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Abstract 

Cystic fibrosis (CF) is a genetic disorder characterized by progressive lung disease and extra-pulmonary manifesta-
tions with notable sex disparities in disease outcomes. In this review we summarize the underlying mechanisms 
driving this sex disparity, with a particular focus on the role of sex hormones on CF lung disease pathophysiology. 
We explore how the introduction of highly effective modulator therapies (HEMT) may impact sex differences in out-
comes and assess whether they have the potential to close the sex gap. While treatment with HEMT has led to bet-
ter outcomes in the CF population as a whole, females with CF continue to experience worse pulmonary morbidity 
than males. There is a need for continued research in this area, particularly into the influence and therapeutic poten-
tial of sex hormones.
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Introduction
Cystic fibrosis (CF) is an autosomal recessive disease 
caused by genetic defects in cystic fibrosis transmem-
brane conductance regulator (CFTR) protein causing 
impaired chloride   (Cl-1)  transport across surface epi-
thelium [1]. CF affects all exocrine organs, but most of 
the morbidity and mortality is related to lung disease. 
Despite equal prevalence, female people with CF (PWCF) 
have worse clinical outcomes [2, 3]. This phenomenon 
was first described in the 1990s by Rosenfeld et  al. [4] 
and despite unprecedented improvements in overall life 
expectancy for PWCF, females continue to die younger 
than their male counterparts [5]. In addition to risk fac-
tors such as low socioeconomic status, poor nutrition 
and acquisition of CF-comorbidities including CF related 

diabetes (CFRD) and liver disease, female sex is an inde-
pendent risk factor for death [2, 3]. Over the last decade 
the treatment of CF has been revolutionized by the intro-
duction of small molecule drugs targeting the basic pro-
tein defect termed CFTR modulators. Despite the success 
of these therapies, their impact on the sex disparity in CF 
remains unclear and the mechanisms underpinning this 
dichotomy are likely multifactorial. In this review we will 
summarize the underlying biological mechanisms driv-
ing the sex differences, with a particular focus on the role 
of sex hormones in CF lung disease pathophysiology. We 
will then explore the potential impact highly effective 
modulator therapies (HEMT) may have in closing the 
gap, highlighting key areas of further research including 
additional therapeutic targets.

Proposed mechanisms for sex disparity in outcomes in CF
To gain further understanding of the observed sex dis-
parity in CF, a variety of mechanisms have been proposed 
and explored. The sex dichotomy likely results from a 
complex interplay of biological mechanisms related to 
sex assigned at birth, and societal and behavioral fac-
tors related to gender. The contribution of psychosocial 
factors has been reviewed in detail elsewhere [6–8]. In 
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this review we will only discuss hypothesized biological 
mechanisms such as differences in CF related co-mor-
bidities, anatomy, microbial acquisition and immune 
response, with a particular focus on the role of endog-
enous sex hormones (Table 1).

Cystic fibrosis related diabetes (CFRD) is a distinct 
subtype of diabetes mellitus resulting from a combina-
tion of defective CFTR protein in pancreatic epithelial 
cells causing pancreatic exocrine and beta islet cell dam-
age [9], intra-islet inflammation, and dysregulation of the 
incretin hormonal axis [10]. Insulin insufficiency induces 
a catabolic state, causing protein and muscle breakdown, 
resulting in a reduced body mass index (BMI) [11]. CFRD 
is more common in female PWCF and associated with a 
more severe decline in lung function and greater mortal-
ity than in male PWCF who develop CFRD [12–14]. This 
sex difference in clinical outcomes in PWCF and CFRD 
was first highlighted by Milla et al., who identified worse 
survival in females with CFRD. This group postulated 
that this sex difference may be the result of an interaction 
between female sex hormones and diabetes promoting a 
proinflammatory state [12]. Interestingly, in a later study 
by this group, the sex difference had disappeared, felt to 
be a result of improved diagnosis and more aggressive 
treatment [15]. In more recent work, including a 2015 
study by Stephenson et al. using the Canadian CF regis-
try, an incidence of CFRD of 30% in females versus 17% 
in males was reported, with a hazard ratio for death of 
1.28 in females with CFRD [14]. Thus, further support-
ing the CFRD-sex interaction. This highlights the impor-
tance of research in this area to address conflicting data 
and to investigate potential mechanisms including the 

hypothesized impact of sex hormones. The  treatment 
goals for CFRD focus on managing postprandial hyper-
glycemia, preventing calorie loss, and maintaining body 
mass [16], as poor nutrition and low BMI are linked to 
reduced lung function and higher mortality in CF [17, 
18]. Historically, female PWCF had lower BMIs than 
male PWCF or non-CF females [19]. However, CF reg-
istry data over the last several years has demonstrated 
improving BMI percentiles in both sexes, with over-
weight and obesity emerging as problems in CF. This is an 
issue that predates the introduction of HEMT [20–22].

There are also morphometric differences between the 
sexes which have functional and clinical implications. For 
example, females have fewer bronchioles, smaller airway 
diameter and smaller lung volumes priming them to be 
more susceptible to airflow limitation [23, 24]. Further-
more, geometric factors such as sharp airway branch 
points or branch patterns such as bifurcations in females 
could contribute to impaired mucociliary clearance in CF 
with the potential to increase susceptibility to pulmonary 
infections [25]. This is a general mechanism implicated 
in the sex disparity seen in other chronic lung diseases 
such as asthma and chronic obstructive lung disease and 
a direct association with worse pulmonary outcomes for 
female PWCF has not been studied.

Pulmonary exacerbations (PEx) represent important 
clinical events in the lives of PWCF due to the associ-
ated impact on quality of life, lung disease progres-
sion and increased mortality [26–28]. Female PWCF 
have been shown to experience more frequent PEx than 
males and have worse associated clinical outcomes [17, 
29–31]. Following a PEx, female PWCF require longer 

Table 1 Summary of proposed biological mechanisms for the sex disparity in CF outcomes

Mechanism (references)

Anatomical - Reduced airway diameter and lung volumes in females [23, 24]
- Sharp airway branch points and airway bifurcations in females [25]

Genetic - Sex-biased expression of genes related to CFTR and inflammation [35]
- Increased immunity genes on X chromosome [37]

Microbiology - Earlier acquisition of common CF pathogens in females [17, 32, 33]
- Earlier acquisition of P.aeruginosa [17, 32, 33]
- Female PWCF have more frequent PEx than males [17, 29–31]

CFRD - CFRD more common among females [12–14]
- Associated with greater decline in lung function and mortality in female PWCF [12–14]
- Insulin insufficiency induces catabolic state leading to low BMI [11]

Sex hormone related - Estrogen alters ion transport across the epithelium via inhibition of CaCC mediated 
 Cl- secretion [43], reduced CFTR expression [44] and increased ENaC expression at apical 
cell membranes [46]
- Estrogen increases mucin production (MUC5B) [48]
- Progesterone reduces ciliary beat frequency [47]
- Estrogen induces mucoid conversion of P.aeruginosa [32, 34]
- Estrogen inhibits lactoferrin, supporting biofilm development. [52, 53]
- Estrogen promotes P.aeruginosa motility, adherence and secretion of pyocyanin [49, 
54]
- Estrogen reduces neutrophil chemotaxis via downregulation of IL-8 [61]
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duration and more complex treatment regimens com-
pared to males and are less likely to recover lung func-
tion to their pre-exacerbation baseline [17, 29–31]. This 
may in part be explained by the earlier acquisition of 
pathogens in female PWCF, including Pseudomonas aer-
uginosa (P.aeruginosa), Methicillin-resistant Staphylococ-
cus aureus (MRSA), Hemophilus influenza (H.Influenza), 
Achromobacter xylosoxidans (A.xylosxidans), Aspergil-
lus species and non-tuberculous mycobacterium (NTM) 
[17, 32, 33]. The earlier colonization with P.aeruginosa is 
of particular importance, as female PWCF also demon-
strate earlier conversion to a more virulent mucoid phe-
notype of P.aeruginosa which in turn is associated with 
an increased rate of lung function decline and increased 
morbidity [32, 34].

These mechanisms do not fully explain the sex dif-
ferences in outcomes in CF. This was highlighted by 
Harness-Brumley et  al. in a large registry study, which 
demonstrated female sex remained an independent risk 
factor for death despite accounting for variables such as 
CFRD and infection with common CF pathogens [17]. In 
attempt to investigate sex specific differences at a molec-
ular level, a 2023 study by Gartner et al., analyzed RNA 
sequencing data from whole blood of PWCF. They iden-
tified a CF-specific sex-bias in the expression of number 
of genes involved in pathways related to CF pathology 
[35]. They propose higher expression of genes, such as 
CFTR and epidermal growth factor receptor (EGFR) as a 
mechanism which may confer male advantage in CF and 
in the case of CFTR, may allow for some compensation 
for protein mutations. Given that loss of normal CFTR 
activity has been shown to increase airway epithelial 
interleukin (IL)-8 production via activation of the pro-
inflammatory EGFR cascade [36], male-biased expres-
sion of such genes may result in less IL-8 production and 
less inflammation. They also identified sex differences in 
genes involved in the proinflammatory IL-17 pathway 
and the cAMP pathway which affects ciliary beat fre-
quency [35]. These results are limited by low numbers 
but should prompt further research, potentially leading 
to targets for sex specific therapies. Additionally, female 
PWCF have a greater number of immunity genes on the 
X chromosome promoting pro-inflammatory responses. 
This may be protective in acute infection but could be a 
disadvantage in chronic infection leading to persistent 
airway inflammation [37].

Clinically, the emergence of sex differences in out-
comes occurs post-puberty where female PWCF 
experience greater exacerbation rates than males, 
despite having similar rates pre-puberty [33]. This has 
prompted researchers to explore the mechanistic role 
of sex hormones in the sex disparity seen in CF. We will 
explore further in the next section how sex hormones, 

particularly estrogen, have been shown to play a signifi-
cant role in CF lung disease pathophysiology, and as such 
provide a plausible mechanism for the observed disparity 
via their impact on pulmonary outcomes.

Influence of sex hormones on CF lung disease 
pathophysiology and pulmonary outcomes in PWCF
The primary female hormones are estrogen (active form 
17β-estradiol) and progesterone, while male hormones 
are androgens, which include testosterone, dehydroepi-
androsterone (DHEA), and dehydroepiandrosterone- sul-
phate (DHEA-S). Sex hormones play a key role from early 
on in fetal lung development, with the placenta produc-
ing estrogen and the fetal testes secreting testosterone. 
These hormones continue to affect respiratory function 
throughout life and influence many chronic respiratory 
diseases, including CF [38].

The effects of sex hormones are mediated via their 
receptors. Estrogen receptor 1 (ESR1) and Estrogen 
receptor 2 (ESR2) are ligand-activated transcription fac-
tors, meaning they bind to estrogen and then move to the 
cell nucleus to regulate the expression of genes involved 
in cell cycle regulation and inflammation, while G pro-
tein-couple estrogen receptor (GPER) is a 7 transmem-
brane G protein-coupled receptor which interacts with 
EGFR and affects cell signaling pathways [35]. Both ESR1 
and ESR2 are expressed in normal lung tissue but ESR1 
and its gene targets have been shown to be upregulated 
in PWCF compared to non-CF controls [39].

In CF, defective CFTR results in loss of normal anion 
transport across epithelial surfaces resulting in thick 
mucus accumulation. CF lung disease is characterized 
by a vicious cycle of impaired mucociliary clearance and 
mucus plugging with recurrent infection and sustained 
excessive inflammation [40]. Sex hormones have been 
shown to negatively influence factors that play a direct 
role in CF lung disease, including airway surface liquid 
(ASL) dynamics and mucociliary clearance, airway infec-
tion and immune response (Fig. 1).

Impact of sex hormones on ASL dynamics and mucociliary 
clearance in CF
ASL is a protective aqueous film covering the airway 
epithelial cell surfaces which is maintained at an opti-
mum height of 7–10 μm in normal healthy lungs [41]. 
Its main functions are as a barrier defense against 
inhaled pathogens and to facilitate ciliary beating 
[42]. ASL hydration relies on transepithelial  Cl- secre-
tion, sodium (Na +) absorption and subsequent move-
ment of water by osmosis. ASL height is reduced 
in the CF airway and is further reduced by estro-
gen effects on ion channels located on the apical and 
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basolateral cell membranes. Estrogen lowers intracel-
lular calcium (Ca2 +) levels by inhibiting UTP-sensitive 
Ca2 + entry into the cell thereby reducing calcium-
activated  Cl- secretion directly via calcium activated 
 Cl--channel (CaCC) and indirectly via calcium-depend-
ent K + -channels [43]. Estrogen also inhibits CFTR 
 Cl- secretion both directly by reducing CFTR expres-
sion [44] and indirectly by inhibiting cAMP depend-
ent K + channels [45]. Additionally, estrogen promotes 
Na + absorption via EGFR transactivation and PKCδ-
mediated ENaC insertion leading to increased Na + and 
water absorption and airway surface dehydration [46]. 
The cumulative effect being decreased ASL height and 
increased mucus viscosity with resultant impaired 
mucociliary clearance. While less studied, the pro-
gesterone receptor (PR) has been shown to localise to 
motile cilia of airway epithelia, and progesterone to 
inhibit ciliary beat frequency [47]. Interestingly, this 
effect was blocked by concurrent exposure to estrogen 
suggesting that the relative balance of sex hormones 
could influence airway epithelial function [47]. In addi-
tion to female sex hormones impairing mucus clear-
ance, estrogen binding to ESR1 in airway epithelial 
cells increases mucin (via upregulated MUC5B expres-
sion) production from the submucosal glands [48]. The 
combination of suboptimal mucociliary clearance and 
hypersecretion of mucus results in mucus plugging in 

CF airways, predisposing to recurrent infection and 
inflammation.

Impact of sex hormones on airway infection in CF
Bacterial colonisation and infection leading to PEx are 
a major complication of CF lung disease. As previously 
mentioned, female PWCF become colonised with airway 
bacteria earlier and have increased rates of PEx [17, 32, 
33]. P. aeruginosa is an opportunistic pathogen, known 
to employ numerous virulence factors to promote its 
persistence in the CF airway. The microenvironment of 
CF lungs can induce non-mucoid P.aeruginosa to pro-
duce alginate, converting it the more virulent mucoid 
form, which is associated with accelerated lung func-
tion decline and increased morbidity [32, 34]. The MucA 
gene is a key regulator of alginate biosynthesis and when 
mutated by exposure to hydrogen peroxide permits 
mucoid conversion [34]. Female PWCF acquire both 
non-mucoid and mucoid P. Aeruginosa younger than 
males [32, 49, 50] which is likely explained by the pres-
ence of a steroid binding protein present in P. aeruginosa 
which has a higher affinity for estrogen than other ster-
oid hormones [51]. When studied by Chotirmall et  al., 
estrogen and not testosterone, was found to drive mucoid 
conversion in P. aeruginosa through alginate production 
and selection of MucA mutations, facilitated by estro-
gen-induced hydrogen peroxide production [34]. P. aer-
uginosa further evades host defenses and antibiotics by 
forming a biofilm which provides an extracellular matrix 

Fig. 1 Effects of estrogen on CF lung pathophysiology
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that enhances pathogen adherence. Estrogen has been 
shown to support biofilm development through its effects 
on alginate and inhibition of lactoferrin (LTF), an antimi-
crobial peptide [52, 53]. Tyrell et al. investigated the effect 
of estrogen on a number of known P.aeruginosa virulence 
factors and found that estrogen induced bacterial motility 
observed as swarming and twitching, adherence to bron-
chial epithelial cells and secretion of pyocyanin, a potent 
toxin with downstream immunomodulatory effects [49, 
54]. This ability of estrogen to modify bacterial behavior 
selects for a more virulent, difficult to treat form, which 
may contribute to lung disease progression and mortality 
in female PWCF (Fig. 1).

Impact of sex hormones on airway inflammation 
and immune response in CF
Estrogen receptors are expressed by numerous immune 
system cell types, including T-cells, B-cells, dendritic 
cells, macrophages, neutrophils and natural killer cells 
[55]. As such, estrogen plays a complex immunomodu-
latory role, suppressing inflammation in some situa-
tions while enhancing it in others. T-cells form part of 
the adaptive immune response and are responsible for 
recognizing and responding to pathogens. Females have 
greater T-cell numbers than males [56]. Interestingly, 
regulatory T-cell numbers increase during the follicular 
phase (estrogen high) of the menstrual cycle before fall-
ing in the luteal phase (estrogen low), indicating that 
immune responses may vary in accordance with the 
menstrual cycle [57]. Estrogen inhibits the expression 
of CD16 on monocytes and macrophages, leading to a 
decrease in the production of proinflammatory cytokines 
IL-1β, IL-6, and tumour necrosis factor (TNF), as well as 
reduced bacterial killing [58]. The net effect of androgens 
on adaptive immune function is suppressive with less T- 
and B-cell proliferation [59]. Testosterone suppresses the 
innate immune response by suppressing expression of 
Toll-like receptor 4 by macrophages and monocytes [60].

Clearly the effects of sex hormones on different 
immune cells has implications on disease outcomes for 
both sexes. In CF, estrogen downregulates the innate 
immune response via inhibition IL-8 which is responsi-
ble for neutrophil chemotaxis. It does this via increased 
expression of secretory leukocyte protease inhibitor 
(SLPI) in bronchial epithelial cells resulting in the down-
regulation of IL-8 production via the Toll-like receptor 
(TLR)–nuclear factor-κB (NF- κB) signaling pathway 
[61] (Fig. 1). In addition to reduced neutrophil chemot-
axis, estrogen can also impair neutrophil mediated bacte-
rial killing. Wang et  al. described this in a P.aeruginosa 
infected CF mouse model. They reported elevated lev-
els of IL-17 and IL-23, indicative of neutrophil oxida-
tive burst, but an overall increased bacterial burden 

compared to controls [52]. This suggests increased host 
inflammation without effective bacterial clearance with a 
presumed net effect of increased lung injury.

Impact of sex hormone variation on pulmonary outcomes 
in CF
The direct relationship between sex hormones and 
pulmonary function remains unknown but evidence 
suggests variability in lung function throughout the men-
strual cycle [62]. Studies have shown a higher percent-
age predicted forced expiratory volume in one second 
(ppFEV1) during the luteal phase compared to during 
ovulation [63]. PEx are more frequent during high estro-
gen states with the majority occurring during the fol-
licular phase of the menstrual cycle [34]. In addition, 
post-pubescent female PWCF experience greater exac-
erbation rates than male PWCF, with a trend towards a 
greater rate of lung function decline [33].

Given the apparent adverse effects of estrogen surges 
on airway inflammation and infection in CF, it might be 
reasonable to hypothesize that altering the physiological 
rise and fall of estrogen and progesterone with a hormone 
based oral contraceptive pill (OCP) would have a positive 
effect on clinical outcomes. In fact, the evidence for this 
is conflicting. A small prospective study comparing ovu-
lation phase ppFEV1 pre and post OCP demonstrated 
an improvement in ppFEV1 of 2.5% after commencing 
the OCP and a significant reduction in sputum bacterial 
load and inflammatory markers once an OCP was initi-
ated [62]. Similarly, a retrospective analysis of adolescent 
females with CF showed that at 18 years old, the ppFEV1s 
in females taking an OCP for three or more years was 
higher than in those who were not taking an OCP (85% 
vs 71%) [64]. They did not find a significant difference 
in the rates of nebulised antibiotic usage or hospitalisa-
tions for PEx between the two groups [64]. A study of the 
Irish CF registry found a statistically meaningful reduc-
tion in antibiotic usage (used a surrogate marker for PEx) 
among females taking an OCP [34]. Conversely, a large 
retrospective analysis of 700 female failed to demonstrate 
statistically significant differences in rates of antibiotic 
usage or FEV1 decline in females taking the OCP [65]. 
These discordant results may in part be due to the array 
of OCP formulations with varying concentrations of sex 
hormones available. There is a need for additional stud-
ies to address this conflicting data, which in addition to 
assessing the potential impact of estrogen, should also 
investigate the impact of progesterone and sex hormone 
level fluctuation on pulmonary outcomes.

Pregnancy is a period where estrogen and pro-
gesterone are both elevated. In relation to impact 
of pregnancy on CF clinical outcomes, studies have 
overall demonstrated no significant difference in lung 
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function decline between pregnant and non-pregnant 
PWCF [66, 67]. Despite demonstrating that pregnancy 
did not impact lung function decline in female PWCF, 
the Epidemiological Study of CF did show increased 
PEx rate, health related visits and intravenous anti-
biotic days in pregnant PWCF versus non-pregnant 
PWCF [68]. This is most likely a consequence of multi-
ple factors including increased frequency of follow-up 
and lower threshold for aggressive treatment for PEx 
in pregnant PWCF. However, it does further support 
the theory that high estrogen states negatively impact 
pulmonary health outcomes in female PWCF.

There is limited information on the natural course 
of the menopause transition for female PWCF, given 
estrogen levels decline it might be assumed clini-
cal outcomes improve. In non-CF postmenopausal 
females,  studies have demonstrated an association 
with a drop in lung function and accelerated rate of 
lung function decline  during the menopause transi-
tion [69, 70]. This may be related to sex hormone fluc-
tuations during the menopause transition, with some 
females experiencing an initial rise in estrogen before 
it declines [71]. A 2023 study in the United States (US) 
surveyed female PWCF across several centres, iden-
tifying 39 perimenopausal or postmenopausal par-
ticipants, 97% of which reported experiencing typical 
menopausal symptoms. Importantly, 30% of partici-
pants reported experiencing worse CF symptoms dur-
ing menopause and 42% in the post-menopause phase. 
Clinical parameters such as lung function or weight 
were not recorded but given the association of meno-
pause onset and CF symptom deterioration there is a 
probable impact of sex hormone variation on pulmo-
nary health outcomes that requires further research.

In summary there is convincing data from in  vitro 
studies that sex hormones influence CF lung disease 
pathophysiology, playing a potential role in the sex 
differences seen in CF. In particular, estrogen driven 
mucous production, diminished ASL height and 
impaired mucociliary clearance are compounded by 
estrogen mediated dysregulated immune response to 
virulent bacterial pathogens. This in turn may lead to 
increased PEx and as such worse outcomes for female 
PWCF (Fig. 1). It is important however to acknowledge 
the conflicting clinical data discussed, highlighting the 
limitations of in  vitro mechanistic studies which may 
not fully reflect the complexity of in  vivo physiology. 
The interplay with other sex hormones including pro-
gesterone requires consideration, in addition to the 
potential contribution of other endocrine and meta-
bolic pathways to the sex disparity in CF outcomes.

Impact of CFTR modulator therapy on sex disparity in CF 
outcomes
The overall survival of PWCF has dramatically increased 
with the regulatory approval of genotype-specific thera-
pies (CFTR modulators), focused on restoring the defec-
tive CFTR protein expression and functionality. The 
CFTR modulators in current use consist of two main 
groups, potentiators, such as Ivacaftor, which improve 
the function of the ion channel at the cellular surface 
and correctors such as Lumacaftor, Tezacaftor and Elex-
acaftor, which improve protein folding and allow traf-
ficking to the cell surface [72, 73]. In 2012, Ivacaftor was 
the first HEMT approved for use in PWCF with a single 
G551D variant [74]. The most recent combination ther-
apy, Elexacaftor/Tezacaftor/Ivacaftor (ETI) is approved 
for PWCF with a at least one copy of F508del [75–77], 
meaning 80% of PWCF in Europe, are now genetically 
eligible for HEMT. ETI has been demonstrated to be 
the most efficacious combination to date with unprec-
edented improvements in sweat chloride concentration 
(41.8 mmol reduction) and clinical predictors of disease 
severity including lung function (ppFEV1 14.3% higher) 
PEx rate (63% lower) and BMI [75–77].

In the era of HEMT, a key question is whether the 
sex disparity in CF outcomes will persist. Interestingly 
the most recent 2023 UK CF registry report demon-
strates the gap in predicted survival of male and female 
PWCF is narrowing [20]. This is promising, but it will 
take some time before the potential survival benefit con-
ferred from long-term treatment with HEMT can be 
accurately assessed. The impact of CFTR modulators on 
sex differences in outcomes is largely dependent on the 
underlying mechanisms and the degree to which CFTR 
dysfunction contributes (Fig. 2). CFTR correction in the 
lungs could help reduce the sex disparity as data shows 
that time to death post-lung transplant in CF was similar 
for both sexes, despite females undergoing transplant at a 
younger age [78]. To explore this theory further, sex spe-
cific clinical response to treatment needs to be assessed, 
of which there is limited data. As Ivacaftor has been in 
use for over 10 years, Holtrop and colleagues used data 
from the United States CF Foundation Patient Registry 
(CFFPR) to evaluate whether sex differences in outcomes 
persist following its initiation. They compared changes in 
key markers of disease severity; lung function, PEx rate 
and presence of P.aeruginosa, in male and female patients 
before and after Ivacaftor initiation. Male PWCF dem-
onstrated a greater decline in PEx than female PWCF 
following Ivacaftor treatment, with no significant differ-
ence seen in rate of lung function decline or presence of 
P.aeruginosa [79]. Similar findings following ETI initia-
tion were described in a 2023 study by Wang et al. assess-
ing the impact of ETI on clinical outcomes based on sex. 
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This single centre study of 251 PWCF, also reported that 
females continue to have more PEx than males (25% 
reduction compared to 43% reduction). In addition, 
they found that post-ETI, the presence of P.aeruginosa, 
change in BMI or ppFEV1 did not significantly differ 
by sex [80]. Interestingly, as the change in lung func-
tion pre- and post-ETI can be attenuated by prior CFTR 
modulator use, this group carried out a sub analysis on 
ETI-naïve PWCF. This demonstrated a trend towards 
males achieving greater improvements in ppFEV1 after 
starting ETI [80]. As aforementioned, sex differences in 
PEx rates between female and male PWCF are well estab-
lished, with sex hormones implicated given the post-
puberty onset [33]. This persistent difference in PEx rate 
despite initiation of HEMT is highly relevant given the 
association of PEx with accelerated loss of lung function 
and earlier mortality [28, 81]. It suggests female PWCF 
may continue to have worse clinical outcomes than male 
PWCF despite ETI and that further research to elucidate 
the potential mechanisms remains of critical importance.

We have highlighted in the previous section how sex 
hormones contribute to the sex disparity in outcomes 
via influence on key areas implicated in CF lung dis-
ease pathophysiology; impaired mucociliary clearance, 

infection and inflammation. We now consider what 
impact, if any, HEMT has had on these mechanisms. 
ETI has been demonstrated to improve sputum vis-
coelastic properties and mucociliary clearance follow-
ing initiation of therapy [82, 83]. In terms of infection, 
despite showing improvements in airway microbi-
ome diversity and reduction in bacterial load, harmful 
pathogens including P.aeruginosa persist in the upper 
and lower airways of PWCF on ETI treatment [84–87]. 
Given the described effect of estrogen on bacterial 
virulence factors in the CF airway, female PWCF may 
remain at a disadvantage in terms of bacterial infection, 
even with ETI treatment. In terms of inflammation, 
despite studies demonstrating a significant reduction 
in airway inflammation at 1 year on ETI treatment [83, 
85], sputum inflammation markers remain above that 
found in healthy controls [83], and comparable to that 
in found in non-CF bronchiectasis, an inflammatory 
lung disease control [85]. In female PWCF this residual 
inflammatory burden may be further aggravated during 
high estrogen states, which have been associated with 
worse pulmonary symptoms and increased inflamma-
tory markers in sputum leading to a potential increased 
risk of PEx [62].

Fig. 2 Potential impact of CFTR modulators on sex disparity in CF
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Further to the impact on CF lung disease, ETI has 
improved extrapulmonary complications in PWCF, 
potentially reducing sex disparities. Notably, BMI 
increases have been observed in both clinical trials and 
real-world settings, regardless of CFRD status [76, 88, 
89]. While addressing low BMI is beneficial given its 
association with poor health outcomes, rising reports of 
obesity and metabolic complications in PWCF on ETI 
are concerning CF care providers [22, 90]. ETI’s impact 
on glucose homeostasis remains uncertain. Small studies 
have shown HbA1c improvements without correspond-
ing changes in continuous glucose monitoring (CGM) 
or oral glucose tolerance test (OGTT) [91–93]. Since 
CFRD-related hyperglycemia is typically postprandial 
and transient, HbA1c’s utility in this cohort is limited. 
Insulin remains the only recommended CFRD treatment 
[16], therefore, insulin requirements are a more reliable 
marker of disease activity. Data regarding the impact of 
ETI on insulin requirements is variable. Lurquin et  al. 
reported insulin dose reductions in 88% of CFRD patients 
post-ETI [94], whereas Amini et al., found no significant 
change after three years on ETI [88].

An alternative method to assess response to CFTR 
modulator treatment is via sweat chloride (SC) measure-
ment which is an accepted marker of in vivo CFTR func-
tion. It is used in clinical trials and in many CF centers 
to monitor the degree of CFTR restoration following 
modulator initiation [80, 95–97]. A study by Secunda and 
colleagues in PWCF commenced on Ivacaftor reported a 
greater decline in SC in females following treatment ini-
tiation [98]. This was further supported by a study assess-
ing the CFTR combination Lumacaftor/Ivacaftor, which 
again demonstrated a greater reduction in SC in female 
PWCF at 6-months post treatment initiation. The reduc-
tion in SC was not accompanied by sex-specific improve-
ments in ppFEV1 in either study [98, 99]. The interim 
results of CHEC-CF, a large epidemiological study assess-
ing SC response to CFTR modulation in CF did not 
demonstrate any association with sex and degree of SC 
response [96]. In this interim analysis patients included 
were on Ivacaftor or dual CFTR combination therapies, 
no patients were on ETI [96]. In terms of ETI impact, the 
recent PROMISE study, a large prospective observational 
study of PWCF starting ETI, showed female PWCF expe-
rienced a greater reduction in SC. In contrast to previ-
ous studies, they also described a significant link between 
SC response and ppFEV1[100]. The novel findings in 
this study may be attributed to several factors, includ-
ing the large sample size, genotype heterogeneity, prior 
CFTR modulator use, and the substantial effect sizes 
observed with ETI [100]. Further research is needed to 
fully understand whether SC can serve as an indicator of 
clinical response to HEMT. Additionally, it is important 

to explore the potential reasons behind the correlation 
seen between sex and SC response. This may be a result 
of sex-specific pharmacokinetics that may lead to varia-
tions in drug plasma concentrations, as well as possible 
interactions between sex hormones and drug efficacy 
[101]. Interestingly, a study recently identified elevated 
levels of miR885-5P (a microRNA) in females compared 
with male PWCF. The miR885-5P inhibits Ras-related 
C3 botulinum toxin substrate (RAC1), which is a CFTR 
regulatory protein. This is relevant as higher RAC1 levels 
are likely to lead to a greater CFTR modulator response 
which suggests that males may have a better response 
than females [102].

Summary and future considerations
While HEMT has significantly advanced CF care and 
increased life expectancy in the  CF population as a 
whole, early data in this field suggests sex specific dis-
parities persist. Given these therapies remain relatively 
new in terms of duration of widespread use, longitudinal 
data is required to appropriately address this question. 
There is convincing data supporting sex hormones as a 
key driver of the sex difference in clinical outcomes seen 
in CF, that warrants further research. A particular area of 
importance is the relationship with airway infection and 
inflammation and how this may explain the persistent 
higher PEx rate in female PWCF following ETI. It will 
be important to assess whether there is a difference in 
female PWCF initiated on therapies as adults with estab-
lished disease, versus children, who with early initiation 
of modulator therapy may stand to have no CF associ-
ated lung damage. In addition, assessing what impact ETI 
has, if any, on key timepoints associated with hormonal 
fluctuations including puberty and menopause is neces-
sary. A prospective study Maternal and foetal Outcomes 
in the Era of Modulators (MAYFLOWERS) study is 
ongoing, designed to help address some of these press-
ing questions related to pregnancy and CFTR modulator 
therapies (NCT04828382). It is likely that in some female 
PWCF additional therapies will be needed. Thus, further 
research on the efficacy of hormone-based therapies and 
the potential of additive anti-inflammatory therapies 
targeting downstream pro-inflammatory consequences 
mediated by estrogen receptor activation is required.

Finally, the sex specific response to CFTR modula-
tor therapies requires further investigation including 
sex-specific data on drug pharmacokinetics, dosing and 
adverse events including during times of hormone level 
variation such as menstruation, pregnancy and meno-
pause. The aim of which to inform prescribing and sex-
specific clinical guidelines and a more personalized 
approach to treatment.



Page 9 of 11McNally and Casey  BMC Pulmonary Medicine          (2025) 25:212  

Authors’ contributions
E.McN and M.C wrote the manuscript text and E.McN prepared Fig. 1 and 
Table 1. All authors reviewed the manuscript.

Funding
This paper was not funded.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Received: 6 September 2024   Accepted: 24 March 2025

References
 1. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, 

et al. Identification of the cystic fibrosis gene: cloning and characteriza-
tion of complementary DNA. Science. 1989;245(4922):1066–73.

 2. Keogh RH, Szczesniak R, Taylor-Robinson D, Bilton D. Up-to-date and 
projected estimates of survival for people with cystic fibrosis using 
baseline characteristics: A longitudinal study using UK patient registry 
data. J Cyst Fibros. 2018;17(2):218–27.

 3. Kerem E, Reisman J, Corey M, Canny GJ, Levison H. Prediction of mortal-
ity in patients with cystic fibrosis. N Engl J Med. 1992;326(18):1187–91.

 4. Rosenfeld M, Davis R, FitzSimmons S, Pepe M, Ramsey B. Gender gap in 
cystic fibrosis mortality. Am J Epidemiol. 1997;145(9):794–803.

 5. Trust CF. UK Cystic Fibrosis Registry 2022 Annual Data Report. 2022.
 6. Besier T, Schmitz TG, Goldbeck L. Life satisfaction of adolescents and 

adults with cystic fibrosis: impact of partnership and gender. J Cyst 
Fibros. 2009;8(2):104–9.

 7. Patterson JM, Wall M, Berge J, Milla C. Gender differences in treatment 
adherence among youth with cystic fibrosis: development of a new 
questionnaire. J Cyst Fibros. 2008;7(2):154–64.

 8. Patterson JM, Wall M, Berge J, Milla C. Associations of psychosocial 
factors with health outcomes among youth with cystic fibrosis. Pediatr 
Pulmonol. 2009;44(1):46–53.

 9. Putman MS, Norris AW, Hull RL, Rickels MR, Sussel L, Blackman SM, et al. 
Cystic Fibrosis-Related Diabetes Workshop: Research Priorities Spanning 
Disease Pathophysiology, Diagnosis, and Outcomes. Diabetes Care. 
2023;46(6):1112–23.

 10. Hart NJ, Aramandla R, Poffenberger G, Fayolle C, Thames AH, Bautista 
A, Spigelman AF, Babon JAB, DeNicola ME, Dadi PK, Bush WS, Bala-
murugan AN, Brissova M, Dai C, Prasad N, Bottino R, Jacobson DA, 
Drumm ML, Kent SC, MacDonald PE, Powers AC. Cystic fibrosis-related 
diabetes is caused by islet loss and inflammation. JCI Insight. 2018 Apr 
19;3(8):e98240.

 11. Moheet A, Moran A. New Concepts in the Pathogenesis of Cystic 
Fibrosis-Related Diabetes. J Clin Endocrinol Metab. 2022;107(6):1503–9.

 12. Milla CE, Billings J, Moran A. Diabetes is associated with dramatically 
decreased survival in female but not male subjects with cystic fibrosis. 
Diabetes Care. 2005;28(9):2141–4.

 13. Miller RJ, Tildesley HD, Wilcox PG, Zhang H, Kreisman SH. Sex disparities 
in effects of cystic fibrosis-related diabetes on clinical outcomes: a 
matched study. Can Respir J. 2008;15(6):291–4.

 14. Stephenson AL, Tom M, Berthiaume Y, Singer LG, Aaron SD, Whitmore 
GA, et al. A contemporary survival analysis of individuals with cystic 
fibrosis: a cohort study. Eur Respir J. 2015;45(3):670–9.

 15. Moran A, Dunitz J, Nathan B, Saeed A, Holme B, Thomas W. Cystic 
fibrosis-related diabetes: current trends in prevalence, incidence, and 
mortality. Diabetes Care. 2009;32(9):1626–31.

 16. Moran A, Brunzell C, Cohen RC, Katz M, Marshall BC, Onady G, et al. 
Clinical care guidelines for cystic fibrosis-related diabetes: a position 
statement of the American Diabetes Association and a clinical practice 

guideline of the Cystic Fibrosis Foundation, endorsed by the Pediatric 
Endocrine Society. Diabetes Care. 2010;33(12):2697–708.

 17. Harness-Brumley CL, Elliott AC, Rosenbluth DB, Raghavan D, Jain R. 
Gender differences in outcomes of patients with cystic fibrosis. J Wom-
ens Health (Larchmt). 2014;23(12):1012–20.

 18. Zemel BS, Jawad AF, FitzSimmons S, Stallings VA. Longitudinal relation-
ship among growth, nutritional status, and pulmonary function in 
children with cystic fibrosis: analysis of the Cystic Fibrosis Foundation 
National CF Patient Registry. J Pediatr. 2000;137(3):374–80.

 19. Boelle PY, Viviani L, Busson PF, Olesen HV, Ravilly S, Stern M, et al. Refer-
ence percentiles for FEV(1) and BMI in European children and adults 
with cystic fibrosis. Orphanet J Rare Dis. 2012;7:64.

 20. UK Cystic Fibrosis Registry. Annual Data Report (2024). London: Cystic 
Fibrosis Trust; 2023. p. 2024.

 21. Cystic Fibrosis Foundation Patient Registry 2023 Annual Data Report. 
Bethesda, Maryland. ©2024 Cystic Fibrosis Foundation. 2024.

 22. Bailey J, Krick S, Fontaine KR. The Changing Landscape of Nutrition in 
Cystic Fibrosis: The Emergence of Overweight and Obesity. Nutrients. 
2022 Mar 13;14(6):1216.

 23. LoMauro A, Aliverti A. Sex differences in respiratory function. Breathe 
(Sheff ). 2018;14(2):131–40.

 24. Mead J. Dysanapsis in normal lungs assessed by the relationship 
between maximal flow, static recoil, and vital capacity. Am Rev Respir 
Dis. 1980;121(2):339–42.

 25. Lin CL, Tawhai MH, Hoffman EA. Multiscale image-based modeling and 
simulation of gas flow and particle transport in the human lungs. Wiley 
Interdiscip Rev Syst Biol Med. 2013;5(5):643–55.

 26. Britto MT, Kotagal UR, Hornung RW, Atherton HD, Tsevat J, Wilmott RW. 
Impact of recent pulmonary exacerbations on quality of life in patients 
with cystic fibrosis. Chest. 2002;121(1):64–72.

 27. Liou TG, Adler FR, Fitzsimmons SC, Cahill BC, Hibbs JR, Marshall BC. 
Predictive 5-year survivorship model of cystic fibrosis. Am J Epidemiol. 
2001;153(4):345–52.

 28. Waters V, Stanojevic S, Atenafu EG, Lu A, Yau Y, Tullis E, et al. Effect of 
pulmonary exacerbations on long-term lung function decline in cystic 
fibrosis. Eur Respir J. 2012;40(1):61–6.

 29. Montemayor K, Psoter KJ, Lechtzin N, Carson SW, Merlo CA, Dezube RH, 
et al. Sex differences in treatment patterns in cystic fibrosis pulmonary 
exacerbations. J Cyst Fibros. 2021;20(6):920–5.

 30. Sanders DB, Hoffman LR, Emerson J, Gibson RL, Rosenfeld M, Redding 
GJ, et al. Return of FEV1 after pulmonary exacerbation in children with 
cystic fibrosis. Pediatr Pulmonol. 2010;45(2):127–34.

 31. VanDevanter DR, Flume PA, Morris N, Konstan MW. Probability of IV 
antibiotic retreatment within thirty days is associated with duration and 
location of IV antibiotic treatment for pulmonary exacerbation in cystic 
fibrosis. J Cyst Fibros. 2016;15(6):783–90.

 32. Demko CA, Byard PJ, Davis PB. Gender differences in cystic 
fibrosis: Pseudomonas aeruginosa infection. J Clin Epidemiol. 
1995;48(8):1041–9.

 33. Sutton S, Rosenbluth D, Raghavan D, Zheng J, Jain R. Effects of puberty 
on cystic fibrosis related pulmonary exacerbations in women versus 
men. Pediatr Pulmonol. 2014;49(1):28–35.

 34. Chotirmall SH, Smith SG, Gunaratnam C, Cosgrove S, Dimitrov BD, 
O’Neill SJ, et al. Effect of estrogen on pseudomonas mucoidy and 
exacerbations in cystic fibrosis. N Engl J Med. 2012;366(21):1978–86.

 35. Gärtner C, Fallmann J, Stadler PF, Kaiser T, Berkemer SJ. Toward a 
Systematic Assessment of Sex Differences in Cystic Fibrosis. J Pers Med. 
2023 May 31;13(6):924.

 36. Kim S, Beyer BA, Lewis C, Nadel JA. Normal CFTR inhibits epidermal 
growth factor receptor-dependent pro-inflammatory chemokine pro-
duction in human airway epithelial cells. PLoS ONE. 2013;8(8): e72981.

 37. N H. The gender gap in cystic fibrosis. Nature. 2020;583:S10-S1.
 38. Somayaji R, Chalmers JD. Just breathe: a review of sex and gender in 

chronic lung disease. Eur Respir Rev. 2022 Jan12;31(163):210111.
 39. Clarke LA, Sousa L, Barreto C, Amaral MD. Changes in transcriptome of 

native nasal epithelium expressing F508del-CFTR and intersecting data 
from comparable studies. Respir Res. 2013;14(1):38.

 40. Ratjen F, Bell SC, Rowe SM, Goss CH, Quittner AL, Bush A. Cystic fibrosis 
Nat Rev Dis Primers. 2015;1:15010.

 41. Matsui H, Grubb BR, Tarran R, Randell SH, Gatzy JT, Davis CW, et al. 
Evidence for periciliary liquid layer depletion, not abnormal ion 



Page 10 of 11McNally and Casey  BMC Pulmonary Medicine          (2025) 25:212 

composition, in the pathogenesis of cystic fibrosis airways disease. Cell. 
1998;95(7):1005–15.

 42. Widdicombe JH. Regulation of the depth and composition of airway 
surface liquid. J Anat. 2002;201(4):313–8.

 43. O’Grady SM, Lee SY. Chloride and potassium channel function 
in alveolar epithelial cells. Am J Physiol Lung Cell Mol Physiol. 
2003;284(5):L689-700.

 44. O’Mahony F, Thomas W, Harvey BJ. Novel female sex-dependent actions 
of oestrogen in the intestine. J Physiol. 2009;587(Pt 21):5039–44.

 45. Condliffe SB, Doolan CM, Harvey BJ. 17beta-oestradiol acutely regulates 
Cl- secretion in rat distal colonic epithelium. J Physiol. 2001;530(Pt 
1):47–54.

 46. Gambling L, Dunford S, Wilson CA, McArdle HJ, Baines DL. Estrogen and 
progesterone regulate alpha, beta, and gammaENaC subunit mRNA 
levels in female rat kidney. Kidney Int. 2004;65(5):1774–81.

 47. Jain R, Ray JM, Pan JH, Brody SL. Sex hormone-dependent regulation 
of cilia beat frequency in airway epithelium. Am J Respir Cell Mol Biol. 
2012;46(4):446–53.

 48. Choi HJ, Chung YS, Kim HJ, Moon UY, Choi YH, Van Seuningen I, 
et al. Signal pathway of 17beta-estradiol-induced MUC5B expres-
sion in human airway epithelial cells. Am J Respir Cell Mol Biol. 
2009;40(2):168–78.

 49. Tyrrell J, Harvey BJ. Sexual dimorphism in the microbiology of the 
CF “Gender Gap”: Estrogen modulation of Pseudomonas aeruginosa 
virulence. Steroids. 2020;156: 108575.

 50. Kim RD, Greenberg DE, Ehrmantraut ME, Guide SV, Ding L, Shea Y, 
et al. Pulmonary nontuberculous mycobacterial disease: prospective 
study of a distinct preexisting syndrome. Am J Respir Crit Care Med. 
2008;178(10):1066–74.

 51. Rowland SS, Falkler WA Jr, Bashirelahi N. Identification of an estrogen-
binding protein in Pseudomonas aeruginosa. J Steroid Biochem Mol 
Biol. 1992;42(7):721–7.

 52. Wang Y, Cela E, Gagnon S, Sweezey NB. Estrogen aggravates inflam-
mation in Pseudomonas aeruginosa pneumonia in cystic fibrosis mice. 
Respir Res. 2010;11(1):166.

 53. Wozniak DJ, Wyckoff TJ, Starkey M, Keyser R, Azadi P, O’Toole GA, et al. 
Alginate is not a significant component of the extracellular polysaccha-
ride matrix of PA14 and PAO1 Pseudomonas aeruginosa biofilms. Proc 
Natl Acad Sci U S A. 2003;100(13):7907–12.

 54. Allen L, Dockrell DH, Pattery T, Lee DG, Cornelis P, Hellewell PG, et al. 
Pyocyanin production by Pseudomonas aeruginosa induces neutrophil 
apoptosis and impairs neutrophil-mediated host defenses in vivo. J 
Immunol. 2005;174(6):3643–9.

 55. Fish EN. The X-files in immunity: sex-based differences predispose 
immune responses. Nat Rev Immunol. 2008;8(9):737–44.

 56. Amadori A, Zamarchi R, De Silvestro G, Forza G, Cavatton G, Danieli GA, 
et al. Genetic control of the CD4/CD8 T-cell ratio in humans. Nat Med. 
1995;1(12):1279–83.

 57. Arruvito L, Sanz M, Banham AH, Fainboim L. Expansion of 
CD4+CD25+and FOXP3+ regulatory T cells during the follicular phase 
of the menstrual cycle: implications for human reproduction. J Immu-
nol. 2007;178(4):2572–8.

 58. Kramer PR, Kramer SF, Guan G. 17 beta-estradiol regulates cytokine 
release through modulation of CD16 expression in monocytes and 
monocyte-derived macrophages. Arthritis Rheum. 2004;50(6):1967–75.

 59. Olsen NJ, Kovacs WJ. Gonadal steroids and immunity. Endocr Rev. 
1996;17(4):369–84.

 60. Rettew JA, Huet-Hudson YM, Marriott I. Testosterone reduces mac-
rophage expression in the mouse of toll-like receptor 4, a trigger for 
inflammation and innate immunity. Biol Reprod. 2008;78(3):432–7.

 61. Chotirmall SH, Greene CM, McElvaney NG. Immune, inflammatory and 
infectious consequences of estrogen in women with cystic fibrosis. 
Expert Rev Respir Med. 2012;6(6):573–5.

 62. Holtrop M, Heltshe S, Shabanova V, Keller A, Schumacher L, Fernandez 
L, et al. A Prospective Study of the Effects of Sex Hormones on Lung 
Function and Inflammation in Women with Cystic Fibrosis. Ann Am 
Thorac Soc. 2021;18(7):1158–66.

 63. Johannesson M, Ludviksdottir D, Janson C. Lung function changes in 
relation to menstrual cycle in females with cystic fibrosis. Respir Med. 
2000;94(11):1043–6.

 64. Perrissin-Fabert MSC. Hormonal contraception effecrs on pulmonary 
function in adolescents with cystic fibrosis Journal of Pediatric & Ado-
lescent Gynaecology. 2020;33(6):681–5.

 65. Kernan NG, Alton EW, Cullinan P, Griesenbach U, Bilton D. Oral con-
traceptives do not appear to affect cystic fibrosis disease severity. Eur 
Respir J. 2013;41(1):67–73.

 66. Gilljam M, Antoniou M, Shin J, Dupuis A, Corey M, Tullis DE. 
Pregnancy in cystic fibrosis. Fetal and maternal outcome Chest. 
2000;118(1):85–91.

 67. McMullen AH, Pasta DJ, Frederick PD, Konstan MW, Morgan WJ, 
Schechter MS, et al. Impact of pregnancy on women with cystic 
fibrosis. Chest. 2006;129(3):706–11.

 68. Schechter MS, Quittner AL, Konstan MW, Millar SJ, Pasta DJ, McMul-
len A, et al. Long-term effects of pregnancy and motherhood on 
disease outcomes of women with cystic fibrosis. Ann Am Thorac Soc. 
2013;10(3):213–9.

 69. Real FG, Svanes C, Omenaas ER, Anto JM, Plana E, Jarvis D, et al. Lung 
function, respiratory symptoms, and the menopausal transition. J 
Allergy Clin Immunol. 2008;121(1):72–80 e3.

 70. Triebner K, Matulonga B, Johannessen A, Suske S, Benediktsdottir 
B, Demoly P, et al. Menopause Is Associated with Accelerated Lung 
Function Decline. Am J Respir Crit Care Med. 2017;195(8):1058–65.

 71. Santoro N, Brown JR, Adel T, Skurnick JH. Characterization of repro-
ductive hormonal dynamics in the perimenopause. J Clin Endocrinol 
Metab. 1996;81(4):1495–501.

 72. Taylor-Cousar JL, Munck A, McKone EF, van der Ent CK, Moeller A, 
Simard C, et al. Tezacaftor-Ivacaftor in Patients with Cystic Fibrosis 
Homozygous for Phe508del. N Engl J Med. 2017;377(21):2013–23.

 73. Wainwright CE, Elborn JS, Ramsey BW. Lumacaftor-Ivacaftor in 
Patients with Cystic Fibrosis Homozygous for Phe508del CFTR. N Engl 
J Med. 2015;373(18):1783–4.

 74. Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Drevinek P, et al. 
A CFTR potentiator in patients with cystic fibrosis and the G551D 
mutation. N Engl J Med. 2011;365(18):1663–72.

 75. Heijerman HGM, McKone EF, Downey DG, Van Braeckel E, Rowe SM, 
Tullis E, et al. Efficacy and safety of the elexacaftor plus tezacaftor 
plus ivacaftor combination regimen in people with cystic fibrosis 
homozygous for the F508del mutation: a double-blind, randomised, 
phase 3 trial. Lancet. 2019;394(10212):1940–8.

 76. Middleton PG, Mall MA, Drevinek P, Lands LC, McKone EF, Polineni D, 
et al. Elexacaftor-Tezacaftor-Ivacaftor for Cystic Fibrosis with a Single 
Phe508del Allele. N Engl J Med. 2019;381(19):1809–19.

 77. Sutharsan S, McKone EF, Downey DG, Duckers J, MacGregor G, 
Tullis E, et al. Efficacy and safety of elexacaftor plus tezacaftor plus 
ivacaftor versus tezacaftor plus ivacaftor in people with cystic fibrosis 
homozygous for F508del-CFTR: a 24-week, multicentre, randomised, 
double-blind, active-controlled, phase 3b trial. Lancet Respir Med. 
2022;10(3):267–77.

 78. Raghavan D, Gao A, Ahn C, Kaza V, Finklea J, Torres F, et al. Lung trans-
plantation and gender effects on survival of recipients with cystic 
fibrosis. J Heart Lung Transplant. 2016;35(12):1487–96.

 79. Holtrop M, Cosmich S, Lee M, Keller A, Jain R. Sex Differences Persist 
After Treatment With Ivacaftor in People With Cystic Fibrosis. Chest. 
2024.

 80. Wang A, Lee M, Keller A, Jian S, Lowe K, Finklea JD, et al. Sex differences 
in outcomes of people with cystic fibrosis treated with elexacaftor/
tezacaftor/ivacaftor. J Cyst Fibros. 2024;23(1):91–8.

 81. de Boer K, Vandemheen KL, Tullis E, Doucette S, Fergusson D, Freitag A, 
et al. Exacerbation frequency and clinical outcomes in adult patients 
with cystic fibrosis. Thorax. 2011;66(8):680–5.

 82. Donaldson SH, Corcoran TE, Pilewski JM, Mogayzel P, Laube BL, Boitet 
ER, et al. Effect of elexacaftor/tezacaftor/ivacaftor on mucus and muco-
ciliary clearance in cystic fibrosis. J Cyst Fibros. 2024;23(1):155–60.

 83. Schaupp L, Addante A, Völler M, Fentker K, Kuppe A, Bardua M, Duerr 
J, Piehler L, Röhmel J, Thee S, Kirchner M, Ziehm M, Lauster D, Haag R, 
Gradzielski M, Stahl M, Mertins P, Boutin S, Graeber SY, Mall MA. Longitu-
dinal effects of elexacaftor/tezacaftor/ivacaftor on sputum viscoelastic 
properties, airway infection and inflammation in patients with cystic 
fibrosis. Eur Respir J. 2023 Aug 3;62(2):2202153.

 84. Armbruster CR, Hilliam YK, Zemke AC, Atteih S, Marshall CW, Moore J, 
et al. Persistence and evolution of Pseudomonas aeruginosa following 



Page 11 of 11McNally and Casey  BMC Pulmonary Medicine          (2025) 25:212  

initiation of highly effective modulator therapy in cystic fibrosis. mBio. 
2024;15(5):e0051924.

 85. Casey M, Gabillard-Lefort C, McElvaney OF, McElvaney OJ, Carroll T, 
Heeney RC, et al. Effect of elexacaftor/tezacaftor/ivacaftor on airway 
and systemic inflammation in cystic fibrosis. Thorax. 2023;78(8):835–9.

 86. Hilliam Y, Armbruster CR, Rapsinski GJ, Marshall CW, Moore J, Koirala J, 
et al. Cystic fibrosis pathogens persist in the upper respiratory tract fol-
lowing initiation of elexacaftor/tezacaftor/ivacaftor therapy. Microbiol 
Spectr. 2024;12(8): e0078724.

 87. Martin C, Guzior DV, Gonzalez CT, Okros M, Mielke J, Padillo L, et al. Lon-
gitudinal microbial and molecular dynamics in the cystic fibrosis lung 
after Elexacaftor-Tezacaftor-Ivacaftor therapy. Respir Res. 2023;24(1):317.

 88. Amini M, Yu K, Liebich J, Ahir V, Wood E, Albert S, et al. The Changing 
Landscape of Treatment for Cystic Fibrosis Related Diabetes. J Clin 
Transl Endocrinol. 2024;35: 100332.

 89. Caley LR, Jarosz-Griffiths HH, Smith L, Gale L, Barrett J, Kinsey L, 
et al. Body mass index and nutritional intake following Elexacaftor/
Tezacaftor/Ivacaftor modulator therapy in adults with cystic fibrosis. J 
Cyst Fibros. 2023;22(6):1002–9.

 90. Petersen MC, Begnel L, Wallendorf M, Litvin M. Effect of elexacaftor-
tezacaftor-ivacaftor on body weight and metabolic parameters in 
adults with cystic fibrosis. J Cyst Fibros. 2022;21(2):265–71.

 91. Chan CL, Granados A, Moheet A, Singh S, Vigers T, Arbelaez AM, 
et al. Glycemia and beta-cell function before and after elexacaftor/
tezacaftor/ivacaftor in youth and adults with cystic fibrosis. J Clin Transl 
Endocrinol. 2022;30: 100311.

 92. Crow H, Bengtson C, Shi X, Graves L 3rd, Anabtawi A. CGM patterns in 
adults with cystic fibrosis-related diabetes before and after elexacaftor-
tezacaftor-ivacaftor therapy. J Clin Transl Endocrinol. 2022;30: 100307.

 93. Steinack C, Ernst M, Beuschlein F, Hage R, Roeder M, Schuurmans 
MM, et al. Improved glucose tolerance after initiation of Elexacaftor 
/ Tezacaftor / Ivacaftor in adults with cystic fibrosis. J Cyst Fibros. 
2023;22(4):722–9.

 94. Lurquin F, Gohy S, Hermans MP, Preumont V. Combined CFTR modula-
tor therapies are linked with anabolic benefits and insulin-sparing in 
cystic fibrosis-related diabetes. J Clin Transl Endocrinol. 2023;33: 100320.

 95. Durmowicz AG, Witzmann KA, Rosebraugh CJ, Chowdhury BA. Change 
in sweat chloride as a clinical end point in cystic fibrosis clinical trials: 
the ivacaftor experience. Chest. 2013;143(1):14–8.

 96. Mayer-Hamblett N, Zemanick ET, Odem-Davis K, VanDevanter D, War-
den M, Rowe SM, et al. Characterizing CFTR modulated sweat chloride 
response across the cf population: Initial results from the CHEC-SC 
study. J Cyst Fibros. 2023;22(1):79–88.

 97. Rosenfeld M, Wainwright CE, Higgins M, Wang LT, McKee C, Campbell 
D, et al. Ivacaftor treatment of cystic fibrosis in children aged 12 to <24 
months and with a CFTR gating mutation (ARRIVAL): a phase 3 single-
arm study. Lancet Respir Med. 2018;6(7):545–53.

 98. Secunda KE, Guimbellot JS, Jovanovic B, Heltshe SL, Sagel SD, Rowe SM, 
et al. Females with Cystic Fibrosis Demonstrate a Differential Response 
Profile to Ivacaftor Compared with Males. Am J Respir Crit Care Med. 
2020;201(8):996–8.

 99. Aalbers BL, Hofland RW, Bronsveld I, de Winter-de Groot KM, Arets HGM, 
de Kiviet AC, et al. Females with cystic fibrosis have a larger decrease in 
sweat chloride in response to lumacaftor/ivacaftor compared to males. 
J Cyst Fibros. 2021;20(1):e7–11.

 100. Nichols DP, Paynter AC, Heltshe SL, Donaldson SH, Frederick CA, Freed-
man SD, et al. Clinical Effectiveness of Elexacaftor/Tezacaftor/Ivacaftor 
in People with Cystic Fibrosis: A Clinical Trial. Am J Respir Crit Care Med. 
2022;205(5):529–39.

 101. Spoletini I, Vitale C, Malorni W, Rosano GM. Sex differences in drug 
effects: interaction with sex hormones in adult life. Handb Exp Pharma-
col. 2012;214:91–105.

 102. Mooney C, McKiernan PJ, Raoof R, Henshall DC, Linnane B, McNally P, 
et al. Plasma microRNA levels in male and female children with cystic 
fibrosis. Sci Rep. 2020;10(1):1141.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Sex disparities in cystic fibrosis in the era of highly effective modulator treatment
	Abstract 
	Introduction
	Proposed mechanisms for sex disparity in outcomes in CF
	Influence of sex hormones on CF lung disease pathophysiology and pulmonary outcomes in PWCF
	Impact of sex hormones on ASL dynamics and mucociliary clearance in CF
	Impact of sex hormones on airway infection in CF
	Impact of sex hormones on airway inflammation and immune response in CF
	Impact of sex hormone variation on pulmonary outcomes in CF
	Impact of CFTR modulator therapy on sex disparity in CF outcomes

	Summary and future considerations

	References


