Keith et al. Respiratory Research (2024) 25:397 Re Spl rato ry Re sea I’Ch
https://doi.org/10.1186/512931-024-03029-0

: ®
lvacaftor ameliorates mucus burden, i
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but not chronic P. aeruginosa infection
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Abstract

Background Newly approved highly effective modulation therapies (HEMT) have been life-changing for people
with CF. Although these drugs have resulted in significant improvements in lung function and exacerbation rate,
bacterial populations in the lung have not been eradicated. The mechanisms behind the continued colonization are
not completely clear.

Methods We used a humanized rat to assess the effects of ivacaftor therapy on infection outcomes. Rats harbor

an insert expressing humanized CFTR ¢cDNA, including the G551D mutation. hG551D rats were treated with ivacaftor
either during or before infection with P aeruginosa. The response to infection was assessed by bacterial burden

in the lung and mucus burden in the lung.

Results We found that hG551D rats treated with ivacaftor had reduced bacteria present in the lung in the acute
phase of the infection but were not different than vehicle control in the chronic phase of the infection. Simi-

larly, the percentage of neutrophils in the airways were reduced at the acute, but not chronic, timepoints. Overall
weight data indicated that the hG551D rats had significantly better weight recovery during the course of infection
when treated with ivacaftor. Potentiation of the G551D mutation with ivacaftor resultant in short-circuit current meas-
urements equal to WT, even during the chronic phase of the infection. Despite the persistent infection, hG551D rats
treated with ivacaftor had fewer airways with mucus plugs during the chronic infection.

Conclusions The data indicate that the hG551D rats have better outcomes during infection when treated
with ivacaftor compared to the vehicle group. Rats have increased weight gain, increased CFTR protein function,
and decreased mucus accumulation, despite the persistence of infection and inflammation. These data suggest

that ivacaftor improves tolerance of infection, rather
than eradication, in this rat model.
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improving gating in the G551D mutation [2, 3]. It has
since been approved for a handful of other mutations,
and has been combined with small molecules to correct
the protein folding defect that occurs with mutations
like F508del [4—8]. These drugs have now reached a sig-
nificant portion of the patient population in the United
States and Europe, and have made dramatic changes
in the overall health and quality of life for those who
are eligible [9-12]. Together, these drugs have been
referred to as highly effective modulator therapies, or
HEMT, and have been proven in the clinic to improve
sweat chloride [13, 14], lung function [15], mucocili-
ary clearance [16], nutritional status [17], and to reduce
pulmonary exacerbations [18].

Early data from the GOAL study, which collected data
on subjects with ivacaftor therapy for up to a year after
initiation, indicated early promising results on infec-
tious outcomes [19]. Specifically, the GOAL study found
that ivacaftor cause a reduction in the incidence of Pseu-
domonas aeruginosa infection, within a few months
of therapy onset, although most other pathogens were
unchanged. However, follow-up data, and corroborating
studies from Europe, indicated that these changes were
short lived [20]. The recently released PROMISE data set
also showed promising signs of reduced exacerbations
in subjects eligible for Trikafta [12], but also found that
infection largely persisted in the lung. It is not clear why
the bacteria remain, or how impactful future infections
will be to patients’ health [11].

In order to address these questions in a more control-
lable animal model of CF, we created a humanized rat
model that expresses CFTR with a G551D mutation [21].
We have previously shown that this model responds to
ivacaftor with approximately 50% of the function of WT
CFTR, that ivacaftor is able to restore mucociliary trans-
port and airway hydration, and also that ivacaftor incom-
pletely restores inflammatory outcomes when the animal
is challenged to mimic an exacerbation [22]. In this study,
we extended the evaluation of ivacaftor to understand
how the restoration of CFTR results alters infection.

The hG551D model of CF replicates both the muco-
obstructive and chronic infection phenotype seen pre-
viously in CF rat models [23-25], which more faithfully
represents lung disease of human subjects. This rat also
offers a proxy model for restoration of CFTR by any
means, enabling questions regarding the extent of CFTR
activity necessary to correct specific aspects of patho-
physiology. This is a method that has been used in other
animal models [26, 27], and enables us to understand the
relationship between airway mucus, P. aeruginosa infec-
tion, and CFTR activity.

In the study presented here, we examined the effects of
ivacaftor on either treating or preventing infection with
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P, aeruginosa, how mucus accumulation following infec-
tion was affected by ivacaftor, and how CFTR poten-
tiation was changed during infection, to understand the
molecular effects of ivacaftor therapy during acute and
chronic lung infection.

Materials and methods

CF rat model

Experiments were conducted using the human-
ized-G551D-CFTR strain [21] either homozygous G551D
(termed hG551D) or their littermate controls without
the G551D insert (termed WT). This strain was bred and
genotyped as previously described [28]. Heterozygote
(CFTR hG551D/+) male and female were paired to gen-
erate WT and hG551D pups, as above. All animals were
bred and housed in standard cages maintained on a 12 h
light/dark cycle with ad libitum access to food and water,
in temperatures ranging from 71 to 75°F. hG551D and
WT animals were maintained on a standard rodent diet
with supplemental DietGel 76A (clear H20, Westbrook,
ME, United States) and a combination of PEG3350
(Spectrum Chemical, New Brunswick, NJ, United States),
Pedialyte Advanced Care Plus Powder (Abbott, Abbot
Park, IL, United States), and sodium benzoate (Sigma-
Aldrich) added to the water from weaning, as a means to
reduce mortality from gastrointestinal obstruction. Stud-
ies were conducted at 6 months of age. Groups were split
as evenly as possible between males and females.

Pharmacologic administration

WT and hG551D rats received administration of iva-
caftor, obtained from Selleckchem (Houston, TX, United
States), and suspended in methylcellulose. Ivacaftor was
mixed with methylcellulose no more than 3 days prior to
administration and stored at 4 °C. Experiments followed
different schedules of administration, but all animals
either received ivacaftor at a rate of 30 mg/kg/day or 3%
methylcellulose vehicle by oral gavage.

Pseudomonas aeruginosa

Rats were infected with the mucoid P. aeruginosa strain
PAM57-15, a clinical isolate used previously [24, 29].
Bacteria were grown in tryptic soy broth (TSB) to
absorbance of 1.0-1.5 at 600 nm and washed in PBS, pH
7. Bacteria were embedded in agarose using previously
established methods and adjusted to a concentration of
1%x10%° CFU/mL. In order to maintain reproducibility,
agarose bead preparations were deemed acceptable if the
CFU concentration, the bead volume per milliliter, and
the bead size were all consistent.
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Infection

P aeruginosa-laden agarose beads were administered
at a concentration of 1x10® CFU/mL, via oro-tracheal
administration. Rats were anesthetized using isoflu-
rane and suspended on an intubation stand (Braintree
Scientific) by their incisors. The tongue was pulled out
and aside using blunt forceps and a syringe attached to
a blunt 18-gauge Luer stub (Instech Laboratories, Plym-
outh Meeting, PA, USA) inserted past the tongue and
into the trachea to ensure delivery to the lung. 300 pL
of the beads were delivered via syringe for an inoculum
of 3x10° CFU, followed by 50 uL of air. Rats remained
upright on the intubation stand for >5 s to complete
inhalation of the inoculum and then were allowed to
recover. Rats were weighed before the experiment began
(day 0) and daily until sacrifice for the duration of the
study.

Bronchoalveolar lavage

Rats were euthanized via intraperitoneal injection of
500 pL pentobarbital sodium (390 mg/mL). Rats were
exsanguinated, the thoracic cavity exposed, and airways
intubated via the lower trachea. 5 ml of sterile, cold PBS
pushed into the lungs and recollected into a separate
sterile syringe using a two-way stopcock. Bronchoalveo-
lar lavage fluid (BALF) was centrifuged at 1200 rpm for
7 min, and the supernatant transferred for mucin analy-
sis. Pelleted cells were resuspended in PBS and cytocen-
trifuged onto slides at 500xg for 5 min. Slides were fixed
and stained with Diff-Quik (Siemens, Erlanger, Ger-
many). Leukocytes were manually counted and visually
identified.

CFUs

Lungs were mechanically homogenized in 5 mL of F-12
media (Gibco, Thermofisher Scientific, Grand Island,
NY, USA) and 200 pL aliquots serially diluted in TSB for
manual counting on Pseudomonas Isolation Agar (Milli-
pore Sigma, St. Louis, MO, USA).

Histology

Tracheae and lungs were immersion fixed in 10% phos-
phate-buffered formalin and embedded in paraffin blocks
for sectioning, as previously performed [28]. Sections
were stained with hematoxylin and eosin (H&E) or alcian
blue Periodic acid Schiffs (ABPAS).

Mucin analysis

Muc5b and Mucbac were detected on nitrocellulose
membranes using modified dot blot methods [25] and
antibodies selective for each mucin (Muc5b ab87376
Abcam, Cambridge, MA, United States; Mucbac 10112-
334, VWR, Radnor, PA, United States), as previously
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performed [24]. Signal was detected with HRP-secondary
antibodies and the SuperSignal West Femto Maximum
Sensitivity Substrate (Thermofisher Scientific, Grand
Island, NY, United States). Blots were detected for chemi-
luminescence and analyzed by densitometry using Image]
software. Samples were normalized to age-matched WT
control average values.

Tracheal short-circuit current

Short-circuit current measurements were performed as
described in previous studies under voltage clamp con-
ditions in Ussing chambers (Physiologic Instruments,
Reno, NV, USA) [28]. Briefly, tracheae were excised and
opened longitudinally along the ventral surface. Tracheal
tissues were mounted as flat sheets in Ussing chambers
(area 0.031 cm?). Chambers were constantly maintained
at 37 °C and bubbled vigorously with 95% O,:5% CO.,.
Tissue segments were equilibrated for 10 min in regu-
lar Ringer solution that contained (in mM) 120 NaCl,
25 NaHCO,, 3.33 KH,PO,, 0.83 K,HPO,, 1.2 CaCl,,
1.2 MgCl,, and 10 mannitol to establish a baseline. This
was followed by administration of CFTR; 17, (10 uM)
to block constitutively active CFTR-dependent chlo-
ride current, and then sequential addition of amiloride
(100 pM), ATP (10 uM), and bumetanide (100 pM). I,
divergence was calculated after subsequent attainment
of stable plateau after baseline and CFTR inhibitor treat-
ment for several minutes for each sample.

HOCT image acquisition and analysis

Functional microanatomic measurements of ex vivo
tissue were performed using micro-optical coherence
tomography [23, 30, 31], as described previously. Trachea
were excised and images were acquired at five controlled
points along the ventral surface with the optical beam
scanned along the longitudinal direction, using the cra-
nial end as a reference. Mucociliary transport (MCT) rate
was determined using time elapsed and distance travelled
of native particulates in the mucus over multiple frames,
using the pixel to micron conversion factor determined
with image calibration.

Statistics

Statistical analysis was performed in GraphPad Prism
(GraphPad, LaJolla, CA) version 7.0 or newer. Infer-
ential statistics (mean, SD, and SEM) were computed
using ANOVA or 2-tailed paired t-test, as appropriate.
For multiple comparisons, post-hoc testing was applied
only if ANOVA was significant. P values of less than 0.05
were considered significant. Statistics are presented as
mean + SEM. For all analyses, mean values per animal are
reported.
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Study approvals
Procedures involving animals were approved by the
IACUC at UAB (IACUC-20532, IACUC-21963, and
IACUC-22206).

Results

Ivacaftor treatment has transient effects on infectious
burden in the hG551D rats

Our initial studies were designed to mimic the scenario
that many PwCF face when initiating HEMT, which is
prior infection with pathogens like P. aeruginosa. In these
experiments, we infected hG551D and WT rats with
3%10° CFUs of the mucoid clinical isolate PAM57-15,
embedded in agarose beads. To mimic an acute course of
infection with HEMT, infected rats received either iva-
caftor or methylcellulose vehicle daily for 3 days (Fig. 1A)
beginning at day 4 post-infection, while ivacaftor treat-
ment was delayed until 21 days after infection to mimic
the chronic infection. At sacrifice, hG551D rats in the
acute cohort had a lower bacterial burden in the lung,
measured by fewer CFUs recovered, when the treatment
was ivacaftor (1.1x10°+1.3x 10° CFUs compared to the
vehicle only (5.3x10° CFUs+2.0x10° CFUs, Fig. 1B).
However, the hG551D rats in the chronic cohort had no
difference in CFUs after sacrifice regardless of treatment
group (2.9x10°+1.5x10° CFUs in the ivacaftor group
compared to 2.2 10°+4.1x 10° CFUs in the control). In
each case, the WT rats were able to eradicate infection, as
previously seen [24]. Neutrophil infiltration was assessed
as a marker of inflammation. Treatment with ivacaftor
did not reduce the number of neutrophils compared to
the vehicle group at either day 7 (59.7%+10.23% in the
ivacaftor group compared to 67.9% +8.2% in the control)
or day 39 (27.9% + 13.5% in the ivacaftor group compared
to 17.1% +12.7% in the vehicle group), and both hG551D
groups had higher percentage than WT (58.7% + 10.8% at
day 7, and 3.2%+2.9% at day 28, Fig. 1C), as previously
reported [22, 24].

In the acute cohort, hG551D rats that were treated with
ivacaftor had a significant increase in weight 24 h after
treatment initiation compared to the vehicle only group
of hG551D rats (Fig. 1D), and ended with the largest
change from the initial weight of all three groups. Simi-
larly, the hG551D rats in the chronic cohort had a sig-
nificant weight increase 24 h after the initial treatment,
continuing to gain compared to the vehicle only group
(Fig. 1E), although the weights had not reached the gain
status of the WT group by the end of the study. We also
measured mucin content in the BALF, as this response to
infection marked the severity of disease in the previous
CF rat studies [24, 25]. The hG551D rats had no statis-
tical difference between the groups in Muc5b, either at
the acute or the chronic timepoint (Fig. 1F), although
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both groups were markedly higher than WT. Ivacaftor
treatment did reduce Muc5ac in the hG551D rats at the
acute timepoint, although there was no difference at the
chronic timepoint in Muc5ac between the ivacaftor and
the vehicle groups (Fig. 1G).

Preventive treatment with ivacaftor ameliorates acute,

but not chronic, infection outcomes

Although the differences between the treatment groups
were minimal when bacterial infection preceded iva-
caftor therapy, we also asked if ivacaftor could pre-
ventively alter the response to bacterial infection. This
experiment addressed the situation that more pwCF
will face in the future, as the FDA has now approved
ivacaftor therapy down to 1 month of age [11]. There-
fore, newly diagnosed pwCF will have CFTR modula-
tor correction before exposure to bacteria such as P,
aeruginosa. To test how ivacaftor would modulate the
response to infection in this clinical scenario, we ini-
tiated treatment for all groups of hG551D rats at Day
—7 (Fig. 2A), with rats evenly split into ivacaftor and
vehicle only groups, again compared to WT. Rats
were infected with P aeruginosa as before at day 0,
when the drug concentrations could be expected to
be at steady-state. In this experiment, we again found
decreased lung burden, assessed by CFUs, in the
ivacaftor-treated hG551D group at the acute time-
points, days 3 (1.9x10*+1.6x10%> CFUs in the iva-
caftor group compared to 4.9x10°+1.6x 10* CFUs in
the vehicle group) and 7 (2.8x10'+19.8x10' CFUs
in the ivacaftor group compared to 6.3 x 10%+3.7x 103
CFUs in the vehicle group), but had returned to
match the vehicle only group by day 28 post-infec-
tion (1.3x10”+1.7x10° CFUs in the ivacaftor group
compared to 1.5x107+1.6x10° CFUs in the vehicle
group, Fig. 2B). Similarly, the percentage of cells in the
BALF that were neutrophils were significantly lower
in the ivacaftor-treated hG551D rats (25.1% +23.8%)
compared to both the vehicle only hG551D rats
(74.8% + 16.5%) and the WT controls (64.2% + 12.2%) at
day 3, but had returned to match the vehicle only group
at day 28 (29.3% +19.1% in the ivacaftor group, com-
pared to 26.83% + 15.1% in the vehicle group, Fig. 2C).
Again, weights were recorded from the day of infection,
finding that the hG551D rats treated with ivacaftor had
significantly higher weight gains compared to both the
vehicle-hG551D and the WT control groups (Fig. 2D).
In this experiment, there was no difference between the
two hG551D treatment groups in the amount of Muc5b
in the BALF at days 3 and 7 post-infection, although
there was a higher amount of Muc5b in the BALF in
the ivacaftor rats at day 28 (Fig. 2E). Similarly, Muc5ac
was not different between the two hG551D treatment
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Fig. 1 Treatment with ivacaftor reduces acute, but not chronic, P aeruginosa lung burden. A Experimental diagram. Rats were infected with P
aeruginosa at day 0, and ivacaftor dosing initiated at either day 4, during the acute phase, or day 21, during the chronic phase. Rats were
sacrificed at either day 7 or 28 post-infection. B CFUs recovered from the lung homogenate of a single lung lobe. C Percentage of neutrophils
from the differential cell count in the bronchoalveolar lavage fluid. D Weight change from baseline, in percent, in the acute cohort. E Weight
change from baseline in the chronic cohort. F Muc5b quantity and G Muc5ac quantity detected in the BALF. Circles=WT rats; blue upward
triangles=hG551D + vehicle; green downward triangles=hG551D + ivacaftor. Arrows indicate initiation of ivacaftor therapy. Data reported

as mean £ SD. n=6/group. *P <0.05, **P <0.01

groups at the early timepoints, but higher in the iva-  Potentiation of G551D-CFTR by ivacaftor results in similar
caftor-treated rats at the 28 day timepoint (Fig. 2F). activity to WT during infection
Although we have previously found that ivacaftor
restores CFTR protein function to the airways of
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hG551D rats [21], it is not clearly understood how
the efficacy of CFTR correction changes after infec-
tion, or if WT CFTR function is altered during infec-
tion. To assess this question, we treated both WT
and hG551D rats with either ivacaftor or the vehicle,
and infected all rats for 28 days. The CFTR activity in
the trachea was assessed using short-circuit current
measurements. Representative tracings from all four
groups are shown for comparison (Fig. 3A). The base-
line current in the WT rat tracheae was not affected
by ivacaftor treatment, although the changes follow-
ing forksokin and CFTR-},,172 administration were
lower in the WT that received ivacaftor compared
to the vehicle control. As expected, ivacaftor treated
hG551D rats had a higher baseline current compared
to the vehicle treated hG551D rats, which reached
approximately 50% of W'T, which matches the effect of
ivacaftor in uninfected hG551D rats that we have pre-
viously reported [21]. To assess CFTR-dependent cur-
rent, we assessed the change in I after administration
of CFTR-{,;,172, comparing the vehicle and ivacaftor
treated groups. The mean response to CFTR-},172
was not significantly different in the ivacaftor treated
WT group (—81.7+33.2 pA/cm?) compared to vehicle
control (—141.6+16.19 pA/cm?). The vehicle treated
hG551D rats had a reduced response compared to WT
(=22.5+44.6 pA/cm?), as expected. There was no dec-
rement to the CFTR-dependent current in the hG551D
rats treated with ivacaftor (— 161.5+62.3 pA/cm?) even
with infection; this was significantly higher than the
hG551D vehicle controls, and no different compared
to the WT groups. These data indicated that there was

Acute

Chronic
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no difference in CFTR protein function in the hG551D-
ivacaftor corrected animals, even with infection.

Ivacaftor treatment reduces the mucus burden

during infection

Previous work conducted in the rat models have care-
fully characterized airway mucus the CF airway, at base-
line and in response to infection with P. aeruginosa. Prior
work has identified a deficit in mucociliary transport in
the CF airway [23], that is exacerbated by infection [24].
In the absence of infection, the administration of iva-
caftor has been shown to correct the mucociliary trans-
port defect [21], corroborating data obtained by other
groups [32]. We wanted to confirm that the correction
of MCT rate in the hG551D trachea with ivacaftor was
sustained in the presence of infection. To determine
this, we again treated hG551D rats with either ivacaftor
or vehicle control, and assayed rats in the acute (day 3)
and chronic (day 28) phases of infection. The airway was
imaged with pOCT to capture the airway surface. Repre-
sentative images are presented of tracheae from hG551D
rats in the acute and chronic phases, treated with either
vehicle or ivacaftor (Fig. 4A). These images were used
to quantitate changes to the airway surface liquid (ASL)
height as well as MCT rates. At the acute timepoint, we
found that infection with P aeruginosa increased ASL
height in the WT rats (40.6+12.6 pm with P. aeruginosa
compared to 21.5+13.4 in the uninfected WT), but that
infected hG551D rats treated only with the vehicle had
a significantly reduced ASL (22.7+5.6 pm). Ivacaftor
did not restore ASL height in the hG551D rats that
were infected with P aeruginosa (14.2+9.2 um, Fig. 4B).
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Fig. 4 Ivacaftor corrects mucociliary transport in chronic infection. Ivacaftor or vehicle treatment was initiated 7 days before infection with P,
aeruginosa at day 0, and continued until the rats were sacrificed at 3 or 28 days post-infection. Tracheae were excised for yOCT imaging. A
Representative tracings of hG551D trachea with vehicle (veh) or ivacaftor (iva), during acute (3 days post-infection) or chronic infection (28 days
post-infection). Red bar=airway surface liquid (ASL) depth, mu=mucus layer, ep=epithelial layer, and Ip=lamina propria. Images were quantified
to generate, B ASL depth and € mucociliary transport (MCT) rates in acute infection, as well as D ASL depth and E MCT rates from chronic infection.
Data reported as mean, and all graphs have statistical comparisons for each group to the uninfected WT (open circles). n=15 RO1/group. *P < 0.05,

**P <001, ***P<0.001, ****P <0.0001, ns=not significant
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However, at the acute timepoint, when compared to
MCT rates detected in the WT uninfected tracheae
(0.42+0.07 mm/min) ivacaftor did not restore MCT
(0.14+£0.14 mm/min), which was also non-significant
compared to the hG551D uninfected (0.07 +0.04 mm/
min) and the hG551D rats that were infected and treated
only with vehicle (0.12+0.06 mm/min, Fig. 4B). The same
analysis was conducted at the chronic infection time-
point. In these animals, ivacaftor did not restore ASL to
that of WT in the hG551D infected rats (8.09+3.04 um
hG551D +ivacaftor, compared to 21.45+13.9 um in the
uninfected WT, Fig. 4D). MCT rates in the tracheae
from the infected hG551D rats treated with ivacaftor
(0.19+£0.17 mm/min) were higher than the infected
hG551D rats treated only with vehicle (0.04+0.017 mm/
min, Fig. 4E). Importantly, the WT rats that were infected
with P aeruginosa had a significantly increased mean
MCT rate (3.7+2.9 mm/min), which corresponds with
data previously reported [24]. The difference between
the infected WT and the infected hG551D + ivacaftor is a
potential mechanism for retention of infection.

We have previously found that infection with P aer-
uginosa caused small airway plugging at the chronic
timepoint in CF rats [24]. That data was repeated in the
hG551D rats that were infected and treated only with
vehicle (Fig. 5A), which had significant mucus plugging
in the small airways at both the acute and the chronic
timepoints. These plugs appeared to be less severe in the
ivacaftor treated hG551D rats at the acute timepoint,
and largely absent at the chronic timepoint (Fig. 5A). To
quantify these changes, we measured the percent of total
airways that had mucus staining present in the airway
lumen (Fig. 5B), which identified a statistically significant

Acute

Chronic
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difference only in the ivacaftor treated hG551D rats at
the chronic timepoint (2.7 +3.9% affected airways in the
ivacaftor treated hG551D compared to 36.5+13.1%in
the control). For the airways that had mucus present, we
measured the percent of the airway that was occluded
(Fig. 5C), which indicated statistically significant dif-
ferences in the ivacaftor treated rats at both the acute
(33.5+14.8% in the ivacaftor treated hG551D compared
to 57.5+26.9% in the vehicle treated hG551D) and the
chronic (2.08+3.5% in the ivacaftor treated hG551D
compared to 50.3+24.4% in the vehicle treated) time-
points. Together, these data indicate that the mucus
phenotype in response to infection is ameliorated but
not eradicated in the hG551D rats with restored CFTR
function.

Discussion

Overall, our data found that ivacaftor administration
resulted in slightly ameliorated infectious burden in the
acute phase, but was unable to significantly clear infec-
tion once P aeruginosa had reached chronicity. These
data match results from the observational clinical trial
including people with the G551D mutation on ivacaftor,
termed GOAL [19]. In this study, researchers found that
pwCF had short-term reductions in inflammation and
bacterial burden, with additional conversion of mucoid P
aeruginosa to non-mucoid P. aeruginosa. However, once
patients had been on ivacaftor therapy for a full year,
markers of inflammation and infection had returned to
baseline [20]. Our rat data also correlates to the improve-
ment in whole-lung mucociliary clearance seen in those
on ivacaftor [16], which in humans corresponds to a sig-
nificant reduction in expectorated sputum.
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Fig. 5 Ivacaftor relieves mucus burden in acute and chronic infection. Ivacaftor or vehicle treatment was initiated 7 days before infection with P
aeruginosa at day 0, and continued until the rats were sacrificed at 3 or 28 days post-infection. Lung sections were stained for the presence

of mucus using AB-PAS. A Representative tracings of hG551D trachea with vehicle (veh) or ivacaftor (iva), during acute or chronic infection.
Images were quantified to generate B % of airways with mucus plugs. C Airways that had mucus present were further analyzed to determine
the percentage of the airway that was occluded. Data are presented as mean. n=15 RO1/group. **P <0.01, ****P <0.0001
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More data has been available from the recent PROM-
ISE study, which includes more pwCF on highly
effective modulators. In this study, those eligible for
elexacaftor/tezacaftor/ivacaftor (Trikafta), who were
predominantly those with F508del mutations, demon-
strated significant clinical improvement [10, 18] but
residual bacterial burden [12]. This population experi-
enced dramatic reduction in exacerbations, hospital vis-
its, and antibiotic usage, but remained largely infected.
With the human data in mind, we hypothesize that the
mucus occlusions caused more of the symptoms than
the overall lung burden. This is supported by the data
presented here, that the rat weights are significantly
improved with ivacaftor treatment, even when bacteria
are still in high numbers. Instead, the improved weights
of the hG551D rats treated with ivacaftor correlated
more closely to the absence of accumulative mucus in
the airways. In pwCF, bacterial burden does not always
match the clinical course of disease, which is most
clearly seen by the lack of increased bacterial density in
exacerbations. Additionally, the strongest effect of iva-
caftor in the infected hG551D rats came in the acute
phase of the infection, which correlates more closely to
the exacerbations experienced by pwCF.

Reduction of exacerbations with administration of
HEMT may be more dependent on the localization of
infection. In these experiments, we found that although
the ivacaftor-treated hG551D rats no longer had wide-
spread areas of mucus plugs, there were some airways
that remained filled with mucus during chronic infection.
The localized affected airways may have implications for
more severe lung disease. The presence of bronchiec-
tatic airways are expected to be more difficult to eradi-
cate with administration of HEMT, and may continue to
provide a reservoir for infection. This will become espe-
cially important in the case of a lapse in therapy, which
has already been shown to result in renewed exacerba-
tion [33]. These regions should also be taken into consid-
eration as the field moves toward lung delivery of CFTR
genetic therapies. Restoration of CFTR activity may not
completely resolve all areas of lung infection and mucus
accumulation, as seen in these experiments.

Importantly, we also found that the ivacaftor-treated
rats have improved global outcomes, with increased
weights, increased CFTR activity, and decreased mucus
accumulations, even in the setting of chronic infec-
tions. These suggest that the presence of infection has
been decoupled from the mucus and CFTR function.
These data also suggest that the primary morbidity in the
infected CF rats results from plugged airways that are
not able to conduct oxygen, which may also explain why
pwCF have significantly improved BMI and quality of life,
even with reports of continued bacterial colonization.

Page 9 of 10

Additionally, these data suggest that HEMT may improve
tolerance of bacterial infections, therefore improving
patient outcomes.

It is clear from both the human data reports and the
animal experiments presented here that HEMT does not
eradicate infection alone. What is less clear for this popu-
lation is whether the residual bacteria will cause a signifi-
cant decline in lung health. Longer-term studies will be
needed to determine if lung function continues to decline
on HEMT, even if more slowly than before the HEMT
era, or if the residual bacteria become more clinically
significant during a viral exacerbation. Based on the simi-
larities to the human results, we believe that the hG551D
rat can be a suitable model for prediction of these events,
and future studies will attempt to understand how lung
health has changed in the HEMT era.
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