelial cells and MDM were 
infected with P. aeruginosa, bacterial survival decreased when block-
ing TGF-β antibodies were added (Supplemental Figure 3B). A 
similar enhancement in bacterial killing was observed when a furin 
inhibitor (CMK) was used to pretreat respiratory epithelial cells 
(Supplemental Figure 3B). TGF-β blocking antibody and CMK 
enhanced the killing ability of macrophages cocultured with CF 
respiratory epithelial cells to equal that of MDM coculture with 
normal respiratory epithelial cells. These observations show that 
TGF-β inhibits P. aeruginosa elimination by human macrophages 
and that TGF-β production by respiratory epithelial cells affects 

Figure 2
Chloroquine and blocking antibodies against TGF-β normalize furin 
activity in CF cells. Cells were incubated in full medium with 10 ng/ml 
TGF-β1 or in the presence of 5 μg/ml TGF-β antibodies or were treat-
ed with 0.1 mM chloroquine (CQ). (A) IB3-1 (CF) and S9 (CFTR cor-
rected) cells. (B) pCEP-R (overexpressing the CFTR R domain) and 
pCEP (mock-transfected) cells. (C) CFBE (CF) and 16HBE (normal) 
cell lines. (D) Additionally, furin levels were normalized with 100 nM 
bafilomycin A1 (BA) or 50 μM furin inhibitor (CMK) in primary (CF and 
normal) human lung epithelial cells. Data are presented as percent-
age of furin, where 100% corresponds to furin activity in non-CF cells  
(n = 3 experiments). Mean ± SEM (*P < 0.05, **P < 0.01).

Figure 3
TGF-β contributes to increased collagen production. (A) Total soluble 
collagen (%) was measured in the media from human airway epithelial 
cells after 24 hours. Media containing collagen from non-CF (open 
bars) and CF (filled bars) cell lines. (B) IB3-1 cells incubated in full 
medium with 5 μg/ml blocking TGF-β antibodies in the presence of 
furin inhibitor (α1-PDX) or treated with 0.1 mM chloroquine. 100% cor-
responds to collagen levels in non-CF cells. Mean ± SEM (n = 3 experi-
ments; **P < 0.01).
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the ability of macrophages to kill this bacterium. We also found 
that altered TGF-β contributes to lower than normal expression of 
iNOS (which too plays an antibacterial role) in CF lung epithelial 
cells (Supplemental Figure 3, C–E). These results link increased 
furin activity and elevated TGF-β levels to defective antipseudo-
monal capacity of the CF lung.

CF cells are more sensitive to P. aeruginosa ExoA. ExoA is detectable 
in sputum samples of patients  infected with P. aeruginosa  (27, 
28). ExoA is processed by furin to produce a C-terminal 37-kDa 
fragment which translocates to the cytosol and inhibits protein 
synthesis (29–31). ExoA is cleaved by furin in acidic intracellular 
compartments to produce an active toxin that ADP-ribosylates 
elongation factor 2, leading to cessation of protein synthesis, block-
ing of Sec61 translocon, and cell death (32–35). The CF and nor-
mal cell pairs were treated with ExoA for 24 hours (Figure 4, A–C),  
and effects on cell viability determined by WST-1 cytotoxicity 
assay. In Figure 4, A–C, the effects of ExoA-induced cytotoxicity 
were significantly higher in CF cell lines. Inhibition of furin with 
CMK resulted in protection from the toxin and increase in cell 
viability (Figure 4, A–C). Results from an experiment in which  
pCEP-R cells and their non-CF counterpart pCEP cells were treat-
ed with increasing concentrations (0 to 3,000 ng/ml) of ExoA are 
displayed in Figure 4D and indicate that CF cells showed increased 
sensitivity to ExoA over a range of toxin concentrations.

The hypersusceptibility of CF cells to ExoA was also tested using 
another, more sensitive assay, based on ExoA inhibition of pro-
tein synthesis. The concentration of ExoA had to be titrated down 
to 100 ng/ml to observe differences between IB3-1 and S9 cells 
after 24 hours of incubation with the toxin (Figure 5A). The pri-
mary cells showed even higher sensitivity to ExoA in the protein 
synthesis inhibition assay, and to observe the differences between 
primary CF and normal lung epithelial cells, the incubation with 

the toxin was shortened to 4 hours (Supplemental Figure 5A). The 
difference between CF (IB3-1) and CFTR-corrected (S9) cells was 
abrogated by the inclusion of bafilomycin A1 and was significantly 
diminished with the furin inhibitor CMK (Figure 5B). The primary 
CF human lung epithelial cells showed similar response to CMK or 
bafilomycin A1 inhibitors (Figure 5C and Supplemental Figure 5). 
These results demonstrate that CF cells are more sensitive to ExoA 
than are CFTR-corrected or non-CF cells.

Increased furin activity causes ExoA-induced cytotoxicity in CF. ExoA 
was distributed in respiratory epithelial cells, in keeping with its 
retrograde trafficking route (Figure 6A). Only a limited direct over-
lap or juxtaposition could be seen between GFP-furin and ExoA 
(Figure 6A). Instead, the strongest localization of ExoA was with 
cellubrevin-pHluorin GFP (Figure 6A), which localizes to the recy-
cling endosome, also hyperacidified in CF cells (8, 9). The bulk of 
cellular furin under steady-state conditions was, as expected, in 
the Golgi/TGN region, with no discernible differences between CF 
and CFTR-corrected cells (Supplemental Figure 4).

Nevertheless, it is known that ExoA and furin transit through 
the same intracellular organelles (29, 31, 36), and either increased 
furin quantity or its activity under more acidic conditions in CF 
cells may explain increased cytotoxicity of ExoA to CF cells. Furin 
processes ExoA to generate a 37-kDa C-terminal fragment that 
translocates to the cytosol and ADP-ribosylates elongation fac-
tor 2, thereby causing cell death (29, 31, 36). To test whether CF 
cells displayed increased ExoA processing capacity and conversion 
into its active 37-kDa form, IB3-1 (CF) or S9 (CFTR-corrected) 
cells were exposed to ExoA (1,000 ng/ml) for 24 hours at 37°C. 
Products were analyzed by SDS-PAGE followed by immunoblot-
ting and probed with the ExoA polyclonal antibody, which reacts 
with full-size ExoA (66 kDa) and the active proteolytic fragment of  
37-kDa ExoA. Cleavage of ExoA was enhanced in IB3-1 cells rela-

Figure 4
CF cells are more sensitive to P. aeruginosa 
ExoA. CF and matched non-CF respiratory 
epithelial cells were cultured overnight in 
96-well plates with media containing 10% 
serum. Cells were incubated with ExoA for 
24 hours. Cell viability was measured by 
adding WST-1 as described in Methods. 
(A) AS1 normal human respiratory epithelial 
cells stably transfected with CFTR antisense 
construct (inducing CF phenotype) and their 
matching control S1 (cells stably transfect-
ed with the sense construct). (B) pCEP-R 
(overexpressing the dominant-negative 
CFTR R domain) and pCEP (mock-trans-
fected). (C) IB3-1 and S9 (CFTR corrected). 
Human lung epithelial cells were incubated 
with furin inhibitor CMK (50 μM) for 24 hours 
at 37°C. (D) Dose-dependent cytotoxicity of 
ExoA. Lung epithelial cells were treated for 
24 hours with increasing concentrations of 
P. aeruginosa ExoA (0 to 3,000 ng/ml). Data 
are presented as percentage of live cells, for 
which 100% corresponds to ExoA untreat-
ed cells (n = 3 experiments). Mean ± SEM  
(*P < 0.05, **P < 0.01, †P ≥ 0.05).
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tive to S9 cells, generating more of the 37-kDa fragment (Figure 6, 
B and C). No 37-kDa product was seen when ExoA was incubated 
with CMK furin inhibitor (Figure 6, B and C), showing that gen-
eration of the active toxin depended on furin.

Discussion
The protein convertase furin quantity and activity are elevated 
in CF respiratory epithelial cells and lead to a number of previ-
ously unappreciated physiological consequences stemming from 
what we believe to be a newly recognized aberration in CF. The 
downstream consequences include increased levels of immuno-
suppressant and tissue remodeling cytokine TGF-β (Figure 7), 
with attendant downregulation of macrophage bactericidal func-
tions, lowered iNOS expression in CF epithelial cells, and elevated 
secretion of collagen; and increased capacity of CF respiratory 
epithelial cells to activate the main toxic product of P. aerugino-
sa, ExoA, rendering them more susceptible to the effects of this 
toxin as measured by cell death (Figure 7). Of note is that these 
newly uncovered deficiencies are linked to the previously reported 
organellar hyperacidification (TGN and endosome) in CF, thus 
affirming previous findings (6, 9, 18). Furthermore, our observa-
tions are germane to the known but, to our knowledge, hitherto 
unexplained pathology in CF and thus clarify issues in CF. The 
newly recognized spectrum of abnormalities in CF cells and tissues 
does come with a silver lining, since all newly described defects 
are interconnected and can be treated at their root by normalizing 
organellar pH or by inhibiting furin.

Furin, a ubiquitously expressed proteolytic-processing convertase, 
has been previously implicated, although not in CF, in a number of 
pathological processes (17). The increased furin levels and activity 

in CF can explain the recently reported elevated TGF-β in CF cells 
(18). Pro–TGF-β is normally processed by furin (17) releasing the 
mature TGF-β. Although additional factors may contribute to the 
higher active TGF-β levels in CF, furin processing of TGF-β prob-
ably plays an important role, since it showed a rate-limiting effect 
even in non-CF cells, based on decreased TGF-β levels in the pres-
ence of furin inhibitors (Figure 1D). The hyperacidification of TGN 
in CF most likely initiates increased TGF-β processing by furin. A 
positive feedback loop between TGF-β and furin (21), also observed 
in our work, amplifies levels of both furin and TGF-β in CF, leading 
to increased furin amounts detectable by immunoblots. The bulk 
of cellular furin is located in TGN (17) but it traffics appreciably 
to and from the plasma membrane, passing through endosomal 
organelles that are also hyperacidified in CF respiratory epithelial 
cells (7–9). In addition to its intracellular action, furin is released 
from cells to process a number of extracellular substrates (17). 
Excess furin released from CF cells could play a role in the final 
activation of secreted TGF-β by liberating it from latent complexes 
where it is trapped by association with other proteins, through a 
previously described process distinct from the intracellular pro-
cessing of the TGF-β pro form (37). TGF-β activation may also be 
exacted within the hyperacidified TGN in CF cells, since acidifi-
cation is the most efficient way of dissociating TGF-β from other 
components within the latent TGF-β complexes (38).

Our measurements show that CF respiratory epithelial cells 
secrete more collagen than their CFTR-corrected counterparts. 
TGF-β is one of the most potent regulators of connective tissue 
synthesis and controls deposition of profibrotic extracellular 
matrix protein. It plays a role in lung tissue remodeling following 
injury (39), and despite its crucial role in tissue repair, a fine bal-

Figure 5
CF cells show increased sensitivity to 
ExoA inhibition of protein synthesis. 
CF and non-CF cells were incubated 
in media containing either increasing 
concentrations of ExoA for 24 hours 
(A) or 100 ng ExoA/ml (B) with IB3-1 
and S9 (CFTR-corrected) cells. (C) CF 
primary lung epithelial cells in the pres-
ence or absence of furin inhibitor CMK 
(50 μM) or treated with 100 nM bafilo-
mycin A1 (BA). Protein synthesis lev-
els were determined by measuring the 
incorporation of [3H] leucine into TCA-
precipitable cellular proteins and are 
expressed as percentage of control cells 
that received no toxin. Mean ± SEM  
for 3 separate experiments; *P < 0.05, 
**P < 0.01, †P ≥ 0.05.
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ance is required, as increased levels of TGF-β or its receptors have 
been shown to result in severe pulmonary fibrosis in rat models 
(40). A genetic comprehensive study has indicated that TGF-β gene 
modifies lung disease severity in CF (41). Thus elevated TGF-β  
activity downstream of furin upregulation may explain salient 
aspects of the failure of tissue to remodel appropriately follow-
ing injury in CF, including bronchiectasis and fibrosis. As shown 
here, chloroquine, furin inhibitors, or TGF-β blocking antibodies 
normalize collagen production, confirming the cascade depicted 
in Figure 7. TGF-β has been detected in CF specimens, including 
histological preparations (42) and bronchoalveolar lavage fluid 
(BALF) (43). A recent direct measurement of TGF-β1 in BALF from 
43 CF patients (43) found a correlation between TGF-β1 in BALF 
and reticular basement membrane thickness (RBMT) in endobron-
chial biopsies in CF. Since the same study reported an increase in 
RBMT in CF compared with normal subjects, at least 1 parameter 
of CF respiratory disease shows a positive correlation with TGF-β 

levels in BALF in CF. In further agreement with 
our observations, the study by Hilliard et al. (43) 
also showed a 5-fold increase in collagen levels 
in BALF from CF compared with normal sub-
jects, which can be explained by elevated TGF-β1 

reported here. Lastly, CF patients with the TGF-β1  
high-producer genotype have more rapid dete-
rioration in lung function (44, 45), in keeping 
with our findings and with the results of studies 
in human populations showing that TGF-β is a 
genetic modifier in CF (41).

TGF-β is a recognized modulator of immune 
function and can act as an immunosuppressant. 
TGF-β plays a central role in the pathogenesis of 
several chronic infectious diseases; a range of mac-
rophage-deactivating properties that lead to inhi-
bition of macrophage ability to kill several patho-
gens, including Trypanosoma cruzii, Mycobacterium 
tuberculosis, and Leishmania major, has been ascribed 
to TGF-β (24–26). Although macrophage function 
in CF has not been extensively studied, a recent 
report with CF transgenic mice has indicated a 
potential problem in the ability of macrophages 
from CF animals to kill P. aeruginosa (11). The evi-
dence presented here supports the possibility that 

increased TGF-β production by respiratory epithelial cells affects 
the ability of phagocytes to control P. aeruginosa in CF. A local sup-
pression of macrophage function by TGF-β derived from respiratory 
epithelial cells is compatible with the lung-restricted immunodefi-
ciency in lieu of compromised systemic immunity in CF, a feature of 
CF that has previously eluded satisfactory explanation.

In addition to the above trans effects, an autocrine action of ele-
vated TGF-β observed here, most likely along with the previously 
reported STAT1 mechanisms (46), may lead to the lower than 
normal iNOS expression in CF respiratory epithelia (15, 47). This 
is compatible with TGF-β acting as a known suppressor of iNOS 
expression (48). Since iNOS-generated nitric oxide has antibacte-
rial actions in addition to its other physiologic functions, iNOS 
suppression by TGF-β may further compound the ability of the 
CF lung to combat bacterial pathogens.

The most surprising aspect of our study  is  the  finding that  
P. aeruginosa toxin ExoA causes significantly higher cell death in CF 

Figure 6
Furin-dependent processing of ExoA is increased in 
CF cells. (A) Localization of ExoA in CFTR mutant 
IB3-1 cells by fluorescence microscopy (insets, 
close apposition). Cells were transfected with GFP-
furin or cellubrevin-pHluorin GFP and incubated 
with ExoA conjugated to secondary Alexa Fluor 568 
(red). EEA1 was visualized using primary human 
anti-EEA1 antibody and Alexa Fluor 468–conjugated 
antibody (green). Scale bars: 5 μm; 2 μm (insets). 
(B) SDS-PAGE analysis of ExoA processing in IB3-1 
(CFTR mutant) cells, IB3-1 cells incubated with CMK 
(50 μM), and S9 (CFTR-corrected IB3-1) cells. Pro-
teins in cell extracts were separated by SDS-PAGE 
and immunoblotted with anti-ExoA. ExoA66, full 
size, inactive ExoA toxin precursor; ExoA37, proteo-
lytically processed 37-kDa active ExoA fragment. 
(C) Densitometry analysis of ExoA66/ExoA37 ratio.
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cells relative to CFTR-corrected controls. This is caused by the cryp-
tic ability of CF cells to activate ExoA more efficiently than normal 
cells. Furin-dependent cleavage of ExoA occurs at low pH and takes 
place in the TGN and endosomes, where the acidic environment 
induces a conformational change in ExoA that renders it furin sus-
ceptible (30, 49). The increased processing of ExoA in CF is most 
likely the result of a combination of elevated furin levels and lower 
than normal pH in the relevant organelles of the CF respiratory epi-
thelial cells. In order for ExoA to exert its cytotoxic activity, it has to 
be proteolytically converted to produce the 37-kDa lethal fragment, 
which translocates to the cytosol and inhibits protein synthesis (30, 
31, 49). As shown here, inhibition of furin can block proteolytic 
activation of ExoA and exotoxin-mediated death of human respi-
ratory epithelial cells. ExoA is a P. aeruginosa product expressed in 
the majority of CF patients, and ExoA serology can be used, with 
various levels of sensitivity, to monitor onset of P. aeruginosa colo-
nization, chronic infection, progress of antimicrobial therapy, or 
recrudescence (50). Thus it is likely that the hypersusceptibility of 
CF epithelial cells to this toxin produced by P. aeruginosa (Supple-
mental Figure 5B) plays a role in CF pathogenesis.

Our work demonstrates that the serine protease furin is gen-
erated in excess by CF respiratory epithelial cells. The following 
model emerges:  increased  furin action brings about elevated 
production of fibrotic tissue constituents via TGF-β (Figure 7). 
Furthermore, the cytotoxicity of ExoA produced by P. aeruginosa, 
the most prevalent CF pathogen, is increased due to enhanced 
ExoA processing via furin in CF cells. We propose that these 2 
effects synergize, contributing to irreversible tissue damage, fibro-
sis, and loss of elasticity, thus playing a substantial role in bron-
chiectasis and resulting in irreversible pathology in the CF lung, 
which leads to respiratory failure and premature death. Based 

on the reports that the organellar pH defect in 
CF can be normalized using the FDA-approved 
drug chloroquine (6, 9, 18), we applied this com-
pound here to show correction of the increased 
furin levels in CF. Chloroquine is widely used 
for treatment of chronic inflammatory diseases 
such as rheumatoid arthritis and is being tested 
in clinical studies for its effects in CF (http://
www.cff.org/research/ClinicalResearch/Find/
?IDS=1&SearchAll=1?). In addition to organellar 
hyperacidification targeted by chloroquine, the 
beneficial effects of furin inhibitors described 
here strongly suggest  that  furin  is a  suitable 
pharmacological target and that provides new 
opportunities for therapeutic intervention in 
correcting a set of linked abnormalities in CF.

Methods
Cells and constructs. IB3-1 is a human bronchial epithe-
lial cell line derived from a CF patient with a ΔF508/
W1282X CFTR mutant genotype (51). S9 is an IB3-1 
derivative stably transfected with a functional CFTR 
and is corrected for chloride conductance (20). 9HTEo- 
cell derivatives stably overexpress the dominant-nega-
tive  CFTR  R  domain  (pCEP-R)  or  are  mock-trans-
fected (pCEP), acting as normal lung epithelial cells 
(52). NuLi-1 (normal lung) cell line was derived from 
human airway epithelium of normal CFTR genotype; 
CuFi-3 (CF) cell line was derived from a CF patient 

(53). The simian virus 40 large T antigen–transformed human bronchial 
epithelial cell line 16HBE14o-, which maintains tight junctions (54, 55), 
and CF human bronchial epithelial cells CFBE41o- (CFBE, homozygous 
for the ΔF508 mutation) were from D. Gruenert (California Pacific Medi-
cal Center Research Institute, San Francisco, California, USA). The 16HBE 
cells were transfected with plasmids expressing the first 131 nucleotides 
of cftr in either the sense (S1) or antisense (AS3) orientations (S6). CF pri-
mary cells CFB-6-04 were from J. Zabner (University of Iowa, Iowa City, 
Iowa, USA) and human bronchial epithelial cells (NHBE) from Lonza 
Inc. Mink lung epithelial cells transfected with the plasminogen activator 
inhibitor-1/luciferase (PAI/L) DNA construct were from D.B. Rifkin (New 
York University School of Medicine, New York, New York, USA). Human 
peripheral blood monocyte-derived macrophages were isolated from indi-
vidual donors by countercurrent centrifugal elutriation, and adherent 
monocytes were cultured in RPMI 1640 medium supplemented with 10% 
FBS (HyClone). All cells were grown at 37°C in 5% CO2 under standard 
conditions. GFP-furin was from G. Thomas (Vollum Institute, Portland, 
Oregon, USA). Cellubrevin-pHluorin GFP was from J. Rothman (Memorial 
Sloan-Kettering Cancer Center, New York, New York, USA).

Furin enzyme activity assay. Adherent cells (1.5 × 104) were assayed in the 
presence of 0.25% Triton X-100 as a permeabilizing agent using boc-RVRR-
amc (100 μM) (Bachem) as a furin substrate. Fluorescence was measured 
at 380-nm excitation and 460-nm emission wavelengths (37, 57). The data 
were normalized to cell density by parallel staining of another 96-well plate 
with crystal violet. For released furin activity, supernatants were cleared 
of cell debris by centrifugation and assayed as described above. Data were 
normalized to the protein concentration in the supernatant.

PAI/L bioassay for TGF-β. The PAI/L assay using mink lung epithelial cells 
(MLEC) stably transfected with a luciferase reporter construct under the 
control of a TGF-β–specific, truncated PAI-1 promoter was performed as 
described previously (58). Total TGF-β was determined following acid activa-

Figure 7
Model depicting pathological cascade in CF based on increased furin activity and ele-
vated TGF-β levels. Low intra-organellar (TGN and recycling endosome) pH in CF cells 
increases furin activity in respiratory epithelial cells, which causes a cascade of down-
stream effects. Left: Increased TGF-β maturation due to its enhanced processing con-
tributes to suppression of iNOS and increased secretion of fibrotic tissue components 
(collagen). Increased TGF-β further augments furin levels in a positive feedback loop. 
Increased TGF-β leads to tissue fibrosis contributing to bronchiectasis, and local immu-
nosuppression. Right: Increased activation of P. aeruginosa ExoA by furin in the TGN 
leads to higher cytotoxicity. These defects underlie the majority of salient aspects of lung 
disease in CF.
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tion of latent TGF-β in conditioned medium from respiratory cell cultures by 
incubation of samples with 4 N HCL for 1 hour, followed by neutralization 
with 4 N NaOH prior to assaying. Luciferase activity in conditioned medium 
was determined using an Orion Microplate Luminometer (Berthold Detec-
tion Systems). The amounts of TGF-β were normalized per cell number.

Western blot analysis. Protein samples were prepared by homogenizing 
lung epithelial cells in lysis buffer on ice. Protein concentrations were 
determined using a micro-BCA protein assay reagent kit (Pierce Biotech-
nology). Separated proteins were transferred onto nitrocellulose mem-
branes, blocked, and probed overnight with antibody against furin (MON-
152; Alexis Biochemicals), rabbit anti-ExoA (Sigma-Aldrich), and rabbit 
anti-iNOS antibody (Transduction Laboratories). Immune complexes were 
detected with horseradish peroxidase-conjugated IgG (Pierce Biotechnol-
ogy). Signal was visualized by incubating with Super Signal chemilumines-
cent substrate (Pierce Biotechnology). Densitometry analysis of western 
blots was performed using NIH ImageJ 1.62 software.

Collagen measurements. Total soluble collagen was measured in culture 
supernatants by the Sircol assay (Biocolor).

Cytotoxicity assay. Airway epithelial cells (105/ml) were seeded to 96-well 
plates 1 day before the assay. ExoA (Calbiochem) at 1,000 ng/ml concen-
tration was incubated with the cells for 24 hours at 37º C. Cell viability 
was monitored as previously described (59) using the compound WST-1  
(4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene 
disulfonate) (Roche Applied Science). This dye reflected the activity of 
mitochondrial dehydrogenase present in living cells; the difference in 
the absorbencies at 450 and 630 nm was measured 2 hours after addi-
tion to cells. The inhibitory concentration of CMK (Calbiochem) for 
ExoA-mediated cell death was assessed, and 50 μM was employed in 
subsequent experiments.

Protein synthesis inhibition assay. Incorporation of [3H] leucine into newly 
synthesized proteins was used to assess the effect of ExoA on CF cells as 
previously described (60). Cells grown to 50%–80% confluency in 12-well 
plates were exposed to ExoA (Calbiochem) for 24 hours, bathed with leu-
cine-free medium for 30 minutes, and incubated for 1 hour with 1 μCi 
[3H] leucine/ml in HEPES-buffered, leucine-free media. The medium and 

extracellular radiolabel were then removed and replaced with 10% trichlo-
roacetic acid (TCA) in PBS for 1 hour at 4°C. After a second 10-minute 
wash with 10% TCA-PBS to remove TCA-soluble radiolabel, the cells were 
solubilized. The numbers of TCA-precipitable cpm were determined by 
scintillation counting. Data are presented as a percentage of protein syn-
thesis compared with that in cells that were not challenged with toxin. 
Samples were run in triplicate, and the experiment was repeated at least 
twice for each cell line.

Fluorescence microscopy. All microscopy methods are described in Supple-
mental Methods.

Statistics. All experiments were performed 3 times. Data are expressed as 
mean ± SEM. All statistical analyses were carried out using Fisher’s pro-
tected least significant difference post hoc test (ANOVA) (SUPERANOVA 
version 1.11; Abacus Concepts).
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