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a b s t r a c t 

Macrophages represent prominent immune orchestrators of cystic fibrosis (CF) inflammation and, as such, 

are an ever-increasing focus of CF research with several reports of intrinsic immune dysfunction related 

to loss of CFTR activity in macrophages themselves. Animal models of CF have contributed, in no small 

part, to a deepening of our understanding of the pathophysiology of the disease and towards therapeutic 

development. A commonly-used animal model in CF research is the Cftr tm1Unc Tg(FABP-hCFTR) mouse, 

which displays gut-specific expression of a human CFTR transgene in order to rescue the high rate of early 

mortality in Cftr -null mice associated with severe intestinal obstruction. We find significant variation in 

the response to inflammatory challenge of patient macrophages and cells derived from the Cftr tm1Unc 

Tg(FABP-hCFTR) mouse and show that macrophages derived from this mouse exhibit aberrant expression 

of human CFTR . This may contribute to the absence of inflammatory changes in this model. 

© 2021 The Authors. Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Chronic airway inflammation underpins the progression of CF 

ung disease and is consequently a major focus of CF research and 

n important therapeutic target. There is ample evidence of dys- 

egulated inflammatory pathways in immune cells derived from 

eople with CF and the observation of functional CFTR expression 

n non-epithelial cells has uncovered a direct role for the basic de- 

ect in immune cell dysfunction in CF, particularly in monocytes 

nd macrophages [1–3] . Rollout of disease-modifying CFTR mod- 

lators to the vast majority of people with CF may now place 

urther emphasis on animal models to provide a means of in- 

estigating baseline differences in uncorrected, CFTR-deficient im- 

une cells with the aim of developing novel strategies to combat 

hronic inflammation alongside modulator therapies and the stan- 

ard treatment regimen [4] . Identification of the CFTR gene in the 

980s allowed for the generation of animal models and heralded 

 new wave of CF in vivo research which has helped considerably 

o inform a greater understanding of the pathophysiology of the 

isease. The mouse is the most commonly used model of CF and 

as many advantages, not least the ease of husbandry and low- 

ost relative to larger animals which are more anatomically ho- 

ologous to humans (e.g. pig and ferret). However, CF mice fail to 

xhibit several of the most prominent hallmarks of human disease 
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and lack a pro-inflammatory phenotype, Journal of Cystic Fibrosis, http
nd do not develop mucus obstruction and spontaneous lung dis- 

ase to anywhere near the same extent as humans with CF [ 5 –7 ].

n addition, complete knockout of Cftr leads to high rates of early 

ortality in these models due to severe intestinal obstruction [8] . 

ne CF mouse model designed specifically to offset this issue is 

he Cftr tm1Unc Tg(FABP-hCFTR) mouse which displays gut-specific 

xpression of a human CFTR transgene, driven by the intestinal 

atty acid-binding protein 2 (FABP2) promoter [9] . This allows for 

urvival to maturity with correction of the CF phenotype restricted 

argely to the gut and this model is subsequently in widespread 

se in studying the effects of CFTR loss on other systems [ 10 –14 ]. 

Here, we show that bone-marrow derived macrophages 

BMDMs) from the Cftr tm1Unc Tg(FABP-hCFTR) mouse display 

ignificant differences to patient-derived monocyte-derived 

acrophages (MDMs) in response to inflammatory challenge. 

e then demonstrate expression of the human CFTR transgene in 

MDMs from the same mouse model. Together these data suggest 

hat this widely used mouse model has significant limitations in 

he study of CF associated inflammation. 

. Materials and methods 

.1. Mice 

Cftr tm1Unc Tg(FABP-hCFTR)1Jaw/J were purchased from Jackson 

aboratory and then backcrossed for 10 generations onto C57BL/6 J 

ice. Male homozygotes were bred with female heterozygotes due 
ibrosis Society. This is an open access article under the CC BY license 
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o poor fertility in the female homozygotes, with genotyping car- 

ied out at birth to determine deletion of murine Cftr , and the 

resence of the human transgene. The mice harbour the FABP- 

CFTR transgene with inserted rat fatty acid-binding protein 2 

FABP2) promoter directing expression of human CFTR allowing for 

igh expression of the transgene throughout the small intestine 

9] . Mouse breeding and experimental work was carried out in 

ccordance with the Animal (Scientific Procedures) Act 1986, PPL 

umber 70/8884, and under the supervision of the University of 

dinburgh Ethical Review Committee. All researchers were accred- 

ted by the Home Office, UK. 

.2. Macrophage culture and treatment 

Bone marrow-derived macrophages (BMDMs) were obtained 

y flushing bone marrow from femurs and tibias and plated at 

 × 10 6 per well in 6-well plates for 7 days in Dulbecco’s Mod- 

fied Eagle Medium (DMEM) + glutMAX (Thermo Fisher Scientific) 

upplemented with 10% heat-inactivated foetal calf serum (HI-FCS), 

% penicillin/streptomycin (P/S), 1% l -glutamine (all Thermo Fisher 

cientific) and 20% M-CSF-containing L929 medium to induce 

acrophage differentiation. After 7 days, BMDMs were detached 

sing ice-cold cation-free Dulbecco’s phosphate buffered saline 

DPBS −/ −) (Thermo Fisher Scientific) + 1% BSA (Sigma) + 3 mM 

DTA (Thermo Fisher Scientific), counted and plated overnight at 

.25 × 10 6 /well on a 48-well culture plate. 

Peripheral blood was collected from clinically stable patients 

no intravenous antibiotics required in the 2 weeks previous to 

ample collection) with CF attending the Scottish National CF 

ervice at the Edinburgh Western General Hospital. Lung trans- 

lant recipients were excluded. Written consent was given by pa- 

ients and the study was approved by the East of Scotland Re- 

earch Ethics Committee (15/ES/0094). All individuals recruited 

ad at least one copy of the �F508 mutation with another 

isease-causing mutation (four �F508/ �F508 homozygous, one 

F508/1717 + 1G > A, one �F508/D1152H, �F508/G542X and one 

F508/Q493X). Peripheral blood was also collected from age- and 

ex-matched healthy adult human volunteers under Ethical Review 

AMREC Reference number 15-HV-013) under the project num- 

er CIRBRP009; this included written informed consent. Periph- 

ral blood mononuclear cells (PBMCs) were isolated by Percoll (GE 

ealthcare) density gradient centrifugation [15] . Monocytes were 

solated from the PBMCs by pan monocyte negative selection us- 

ng MACS cell separation, according to manufacturer’s instructions 

Miltenyi Biotec). Isolated monocytes were plated at 0.8 × 10 6 /well 

nto 24-well tissue culture plates (Sigma-Aldrich) and cultured in 

scove’s Modified Dulbecco’s Medium (IMDM) supplemented with 

0% HI-FCS, 1% P/S, 1% l -glutamine, and 100 ng/ml human recom- 

inant macrophage colony-stimulating factor (M-CSF; PeproTech) 

or 7 days to induce differentiation. 

Lipopolysaccharide (LPS) challenge of human or mouse 

acrophages was carried out with 100 ng/ml Pseudomonas 

eruginosa 10 LPS (Sigma-Aldrich) for the relevant time points. 

.3. Inflammatory gene expression and cytokine secretion analysis 

RNA extraction from cell lysates was performed using the 

Neasy Mini Kit (Qiagen) with on-column DNase I digestion also 

arried out before final elution using the RNase-Free DNase Set 

Qiagen), both as per manufacturer’s instructions. cDNA was syn- 

hesised using a master mix containing reverse transcriptase and 

ther reagents from the High-Capacity cDNA Reverse Transcription 

it (Thermo Fisher Scientific) as well as RNase Inhibitor (Thermo 

isher Scientific), according to manufacturer’s instructions. 

Quantitative real time PCR (qRT-PCR) was carried out on 

tepOnePlus TM Real-Time PCR System (Applied Biosystems) us- 
2 
ng SYBR green to assess for expression of various macrophage- 

ssociated inflammatory genes. C T values were obtained for each 

ample and expression fold change was measured using the 

 

−��Ct method with normalisation against 18S rRNA. 

Supernatants of murine BMDM cultures were collected and as- 

ayed for levels of several inflammatory cytokines and chemokines 

sing the LEGENDPlex TM Mouse Inflammation Panel cytokine bead 

rray kit, as per manufacturer’s instruction (BioLegend). Human 

NF- α secretion in MDM supernatants was measured by ELISA 

R&D Systems). 

.4. CFTR/CFTR gene and protein expression analysis 

Prescence of CFTR mRNA was confirmed using gel electrophore- 

is and cDNA obtained from fully differentiated BMDMs, with 

DNA from human bronchial epithelial cell line, 16HBE, used 

or human control. Sequence homology prevented design of hu- 

an CFTR-specific primers and so cross-species CFTR specific 

rimers (mouse Cftr/ human CFTR: (5 ′ −3 ′ ) Forward – GGAGAGCAT- 

CCAGCAGTGACT; Reverse - TTCCAAGGAGCCACAGCACAAC) were 

sed in combination with mouse CFTR specific primers (mouse 

ftr : (5 ′ −3 ′ ) Forward – CCATCAGCAAGCTGAAAGCAGG; Reverse - 

TAGGGTTGTAATGCCGAGACG). SYBR green qRT-PCR was carried 

ut to quantify CFTR mRNA abundance between samples. 

BMDMs were derived for protein analysis from femurs of mice 

 Cftr tm1Unc Tg(FABP-hCFTR and WT littermate) obtained from col- 

aborators at Imperial College London. BMDMs were culture for 7 

ays, as before, and lysed on ice using RIPA buffer (Thermo Fisher 

cientific) supplemented with cOmplete TM Protease Inhibitor Cock- 

ail (Roche). SDS polyacrylamide gel electrophoresis was carried 

ut using precast 4–12% Bis-Tris gels and MOPS SDS running buffer 

or 90 min at 100 V. Proteins were transferred to a PVDF mem- 

rane and blocked for 1 h with TBST + 5% milk before being incu- 

ated with anti-CFTR primary antibody (1:10 0 0; CF3; Novus Bio- 

ogicals) or anti β-Actin primary antibody (1:20 0 0; C4; Santa Cruz 

iotechnology) overnight at 4 °C. HRP-linked goat anti-mouse sec- 

ndary antibody (1:50 0 0; Jackson ImmunoResearch) was then in- 

ubated with the membrane for 1 hour before exposure to chemi- 

uminescence substrate (Thermo Fisher Scientific) was added to the 

embranes for 1 min before detection of chemiluminescence on 

-ray film. 

. Results 

.1. Major disparities exist in the proinflammatory response of 

uman and mouse CF macrophages to LPS challenge 

Analysis of cytokine secretion by mouse BMDMs at 6 and 24 h 

ollowing treatment with P. aeruginosa LPS found no significant dif- 

erences in release of several key inflammatory cytokines with the 

xception of TNF- α, secretion of which by CF macrophages was 

ignificantly reduced compared to wild-type (WT) ( Fig. 1 A). There 

ere no significant differences in expression of several murine 

ene markers of macrophage polarisation between LPS-activated 

T and CF BMDMs ( Fig. 1 B). The activated immune phenotype 

f the CF BMDMs was then compared to patient MDMs, subjected 

o the same LPS challenge. Expression of proinflammatory Il1 β , as 

easured by qRT-PCR, remained highly upregulated after 24 stim- 

lation with LPS compared to untreated controls but there was 

o significant difference in the magnitude of this upregulation be- 

ween CF and WT BMDMs, however, expression of the human or- 

hologue was significantly elevated in patient MDMs at the same 

ime point relative to non-CF controls ( Fig. 1 C). Furthermore, whilst 

ecretion of TNF- α was upregulated in LPS-treated CF MDMs at 

4 h, release of the equivalent cytokine in mice was significantly 

lunted in activated CF BMDMs compared to WT ( Fig. 1 D). 
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Fig 1. Inflammatory Phenotype in Human CF MDMs is not replicated in Macrophages Derived from Cftr tm1Unc Tg(FABPhCFTR) Mouse. A. Secretion of various inflammatory 

cytokines in supernatants of WT or CF BMDMs following activation with 100 ng/ml LPS for 6 and 24 h ( n = 5 WT and 4 CF). B. Expression of gene markers of macrophage 

polarisation (Classical/M1 – Il1 β , Nos2 , Irf5 . Alternatively-activated/M2 – Mrc1 ) by CF BMDMs compared to WT at 24 h with or without LPS treatment ( n = 4 WT and 4 CF). 

C. Comparison of human IL1 β expression by CF and non-CF human MDMs at 24 h post LPS with murine Il1 β expression by CF and WT BMDMs at the same time point 

following the same stimulation (Human n = 6 nonCF and 8 CF). D. Supernatant levels of human TNF- α produced by human MDMs and murine TNF- α by mouse BMDMs at 

24 h post Pseudomonas LPS (Human n = 6 non-CF and 8 CF). ∗ = P ≤ 0.05, ∗∗ = P ≤ 0.01. Obtained via 2-way ANOVA with Tukey’s multiple comparison post-hoc test. Data 

are presented as mean ± SEM. 
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.2. BMDMs derived from Cftr tm1unc tg(fabp-hcftr) mouse express 

uman cftr transgene and cftr protein 

Given that mouse BMDMs failed to display a clear functional 

nflammatory defect, of the nature associated with CFTR defi- 

iency in human cells, the expression of both Cftr and the human 

FTR transgene were assessed. The presence of human CFTR mRNA 

n murine CF ( Cftr tm1Unc Tg(FABP-hCFTR)) BMDMs was confirmed 

y gel electrophoresis following PCR using mouse/human CFTR 

rimers in combination with mouse Cftr -specific primers. This 

howed that, as expected, WT macrophages express only murine 

ftr and human bronchial epithelial cells (16HBEs) express only 

he human gene. In contrast, BMDMs derived from the Cftr tm1Unc 

g(FABP-hCFTR) mouse express no murine Cftr (as expected due 

o the Cftr deletion) but do display expression of the CFTR trans- 

ene ( Fig. 2 A). This was further underlined by quantitative analy- 

is of gene expression by qRT-PCR, showing levels of human CFTR 

xpression in Cftr tm1Unc Tg(FABP-hCFTR) BMDM that were compa- 

able to Cftr expression in WT mice ( Fig. 2 B). Femurs were then

btained from Cftr tm1Unc Tg(FABP-hCFTR) mice from a separate insti- 

ution (Imperial College London) and utilised to generate BMDMs, 

s before. Western blot analysis confirmed expression of CFTR pro- 

c

3 
ein in BMDMs from the CF mice, as well as in WT littermates and 

6HBEs ( Fig. 2 C). 

. Discussion 

This study underlines key differences in the inflamma- 

ory response between macrophages from people with CF and 

acrophages from a commonly used murine model of CF. In- 

ammation is a cornerstone of CF lung disease and investiga- 

ion of immune cell dysfunction in CF is now a central aspect of 

F research with the aim of identifying novel ways to dampen 

hronic inflammation therapeutically and slow lung function de- 

line. Macrophages represent one major target of such investiga- 

ions and have been shown to display intrinsic, CFTR-dependent 

mmune dysregulation in CF that likely contributes to exacerba- 

ion of the chronic inflammatory landscape [16] . This phenotype 

as been shown in various models of CF including in the CFTR −/- 

ig and in mice using myeloid-specific deletion of Cftr , whether 

hrough use of bone marrow chimeras or LysMCre conditional 

odels, demonstrating a role for CFTR-deficient macrophages in 

he aggravation of airway inflammation and thwarting of effec- 

ive resolution in such mice following inflammatory or infectious 

hallenge [17–19] . Animal models of CF that are easy to breed 
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Fig 2. Aberrant Expression of Human CFTR Transgene in BMDMs Derived from Cftr tm1Unc Tg(FABP-hCFTR) Mouse. A. Qualitative analysis by PCR gel electrophoresis of CFTR 

gene expression in WT and CF BMDMs and human bronchial epithelial cell line, 16HBEs. mCftr denotes mouse Cftr-specific transcript amplification whereas m/hCFTR primers 

bind both human and mouse CFTR. B. Quantitative measurement of CFTR expression in CF BMDMs by qRT-PCR. Data are presented as mean ± SEM. C. The presence of CFTR 

protein in lysates from BMDMs derived from Cftrtm1Unc Tg(FABP-hCFTR) mice or WT littermates and from 16HBEs was detected by western blot. β-Actin protein detection 

is shown as loading control. 
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nd analogous, in key aspects of disease manifestation, to people 

ith CF are highly important to the field CF research. The mouse 

s the most commonly used model, with the Cftr tm1Unc Tg(FABP- 

CFTR) gut-correction model in widespread use. Here, we show 

hat BMDMs derived from the Cftr tm1Unc Tg(FABP-hCFTR) mouse 

o not display a hyperinflammatory response to activation and, 

s such, fail to replicate a key aspect of human CF macrophage 

ysfunction. Heightened proinflammatory cytokine secretion in CF 

MDMs in response to LPS has been reported in other CF mice in- 

luding CFTR-nulls and models generated to mimic known clinical 

utations (e.g. �F508, G551D) [ 18 , 20 ]. Following on from this, we

nd that macrophages derived from the Cftr tm1Unc Tg(FABP-hCFTR) 

ouse display aberrant expression of the human CFTR transgene, 

hich may underpin the absence of this CF-associated inflamma- 

ory phenotype. This is consistent with a previous report of hu- 

an CFTR expression in alveolar macrophages derived from the 

ame mouse, even in those that had been newly purchased prior 

o generations of inbreeding and the potential for genetic drift that 

ccompanies that [21] . We also obtained bones from mice of the 
4 
ame model from a different institution and generated BMDMs as 

efore, to find CFTR protein expression in macrophages derived 

rom the CF mouse as well as WT littermates, therefore allow- 

ng us to conclude that this ectopic expression is likely present 

n all animals generated using this model, and was not simply 

 spontaneous, isolated occurrence. Furthermore, the observation 

hat expression of human CFTR transgene in these BMDMs actu- 

lly reduces the TNF response to LPS suggests that the presence 

f human WT CFTR may actually be anti-inflammatory in these 

ells. Highlighting this phenotype in BMDMs is particularly rele- 

ant to CF research, given that lineage-tracing studies have shown 

ignificant replenishment, or even complete replacement, of tissue- 

esident alveolar macrophages with blood-derived macrophages in 

he lung following infection or chronic inflammation [22–25] . Con- 

equently, it stands to reason that, in the context of severe CF lung 

isease, blood-derived macrophages likely become the predomi- 

ant macrophage population responsible for mediating proper pul- 

onary resolution and repair. This has important implications for 

se of the Cftr tm1Unc Tg(FABP-hCFTR) model. A better understand- 
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[

ng of aberrant transgene expression in this mouse may also go 

ome way to explaining certain anomalies in our understanding of 

acrophage function in CF more generally. Notably, the use of the 

ut-corrected Tg(FABP-hCFTR) CF mouse to propose Cftr -dependent 

egulation of phagosomal acidification as a key mechanism behind 

efective intracellular bacterial killing in CF macrophages was a 

ajor finding in the field, but spawned much controversy and has 

ltimately not proven reproducible despite the use of more ac- 

urate ratiometric methods with greater pH sensitivity than the 

uorescein-based techniques employed in the original study [26–

8] . One explanation for this ectopic transgene expression may 

e that murine macrophages express Fabp2 . Although further in- 

estigation of this would be necessary for mechanistic confirma- 

ion, it is worth noting that expression of other FABPs has been 

hown previously in macrophages [29] . These findings suggest that, 

hilst the Cftr tm1Unc Tg(FABP-hCFTR) mouse serves as a useful 

odel of human disease and allows for drastically improved ease 

f husbandry relative the complete knockouts; other strains of CF 

ouse, such as ones harbouring human disease-specific mutations, 

hould be considered for the study of myeloid cell dysfunction 

n CF. 
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