Article

Absence of the cystic fibrosis
transmembrane regulator (Cftr) from
myeloid-derived cells slows resolution of
inflammation and infection
T. L. Bonﬁeld,*’f’f’l C. A. Hodges,*’§ C. U. Cotton,*" and M. L. Drumm**

Departments of *Pediatrics, TPathology, SGenetics, and Physiology and Biophysics and *National Center of Regenerative
Medicine, Case Western Reserve University, Cleveland, Ohio, USA

RECEIVED APRIL 12, 2012; REVISED JULY 16, 2012; ACCEPTED JULY 17, 2012. DOI: 10.1189/j1b.0412188

ABSTRACT

The absence or reduction of CFTR function causes CF
and results in a pulmonary milieu characterized by bac-
terial colonization and unresolved inflammation. The in-
effectiveness at controlling infection by species such as
Pseudomonas aeruginosa suggests defects in innate
immunity. Macrophages, neutrophils, and DCs have all
been shown to express CFTR mRNA but at low levels,
raising the question of whether CFTR has a functional
role in these cells. Bone marrow transplants between
CF and non-CF mice suggest that these cells are inher-
ently different; we confirm this observation using condi-
tional inactivation of Cftr in myeloid-derived cells. Mice
lacking Cftr in myeloid cells overtly appear indistin-
guishable from non-CF mice until challenged with bac-
teria instilled into the lungs and airways, at which point,
they display survival and inflammatory profiles interme-
diate in severity as compared with CF mice. These
studies demonstrate that Cftr is involved directly in
myeloid cell function and imply that these cells con-
tribute to the pathophysiological phenotype of the CF
lung. J. Leukoc. Biol. 92: 1111-1122; 2012.

Introduction

Inflammation and infection as well as viscous secretions and
impaired mucociliary clearance characterize the lungs and air-
ways of CF patients and contribute significantly to the morbid-
ity and mortality associated with the disease. These processes
involve the functions of and interactions among multiple cell
types, including ciliated epithelial cells, goblet cells, and im-
mune cells. The epithelial cells and goblet cells line the airway
and are responsible for barrier function, secretions, and muco-
ciliary clearance. The immune cells assist in host response to
environmental perturbations by neutralizing pathogens as well

Abbreviations: BALF=BAL fluid, CF=cystic fiorosis, CFTR/Cftr=cystic fioro-
sis transmembrane regulator, Ct=comparative threshold, CWRU=Case
Western Reserve University, KC=keratinocyte-derived chemokine,
LysM=lysozyme-M, NPD=nasal potential difference, PD=potential differ-
ence
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as returning the host to homeostasis. Although earlier models
proposed most of the pulmonary complications of CF to be
direct consequences of epithelial dysfunction caused by the
absence of CFTR, more recent data have indicated that other
cell types, such as lymphocytes [1], neutrophils [2], macro-
phages [3-5], and even DCs [6], are affected directly by the
absence of CFTR function, impairing their ability to resolve
infections and inflammation.

Whereas in vitro cell culture studies have demonstrated the
expression of CFTR in specific cell types, they do not empiri-
cally test the physiological role of CFTR or the consequences
of its absence. Recent bone marrow transplant studies between
CF and non-CF mice have demonstrated that responses to bac-
terial LPS are influenced by bone marrow-derived cells [5],
further suggesting that these cell types have an important role
in the pathophysiology of CF lung disease.

To explore the role of CFTR in immune cells in vivo, we
applied a pulmonary infection model to study inflammatory
pathways and bacterial killing in CF mice using a conditional
expression model of murine Cfir [7-10]. We have used the
conditional model to assess the role of Cftrin other cell types
[1, 11] and applied it here using a myeloid-targeted Cre-re-
combinase LysMCre [12], which is expressed in cells such as
neutrophils, macrophages, and DCs. The effects of conditional
Cfir inactivation in response to bacterial infection indicate that
the CF immune system is impaired, requiring a much longer
time course to resolve inflammation, and is less effective at
infection resolution. This is in the context of having no detect-
able effect on epithelial ion transport or other CF-associated
phenotypes, such as growth reduction or intestinal obstruc-
tion, as observed in the total absence of functional Cftr. The
data presented in this manuscript suggest that the pathophysi-
ology of the CF lung is not simply the result of defective epi-
thelial cell function but a combined effect of airway epithelial
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cell dysfunction and inefficient immune cell management of
the inflammatory response to infection.

MATERIALS AND METHODS
Mice

All procedures involving mice were reviewed and approved by the CWRU
Institutional Animal Care and Use Committee. C57BL/6] mice were ob-
tained originally from The Jackson Laboratory (Bar Harbor, ME, USA),
and CF mice (B6.129P-2 Cft""’Y") carry a null allele of Cfir, Cft""'". Cre-
ation and genotyping of the exon 10-floxed allele of Cfir, Cft"" ", re-
ferred to here as Cft"'’, as well as the exon 10-deleted allele, Cfr'™!-'“,
referred to here as Cfir*'?, are described elsewhere [6]. Cfir"’” homozygous

mice carrying the LysMCre transgene [2] were generated to produce my-
eloid-specific Cfir inactivation (Cftr"'’+LysMCre). All mice, including those
carrying the floxed Cfir alleles and the LysMCre transgene, were congenic
(>10 generations) on C57BL/6]. All animal groups are housed in the
same facility with quarterly sentinel surveillance by the Animal Resource
Center, and additional quality-control assays were carried out by the CWRU
CF Mouse Models Core. To evaluate the presence of infection, whole lung
homogenates and BAL were collected from untreated littermates of experi-
mental animals and cultured for growth under a variety of conditions.
BALF from some of the animal studies was evaluated for mycoplasm con-
tamination (PCR Mycoplasma Test Kit I/RT, PromoKine, Heidelberg, Ger-
many).

BAL cells

Mice were injected s.c. with ketamine (80 mg/kg) and xylazine (10 mg/kg)
as described previously [3]. The thoracic cavity was opened and lungs ex-
posed, followed by inserting a cannula through the trachea into the bron-
chi and infusing 1 X 1 ml aliquot of warm PBS containing 0.2% lidocaine
to do the BAL. The BALF samples were recovered by aspirating the liquid
with a syringe. The BAL was evaluated for total cell count, cellular differen-
tial, and the presence of proinflammatory cytokines.

Pertioneal neutrophils

Peritoneal-derived neutrophils were obtained by lavaging the peritoneal
cavity 3 days after treatment with thioglycollate as described previously [4].

Splenic T cells

Spleens were removed from mice and minced, followed by negative selec-
tion using the T cell separation protocol (Stem Cell Separation, San Diego,
CA, USA). Flow cytometry was used to evaluate the purity of the prepara-
tion, looking at CD3 versus F4/80 (macrophage marker) and Ly6G (neu-
trophil marker), as detailed elsewhere [5].

Bone marrow-derived macrophages

The generation of bone marrow-derived macrophages was done as de-
scribed previously [3]. The femur and tibia were removed and wiped with

alcohol, followed by immersion in RPMI cell culture medium containing
antibiotics. With the use of sterile, 1-cc syringes, fresh RPMI was pushed
through the bone marrow cavity. The bone marrow cells were counted for
viability (trypan blue exclusion), followed by culture for 7-10 days with
L.929 support medium [13].

Infection model

P. aeruginosa PAM57-15 (mucoid clinical isolate) was used at a sublethal
dose of 10° viable cfu/ml (calculated 0.2 bacteria/bead), embedded in aga-
rose beads, and instilled into the right mainstem bronchus [6, 7]. Total
bacterial dose was defined by viability of bacteria postbead preparation.
Lung bacterial load was determined by culturing BALF and whole lung ho-
mogenates at sacrifice. Infection was allowed to persist for 3 or 10 days.

Clinical and lung pathology scores

Mice were assessed clinically once daily for coat quality, posture, ability to
right themselves after being placed in lateral recumbence, ambulation, and
body weight [6]. At Day 3 or 10, animals were euthanized, and lungs were
isolated and assessed for gross lung pathology in addition to quantitative
bacteriological assessment. A description of the clinical and gross lung pa-
thology scoring categories are indicated in Table 1.

Bioelectric measurements

NPD The PD across the nasal epithelium was measured as described
previously [8]. Briefly, mice were anesthetized with 8.5 mg/ml ketamine,
1.7 mg/ml xylazine, and 0.3 mg/ml acepromazine in sterile saline (i.p.,
0.012 ml/g body weight). A PE-10 tube stretched to ~0.3 mm outer diame-
ter was inserted 2 mm into the mouse nostril and placed against the sep-
tum to serve as a bridge for the lumenal electrode. The lumenal surface of
the septum was superfused with a series of solutions, each connected to
calomel electrodes via Ringers/4% agar bridges. The HEPES-buffered Ring-
ers superfusion solutions contained the following reagents (in mM): 128
NaCl, 5 KCl, 2.5 Na,HPO,, 1.8 CaCl, 1.0 MgSO,, and 10 HEPES-NaOH,
pH 7.4. Low CI” solution was prepared by isomolar replacement of NaCl
with Na-gluconate. Amiloride (100 uM) was present in all solutions to
block epithelial sodium channels, and forskolin (100 uM) was present in
the low Cl™ solution to activate Cfir channels. The superfusion rate was 5
wul/min with a 15-s “dead-space” distal to the solution-switching valve. A
needle filled with Ringers/4% agar was inserted s.c. in the mouse’s back
and connected to a calomel electrode to serve as a reference electrode for
the subepithelial compartment. The transepithelial PD was measured with
a voltmeter (ISO-DAM-D, World Precision Instruments, Sarasota, FL, USA),
and the output was recorded on a chart recorder. The nasal septum was
superfused with amiloride-containing Ringer’s solution for ~5 min and
then switched to low Cl™ solution containing amiloride and forskolin. The
PD immediately after the switch to low CI™ solution (marked by the nearly
instantaneous bionic junction potential) and the value 4 min later were
recorded; the difference served as a measure of the CFTR activity.

Gastrointestinal short-circuit current Mice were rendered unconscious by
CO, asphyxiation and euthanized by exsanguination. The small intestine
was removed and placed in ice-cold HEPES-buffered Ringers solution. The

TABLE 1. Key to Clinical and Gross Lung Pathology Scores

Score Clinical score” Gross lung pathology”

0 healthy appearance and activity within normal limits

1 scruffy appearance darker red

2 scruffy and dehydrated few nodules

3 scruffy, dehydrated, decreased activity several nodules, <25% consolidation

4 scruffy, dehydrated, minimal activity numerous nodules 25-50% consolidation
5 moribund or dead numerous nodules >50% consolidation

“Clinical scores and gross lung pathology were evaluated by two different individuals, unaware of their group designation. Validation of clinical
score and gross lung pathology criteria is described extensively in van Heeckeren and Schluchter [6] and van Heeckeren et al. [7].
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intestine was cut longitudinally and mounted in an Ussing chamber with
an aperture of 0.125 cm? Tissues were bathed on both sides by 5 ml mam-
malian Krebs-Ringer bicarbonate solution, which was warmed to 37°C and
circulated with 95% O,-5% CO,. Tissues were maintained under short-
circuit conditions to record basal current and then treated with forskolin/
IBMX (10/100 uM) to increase intracellular cAMP and stimulate CFTR-
dependent short-circuit current.

In vitro studies

BAL cells were harvested and after 1 h adherence, were cultured in the
presence and absence of Escherichia coli LPS (Sigma Chemical Co., St.
Louis, MO, USA; 0.5 pug/ml) for 24 h. Cellular mRNA was extracted and
processed for cDNA. Each sample was assayed using RT-PCR (Applied Bio-
systems, Life Technologies, Carlsbad, CA, USA; Taqman 7500), using Ap-
plied Biosystems-validated primers for TNF-«, IL-13, KC, MIP-1e, and IL-6.
All samples were concurrently evaluated for the expression of GAPDH. Gt
values for the cytokines were normalized to the Ct values for GAPDH and
then compared with the unstimulated control to determine the AACt val-
ues and relative gene expression and responsiveness to LPS or infection
with P. aeruginosa [9].

Statistics

Statistical analysis was performed using SAS v 9.2 (Cary, NC, USA) or Prism
Software (San Jose, CA, USA). Data in the manuscript are shown as the
mean * SEM, unless indicated otherwise. Pairwise comparisons of survival
curves of the WT versus Cftr"’? + LysMCre or Cft’"’""* were made using a
stratified Cox proportional hazards regression model, stratifying on experi-
ment with the assistance of the CWRU Cystic Fibrosis Center Biostatistics
Core. Statistics for the direct comparison between groups and sampling
time comparisons used repeated measures ANOVA and ttests. For non-
parametric tests, Wilcoxon-Mann Whitney tests were used, often including
the Bonferroni method to adjust for multiple testing. All statistical applica-
tions are described within the figure legends of the manuscript. Graphical
representations show data within different groups as frequency histograms
with quantitative values as means and sem for the number of values in the
group (mean*skem) All tests were two-sided, and P values =0.05 were con-
sidered statistically significant.

RESULTS

With the use of murine lines congenic on an inbred C57BL/6]
background (backcrossed >10 generations), mice lacking Cftr
in myeloid-lineage cells were generated by crossing a LysM
promoter-driven Cre recombinase transgene [12, 14] into a
“floxed” Cftr line carrying a Cftr allele with LoxP sites flanking
exon 10 [10]. The floxed mice, with and without the Cre
transgene, were compared with mice globally lacking Cfir exon
10 [11] for specificity and extent of recombination. As Fig. 1A
(thﬂw-i-LysMCre) and B (Cﬁoﬂm) shows, only the tissues from
mice carrying the LysMCre transgene have the recombined
(deleted) floxed Cftr allele.

The data demonstrate that recombination only occurs in the
presence of Cre, but they do not address cell specificity of re-
combination or the extent of recombination in a given cell
type, as these tissues represent a complex mixture of cell types.
To examine the extent of recombination in cell types of inter-
est, bone marrow-derived macrophages were isolated and their
genomic DNA analyzed by PCR for the presence or absence of
exon 10. Figure 1C shows that in the absence of LysMCre, no
recombination is detected, but when LysMCre is present, loss
of exon 10 approaches 100%, as nonrecombined Cfir is not
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Figure 1. Molecular characterization of conditional, myeloid expres-
sion. Cre-mediated recombination was first assessed in a panel of tis-
sues from mice homozygous for the Cft''? allele with LysMCre trans-
gene (A), with or without the LysMCre transgene (B). Tissues sur-
veyed include thymus (T), spleen (S), lung (Lu), intestine (I), heart
(H), and liver (Li). Recombination, as evidenced by the 148-bp band,
was only found in Cre-containing mice. To examine the extent of re-
combination, DNA from bone marrow-derived macrophages was exam-
ined by PCR for the exon 10 deletion (C). Bone marrow-derived mac-
rophages from Cft'"’? homozygous mice lacking Cre (Cfir*f110) show
only the 408-bp nonrecombined form of the allele, whereas macro-
phages carrying the LysMCre transgene (Cft'"’°+LysMCre) show only
the 148-bp recombined product, identical to mice with systemic ab-
sence of exon 10 (Cfir'”). To examine cell-type specificity of recombi-
nation, purified populations of various myeloid and nonmyeloid im-
mune cells were surveyed (D). Controls, in the absence of Cre (—)
show only the 408-bp product, whereas systemic absence of exon 10
(+) shows only the 148-bp product. Alveolar macrophages (AM), peri-
toneal neutrophils (PN), splenic T cells (ST), and bone marrow-de-
rived macrophages (BM) were compared from mice carrying Cre
(LysMCre+) and mice lacking Cre (Cre—). Only myeloid-derived cells
showed recombination, as T cells showed no sign of recombination.

detectable. Cell-type specificity was examined by isolating vari-
ous cell types from the adaptive and innate immune systems,
including alveolar macrophages, peritoneal neutrophils,
splenic T-lymphocytes, and bone marrow-derived macrophages
from the same Cfir"’” + LysMCre animal assayed for the pres-
ence or absence of exon 10. As Fig. 1D illustrates, T lympho-
cytes from the same Cft’’ + LysMCre mouse were unaffected
by the presence of LysMCre transgene, but alveolar and bone
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marrow-derived macrophages, as well as peritoneal neutro-
phils, all show complete loss of exon 10 and thus, carry no ac-
tive Cftr. These studies were repeated on three different ani-
mals, which yielded similar results.

To determine if this manipulation affected CF-related pro-
cesses, such as epithelial ion transport, transepithelial short-
circuit measurements were made across duodenal sections
of C57BL/6] mice: mice homozygous for a null mutation in
Cftr, Cft'"'“(Cftrnull) [15], and mice homozygous for
Cft'"'?, with and without the LysMCre transgene. Figure 2A
shows that the duodenum of C57BL/6] mice respond with a
robust response, with an increase in short-circuit current to
Cftr stimulation by agonists that raise cAMP levels. Mice carry-
ing the floxed allele (Cft¥"’?) had a reduced response (Fig.
2B) compared with C57BL/6] mice (Fig. 2A) but still greater
than Cfir'"'”"“ mice (having no response at all; Fig. 2C). The
magnitude of the cAMP-induced short-circuit current re-
sponse was not affected by the presence of the LysMCre
transgene (Fig. 2D). The results from several animals are
summarized in Fig. 2E.

As a correlate to the short-circuit current, we also examined
intestinal obstruction, a well-characterized phenotype of CF
mice [11, 15, 16]. Mice homozygous for the th/”o allele, with
and without the LysMCre transgene, were compared with
C57BL/6] and Cfir'”'”"“ mice from birth up to 3 weeks of age.
Whereas mortality from intestinal obstruction is high in
Cftr'™' V" mice (53.3%; see Table 2) and occurs predominantly
around weaning, C57BL/6] and Cft¥"’” homozygous mice, with
and without LysMCre, all showed similar survival outcomes,
with a mortality rate of only 2-3% for all groups. These data
show that the Cfi’""? + LysMCre genotype has no detectable
adverse physiological effect on intestinal function.

CF mice, similar to human CF, tend to exhibit signs of en-
docrine disruption, phenotypically exhibited as reduced and
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delayed growth. We therefore assessed animals from these col-
onies for signs of growth differences, comparing them again
with non-CF and CF mice using mice of similar ages (Fig. 3A).
Cft'? homozygous mice, with and without the LysMCre trans-
gene of similar ages, were indistinguishable in weight from the
C57BL/6] controls (Fig. 3B), and all three of these groups
were significantly larger than the Cft"’“"* mice (Fig. 3B;
P=0.05).

As a final characterization in preparation for airway infec-
tion studies, we investigated the potential effect of the condi-
tional expression system on airway epithelial function by mea-
suring NPD in response to cAMP-elevating maneuvers, as de-
scribed previously [17-19]. As Fig. 4 demonstrates, the
responses are analogous to the intestinal characterization. Fig-
ure 4A shows that the nasal epithelium of C57BL/6] mice had
a robust response, with a hyperpolarization of NPD in re-
sponse to low Cl™ plus forskolin. Mice carrying the floxed al-
lele (Cf¥"'% had less response (Fig. 4B) than C57BL/6] mice
(Fig. 4A) but much greater than Cf’'Y"* mice, having no
response at all (Fig. 4C). The cAMP response was not affected
by the presence of the LysMCre transgene (Fig. 4D). These
results from several animals are summarized in Fig. 4E.

These initial characterizations demonstrate that the pres-
ence of LysMCre does not confer CF-like phenotype in Cfn/*"?

TABLE 2. Mortality in First 3 Weeks of Life

Mice (#) Genotyped (#) Died (%) Mortality
C57BL/6] 360 10 2.78
C"'° 100 2 2.00
Cf"'? + LysMCre 112 3 2.68
Cfty'™ ! Une 227 121 53.30

www jleukbio.org
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Figure 3. Age and weight of animals. C57BL/6] (n=51), C/'!?
(n=4T7), thﬂm + LysMCre (n=80), and Cftr’mm"' (n=31) were evalu-
ated at a comparable age range (A) for weight differences (B). (A)
Animals of each genotype group were of comparable age. (B) Animals
homozygous for the floxed allele, with or without the LysMCre trans-
gene, were indistinguishable by weight from C57BL/6] mice. Cfir™’V"
were considerably smaller than the other groups (*P=0.05 using one-
way ANOVA analysis).

homozygous mice; however, Cft¥"'? homozygous can be distin-

guished from C57BL/6] mice by electrophysiologic methods.
The electrophysiologic differences may reflect the 129Sv origin
of the floxed allele, as we have found differential expression
of Cftr depending on strain background [20]. Regardless of
the etiology of the differences, the results above indicate that
the appropriate controls for evaluating the effects of LysMCre
must include Cft"'? homozygous mice without LysMCre and
not just C57BL/6] animals.

Previous reports suggest that the absence of Cftr from my-
eloid cells impairs bacterial killing or resolution of infection
[1-6]. We tested this concept by applying an infection model,
instilling P. aeruginosaladen agarose beads (10° cfu/animal)
[7-9] into the right mainstem bronchus of mice homozygous
for the Cft'” allele, with and without the LysMCre transgene,
as well as Cft'"'”"“ mice. To see if survival differed systemati-
cally across experiments, the survival curves of mice from dif-
ferent experiments were compared among mice of the same
type. Log rank tests were used to test whether survival differed
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across experiments, among mice of the same type: Cﬁrﬂw +
LysMCre, Cft’"'"", CftY"'°, C57BL/6]. Among Cfir''? +
LysMCre mice, the experiments did not differ in survival
(P=0.98); however, survival of the Cﬂr”””]’”‘ mice did; post hoc
Bonferroni-corrected tests showed that experiments differed
significantly (P=0.0004). There was also significant differences
between experiments for the WT mice showing a Bonferroni-
adjusted P value of (P=0.039); however, there was not a differ-
ence between the C57BL/6 and Cft¥"'? control groups. These
results reinforce the importance of adjusting for experiment
when comparing different mouse types but did allow the con-
trol groups to be combined. Because of the significant effects
of the experiment on survival, pair-wise comparisons of the
three types of mice—controls (WT), Cf"' + LysMCre, and
Cft'"""—were made using a stratified Cox proportional haz-
ards regression analysis, including only experiments where
cfit"” + LysMCre, G, Cf"’°, and C57BL/6] (WT) mice
were included (Fig. 5). The experiment was the stratification
factor. Results showed that the WT group had better survival
than the Cf"'? + LysMCre (P=0.04) and Cfn’"'""
(P<0.0001) groups. The survival curves of the Cftr’"'""“ and
G + LysMCre did not differ significantly (P=0.09). Even
with the variability seen with the in vivo infection experiments,
the difference between the controls and the Cft¥"'? + LysMCre
and the Cft’"'V"* were still significant, further strengthening
the observed importance of myeloid cell Cftr in host response
to pathogen exposure.

The survival profile of each of the animals was consistent
with the clinical scores obtained at Day 3 versus Day 10
(Fig. 6), based on the criteria outlined in Table 1. Figure 6
shows that there was no difference in clinical scores at Day 3,
but by Day 10, Cft¥''? + LysMCre and Cft’”'"" mice had sig-
nificantly higher clinical scores relative to the Cftr"’?
(P=<0.05), which is consistent with the decreased survival in
Fig. 5.

As the survival data demonstrate that the absence of Cfir
from myeloid cells has an effect on host response to infection
in vivo, we next examined how it influences various cell types
prior to and during an infection. To examine innate differences—
those that are apparent prior to infection—mice were euthanized
and lungs lavaged to determine cell counts and differentials. To

controls

minimize the potential for infection obscuring the lung milieu,
sentinels from each colony were evaluated for infectious status
and mycoplasm using quantitative PCR (Quanti-iT-HS PCR My-
coplasma Test Kit, Molecular Probes, Life Technologies, Eu-
gene, OR, USA). Figure 7A shows that total cell counts were
elevated in Cft'"'”** and mice lacking Cfir in myeloid cells
relative to Cftr"'? mice (P=<0.05). Examining the differentials
(Figs. 7B-D), the elevation of total cell numbers appears to be
a result of macrophages and neutrophils in the mice lacking
Cfir in only the myeloid compartment (Cf¥"'?+LysMCre),
whereas the neutrophils, but not macrophages, are elevated in
Cftr 'V animals. In contrast to the myeloid cells, lymphocyte
numbers were similar between the two different Cfir knockout
strains and the Cft¥"'? control. This profile suggests that total
cell recruitment and the differential phenotype of the cell re-
cruited are dependent on the cells that lack the expression

of Cfir.
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To examine the effects during infection, mice were inocu-
lated with P. aeruginosa-laden agarose beads, as described for
Fig. 5, and euthanized at Day 3 or Day 10 postinfection, at
which time, BAL was performed to measure total cell count
and differentials. Although all three genotypes had compara-
ble total cell counts at Day 3, suggesting efficient, acute re-
sponse to pathogen exposure, the similarities in total cell
counts changed in the resolution phase at Day 10. Both the
Cfi'" + LysMCre (P=0.07) and Cfir""* (P<0.05) continued
to have elevated total cell counts, predominantly as a result of
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Figure 5. Survival analysis of mice infected with P. aeruginosa. Mice
homozygous for the Cft¥"'’ and C57BL/6] WT controls were combined
(n=114; individual curves were almost identical) and showed better
survival following infection than Cft¥"’” mice carrying the LysMCre
transgene (n=>53) or GtV mice (n=47; P=0.04 and P<0.0001,
respectively, using Cox regression analysis stratifying on experiment).
The survival curves of Cftr'™'"* and Cfir"!’ mice carrying the LysMCre
transgene did not differ significantly (P=0.09; see text for detailed
description of statistical applications).
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neutrophils compared with the controls. As the differentials
show in Fig. 8, the neutrophils were elevated compared with
preinfection, regardless of genotype at Days 3 and 10, with lev-
els higher at Day 3 than Day 10 for each group. These obser-
vations suggest that all three models showed signs of resolving
airway inflammation postinfection. However, neutrophil pro-

Day 3 Day 10
*
4
0 ~
L S 31
8 i *
kX
S2
1
Cftr™ Crr™OCft™Une  Cfr™ Cftr™° CtrtmiUne
+LysVICre +LysMCre

Figure 6. Clinical scores postinfection with P. aeruginosa. Cftr"'’ +
LysMCre (n=42), Cfn’"'""* (n=49), and controls (n=32) were in-
fected with P. aeruginosaladen agarose beads and euthanized at Day 3
or Day 10. For the duration of the study, animals were evaluated for
clinical scores based on the criteria outlined in Table 2. Clinical scores
at Day 3 were not different among the three animal groups. At Day
10, Cft'""? 4+ LysMCre and Cfir™"" (*P=0.05) were significantly
higher than the Cft¥"'” controls. Nonparametric Mann-Whitney tests
were done to determine significance of Cft"'' + LysMCre and con-
trols and Cft"'""“ and controls.
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Figure 7. Immune cell composition in the lung in the absence of infection. BALF was obtained from Cfir"'? (n=12), Cf"'’ + LysMCre (n=14),
and Cfr'™'"" (n=16) mice and evaluated for total cell count (A) and relative composition of neutrophils (B), macrophages (C), and lymphocytes
(D). Total cell counts were elevated in Cfir"’? + LysMCre and Cft'”"'”"* mice at baseline relative to controls (*P=<0.05). The shift in differential
was toward neutrophils in the G mice (*P<0.05) with elevated neutrophils and macrophages in the BAL of Cfi¥"'? + LysMCre (*P=<0.05).

Nonparametric Mann-Whitney tests were done to determine significance.

portions were still higher in the Cf"’? + LysMCre and
Cft™ V" mice than CftY"’” mice at Day 10, suggesting that the
absence of Cfir from myeloid cells prolongs the resolution of
airway inflammation. There were no detectable differences in
alveolar macrophages or lymphocytes at Day 3 or Day 10, sug-
gesting that recruitment and/or resolution of these cell types,
unlike neutrophils, are not influenced by the Cfir status in any
cell type.

Histopathology was also performed to assess the effects of
infection on lung gross architecture. For this, the lungs of all
three infected murine models at Day 10 were evaluated for
gross lung pathology using the criteria outlined in Table 1. As
Fig. 9 demonstrates, the mice carrying the LysMCre transgene
had higher gross lung pathology scores than mice without
LysMCre (P=0.05).

As a final assessment of immune function, we compared
BAL cytokine levels and bacterial load at Days 3 and 10 postin-
oculation. As Fig. 10 shows, bacterial load was elevated signifi-

>
W

Absolute White Blood Cell Counts

cantly in Cf’"'Y" mice at Day 3 (P=<0.05) but not the Cfrr"'?
mice, regardless of the presence of the LysMCre transgene. By
Day 10, however, myeloid Cfirdeficient mice and Cfy”!"
mice had bacterial loads five times greater than that of the
Cft"°, non-CF controls (P=<0.05). These data suggest that the
development of chronic infection is complex from the per-
spective of the immune system, in that acute or early-stage re-
sponse to infection is impaired in CF mice but not as a conse-
quence of myeloid Cftr deficiency. In contrast, impaired bacte-
rial killing, apparent in a more chronic model of infection, is
largely a result of lack of Cftr in myeloid cells.

In terms of the cytokine response to acute and chronic in-
fection with P. aeruginosa, Cft'"'? + LysMCre and Cft’"'V"* ani-
mals had elevated BAL levels of IL-18, KC, IL-6, IL-17, and
MCP-1 at Day 3 (Table 3A) and elevated IL-1f3, IL-6, IFN-y,
and MCP-1 levels at Day 10 (Table 3B). The cytokine levels
that were associated exclusively with the Cf"'? + LysMCre
response to infection included GM-CSF, IFN-y, and IL-10 at
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Figure 8. Immune response to infection with P. aeruginosa. Cft¥"'’ + LysMCre (n=42), Cft'""""* (n=49), and controls (n=32) were infected with
P. aeruginosa-laden agarose beads and euthanized at Day 3 or Day 10. BALF was obtained for total cell count (A) and the relative composition of
neutrophils (B), macrophages (C), and lymphocytes (D). There was no difference in total white cell recruitment at Day 3 between the groups.
Cftrﬂm + LysMCre ('P=0.07) and Cft’"""" (*P=<0.05) had elevated white blood cells compared with controls at Day 10. The composition of the
elevated cell counts was associated with elevated neutrophils (Fig. 7B; *P=0.05) but not alveolar macrophages or lymphocytes. Nonparametric
Mann-Whitney tests were done to determine the significance between Cfir'’? + LysMCre and controls and G’ and controls.
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Figure 9. Gross lung pathology at Day 10. At Day 10, animals were eu-
thanized, and lungs were evaluated for gross lung pathology as out-
lined in Table 2. C_‘ﬂr/”o + LysMCre (n=14) and Cﬂr’"””"’ (n=11)
mice had elevated gross lung pathology scores compared with controls
(n=15 from three different experiments; ¥*P=0.05). Nonparametric
Mann-Whitney tests were done to determine significance comparing
Cflr/’m + LysMCre and controls and Cft”"'“" and controls.

Day 3 and GM-CSF and TNF-a at Day 10. These cytokines are
active in promoting phenotypic changes in macrophage activa-
tion and the ensuing interaction with other cells of the adap-
tive immune system [10, 11]. The BAL cytokine levels that
were associated exclusively with the Cft’”'“" response to in-
fection included MIP-2 at Day 3 and KC, MIP-2, and IL-17 at
Day 10. These chemokines are produced in the context of a
global deficiency of Cftr, most likely as an aberrant epithe-
lial response to P. aeruginosa infection consistent with other
in vivo modeling studies [12, 14]. IL-10 levels were de-
creased significantly in the Cft""'?" BALF at Day 10, simi-
lar to other studies [15].

To begin to investigate the contributor to the overall cyto-
kine response to P. aeruginosa infection, we evaluated adherent
BAL cells obtained from the Cfir"’ + LysMCre myeloid-spe-
cific knockout and the Cft¥"'? control for cytokine gene ex-

pression in response to endotoxin stimulation. Adherent BAL
cells were obtained from the Cfir"'? and Cfir"'’ + LysMCre
mice and cultured in vitro, with or without LPS stimulation
(5X10° adherent cells, 0.5 ng/ml, for 24 h), to determine how
the BAL cells might contribute directly to the cytokines gener-
ated by the total lung highlighted in Table 3. Table 4 shows
the relative change in cytokine gene expression of the Cft/""’
mice versus Cfir"'? + LysMCre when comparing a subset of the
cytokines highlighted in Table 8. Cfir"'? + LysMCre-adherent
BAL cells expressed higher levels of TNF-o, IL-1, IL-6, KC
(P=0.05), and MIP-2 (P=0.07) than the Cft'? control. This is
consistent with previous studies with LPS-stimulated Cfi""'¥"**
bone marrow-derived macrophages and BAL macrophages
[16]. Future studies will investigate the mechanistic difference
that contributes to this difference in myeloid cell cytokine
gene expression.

DISCUSSION

Defective CFTR results in a variety of changes in the pulmo-
nary milieu, which contributes to the inefficient resolution of
lung infection with P. aeruginosa in CF. Studies have focused
predominantly on the contributory role of defective airway
clearance and airway epithelial production of proinflammation
proteins. Traditionally, it has been suggested that individuals
with CF do not have defective immune systems even in the
context of the inability to efficiently resolve chronic lung infec-
tions. In this manuscript, we use in vivo mouse models, in
which we mechanically impair airway clearance to model the
human airway, but also modulate CFTR expression in myeloid
cells directly, assessing the specific role of CFTR on myeloid
cell phenotype prior to infection and after response to chronic
P. aeruginosa infection. We demonstrate in this manuscript that
with the use of the Cre-Lox system, we effectively and specifi-
cally knocked out Cfir in the myeloid compartment of
C57BL/6] mice. At baseline, in the absence of airway obstruc-
tion or inflammation, there was no overt pulmonary pheno-
type. Upon bacterial instillation, however, the survival of the
Cﬂrﬂm + LysMCre knockout mice was statistically less than the
WT and floxed control mice, trending toward the severe phe-
notype observed in the Cfi”'""* mice. We showed further that

Figure 10. Bacteriology at Days 3 A Bacteriology at Day 3 B Bacteriology at Day 10

and 10 postinfection. BALF and * *

whole lung homogenate were ob- 10°+ * 10°4 1

tained from G""%, Cf/""” + 105 —

LysMCre, and Cfi""'"* mice and = -

controls and cultured for P. aerugi- 2 E 104 2 E 1024

nosa growth from three different o ‘_ﬂ o ‘_ﬂ

experiments. All values of P = 0.05 &' E 10°4 ;t' %

are indicated with a star. At Day 3, o % 1024 o § 10'4

Cf" 'Y mice had a higher bacte- = =

rial load than G’ (P=0.03; n=10 10"

mice), but ¢’ and Ci""? + - 100

LysMCre were not different - 10 1Unc

(Z’>0.o5). At Day 10, Cfpr"?Une Cftr10 cr110 Cfyrtm1Unc Cftrio +S:fst|rvnf:: . cfr'™
+LysMCre

(P=0.001; n=11) and Ci""? +

LysMCre (P=0.07; n=15) mice had elevated P. aeruginosa growth, relative to CftY"’’ (n=15). Nonparametric Mann-Whitney tests were done to determine

the significance Cfir'’’ + LysMCre and controls and Cfn""""" and controls.
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TABLE 3. Cytokines and Inflammation Resolution

Cytokine concentration (mean pg/ml*sEm)

Animal strain GM-CSF  1IL-1B KC TNF-a MIP-2 IL-6 IFN-y 1117 IL-10  MCP-1/JE
A: BAL cytokines at Day 3

CY""+ 1ysMCre 44 = 10" 137 = 21“ 144 = 27° 113 = 16 709 =92 38717 = 577* 18 £ 2“ 150 £ 83" 7= 1" 284 * 69"

Cfr 1o 14 £ 8 147 + 24 171 = 30* 91 =20 1018 = 219" 3489 = 765“ 67 =25 99 =20“ 2+ 0.3 194 * 96”

WT 153 82+20 76*x24 11718 546 =70 2282=*x852 42*8 48 * 14 3*+1 55 =13
B: BAL cytokines at Day 10

C" + LysMCre 104 11x5" 56*x22 6x2° 132=x73 4417 9x2° 8x4 06=01 5214

Cfn’™!tne 05+02 24*10" 12823 5*x3 87%x24" 41=16" 12=1° 1*05" 04=0.1° 40=*2

WT 0.2 0.1 32 48 £ 20 2=*1 39 = 14 158 5*2 7+ 4 101 277

Three different survival experiments were done with n = 2-4 BAL samples evaluated at Days 3 and 10 from each group for each study. A mini-
mum of eight BAL samples was evaluated for each analytes. “P =< 0.05; “P =< 0.07.

defective myeloid Cfir contributed to inefficient resolution of
infection and inflammation even in the absence of the defec-
tive epithelial cell Cfir. In the context of deficient myeloid
CFTR but sufficient epithelial cell CFTR, the animals had poor
survival, increased inflammation with recruitment of neutro-
phils, elevated cytokine production, and inability to resolve
infection. The studies highlighted in this manuscript also
showed that adherent BAL cells, obtained from only mice Cftr
deficient in myeloid cells and therefore, not differentiated in
the context of Cfirbased epithelial cell defects, resulted in en-
hanced cytokine gene expression when stimulated with endo-
toxin in vitro. These observations suggest that the CF lung
phenotype is not simply a consequence of Cft-dependent air-
way epithelial cell defects and that the immune system is an
important contributor to the overall pathophysiology of CF
lung disease.

CF is a lethal, inherited disorder that results from mutations
in the gene encoding CFTR, a chloride channel [17]. Airway
inflammation and recurrent pulmonary infections play a cen-
tral role in the progression of CF lung disease [18]. CF has
been characterized by a perpetuating cycle of airway obstruc-
tion as a result of deficient CFTR, chronic bacterial infection,

TABLE 4. Deficient Myleoid Cfir Results in Elevated Cytokine
mRNA Production

BAL cell response to LPS“

Cytokine Cf"'? + LysMCre Cf'°?

TNF-a 3.0 = 1.0° 0705
IL-18 7.3*x1.4° 1.8+ 0.6
IL-6 6.8 = 1.6° 1.2 +0.1
MIP-2 28 1.4 0.6 0.4
KC 3.8 +0.4° 1.0 0.2

“Data are derived from RT-PCR of mRNA derived from basal BAL.
Cells were cultured in the presence and absence of 0.5 ug/ml LPS for
24 h (n=4). ACt is normalized to GAPDH for each sample and then
compared with the unstimulated control. Data are presented as mean
AACtEsem; n=4-5. "P < 0.05 using nonparametric Wilcoxon-Mann
Whitney paired # tests.

www jleukbio.org

and a robust inflammatory response [18, 19]. Studies have sug-
gested that the inflammatory process may begin before infec-
tion, potentially as a result of the altered lung environment
because of deficient airway epithelial CFTR [20]. The develop-
ment of the Cftr-deficient pig has suggested that the overt in-
flammatory response is secondary to the bacterial colonization,
along with a greater propensity for infection in the first place
[21]. In any regard, it is unclear whether the propensity for
excessive inflammation is a result of deficient CFTR function
in inflammatory cells or as a result of insufficient resolution of
inflammation associated with a prior suboptimal-transient in-
fection [18]. In addition, CFTR correctors and potentiators
[13, 22] offer great promise in improving CF lung disease;
however, the beneficial impact of these new pharmaceuticals
may be augmented by enhancing the activity of other cells,
including neutrophils, macrophages, and lymphocytes.

In the studies highlighted in this manuscript, the efficient
and specific deletion of Cfir in only cells of the myeloid lin-
eage provided a means to compare the “contributory” role of
the immune system in regulating the pulmonary response with
bacterial colonization in CF. Although deficient myeloid cell
Cftr did not alter NPD, gastrointestinal electrophysiology,
growth, or intestinal obstruction, it contributed to an altered
pulmonary milieu, shifting the baseline differential in the di-
rection of increased neutrophils and macrophages. This was in
the absence of detectable infection by BAL, PCR, or whole
lung homogenate culture. Inoculation of Cft¥"'? + LysMCre
animals with agarose beads impregnated with P. aeruginosa re-
sulted in increased mortality, elevated neutrophil numbers,
and bacterial load compared with controls, which was not as
severe as Cft™'”" mice infected at the same time but was
more severe than the control mice. The intermediate pheno-
type of the CfiY"'? + LysMCre mice was more apparent at the
resolution phase of the infection model. When the C57BL/6]
or Cft"'” mice began to resolve the response to pathogen ex-
posure and attenuate the inflammatory response, the Cftr"’? +
LysMCre and Cft''“"“ mice still had statistically elevated white
cell counts consisting of predominately neutrophils. Further,
even with the elevated levels of inflammatory cells, resolution
of the infection was incomplete, as there were still statistically
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elevated numbers of bacteria relative to the controls. Although
these studies focus on a single pathogen, P. aeruginosa, as well
as a single dose (10° cfu), future studies will evaluate the in-
flammatory and infection resolution response to different dos-
ages of P. aeruginosa compared with other pathogens such as
Streptococcus pneumonia and Staphylococcus aureus. These studies
will define the overall sensitivity of the Cfir"' + LysMCre to
pathogen dose versus bacteria compared with the Cfp/”'“™
null mice, similar to previous studies focusing on defining the
murine model of CF lung infection and inflammation [23].

In terms of the inflammatory cytokine responses, IL-13, IL-6,
and MCP-1 cytokines were elevated at Days 3 and 10 in the
Cftrﬂm + LysMCre and Cftr"'”"“ mice. KC appears to be an
early cytokine, whereas MCP-1 appears to be a distinguishing
marker for late responses to infection, implying phenotype
specificity at different phases of the infection and inflamma-
tory response. The myeloid cytokines GM-CSF, IFN-vy, IL-10,
and TNF-a were dominant in the Cftr"' + LysMCre and are
important in defining adaptive and innate responses [10, 11,
24]. The BAL from the Cft’"'"* model had elevated levels of
chemokines MIP-2, KC, and IL-17, whereas IL-10 levels became
deficient at Day 10. MIP-2, KC [17, 20, 25, 26], IL-17 [27, 28],
GM-CSF [29, 30], and IL-10 [15, 31] have all been implicated
in the pathophysiology of CF, including the recruitment of T
cells and neutrophils. The observation that the Cfr"'?*“ 1110
BAL levels were deficient at Day 10 but not Day 3 suggests that
the impact of low levels of IL-10 is dominant in the chronic
phase of infection and inflammation resolution. Changes in
the levels of GM-CSF may be important in myeloid cell activa-
tion and differentiation, as this CSF is essential for alveolar
macrophage function [29, 32, 33]. The contributors to the
overall cytokine production are many, including the airway
epithelium, interstitial cells, and mesenchymal cells. To deter-
mine if myeloid cells deficient in Cftr could ultimately contrib-
ute to the overall cytokine dysregulation in the Cftrdeficient
lung, we showed that lung myeloid cells (predominately mac-
rophages) are more sensitive to endotoxin stimulation than
WT cells. This gets at the overall phenotype of the Cftr macro-
phages and implies that these cells may or may not have a
phenotype that lies within the description of the traditional
groups of classical versus alternative macrophages [10, 34, 35].
Future studies will delve into the phenotype of the Cft’""? +
LysMCre versus Cft'"’"* macrophage and whether it is spe-
cies- or tissue-specific by evaluating alveolar macrophages,
bone marrow-derived macrophages, peritoneal macrophages,
peripheral blood monocytes, as well as neutrophils.

Neutrophils, DCs, and monocyte/macrophages are profes-
sional phagocytic cells that are able to phagocytose and de-
stroy infectious agents, making them key anti-infectious partici-
pants in host defense [36]. However, in the process of re-
sponding to pathogen exposure, the products of macrophages/
neutrophils can result in tissue damage [37]. Understanding
the function and activity of these cells in the context of
chronic infection and inflammation resolution is important in
defining the balance between the beneficial and detrimental
contributions of these cells in CF. The complexity of immune
cell function includes phagocytosis, pathogen recognition, and
active communication among neutrophils, monocyte/macro-
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phages, and DCs[36, 38]. Neutrophil products stimulate bacte-
rial phagocytosis and intracellular killing in monocytes and
macrophages, regulating antimicrobial activities [36, 39].
Apoptotic neutrophil recognition and the subsequent engulf-
ment by macrophages are essential components associated
with inflammation resolution [40], both of which have been
implicated in contributing to high molecular-weight DNA and
increased mucous in CF lungs [41]. Alveolar macrophages,
DGs, and neutrophils regulate the inflammatory response to
infection through pathogen recognition with cell surface re-
ceptors, such as TLRs [42], which results in cytokine produc-
tion and cell recruitment. Significant efforts have been made
to dissect the molecular mechanisms governing phagocytosis
and pathogen recognition and killing by macrophage/neutro-
phil TLRs and the ensuing immune response [43]. Previous
studies have shown that the overall process of phagocytosis is
not different between CF and WT cells using ex vivo BAL mac-
rophages from humans [44] or mice [45]. However, defects
have been described in total phagocytic ability in the context
of the milieu of the Cfirdeficient lung, which may be related
to soluble factors [46—48]. Further, in vivo differences may be
a result of changes in acidification, although significant con-
troversy still exists around this effect of Cftr on myeloid cells
[45, 49-51]. In the context of our studies, pathogen and TLR
interactions were likely mechanisms associated with the BAL
cytokines detected in the mouse models post-P. aeruginosa in-
fection. TLRs, such as TLR-4, are efficient ligands for gram-
negative bacteria recognition and activation of the host’s in-
nate immune response [52]. In CF, it has been suggested that
monocyte/macrophages have an altered expression of trigger-
ing receptor expressed on myeloid cell-1 and impaired antigen
presentation, whereas still having potent and efficient phago-
cytic activity [53, 54]. Further, TLR dysregulation has been
documented in CFTR-deficient epithelial cells [55] and macro-
phages [56].

Dysregulated electrolyte transport and mucus clearance are
important features of the human CF lung [57]. Although the
murine model of CF appears to have the capacity to maintain
mucus clearance, the data in this manuscript suggest a model
for CF lung disease, in which there are at least two key compo-
nents. One is clearance, dictated by mucosal hydration
through CFTR in the epithelium and the other innate de-
fense, at least partially as a result of the absence of CFTR in
immune cells. Therefore, the murine model of sufficient mu-
cus clearance provides the unique opportunity to investigate
differences in immune cell function in the absence of defec-
tive clearance but enhanced proinflammatory airway epithe-
lium phenotype. With the use of our animal models of “cell-
specific” Cftr deficiency [6], we show that myeloid cells also
have a direct, contributory role in the dysfunctional inflamma-
tory response to infection and are not just recruited, “innocent
victims” of the pathophysiology of CF. The change in CF my-
eloid cells contributes to the overt inflammatory response to
lung infection in vivo. The data presented in this manuscript
support a direct contribution of Cfir deficiency on myeloid cell
phenotype and function in CF. Although the mechanisms by
which deficient Cfir expression alters myeloid cell function are
unknown, it appears that the absence of Cfir results in a phe-
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notype of enhanced sensitivity to the surrounding environ-
ment, such as bacterial exposure. Further, the data suggest
that there is active communication between the epithelium
and the myeloid compartment in the response to infection. In
all, it seems that defective Cftr impacts not just the epithelium
but also the mechanisms of communication between innate
and adaptive immune response. The data presented here im-
ply that therapeutic intervention for CF at the myeloid level
may have significant impact on immunity by itself but may also
provide a strategy to augment current epithelial-targeted thera-
pies.
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