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Polymorphonuclear neutrophils (PMNs) figure promi-
nently in host defense against infection and in noninfec-
tious inflammation. Mobilized early in an inflammatory
response, PMNs mediate immediate cellular defense
against microbes and orchestrate events that culminate
in cessation of inflammation and restoration of homeosta-
sis. Failure to terminate the inflammatory response and
its causes can fuel exuberant inflammation characteristic
of many human diseases, including cystic fibrosis (CF), an
autosomal recessive genetic disease caused by mutations
in the CF transmembrane conductance regulator. CF
affects multiple end organs, with persistent bacterial
infection and chronic neutrophilic inflammation in airways
predominating the clinical picture. To match the diverse
microbial challenges that they may encounter, PMNs pos-
sess a variety of antimicrobial systems to slow or kill
invading microorganisms confined in their phagosomes.
Prominent among PMN defense systems is their ability to
generate hypochlorous acid, a potent microbicide, by
reacting oxidants generated by the NADPH oxidase with

myeloperoxidase (MPO) released from azurophilic gran-
ules in the presence of chloride (CI7). Products of the
MPO-H,0,-Cl system oxidize susceptible biomolecules
and support robust antimicrobial action against many,
but not all, potential human pathogens. Underscoring
that the MPO-H,0,-Cl system is integral to optimal host
defense and proper regulation of inflammation, individu-
als with defects in any component of this system, as seen
in chronic granulomatous disease or MPO deficiency,
incur increased rates or severity of infection and signs of
dysregulated inflammatory responses. We focus atten-
tion in this review on the molecular basis for and the clini-
cal consequences of defects in the MPO-H,0,-Cl system
because of the compromised Cl transport seen in CF. We
will discuss first how the MPO-H,0,-Cl system in healthy
PMNs participates in host defense and resolution of
inflammation and then review how a defective MPO-
H,0,-Cl system contributes to the increased susceptibil-
ity to infection and dysregulated inflammation associated
with the clinical manifestations of CF.

Introduction

The human immune system serves to protect host integrity from
compromise by infection, trauma, attack on self, and other
external forces. Secreted soluble agents and cells, both circulat-
ing and tissue-based, collaborate to recognize danger, recruit
responsive elements, rebuff threats, and restore homeostasis.
Polymorphonuclear neutrophils (PMNs) play a central role in
host defense against microbes, contributing both to resolution
of infection and to restoration of the baseline.”® PMNs, the
most abundant leukocytes in circulation and the first responder
cells to arrive at sites of infection or injury, eliminate their targets
via phagocytosis and confine them to phagosomes, where
microbes are exposed to an array of bioactive molecules
released into and generated within the phagosome. Synergistic
interactions among these PMN-derived agents compromise the
integrity and viability of ingested microbes. Concomitant with
the initiation of antimicrobial responses, the process of phagocy-
tosis prompts transcription of genes that accelerate apoptosis of
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PMNs and culminate in termination of the inflammatory
response.*

Among the many mediators of PMN responses to microbes are
the products of the reactions of the azurophilic granule protein
myeloperoxidase (MPO), H,O, generated by the NADPH oxi-
dase, and chloride anion shuttled from cytoplasm into the phag-
osome." The occurrence of relative immune deficiency in
individuals with inherited or acquired defects in any constituent
of the system underscores the clinical significance of the MPO-
H,O>-Cl system for host defense. In addition, the failure to
restore homeostasis after an inflammatory response leads to
exaggerated clinical manifestations or the genesis of autoinflam-
matory diseases.

The MPO-H,0,-Cl system is particularly germane to the subject of
innate immunity in cystic fibrosis (CF).> Because deficiencies in
MPO (ie, MPO deficiency) and in the NADPH oxidase (ie, chronic
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granulomatous disease) have been extensively reviewed,®® we
will focus attention in this review on the molecular basis for and the
clinical consequences of defects in the MPO-H,O,-Cl system
caused by the deficiency of Cl transport seen in CF. We will discuss
first how the MPO-H,0,-Cl system in healthy PMNs participates
in host defense and resolution of inflammation and then review
how a defective MPO- H,O,-Cl system contributes to the patho-
genesis of CF.

PMNs in normal human host defense

against infection

A normal adult human generates 1 to 2 X 10" PMNs daily,
with a small fraction entering the circulation, and the majority
reserved in the bone marrow for emergency needs.” PMNs are
highly specialized in the capture, engulfment, and killing of a
wide variety of microorganisms. Attesting to the importance of
PMNs in human health, patients with inadequate quantity or
compromised quality of circulating PMNSs, such as in bone mar-
row failure,'® radio- or chemotherapy,” or inherited disorders of
PMNSs,"?"3 exhibit increased susceptibility to infection. To fulfill
their host defense function and to cope with the diverse
microbes they may encounter, PMNs generate a myriad of bio-
active agents that are microbicidal and can be categorized into
one of two groups based on their origin. One group includes
proteins synthesized in myeloid precursors during granulopoiesis
and stored in granules."® These granule proteins include serine
proteases (azurocidin, proteinase-3, cathepsin G, and elastase),
MPO, defensins, the bactericidal/permeability-increasing pro-
tein, cathelicidins, lactoferrin, and gelatinase. The other group of
bioactive agents includes reactive oxygen species produced de
novo at the time of PMN activation by the multicomponent
NADPH oxidase.” To understand the contribution of PMNs to
normal host defense against infection, it is critical to recognize
that none of these agents acts alone, but rather, effective micro-
bicidal activity of human PMN depends on the collective action
of proteins delivered by fusion of PMN granules with nascent
phagosomes and oxidants generated by the NAPDH oxidase.
A successful response to infection culminates in elimination of
the invading microbe and restoration of homeostasis, as inflam-
matory responses that persist after the elimination of microbes
will exact damage on the host.

Phagocyte NADPH oxidase as a source of oxidants in
PMNs The phagocyte NADPH oxidase is a multicomponent
protein complex composed of a heterodimeric transmembrane
protein, NOX2-p22P"* (aka gp91P"**p22P"*), and several cyto-
solic proteins that translocate to dock at the abluminal side of
the phagosome.’® The assembled complex operates as an elec-
tron transferase that transports electrons from cytosolic NADPH
into the phagosomal lumen, where molecular oxygen undergoes
single electron reduction to generate superoxide anion, the
most proximal product of the NADPH oxidase.'® Phagocytosing
PMNs at their maximal capacity consume ~10 nmoles oxygen
per minute per million cells."”""® Uncompensated, a unidirec-
tional electron transfer would rapidly generate a transmembrane
potential, which eventually would terminate electron transport
and oxidant generation.' However, the voltage-gated proton
channel Hv1 is activated when the membrane potential reaches
a certain threshold, thus allowing protons to passively flow from
the cytoplasm into the phagosomal lumen and thereby neutral-
ize the potential.””?* Superoxide anion, the proximal product of
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the NADPH oxidase, is short-lived and consumed in the genera-
tion of other oxidants, including H,O,, a moderate oxidant,
through a spontaneous or MPO-catalyzed dismutation.?®

MPO uses H,O, to oxidize chloride to produce chlorine
bleach (HOCI) The azurophilic granules of human PMNs pos-
sess significant amounts of MPO, which accounts for 2% to 5%
of the dry weight of human PMNs.2® Monocytes have approxi-
mately one-fifth of the MPO present in PMNs, but monocyte-
derived macrophages express almost none. In general, all
mammalian heme peroxidases, namely MPO, eosinophil peroxi-
dase, lactoperoxidase, and thyroid peroxidase, can oxidize
halides (and the pseudohalide SCN™) depending on their redox
potentials, with SCN™ > |~ > Br~ > Cl” in descending order of
ease.?’ Extensive investigation by Klebanoff?®3° established that
peroxidase-mediated halogenation of microbes can be microbi-
cidal and that MPO-dependent attack of microbial targets con-
tributes to neutrophil microbicidal function. The recovery of
chlorinated microbes from PMN phagosomes demonstrates that
MPO-driven chemistry could promote killing of ingested bacte-
ria. HOCl is rapidly consumed in reactions with proteins in phag-
osomes, both from granules and from microbes, and many of
the downstream products, such as chloramines, are themselves
microbicidal and some long-lived.3'2

MPO is unique among all mammalian peroxidases because of
its high reduction potential. At pH 7.0, the standard redox
potential for generation of Compound |, the oxidizing product
of the reaction of MPO with H;O5, is 1.16 V.3*** Thus, MPO is
unique among the mammalian heme peroxidases in its ability at
physiologic pH to catalyze the oxidation of chloride to HOCI,
the active component in common laundry bleach.®® As the
nascent phagosomes arises during phagocytosis, superoxide
anion generated by the NAPDH oxidase, MPO delivered by
fusion of azurophilic granules with the nascent phagosome, and
CI™ transport from the cytosol support production of the potent
microbicide HOCI (Figure 1). Native MPO is in the ferric state
(Fe*3) and supports two reactions essential for the production of
HOCI within the PMN phagosome. MPO dismutates superoxide
anion to H,O,, which in turn reacts with native MPO to generate
Compound 12> a potent but transient oxidant that mediates the
2-electron oxidation of Cl~ to generate HOCI."” Specific struc-
tural features around the heme pocket of MPO enable the
enzyme to execute this highly specialized chemistry.3*

Intraphagosomal chloride can reach as high as ~73 mM.* With
such a phagosomal chloride level, more than 90% of the H,O,
is converted to HOCL.""'® Therefore, the predominant form of
oxidants produced by PMNs is HOCI. Highly reactive with bio-
logical targets, particularly methionine and cysteine residues in
proteins, HOCI serves as a potent microbicide in PMNs.*¢ HOCI
acts rapidly, taking only milliseconds to kill Escherichia coli,*’
and very effectively, being ~1000-fold more powerful than an
equal concentration of H,0,.% However, the activity of the
MPO-H,0,-Cl system extends beyond HOCI alone and includes
downstream products of reactions of HOCI with proteins to gen-
erate chloramines, aldehydes, and other agents that are them-
selves antimicrobial and long-lived."””2 Furthermore, and as
indicated earlier, the phagosomal environment includes other
antimicrobial agents that serve as collaborators in executing
microbes. Studies published long ago by Odeberg and Olsson*”
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Figure 1. Chloride is the predominant anion that regulates phagosomal oxidant production in PMN phagosomes. NADPH oxidase transfers electrons into the
phagosomal lumen, thereby creating a transmembrane potential that activates voltage-gated proton channels, such as Hv1, to conduct an influx of protons. In addition,
the ATP-driven proton pump vacuolar-type ATPase (V-ATPase) actively pumps protons in the same direction. Other cations such as K™, Na™, and Ca’" can be
transported into phagosomes via monovalent or divalent cation/H™ exchangers, or K*/CI~ symporter. To counterbalance the influx of the cations, CI” is transported

through chloride channels, including CFTR, CaCC, and voltage-gated CICs.

catalog the multiple interactions among different granule pro-
teins and between granule proteins and oxidants.

Chloride plays a central role in phagosomal functions The
recruitment and fusion of granules with nascent phagosomes
delivers both the lumenal contents of granules and secretory
vesicles but also their integral membrane proteins. Among those
membrane-associated proteins are ion carriers that govern bidi-
rectional ion flux in the organelle to support phagosomal func-
tion. Typically, whereas several different cations H*, K*, Na™,
Ca?" flux across the phagosomal membrane, the predominant
anion by far is CI~.54041

Chloride directly participates in phagosomal oxidant production
In contrast to the voltage-gated proton channel that passively
conducts protons to neutralize the electrons transported by the
NADPH oxidase, which is nonelectrogenic, the vacuolar-type H™-
ATPase is an energy-driven proton pump that actively transports
protons into the phagosomal lumen,*%*? thereby leading to a
net gain of positive charges inside the lumen. Moreover, mono-
valent or divalent cation/H" exchangers along with the K*/CI”
symporter transport K*, Na™, and Ca®" into phagosomes and
collectively augment positive charge in the lumen. These accu-
mulated positive charges need counterions, a requirement that
chloride ion fulfills. Chloride inflow occurs primarily through the
CF transmembrane conductance regulator chloride channel
(CFTR),>*" calcium-activated chloride channel (CaCC),***** and
CIC chloride channels/exchangers (ClCs)*4 (Figure 1).
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The regulation of chloride redistribution from cytoplasm into the
phagosome is complex, with different signals driving each of the
distinct chloride carriers and with individual chloride channels
influencing the activities of each other. For example, targeted
deletion of the TMEM16A gene, which encodes a calcium-
activated chloride channel, from mouse intestine and airways not
only eliminates Ca®"-activated Cl™ currents but also abrogates
CFTR-mediated CI™ secretion and completely abolishes cyclic
adenosine monophosphate-activated whole cell currents,
thereby suggesting that some degree of functional overlap exists
between CFTR and Ca?"-dependent chloride transport.*® Based
on such functional overlap, some have suggested that augmen-
tation of the activity of members of the CaCC family represents a
promising therapeutic target to compensate for CFTR defect.*?

Because chloride is a prerequisite for HOCI synthesis from
H2Oy, its availability in phagosomes directly dictates phagoso-
mal oxidant production, with respect to quantity and the specific
product (eg, HOCI or H,Oy).

Chloride directly and indirectly affects activities of proteolytic
enzymes in phagosomes and oxidant microbicidal potency Chlo-
ride is directly needed to modulate phagosomal proteolysis.
Activation of dipeptidyl peptidase | or cathepsin C is chloride
dependent,*® which cleaves the proenzymes of multiple serine
proteases, including human neutrophil elastase, proteinase 3,
cathepsin G, and neutrophil serine protease 4.°! In parallel, neg-
atively charged electrons and chloride anion collectively limit
phagosomal proton influx. The protons transported into
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phagosomes participate both in oxidant production (eg, H,Op,
HOCI) and in pH determination. The influence of chloride on
phagosomal pH is clearly demonstrated in CF PMNs, whose
phagosomes are more alkaline than are those in normal PMNs.>?
Phagosomal pH impacts the activity in that compartment in at
least two ways.*! First, pH is a determinant for optimal activity of
hydrolytic and proteolytic enzymes, thus influencing degradation
of microbes within phagosomes.*!*3** Second, phagosomal pH
alters HOCI chemical equilibration in solution with hypochlorite
(OCI") and chlorine (Cly): at pH ~7.5, ~50% of the compound is
HOCI, and at a neutral pH, ~80% becomes HOCI, whereas at
pH 6.5, it is ~90%.%° Because the bactericidal activity of HOCI is
almost 80-fold greater than that of OCI™, chloride transport to
phagosomes has a broad impact on phagosomal function. In
normal PMNSs, phagosomal pH is maintained at a neutral to alka-
linity pH for the initial 20 to 30 minutes after phagocytosis?>
and then slowly declines to an acidic pH, suggesting that there
are two proton transport systems: one acute and one chronic.
This bimodal action might serve to avoid premature inactivation
of phagosomal activity in light of the strong permeability and
reactivity of both HOCl and Cl; gas.

Defects in the MPO-H,0,-Cl system compromise
effective host defense and normal homeostasis
NADPH oxidase loss of function and MPO deficiency result
in differential infection and inflammation diseases Given
the important contributions of the MPO-H,O,-Cl system both to
host defense against infection and to resolution of the inflamma-
tory response, one would anticipate that its dysfunction because of
the absence of one or more of its constituents would undermine
immune function in some clinically apparent manner. In fact, the
lack of any one of the three elements of the MPO-H,O,-Cl system,
namely the absence of MPO (MPO deficiency), H,O, (chronic
granulomatous disease, CGD), or Cl (CF), compromises normal
host defense and resolution of inflammation, albeit not to the
same extent. The clinical consequences of CGD, MPO deficiency,
and CFTR differ in degree and in the specific microbial infections.

The most extreme manifestations of a defective MPO-
H,0,-Cl system occur in chronic granulomatous disease
This prediction is most dramatically illustrated by chronic granu-
lomatous disease (CGD), a genetic disorder with absent or
diminished phagocyte NADPH oxidase activity. The inherited
absence of any one of the five proteins known to be essential
for normal oxidase activity or EROS (Essential for reactive oxy-
gen species)®® results in PMNs unable to support oxidant-
dependent microbicidal activity. As a consequence of the
absence of a functional phagocyte oxidase, affected individuals
have increased susceptibility to infection from some, but not all,
microbes, with the most common agents being Staphylococcus
aureus, Serratia marcescens, Nocardia, Aspergillus, and Burkhol-
deria. In addition, individuals with CGD exhibit signs of exuber-
ant and dysregulated inflammation. In fact, the initial clinical
descriptions of CGD noted the predominance of granuloma and
granulomatous inflammation, prompting investigators to name
the disease chronic granulomatous disease. A seminal study
from the Dinauer laboratory demonstrated that the exuberant
inflammation in CGD was independent of infection.>” Mice that
lack phagocyte oxidase activity have sustained lung inflamma-
tion compared with normal mice when challenged with sterilized
hyphal cell walls from A. fumigatus.>’ Numerous experimental
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studies and clinical observations since that publication have sup-
ported and extended the idea that resolution of the inflamma-
tory response is defective in patients with CGD.?’

The absence of MPO comprises PMN antimicrobial activity
against a subset of microbes, most dramatically Candida spe-
cies,'? but the defect is far less profound than that in CGD. In
fact, the clinical phenotype of complete MPO deficiency is sub-
tle and typically undetected, except in some individuals who
have concomitant diabetes.>® Murine models of MPO deficiency
mirror the trend seen in humans; MPO-deficient mice succumb
to fungal and bacterial infections only after challenge with large
inocula of organisms.*>"¢" Given the importance of synergistic
interactions among antimicrobial agents in the phagosome
highlighted earlier, it is not completely unexpected that CGD
and MPO deficiency would have different clinical phenotypes,
as the overall “microbicidal tone” in the phagosomes in the
two disorders are significantly different.®'®

First, in CGD, only oxidant-independent antimicrobial activity is
possible, whereas in MPO-deficient phagosomes, there is more
H,0, than in normal PMNs, because there is no MPO consump-
tion of HyO, to generate HOCI. Furthermore, MPO terminates
the NADPH oxidase,®> and NADPH oxidase activity in stimu-
lated MPO-deficient human PMN's is sustained,®*%* resulting in
more H,O, production. Taken together, decreased consumption
and increased production result in a net increase in H,O,. Sec-
ond, in the absence of HOCI production, the bioactivity of some
granule proteins is increased because they are not inactivated
by HOCI or its downstream products. For example, more active
human neutrophil elastase is secreted from MPO-deficient
PMNs than from normal PMNs, a reflection of the HOCI-
mediated oxidation and inactivation of human neutrophil
elastase. Last, Klebanoff*® speculated that PMNs genetically
deficient in MPO may have adaptations that increase the activity
of peroxidase-independent systems.

In brief, the differences between PMNs with or without oxidants
are far more consequential than those between PMNs with or
without MPO. The MPO-H,O,-Cl system represents the most
efficient oxidant-dependent microbicidal system in PMNs but
not the only system.3*¢% To what extent, then, does the
absence of sustained chloride delivery into the phagosome
impair PMN host defense, both with respect to eradication of
microbes and to resolution of inflammation?

CFTR loss of function leads to immunodeficiency
CF neutrophil defect leads to CF host defense failure The
availability of chloride significantly affects the bacterial killing
capacity of normal PMNs. When bathed in a chloride-rich buffer,
normal PMNs kill Pseudomonas aeruginosa twofold faster than
they do in a chloride-free buffer (Figure 2). These data suggest
that chloride availability is critical to optimal neutrophil host
defense function.

The CF transmembrane conductance regulator gene (cftr) enco-
des CFTR, a cyclic adenosine monophosphate—-activated chloride
channel,®**” whose dysfunction affects multiple organ systems,
including the lung, sinuses, intestines, liver, pancreas, and vas
deferens. However, chronic respiratory infection by a narrow set of
bacterial pathogens, including S. aureus, Haemophilus influenzae,
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Figure 2. Killing of PsA by normal PMNs is chloride dependent. Normal human peripheral blood PMNs were allowed to ingest serum-opsonized PsA (20:1
PsA:PMN) in sodium gluconate chloride-free Ringer’s buffer containing 10% dialyzed human AB serum for 20 minutes at 37°C. The uningested PsAs were removed by
low-speed centrifugation, and the cell pellets containing PMNs harboring PsA resuspended in Ringer’s buffer containing varied concentrations of chloride (0-127 mM)
and 10% dialyzed serum. After the zero time point was sampled to determine the initial number of viable PsAs, PsA-laden PMNs were incubated with shaking at 37°C,
and aliquots were taken at the indicated time points (10, 20, 30, and 40 minutes). The fraction of viable PsAs relative to those at zero time point was determined. The

data are plotted on a semi-log scale relative to the viable bacteria present at zero time. [Cl], chloride concentration; K, killing rate constant.

and P. aeruginosa,®’° is the leading cause of morbidity and

mortality in CF. Although these microbes do not typically cause
pulmonary disease in the general population, more than 90% of
patients with CF die from these opportunistic pathogens. CF air-
ways are colonized by S. aureus and H. influenzae early in life.
Then, P. aeruginosa progressively prevails through later child-
hood and adolescence. With broad-spectrum antibiotic suppres-
sion, the frequency of the respiratory tract infections caused by
Burkholderia cepacia complex,”" yeast, and filamentous fungi,
such as Aspergillus species, is increasing.

Locally residing cells, such as pulmonary epithelial cells and tissue
macrophages, and circulating cells that migrate to lung, such as

PMNs, monocytes, and eosinophils, collaborate to maintain respi-
ratory health under normal conditions. Pulmonary epithelial cells
use junctional complexes to form a tight sheet that maintains a
structural barrier’? and secrete soluble immune mediators, includ-
ing antimicrobial peptides such as lysozyme, defensins, and the
short palate, lung, nasal epithelial clone 1, to serve as a chemical
barrier to microbial invasion.”*”® The local tissue macrophages
that patrol the airway and alveoli can combat and neutralize
threats imposed by small numbers of microbes that may be
encountered.”’””? However, when the microbial burden exceeds
the capacity of local cells to respond, sentinel cells recruit circulat-
ing or marrow-reserved PMN to relocate to the site of infection,
thereby amplifying the local inflammatory response.®%# When
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Figure 3. Lack of chloride influx in phagosomes of CF PMNs. Serum-opsonized zymosan particles covalently conjugated with a chloride probe (MQHA, 6-methoxyquinoline-N-
6-hexanoic acid) and reference probe (TMR, tetramethylrhodamine) were ingested by normal or CF PMNS. Intraphagosomal chloride levels were continuously measured by
quantitative fluorescence microscopy. The probe-laden cells were bathed in different chloride buffers in the following order: (1) sodium gluconate chloride-free Ringer's buffer
(NaGlu R), (2) sodium chloride (135 mM) Ringer's buffer (NaCl R), and (3) chloride-free Ringer’s buffer (NaGlu R). The phagosomal chloride concentration of normal PMNs (0) rapidly
respond to the change in extracellular chloride change, whereas that of CF PMN (@) had no response. At 30 minutes, a series of isoosmotic 0.1% Triton X-100 solutions containing
varied chloride concentrations (0-135 mM) was introduced sequentially to calibrate the system at é-minute intervals. Reprinted from reference 86.
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Figure 4. CF neutrophil killing of P. aeruginosa is impaired and further compromised in a chloride-poor environment. The rate of PsA killing, indicated by the
first-order rate constant (% per minute), by normal (solid bars) or CF (open bars) PMNs in chloride-poor medium (0 mM chloride) or chloride-rich medium (127 mM
chloride). Error bars represent standard error of the mean (n = 5 donors each). **P = .05, for comparisons of the indicated means by Student t test. Reprinted from

reference 89.

infection is contained, macrophages efferocytose and clear the
spent or apoptotic phagocytes, promoting restoration of homeo-
stasis. Conversely, unresolved infection sustains PMN recruitment
and inflammation. When PMNs are defective, as is the case with
CF PMNss (see below), chronic infection and persistent neutrophilic
inflammation occur.

CFTR is expressed in PMNs and preferentially stored in the secre-
tory vesicles. Fusion of secretory vesicles with nascent phago-
somes during phagocytosis integrates CFTR into phagosomal
membranes, thereby providing phagosomes with a mechanism to
import chloride from the cytoplasm.3*#> Using specific probes to
measure phagosomal chloride and HOCI levels, we demonstrated
that CFTR is a major chloride channel involved in transporting
chloride into the phagosomes of normal PMNs.®® In the
absence of CFTR, the phagosomes of CF PMNs are impermeable
to chloride and do not respond to fluxes in extracellular chloride®
(Figure 3), thereby impairing phagosomal acquisition of chloride.
CF human PMNs are ~7-fold slower in transporting chloride to
their phagosomes than normal PMNs, and the steady-state chlo-
ride level in phagosomes of CF PMNs is ~2.7-fold lower than that
in normal PMNs.® Such a chloride transport defect within CF
PMNs results in an incompetent chlorination and killing of phago-
cytosed P. aeruginosa (Figure 4),2*#88? a microbe requiring rela-
tively high levels of HOCI to eradicate.”® Furthermore, when
P. aeruginosa becomes mucoid and forms biofilms, both PMNs
and most microbicidal molecules are unable to penetrate and
exert their antimicrobial action. Although oxidants such as HOCI
are small enough to penetrate biofilms, their source (PMNs) has
limited access to microbes in the presence of biofilms, especially in
the presence of those produced by P. aeruginosa,”" and the bulk
is consumed by chemical reactions with elements of the biofilms.
The inability of CF PMNs to produce normal amounts of HOCI fur-
ther undermines local host defense and might selectively provide a
survival advantage to pathogens whose killing is predominantly
HOCI dependent, including those that plague patients with CF.

The prevailing theory of CF pathogenesis asserts that the CF air-

way epithelial cell defect impairs chloride secretion to the airway
lumen, reduces water retention in the surface liquid, and
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compromises the mucociliary clearance capacity, hence creating
a static milieu that invites microbial colonization.”? Whereas this
theory explains well the early stages of CF whereby deposited
microbes colonize the CF lung, it does not explain the selection
of microbes that predominate infections seen in CF; the failure
of mucociliary transport to clear entrapped bacteria should do
so indiscriminately without regard to the particular bacterial spe-
cies. In contrast to other airway obstructive diseases, such as
chronic obstructive pulmonary disease, primary ciliary dyskinesia,
and non-CF bronchiectasis, CF lung disease exhibits a character-
istic infection profile, nature of inflammation, and pattern of
obstruction. Specifically, infections with S. aureus and Pseudo-
monas species predominate, altogether occupying ~70% to
90% of all CF cases.” CF lung inflammation is predominantly
neutrophilic and obstinately persistent, and CF lung obstruction
is very purulent and occurs primarily in the small airways. Collec-
tively, these pathologic presentations clearly implicate PMNs as
major effectors of CF pathology, as defective PMN support
uncontrolled infection and inflammation. Furthermore, the for-
mation of neutrophil extracellular traps and necrosis release
large amounts of PMN DNA and debiris, inevitably forming pus
that plugs airways.”

If the CF airway epithelial cell defect alone drove CF pulmonary
disease, replacement of the defective airway epithelial cells
would completely eradicate pulmonary disease in CF. Lung
transplantation is an established procedure to treat patients with
a variety of end-stage lung diseases, including CF, and improves
many aspects of pulmonary function. However, despite aggres-
sive measures to eradicate preoperative sinus infection, Pseudo-
monas remains the most common cause of bronchopulmonary
infections in patients with CF after lung transplantation.” Data
from one transplantation center indicate that CF lung transplants
are more susceptible to Pseudomonas infection than are individ-
uals with non-CF lung transplants.”® Furthermore, examinations
of the pathology in failed lung transplants from patients with CF
undergoing a second transplantation reveal that the healthy
lungs previously implanted in patients with CF resembled
CF-like lungs, displaying the infection, inflammation, and small
airway obstruction typical of CF pathology of (G. Wang and
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V.G. Valentine, personal observations, 2006). Hence, providing
patients with CF with healthy lungs clearly improves many but
not all features of their pulmonary disability, suggesting that the
inherently defective CF immune system contributes to the onset,
development, and progression of CF lung disease.

The beneficial responses to some clinical interventions that target
PMN-dependent events support the concept that PMN primarily
promote CF disease and are not simply inadvertent contributors
that are secondary to infection. Some of the beneficial effects of
DNase treatment have been attributed to disrupting neutrophil
extracellular trap formation,”**” and CFTR modulators such as
ivacaftor have been linked to decreasing interleukin-8—-mediated
recruitment of PMNs into lung,”® correcting intrinsic defects in
PMNs,”? and improving Cl efflux in monocytes.'®

Consistent with this perspective is the observation that CFTR mod-
ulation therapy alleviates CF lung disease but falls short in over-
coming CF lung infection and inflammation,'®" because the drugs
are not designed to target PMNs and macrophages that were
recruited to the lung. It is conceivable that after their migration to
the airway lumen, marrow-derived immune cells may be less
responsive to CFTR modulation because of suboptimal drug lev-
els, ineffective drug dynamics in the airways, or both. In support of
an important role for myeloid cells in CF, a monocyte-specific
knockout of CFTR primes mice for more severe experimental coli-
tis, whereas bone marrow transplantation reverses the monocyte
defect and improves CF in a murine model.'® Furthermore, stud-
ies that use reciprocal bone marrow transplantation between wild-
type and pan-CF mice demonstrate that the genotype of donors
determines the phenotype of lung response to infection.'®1%*
Specifically, immune reconstitution of CF mice by wild-type mar-
row cells rescues the mice from hyperinfection and hyperinflam-
mation after bacterial challenge. Of note, bone marrow
transplantation reconstitutes the entire immune system, which
includes lung-recruited PMNs and monocytes/macrophages.

CF neutrophil defect causes neutrophilic inflammation The
elimination of invading pathogens by PMNs is the most
effective way to terminate inflammation,'®® and the unre-
solved infection and resulting stimulation in CF fuels
sustained inflammation and secondary tissue damage.
Experimental models of infection demonstrate that myeloid
CFTR-knockout mice exhibit defective clearance of bacteria
and resolution of inflammation.®819%7%7 persistent neutro-
philic inflammation characterizes CF inflammatory disease,
which starts at an early age in the lungs of patients with
CF."%8 Unlike CGD, patients with CF rarely develop granulo-
mas but instead arrest the inflammatory response at the
acute neutrophilic phase. Mice with CFTR loss-of-function in
myeloid innate immune cells exhibit prolonged neutrophilic
inflammation on zymosan challenge.'®” Furthermore, data
demonstrate that the defective neutrophils per se are a key
factor leading to the neutrophilic inflammation.

In addition to the neutrophilic inflammation in the lung, neutro-
philic inflammation is also a hallmark of CF intestinal disease.’®"""
Clinically, endoscopic lavage of CF small intestines showed
increased levels of inflammatory markers in the lumen.'"?
Video-equipped capsule endoscopy reveals obvious intestinal
morphologic abnormalities including edema, erythema, mucosal

2628 & blood” 28 APRIL 2022 | VOLUME 139, NUMBER 17

breaks, and ulcerations in the jejunum and ileum in ~60% of
patients with CF. Fecal neutrophil marker proteins are significantly
elevated. Strikingly, there is an increased prevalence of Crohn's
disease in patients with CF, up to 12.5-fold greater than in the gen-
eral population.’™* Celiac disease is a destructive autoimmune con-
dition of the small intestinal mucosa that is also more prevalent in
CF."">1¢ Histopathologic examination of CF intestines reveals
neutrophilic inflammation in the submucosal region. These clinical
and experimental observations suggest that CF neutrophils are
actively involved in CF pathogenesis.

Neutrophilic inflammation leads to organ damage and
failure Neutrophilic inflammation occurs in all epithelial-lined
CF-targeted organs. The excessive numbers of recruited PMNs
suffer a necrotic death, characterized morphologically by nuclear
and organellar swelling (oncosis) and plasma membrane rup-
ture.""” The decomposing PMNs release their intracellular con-
tents, including the granule stores of proteases, oxidases,
lipases, and other toxic molecules, which in turn damage the
local tissues. Of all active agents released from dying PMNs, the
serine protease neutrophil elastase exerts the most damage. It
hydrolyzes many proteins in addition to elastin, induces
increased mucin expression and secretion, impairs ciliary motil-
ity, and inhibits several innate immune functions by digesting
opsonins and opsonin receptors, degrading innate immune pro-
teins such as lactoferrin, and inhibiting macrophage phagocyto-
sis.”"® In CF lungs, the amount of free neutrophil elastase in the
airway highly correlates with lung dysfunction (FEV1)."'? As in
CF lung disease, neutrophilic inflammation is a prominent fea-
ture of CF liver disease, which occurs in~40% in patients with
CF and accounts for 2% to 5% of overall CF mortality.'?® CFTR
is expressed on the apical surface of cholangiocytes and
gallbladder epithelia.'*' Defective CFTR impairs secretion of Cl~
and leads to viscous bile with reduced flow and alkalinity.
Stagnation of the abnormal bile prompts hepatic neutrophilic
inflammation, which causes bile duct plugging, hepatic injury,
and fibrosis."?? CF also targets the pancreas and does so early
in the disease, which prompted initial observers to call CF the
“cystic fibrosis of the pancreas.” Pancreatic damage results from
severe inflammation and secretion of viscous, protein rich fluid,
leading to obstruction of ducts, calcification, destruction of acini,
pancreatic cyst formation, and eventually fibrosis.'?® Therefore,
excessive neutrophilic inflammation constitutes a key factor in
CF disease development and progression that culminates in
organ failure.

Concluding remarks

Oxidant production and the MPO-H,0,-Cl system are critical
contributors to two physiologically important PMN activities,
namely antimicrobial host defense and resolution of the inflam-
matory response. Defective operation of the MPO-H,O,-Cl sys-
tem because of a deficiency in any component has significant
consequences and a range of clinical manifestations that com-
promise the health of affected individuals. Mutations in CFTR
compromise normal chloride influx into the phagosomes of CF
PMNs, undermine the activity of the MPO-H,O,-Cl system, and
culminate in defective PMN function, with respect both to host
defense and resolution of the inflammatory response. An under-
standing of this pathophysiology and its contribution to the dys-
function of multiple organ system in CF provides a foundation
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for novel therapies to target defective CFTR in its many clinical
manifestations.
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