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Abstract

heightened predisposition to Th17 differentiation.
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Background: Cystic fibrosis (CF) is a complex, multi-system, life-shortening, autosomal recessive disease most common
among Caucasians. Pulmonary pathology, the major cause of morbidity and mortality in CF, is characterized by
dysregulation of cytokines and a vicious cycle of infection and inflammation. This cycle causes a progressive decline

in lung function, eventually resulting in respiratory failure and death. The Th17 immune response plays an active role

in the pathogenesis of CF pulmonary pathology, but it is not known whether the pathophysiology of CF disease
contributes to a heightened Th17 response or whether CF naive CD4+ T lymphocytes (ThO cells) intrinsically have a

Methods: To address this question, ThO cells were isolated from the peripheral blood of CF mice, human CF subjects
and corresponding controls. Murine ThO cells were isolated from single spleen cell suspensions using fluorescence-
activated cell sorting. Lymphocytes from human buffy coats were isolated by gradient centrifugation and ThO cells
were further isolated using a human naive T cell isolation kit. ThO cells were then assessed for their capacity to
differentiate along Th17, Th1 or Treg lineages in response to corresponding cytokine stimulation. The T cell
responses of human peripheral blood cells were also assessed ex vivo using flow cytometry.

Results: Here we identify in both mouse and human CF an intrinsically enhanced predisposition of ThO cells to
differentiate towards a Th17 phenotype, while having a normal propensity for differentiation into Th1 and Treg
lineages. Furthermore, we identify an active Th17 response in the peripheral blood of human CF subjects.

Conclusions: We propose that these novel observations offer an explanation, at least in part, for the known increased
Th17-associated inflammation of CF and the early signs of inflammation in CF lungs before any evidence of infection.
Moreover, these findings point towards direct modulation of T cell responses as a novel potential

therapeutic strategy for combating excessive inflammation in CF.

Background

Cystic Fibrosis (CF) is an autosomal recessive disorder
caused by mutations within the CF transmembrane con-
ductance regulator (CFTR) gene [1,2]. Initially identified in
the apical membranes of epithelial cells, defects in CFTR
expression associated with chloride channel defects [3]
have also been found in circulating T lymphocytes [4]. Pul-
monary disease, the major cause of morbidity and mortality
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in CF [5], is characterized by dysregulation of cytokines
and a vicious cycle of infection and inflammation which
causes a progressive decline in lung function, eventually
resulting in respiratory failure and death (reviewed by
[6,7]). The lung disease can be particularly exacerbated by
P. aeruginosa infections [8]. Th17 is a recently identified
helper T cell subset identified by production of interleukin
(IL)-17 [9]; it has been linked to the pulmonary exacerba-
tions and neutrophilia observed in CF [10,11], including
neutrophilia very early in life [12]. CF patients with active
P. aeruginosa infections have elevated levels of Thl7
cytokines in their sputum and studies have identified the
Th17 cytokine IL-23 as a major factor in orchestrating
P. aeruginosa - induced pulmonary inflammation [10]. The
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pulmonary Th17 response, particularly IL-17 levels, pre-
dicts future acquisition of P. aeruginosa infections [13]. In
a murine model of CF, the Th17 response has also been de-
scribed as detrimental to clearance of A. fumigatus, a fun-
gus which often exacerbates CF lung disease through the
associated condition allergic bronchopulmonary aspergil-
losis [14]. Although studies have identified an active role of
Th17 response in modulating CF pulmonary pathology, the
underlying mechanism(s) specifically promoting a Th17 re-
sponse are not understood. It is not known whether the
pathophysiology of CF disease contributes to a heightened
Th17 response, or whether naive CF T cells are intrinsically
prone to Th17 differentiation.

In this study, we identified an innate predisposition of
naive CF T cells in both humans and mice to selectively
undergo differentiation into the Th17 lineage while retain-
ing a normal predisposition to other helper T cell lineages.
These findings identify an intrinsic defect in CF T cells,
which independently of the cytokine milieu in the CF lung
may initiate, contribute to, or perhaps even substantially
account for, the detrimental Th17 response observed in
CF patients.

Methods

Subject characteristics

Five female CF subjects were diagnosed by repeated sweat
testing using the method of Gibson and Cooke [15]. Each
had two recognized disease - causing CFTR mutations:
two were F508del homozygotes and the other three were
compound heterozygotes, F508del/2183AA->G, F508del/
2622+1G->A and G542X/R560T. All of these mutations
are classified as severe mutations, producing very little or
no functional CFTR. They were not receiving any systemic
corticosteroids, were clinically stable, free of acute pul-
monary exacerbation and free of signs of viral illness, and
aged 15 to 22 years at the time of blood sampling. One
was chronically infected with Pseudomonas aeruginosa,
but the other four were not. Rather, their sputum cultures
were positive for Staphylococcus aureus. The three healthy
controls were two females aged 22 and 35, and one
male aged 57 years. Human subject experiments were
conducted according to the principles expressed in the
Helsinki Declaration. All subjects (CF and controls) gave
informed consent and the study was approved by the Re-
search Ethics Board of The Hospital for Sick Children, To-
ronto, ON.

CF mice

Inbred congenic mice homozygous for the F508del CFTR
mutation (CFTR-/-, CF knock-in mice) on a C57BL/6
background and littermate controls (CFTR+/+, wildtype)
were obtained from Dr. Christine Bear at The Hospital for
Sick Children Research Institute. The mice were handled
according to the Guidelines of the Canadian Council on
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Animal Care in science, and the protocols of the mouse ex-
periments were approved by the Animal Care Committee,
Research Institute, The Hospital for Sick Children.

Isolation of T cells

Mouse naive CD4+ T cells, defined as CD3+CD4+CD25-
cells [16], were isolated by fluorescence-activated cell sort-
ing (FACS Aria II, BD Biosciences, Mississauga, ON) from
single spleen cell suspensions from CFTR+/+ and CFTR-/-
mice. Lymphocytes from human buffy coats were isolated
by gradient centrifugation in Lymphoprep (Axis-Shield,
Oslo, Norway) following the manufacturer’s instructions.
Human naive T cells, defined as CD3+CD4+CD25-
CD45RA+CD45RO- [17], were isolated using a human
naive T cell isolation kit (Miltenyi Biotec, Auburn, CA)
following manufacturer’s instructions, with purity in ex-
cess of 95%. The isolation of naive human T cells was per-
formed in a two step process. The first step was a negative
selection of non-CD4+ T cells along with CD45RO+ T
cells, which negatively selected for both memory and
effector T cells, and the second step was a positive selec-
tion for CD45RA+ T cells for isolation of naive T cells.

Assessment of peripheral blood T cell response ex vivo
Mononuclear cells from human blood were cultured on
plates (BD Biosciences) coated with CD3 antibody (clone
HIT3a) in the presence of CD28 antibody (clone CD28.2,
eBiosciences, San Diego, CA) for 4 days. On day 4, cells
were treated with 50 ng/mL PMA and 1 pM lonomycin
(Sigma-Aldrich, Oakville, ON) for 6-8 hr followed by
analysis for IL-17 and IFN-y production by CD4+ T cells
using flow cytometry [18].

In vitro differentiation of T cells

Naive CD4+ T cells from CFTR+/+ and CFTR-/- mice
were differentiated in vitro into IEN-y- producing Thl
cells [19], into Foxp3+ regulatory T (Treg) cells [20] or
into the IL-17- producing Th17 lineage as described previ-
ously [21]. Production of IFN-y and IL-17 by differentiated
mouse T cells was confirmed using respective ELISA
kits following manufacturer’s instructions (R&D Systems,
Minneapolis, MN). In vitro naive human T cell differenti-
ation was carried out by culturing cells in a plate coated
with anti-CD3 antibody (5 pg/mL) for 6-7 days with anti-
CD28 (2 pug/mL) in the presence of IL-6 (50 ng/mL), IL-23
(25 ng/mL), IL-1P (10 ng/mL), TGF-p1 (1 ng/mL; Peprotech,
Rocky Hill, NJ), anti-IL-4 (clone MP4-25D2; 10 mg/mL)
and anti-IFN-y (10 mg/mL, clone NIB42; eBiosciences)
for Th17 differentiation, or TGF-B1 (5 ng/mL; Peprotech)
for Treg differentiation.

Statistical analysis
Student two-tailed ¢ test was used for statistical analysis.
A p value <0.05 was considered significant.
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Results and discussion

Naive CFTR-/- CD4+ T cells preferentially undergo Th17
differentiation

Initially, CFTR expression was thought to be restricted
to epithelial cells [22,23], but later studies confirmed that
CFTR is also expressed in lymphocytes [4]. Moreover, T cell
clones derived from CF subjects show a defective c-AMP
regulated chloride current, pointing towards a functional
role of CFTR in regulating T cell function [4]. Differenti-
ation of naive CD4+ T cells into different effector lineages,
such as Th17 cells, is directed primarily by the local cyto-
kine environment in the presence of T cell receptor activa-
tion and co-activation of co-stimulatory molecules [24,25].
We assessed the kinetics of CFTR expression during naive
CD4+ T cell differentiation. Naive CD4+ T cells were iso-
lated from CFTR+/+ mice and stimulated in vitro with
antibodies to drive T cell receptor activation. On quan-
titative polymerase chain reaction analysis, CFTR expres-
sion is induced up to 100 fold following 6 hours of
stimulation, subsequently returning to basal levels within
48 hr (Figure 1A). By contrast, we failed to observe induc-
ibility of CFTR mRNA expression in T cells isolated from
CFTR-/- mice (data not shown). The inducibility of CFTR
expression in naive T cells following antibody stimulation
led us to hypothesize that defective CFTR may affect T cell
differentiation into different lineages. Naive CD4+ T cells
from CFTR+/+ and CFTR-/- mice were differentiated into
IFN-y- producing Thl cells [19] in vitro (Figure 1B-D).
Similar proportions of naive CD4+ T cells underwent Thl
differentiation, which was further confirmed by using
ELISA to measure levels of IFN-y released into the
media (Figure 1B-D). Similar results were identified fol-
lowing differentiation of naive CD4+ T cells into Foxp3+
regulatory T cells [20], whereby both CFTR+/+ and
CFTR-/- naive CD4+ T cells displayed comparable propen-
sities to undergo Treg differentiation, by analysis of Foxp3
expression (Figure 1E, F) as well as levels of TGF-} produc-
tion (Figure 1G). However, when cells were differentiated
along the IL-17-producing Th17 lineage [21], 16% of naive
T cells from CFTR+/+ mice differentiated into IL-17 produ-
cing cells, whereas Th17 differentiation of naive CFIR -/- T
cells was almost 2 fold higher with approximately 25-30%
cells undergoing differentiation into IL-17-producing cells
(Figure 1H, I). This was further confirmed by measuring
IL-17 production using ELISA, which identified that
in vitro differentiated CFTR-/- T cells produce significantly
higher amounts of IL-17 than CFTR+/+ T cells differenti-
ated along a Th17 lineage (Figure 1]). Therefore, data from
mice identified an intrinsic predisposition of naive CFTR-/-
T cells to preferentially undergo Th17 differentiation.

Active Th17 response in the peripheral blood of CF subjects
Although studies have identified an active Th17 profile in
the lungs of CF patients [13,26], an active Th17 response
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has not been demonstrated in the peripheral blood. Based
on our findings in the above CF mouse studies suggesting
a predisposition in CFTR-/- T cells, we postulated that an
intrinsic predisposition to undergo Th17 differentiation
should lead to the presence of an identifiable Th17 re-
sponse in the peripheral blood of CF subjects. Peripheral
blood mononuclear cells were isolated from CF sub-
jects and healthy individuals and subsequently stimulated
in vitro. Analysis of the Thl response, as assessed by
[FN-y production, revealed similar proportions of IFN-y-
producing T cells in the peripheral blood of healthy indi-
viduals as well as CF subjects (Figure 2A, B). However,
healthy individuals showed an extremely low frequency of
IL-17- producing T cells (0.2%), which was almost 17 fold
higher in CF subjects with approximately 3-4% of T cells
showing IL-17 production (Figure 2C, D). These findings
clearly identified an active Th17 response in the peripheral
blood of CF subjects. An active Th17 response in the lung
has been identified as predictive of P. aeruginosa infection,
which promotes exacerbation of pulmonary disease [13].
Although such a predictive biomarker would be useful, it
is limited by the requirement for bronchoalveolar lavage
(BAL) [13]. It remains to be determined if prediction
of lung infection with P. aeruginosa infection can be
achieved using the Thl7 profile in peripheral blood,
bypassing the need for BAL.

Naive CD4+ T cells in human CF preferentially undergo
Th17 differentiation

There have been clear differences documented between
murine and human CF in terms of pulmonary inflam-
mation, and thus observations from murine CF may not
always translate to human CF. Therefore, we wanted to
confirm inducibility of human CFTR in naive human T
cells following antibody stimulation, as was observed in
murine CF. CFTR was induced approximately 200 fold at
the mRNA level following 6 hr of stimulation of naive hu-
man CD4+ T cells and normalized to basal levels within
48 hr (Figure 3A), consistent with our mouse CF observa-
tions (Figure 1A). Next we wanted to identify whether,
similar to mouse CF, T cells from human CF subjects
are intrinsically predisposed towards Th17 differentiation
whilst having a normal propensity for Th1 and Treg differ-
entiation. Under conditions known to selectively drive
Th1 differentiation, approximately 50% of naive T cells
both from CF subjects and from healthy individuals differ-
entiated into IFN-y- producing Thl cells (Figure 3B, C).
Similarly, in the presence of TGF-f [27], T cells from both
healthy individuals and CF patients showed a similar pro-
pensity to Treg generation with almost 20% of the cells
differentiating into Foxp3+ Tregs [27,28] (Figure 3D, E).
Although only 12% of naive T cells from healthy individ-
uals differentiated into IL-17- producing Th17 cells, this
proportion was roughly doubled in CF subjects, with
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approximately 27% of naive CD4+ T cells undergoing dif-
ferentiation into Th17 cells (Figure 3F, G). These findings
confirm our observations from CF mice and clearly indi-
cate the preferential predisposition of naive T cells in CF
to undergo differentiation along a Th17 lineage.
Contamination of naive CD4+ T cells with memory T
cells could affect our results. Our strategy for isolation
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was based on depletion of CD45RO+ cells. CD45R0O is
not expressed exclusively on memory T cells, but is also
expressed on effector T cells [29]. Therefore, depletion of
CD45RO+ cells leads to depletion of both the memory as
well as effector T cell subsets. Lack of CD45RO+ cells was
employed to confirm the lack of memory T cells in iso-
lated naive CD4+ T cells. Moreover, the proportions of IL-

Figure 1 CFTR-/- T cells are intrinsically predisposed to differentiate along the Th17 lineage. (A) Relative mRNA expression of CFTR in
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(D) Levels of IFN-y released by differentiated cells. (E) Flow cytometry plots of Foxp3 expression by CD4+ T cells. (F) Proportions of Foxp3+ cells
generated under Treg inducing conditions. (G) Levels of TGF-B released by differentiated cells. (H) Flow cytometry plots of IL-17 production by
differentiated cells. (I) Proportions of IL-17 producing cells generated under Th17 inducing conditions. (J) Levels of IL-17 released by differentiated
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Figure 2 CF subjects have an active Th17 response, which can be detected in peripheral blood. (A) Representative flow cytometry plots of
IFN-y production by peripheral blood T cells from healthy controls and CF subjects. (B) Proportions of IFN-y producing Th1 cells in peripheral
blood. (C) Representative flow cytometry plots of IL-17 production by peripheral blood T cells from healthy controls and CF subjects. (D) Proportions
of IL-17- producing Th17 cells in peripheral blood. 5 CF subjects and 3 healthy controls, representative of 3-4 independent experiments. Mean + SEM.

*0 < 005.

17- producing T cells in the peripheral blood were in
the range of 0.2-3%, whereas following differentiation of
naive T cells into IL-17- producing T cells, the proportions
ranged between 10-30%. Polyclonal T cell activation was
used for differentiation of naive T cells into IL-17- produ-
cing T cells as well as for activation of peripheral T cells. If
contamination with memory T cells had been affecting the
data in our experiments, we would then expect the pro-
portions of IL-17- producing T cells should have been
comparable between peripheral blood and following naive
T cell differentiation. However, the 10-fold higher propor-
tions of IL-17- producing T cells following naive T cell
differentiation indicates that these were likely the naive
T cells which underwent differentiation into Th17 cells
and not just memory T cells, because if memory T cells
underwent proliferation then the proportions of IL-17-
producing cells should have been comparable between the
two experiments.

Previous studies have identified an active Thl7 re-
sponse in the CF lung, thought likely to be orchestrated
by the local pulmonary environment [12-14]. In accord

with these findings, we report a Th17 response in the
peripheral blood of CF subjects, providing a potential
biomarker of the severity of CF disease through meas-
urement of Th17 in the peripheral blood.

Dysregulation of cytokines has been reported in CF
airway epithelial cells, recently reviewed by Cohen-
Cymberknoh et al, [30] and, in distinct patterns, in the
neutrophils of the CF lung and circulating blood [31]. To
the best of our knowledge, none of the studies conducted
to date have looked at the differentiation ability of naive
human CF CD4+ T cells to helper T cell lineages com-
pared to cells from healthy subjects. At a time before the
Th17 subset of T helper cells was recognized, Moss et al.
[32] reported activated, freshly isolated, peripheral CD4+
T lymphocytes had decreased IFN-y secretion in CF com-
pared to control cells, prompting them to suggest a link
between CF genotype and T cell cytokine dysregulation.
However, it is important to note that the T cells isolated in
that study were CD4+ T cells which had already differenti-
ated within the subjects into cytokine-producing cells [32].
Hence, differences in cytokine production by those cells
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Mean + SEM. *p < 0.05.

Figure 3 Naive T cells from CF subjects are intrinsically predisposed to Th17 differentiation. (A) Relative mRNA expression levels of CFTR
on naive human CD4+ T cells following antibody stimulation at different time-points. (B) Representative flow cytometry plots of IFN-y production
by naive T cells from healthy controls and CF subjects following Th1 differentiation. (C) Proportions of IFN-y- producing Th1 cells. (D) Representative
flow cytometry plots of Foxp3 expression by naive T cells from healthy controls and CF subjects following differentiation into Tregs. (E) Proportions

of Foxp3+ Tregs. (F) Representative flow cytometry plots of IL-17 production by naive T cells from healthy controls and CF subjects following Th17
differentiation. (G) Proportions of IL-17- producing Th17 cells. 5 CF subjects and 3 healthy controls, representative of 3-4 independent experiments.

compared to cells from healthy controls likely reflected
the differences in the ongoing T cell response in CF sub-
jects and did not directly implicate a role of CF genotype
in mediating T cell function. In our present study, naive
CD4+ T cells from CF subjects differentiated in vitro into
IEN-y- producing Thl cells to an extent similar to naive
CD4+ T cells from healthy controls, further indicating that
the findings reported by Moss et al. were not indicative of
a role of CF genotype in regulating overall T cell function.
The human controls in our present study were older
than the CF subjects (22, 35 and 57 years compared to 15-
22 vyears). Li et al. [33] identified a decline in miR-181a
microRNA as being responsible for reduced CD4+ T cell
function observed with aging. However, the difference was
seen in T cells from individuals who were over 70 years old
and in our study, none of the CF subjects or the controls
met this criterion. Moreover, the levels of IFN-y-producing
Th1 cells as well as Foxp3+ regulatory T cells were similar
amongst both CF subjects as well as controls in our study
and it was only the Th17 response which was selectively
exaggerated in CF. Our murine data also indicated that
only the Th17 response was affected in CF. In the unlikely
scenario that our observations were age dependent, we
would have expected an age-dependent effect on the over-
all T cell response and not just the selective Th17 response
that was in fact observed. Furthermore, we did not observe
outliers amongst the 22, 35 and 57 year old control individ-
uals in the ability of their T cells to produce IFN-y or IL-17
following ex vivo stimulation and/or ex vivo differentiation.
Recent evidence suggests [L-17+ cells may be important
very early in CF lung disease. Increased numbers of Th17
cells have been demonstrated in the submucosa of endo-
bronchial biopsies of newly diagnosed CF infants and
young children [12]. Furthermore, the numbers of total
IL-17+ cells (including Th17, IL-17+ neutrophils, y6T and
NKT cells) are increased in newly diagnosed CF subjects
with bronchoalveolar lavage fluid neutrophilia in the ab-
sence of IL-8 [12]. We have identified a phenotype unique
to naive helper T cells from CF subjects, attributable to
loss of CFTR expression, which predisposes them select-
ively towards Th17 differentiation while retaining a nor-
mal propensity to differentiate into other lineages such as
Thl and Treg. Our findings suggest that the observations
of a Th17 response during the early onset of CF lung dis-
ease may be attributable to preferential differentiation of

naive T cells along the Th17 lineage. Moreover, the present
study confirms a role of CFTR in modulating T cell biol-
ogy by regulating differentiation along the Th17 lineage.
However, the molecular pathways by which CFTR regu-
lates Th17 differentiation remain to be elucidated.

Conclusions

Taken together, our findings are to our knowledge the first
to indicate an intrinsic phenotype of CF CD4+ T cells, at-
tributable to loss of CFTR expression, which predisposes
them towards selective Th17 differentiation while retain-
ing a normal ability to undergo differentiation into Thl
and Treg lineages. These findings may account for the ini-
tiation of the Th17 response, amplified by the local cyto-
kine milieu, that is associated with a clinical exacerbation
of CF pulmonary pathology [11,13,26]. Therefore, direct
modulation of T cells may hold potential as a novel thera-
peutic strategy in CF.
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