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Bioactive Thymosin Alpha-1 Does
Not Influence F508del-CFTR
Maturation and Activity
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Deletion of phenylalanine 508 (F508del) in the cystic fibrosis transmembrane conductance regulator
(CFTR) anion channel is the most frequent mutation causing cystic fibrosis (CF). F508del-CFTR
is misfolded and prematurely degraded. Recently thymosin a-1 (Ta-1) was proposed as a single
molecule-based therapy for CF, improving both F508del-CFTR maturation and function by restoring
defective autophagy. However, three independent laboratories failed to reproduce these results.

. Lack of reproducibility has been ascribed by the authors of the original paper to the use of DMSO and

. toimproper handling. Here, we address these potential issues by demonstrating that Ta-1 changes
induced by DMSO are fully reversible and that Ta-1 peptides prepared from different stock solutions
have equivalent biological activity. Considering the negative results here reported, six independent

. laboratories failed to demonstrate F508del-CFTR correction by Tae-1. This study also calls into question

. the autophagy modulator cysteamine, since no rescue of mutant CFTR function was detected following

. treatment with cysteamine, while deleterious effects were observed when bronchial epithelia were

. exposed to cysteamine plus the antioxidant food supplement EGCG. Although these studies do not
exclude the possibility of beneficialimmunomodulatory effects of thymosin -1, they do not support its
utility as a corrector of F508del-CFTR.

Loss-of-function mutations occurring in the gene encoding the cystic fibrosis transmembrane conductance reg-
ulator (CFTR) protein cause cystic fibrosis (CF), the most frequent lethal genetic disease in Caucasian popula-
* tions"? CFTR functions as a chloride channel expressed at the apical side of epithelial cells and the disease affects
- the lungs, pancreas, liver, exocrine glands and other organs. More than 2000 mutations have been described in
. the cfir gene, however the deletion of phenylalanine at position 508 (F508del) is the most frequent. F508del-CFTR
. displays several molecular defects including aberrant folding that results in premature degradation by the pro-
- teasome’, and if trafficked to the plasma membrane, reduced stability due to peripheral protein quality control
. mechanisms*® and low open probability (reviewed by®).
In the last 15 years efforts have been focused on the identification of small molecules that are able to
restore defective processing (correctors) and activity (potentiators) of mutant F508del-CFTR’". VX-809' or
© Lumacaftor™ (Vertex Pharmaceuticals Inc) was the first corrector drug to be approved by the FDA and is com-
: bined with the potentiator Ivacaftor (VX-770) in the drug Orkambi™ (Vertex Pharmaceuticals Inc) to treat CF
© patients homozygous for the F508del mutation'®. VX-809 is a pharmacological chaperone that binds directly to
© F508del-CFTR and promotes its folding'¢~'%. VX-809 binds to the helical subdomain of the first nucleotide bind-
ing domain (NBD1) at non-physiological concentrations'®, however the presence of amino acids 370-380 in TM6
and the linker to NBD1 are necessary for the pro-folding action of VX-809'7%,
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Combining correctors that have different mechanisms of action can improve the rescue of mutant CFTR!820-22
through binding to multiple sites?*?? and/or through modulation of proteostasis, i.e. by altering cellular protein
homeostasis so that CFTR processing and plasma membrane stability is improved®-?. Indeed, rescue of mutant
CFTR trafficking has already been demonstrated through modulation of gp78, CHIP, CAL, RNF5/RMAL1, Dab2,
RPL12, KIFC1, RFFL and cCBL>?*-*. Autophagy is reportedly defective in CF cells and its restoration has been
proposed as a therapeutic strategy to rescue mutant CFTR trafficking and function®**’. One compound proposed
to correct F508del-CFTR maturation and functional expression through enhanced autophagy is cysteamine®.

Recently, it has been reported that the naturally occurring polypeptide thymosin a-1 (Ta-1) rescues CFTR
maturation, stability, and activity, thereby correcting the pathological abnormalities of F508del-CFTR in vitro (in
CFBE41o0- cells and in primary human bronchial epithelial cells), and in vivo in a CF murine model®®. Ta-1 was
also reported to increase expression of the calcium-activated chloride channel (CaCC) regulator CLCA1 in three
of five patients examined, and proposed to promote compensatory chloride secretion®. These multiple activities
of Ta-1 were attributed to the same mechanism of action as the previously reported anti-inflammatory and
immunomodulatory effects of Ta-1, by elevating indoleamine 2,3-dioxygenase 1 (IDO1) expression in the bron-
chial epithelium®. Indeed, by increasing IDO1 expression, Ta-1 reduces proinflammatory signaling and initiates
immunotolerance in the lung®®. Considering that IDOL1 is a potent driver of autophagy, Ta-1 was proposed to
restore autophagy in CF cells and rescue CFTR*, similarly to cysteamine®. Ta-1 could therefore be considered a
prototypic single-molecule-based therapy for CE.

The enthusiasm for these findings however waned when three independent laboratories were unable to repro-
duce the results***’. Romani and colleagues replied to these studies by calling into question the acetylation status
and handling of the Ta-1 peptide, in particular the vehicle used*'. Considering that a single-molecule-based
therapy would be of great importance for CF patients, here we directly addressed these potential issues and to
clarify whether indeed Ta-1 has any impact on CFTR trafficking or function.

Results and Discussion

Our previous studies conducted in three independent laboratories failed to detect Ta-1 activity as modulator
of mutant CFTR maturation and function on primary bronchial epithelia from F508del homozygous patients
by using biochemical and electrophysiological techniques®*°. These results were obtained by testing Tc-1 from
two different commercial sources (CRIBI and Abcam) and using different protocols for peptide solubilization
(Ta-1 powders were dissolved in either distilled water, DMSO or 0.1% acetic acid). An independent laboratory
confirmed the sequence of the synthetic Ta-1 peptides using LC-MS/MS sequence analysis®. Given the unex-
pected negative results, the biological activity of Ta-1 was confirmed by assessing its ability to induce apoptosis
in MCF-7 breast cancer cells**. Romani and colleagues replied to these studies by calling into question the acetyl-
ation status of the Ta-1 peptides and their mode of solubilization*!. Indeed, they reported that Ta-1 undergoes
remarkable and permanent structural changes when dissolved initially in DMSO leading to peptide aggregation
that cannot be reversed by subsequent dilution in aqueous medium*!. However, data supporting these claims
regarding the vehicle dependence of Ta-1 were not presented. In addition, they suggested that the use of Ta-1
peptide purchased from Abcam, being non acetylated at the N-terminus, was perhaps the main reason for the
lack of F508del-CFTR correction by Ta-1, since acetylation of Ta-1 is important for its biological activity*!. In
agreement, they found that only the CRIBI peptide, being acetylated, was active on CFTR*..

Evaluation of Ta-1 sequence, N-terminus acetylation and native conformation. Our previous
analyses however demonstrated that both Ta-1 peptides (Abcam and CRIBI) were acetylated at the N-terminus®.
Although not mentioned on the Abcam website, the Certificate of Compliance for their Ta-1 peptide clearly
indicates that the peptide is indeed acetylated (available upon request). We further investigated the acetylation
status of the Ta-1 peptides by performing our own high-resolution mass-spectrometry analysis of both peptides.
Figure 1A shows the mass-to-charge ratio observed for charge state +3 for both samples.

The observed mass for both peptides (Abcam and CRIBI) perfectly matches that predicted for Ta-1 bear-
ing one acetyl group. Unlike Romani et al. we also confirmed in-house, by using MS/MS analysis, that (1) the
observed sequence matches the native one and that (2) the acetyl group is at the N-terminus, as reported in
Supplementary Figs 1 and 2. Motivated by the suggestion that the initial dissolution conditions used to prepare
Ta-1 stock solutions could have a dramatic and non-reversible effect on its biological activity after aqueous dilu-
tion*!, we carried out experiments to test this possibility. Indeed, it was difficult that a relatively short, predom-
inantly alpha helical peptide of 28 amino acids could be irreversibly altered by the initial dissolution conditions
(Supplementary Fig. 3).

We then explored Ta-1 3D structure by native state MS*>*3 coupled to ion mobility MS (IMS). This well
established technique accurately monitors changes in the 3D structures of peptides and proteins*. Biomolecules
are introduced into the spectrometer dissolved in a MS-compatible buffer (e.g. 10 mM ammonium acetate, pH
7.4) that does not alter their native state conformation. The electrospray process (ESI+) transfers positively
charged molecules from the liquid to the gas-phase. During the IMS analysis, these ions move through a drift
cell filled with an inert gas (N,) before they reach the time of flight (ToF) mass analyzer. Ions having the same
mass-to-charge ratio (m/z) but different 3D conformations are transmitted through the drift cell at slightly dif-
ferent velocities, thus generating an effective gas-phase separation measured in milliseconds (Drift Time). From
the drift time values, a collisional cross section (CCS, in A?) can be calculated for each ion after calibration with
reference compounds of known CCS values.

We analyzed by IMS Ta-1 samples prepared from both a DMSO stock solution and from a 1% acetic acid
stock solution, looking for differences in their DT values that might indicate changes in their 3D conforma-
tions. Subsequent dilutions by 1000-fold under native state (10 mM ammonium acetate pH 7.4) and denaturing
conditions (H,O/CH;CN 50/50 +0.1% HCOOH, pH = 2.5) yielded four samples: T'o-1pp150,nativer 1 -1 pmso.denats
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Figure 1. MS, MS/MS and Ion Mobility analysis of thymosin alpha-1 peptide. (A) High-resolution MS
spectra of both Abcam (top) and CRIBI (bottom) peptides, measured for charge state +3. The plot shows the
measured mass spectrum (blue line) and the overlapped theoretical isotopic profile for the calculated brute
formula C,,0H,;5N3;055 with charge state 3. This brute formula differs from the one calculated for native Ta-1
(C127H;13N33505,) for one acetyl group (CH3-CO-). This confirms that both peptides are acetylated. (B) MS
spectra for 4.18uM Ta-1. In panels A and B, peptide was initially dissolved in 1% acetic acid (Panel A) or
DMSO (Panel B) and then diluted 1000X in 50% ACN, pH 2 (denaturing conditions). In panels C and D, the
peptide was again dissolved in 1% acetic acid (Panel C) or DMSO (Panel D) but then diluted 1000X in 10 mM
ammonium acetate, pH 7.4 (native state conditions). Charge states 3+ (1037 m/z) and 4+ (778 m/z) are visible
in both native and denaturing conditions, although with different relative intensities. By contrast, charge state
5+ (630.1m/z) is only visible in denaturing conditions (Panels A and B), thus indicating the loss of native 3D
conformation of Ta-1. (C) IMS analysis of Ta-1. Mobilograms (drift time Vs ion intensity plots) for charge

state 34 of Ta-1 a brought to native conditions from 1% acetic acid (red) or DMSO stocks (green) and brought
to denaturing conditions from 1% acetic acid (blue) or DMSO stocks (purple).

T-1 g ceticnative AN T-1 4 cetic.denar- The final peptide concentration of each sample was 4.18 pM. As shown in
Fig. 1B, the mass spectra of Ta-1 in denatured or native conditions differed significantly.

More ionizable residues were exposed to solvent and thus to protonation in denaturing conditions (50%
organic solvent, pH 2), resulting in higher intensities of the higher charge states (4-+, 778 m/z) compared to lower
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m/z 1554.36 1036.57 778.18
Charge State 2+ 3+ 4+
To-1ppso,native 454.5 491.7 529.8
To-1ppso,denat, 472.9 509.2 551.1
To-1 acetic native 454.4 491.1 530.0
To-1 pcetic.denat- 477.7 512.6 555.4

Table 1. Calculated collisional cross section values (CCS) in A for each of the four Ta-1 samples at charge
states 2+, 3+ and 4+. CCS calibration was done using myoglobin as reference compound.

ones (34, 1037 m/z). The predominantly a-helical structure of the peptide (see Supplementary Fig. 3) was altered
in denaturing conditions, so that even charge state 5+ (630 m/z) became visible (denatured state). When the
3D structure was maintained (native state), the greatest intensity was for lower charge states (less polar residues
were exposed to the solvent). This indicates that these denaturing conditions abolish the original native state 3D
structure. We then activated the ion mobility device of the MS and measured the DT values for each of the four
samples. Figure 1C reports the mobilograms for each Ta-1 sample, i.e. plots of the measured intensity of the triply
charged ion (1036 m/z) vs the observed drift time value.

Ta-1 unfolded in denaturing conditions, as demonstrated by the increased DT value observed for
Ta-1ppso.denat AN TO-1 aceic denar- Although this difference (~0.4 msec) was clearly detected by our setup, it was
not a large change, indicating that the original 3D native structure of Ta-1 may be energetically similar to the
disordered one in denaturing conditions. Indeed, Ta-1 structure has been previously investigated by NMR spec-
troscopy under non-standard (60% trifluoroethanol in water) conditions®. It is important to point out here that
no traces of aggregated states of Ta-1, visible as highly charged polymers, were observed by MS, in any of the
four tested conditions (DMSO/acetic acid - native state/denaturing conditions). NMR and molecular dynamics
indicate Ta-1 in aqueous solutions forms two short 3 turns at the N-terminus, followed by a short o-helix (resi-
dues 14-26)*. More importantly, when Ta-1 was returned to native conditions for MS, no differences in DT were
observed between samples derived from the two different stock solutions. This demonstrates that Ta-1 has no
“memory” of its original dissolution conditions (as expected after 1000X dilution). Any change in T-1 induced
by the solvent used for the stock solution was fully reversible and the peptide effectively reverted to its native
state when diluted for biological tests. To further characterize Ta-1 conformational states, we also converted the
observed DT values into CCS values by using myoglobin as a calibration*. Table 1 reports the measured CCS
values for the four Ta-1 conditions and for charge states 2+, 3+ and 4+.

The CCS values we calculated for Ta-1 are comparable to those calculated previously by other groups for sim-
ilar peptides, such as Neuropeptide Y (2658 Da, CCS 417 A?) and Melittin (2848 Da, CCS 469 A?)%,

Evaluation of pro-apoptotic activity of Ta-1 peptides following different solubilization protocols.
To assess the biological activity of Ta-1 prepared using different solubilization protocols, we evaluated its ability
to induce apoptosis in MCF-7, a breast cancer cell line, after long-term treatment at high-micromolar concen-
tration, as already reported by several groups*”*¢. MCF-7 cells were plated at low density on high-quality 96-well
plates appropriate for confocal imaging and, after 6 hr, they were treated with Ta-1 (100 pM) from 200X stocks
prepared in either DMSO or ddH,O. Then, cell nuclei were counterstained with Hoechst 33342 and propidium
iodide to discriminate between living and apoptotic cells (Fig. 2A). We observed a more than10-fold increase in
the number of apoptotic cells upon treatment with Ta-1, with no differences between cells treated with peptide
diluted from DMSO or ddH,O stock solutions (Fig. 2B). We then evaluated whether a similar pro-apoptotic activ-
ity was also observed in bronchial epithelial cells, the target tissue for the corrector activity of Ta-1. The effect of
Ta-1 (100 uM) on immortalized bronchial epithelial CFBE410- cells was similar to that on MCF-7 cells. Ta-1
peptides from either DMSO or ddH,O stocks had marked pro-apoptotic activity, causing a >50-fold increase in
the number of apoptotic nuclei (Fig. 2C,D). These results demonstrate that Ta-1 peptides prepared from the two
different stock solutions had equivalent biological activity when monitored as apoptosis inducer.

Ta-1 does not rescue F508del-CFTR activity or expression in well-differentiated human bron-
chial epithelia derived from CF patients as evidenced by electrophysiological and biochemical
studies. The ability of Ta-1 to correct defective processing of F508del-CFTR was evaluated by multiple inde-
pendent, established laboratories working in the CF field using a variety of standard protocols. Ta-1 was tested,
using electrophysiological techniques, on well-differentiated human bronchial epithelia, derived from F508del
homozygous subjects.

Bronchial cells were seeded on permeable supports and cultured under air-liquid interface (ALI) conditions
until they were well differentiated. The protocols followed for cell culture media and other methods were those
routinely utilized in each laboratory. As positive control, all the laboratories benchmarked responses to those
produced by VX-809', Since cysteamine is thought to share the same mechanism of action as Ta-1%, some lab-
oratories also included cysteamine in their tests alone or in combination with epigallocatechin gallate (EGCG),
which has been reported to prolong cysteamine effects on mutant CFTR rescue®.

In the first laboratory (John Hanrahan and colleagues, McGill University, Montreal, Canada), well differ-
entiated human bronchial epithelial (HBE) cells from a F508del-CFTR homozygous patient were cultured in
complete ALI medium for 4 weeks and switched to bovine pituitary extract-free ALI medium 48h before meas-
urements. Cells were treated in this medium by adding DMSO (0.1% as negative control), VX-809 (1 uM), Ta-1
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Figure 2. Evaluation of thymosin a-1 effect on induction of cell apoptosis. (A) Analysis by means of high-
content confocal imaging of MCF-7 breast cancer cells following 72-hour treatment with Ta-1 (100 uM) pre-
diluted as 200X stock in DMSO or ddH,O. (B) Dot-plot reporting quantification of apoptotic MCEF-7 breast
cancer cells treated as in A. (C) High-content confocal image analysis of CFBE410- bronchial epithelial cells
after 72-hour treatment with Ta-1 (100 uM) as in A. (D) Dot-plot showing quantification of the number of
apoptotic CFBE41o-cells treated as in A. Mean values = SD are shown (1n=5). ***P < 0.001 versus respective
negative control by ANOVA.

(100 ng/mL, previously dissolved in H,0), cysteamine (250 uM, previously dissolved in H,0), EGCG (80 uM,
dissolved in DMSO) and combinations of these compounds as indicated in Fig. 3. All treatments were begun
24h or 18 prior to Ussing Chamber measurements except for cysteamine wash-out, in which cells were treated
for 18 h followed by a 48 h wash-out in the presence or absence of EGCG. After treatments, cells were mounted
in Ussing Chambers with a basolateral-to-apical Cl~ gradient. Amiloride (10 uM apical) was added on the apical
side to inhibit Na* currents carried by ENaC, and CFTR currents were measured after adding forskolin (10 uM)
and genistein (50 uM) on the apical side. CFTR;,;-172 (10 pM) was then added on the apical side to inhibit
CFTR-dependent current followed by apical ATP (100 uM) addition to activate transient Ca*"-activated Cl~ cur-
rent as a positive control and to confirm cell viability. As expected, incubation with VX-809 resulted in significant
F508del-CFTR rescue, as evidenced by the relatively large current increase elicited by the addition of forskolin
and genistein and the amplitude of the block caused by CFTRy;,-172 (Fig. 3A). No differences in CFTR-mediated
currents were observed in epithelia treated with To-1, cysteamine or cysteamine + EGCG (Fig. 3A). None of
the treatments influenced the amplitude of the ATP-stimulated current, which monitors activation of CaCCs
(Fig. 3A). Incubation with cysteamine + EGCG caused a marked decrease in transepithelial resistance, suggesting
that this treatment compromises the integrity of the epithelial culture (Fig. 3B).

In the second laboratory (Alan S. Verkman and collaborators, University of California San Francisco), well
differentiated bronchial epithelia from three different F508del/F508del CF patients were incubated with 3 uM
VX-809, or 100 ng/mL human Ta-1 peptide, or control, at the basolateral side for 18-24 hours at 37 °C prior to
measurements. Changes in short-circuit current (I,) were then recorded in Ussing chambers after ENaC block
by amiloride, CFTR activation by forskolin and the potentiator VX-770 (1 uM) and finally CFTR inhibition by
CFTRy,;,-172. Currents mediated by F508del-CFTR were not affected significantly by Ta-1 pre-treatment whereas
those exposed to VX-809 displayed a significant increase in CFTR-dependent function (Fig. 4A,B). The ability
of Ta-1 to rescue mutant CFTR function was also tested using Fischer Rat Thyroid (FRT) cells stably expressing
F508del-CFTR (Fig. 4C). This cell line has been extensively used for correctors studies**°. Similarly to what
was observed with primary bronchial epithelia, VX-809, but not Ta-1, produced a significant increase in CFTR
function (Fig. 4C,D).

In the laboratory headed by Gergely Lukacs (McGill University, Montreal, Canada), the efficacy of Ta-1 (stock
reconstituted in 0.1% acetic acid) and cysteamine (stock freshly solubilised in aqueous solution) plus EGCG
(stock solubilised in ethanol) was evaluated on CFTRF084e/F508del hyman bronchial epithelia derived from three
subjects. Quantification of the CFTR-mediated currents, elicited by sequential addition of forskolin and VX-770
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Figure 3. Thymosin -1 (Ta-1) effect on human bronchial epithelia (HBE) derived from F508del-CFTR
homozygous patients. Representative traces of short-circuit current measurements performed on HBE epithelia
derived from a homozygous F508del patient were assayed upon a 24-hour treatment with DMSO alone (0.1%),
Ta-1 (100 ng/ml+0.1% DMSO), VX-809 (3 M), cysteamine (250 uM) or cysteamine plus EGCG (80 uM).

The bar graphs show the corresponding monolayer resistance, CFTR-mediated currents and CaCC-mediated
currents Mean values & SD are shown (n=3-6). ****P < 0.0001 versus negative control by ANOVA.

followed by CFTR inhibition with CFTR;,;-172, showed that only treatment with VX-809 resulted in significant
F508del-CFTR rescue (Fig. 5).

Similar experiments were performed also by Luis ].V. Galietta and collaborators (Tigem, Pozzuoli, Italy).
Primary bronchial epithelia from one F508del homozygous patient were treated with Ta-1, vehicle (DMSO)
and VX-809. Also in this laboratory, no increased CFTR-activity was observed in To-1-treated epithelia, while
VX-809 elicited a nearly 3-fold increase in the amplitude of CFTR-mediated current (Fig. 6). Similarly, To-1
treatment did not alter CaCC-mediated current elicited by UTP addition (Fig. 6).

Finally, by using biochemical techniques, Martina Gentzsch and colleagues, from the University of North
Carolina at Chapel Hill, investigated mutant CFTR maturation in primary F508del/F508del bronchial epithelia,
following treatment for 48 h with vehicle, VX-809 (5uM), Ta-1, cysteamine, and EGCG, alone or in combina-
tion. After treatment, cells were lysed, separated by SDS-PAGE, and analyzed by immunoblotting (Fig. 7). CFTR
protein bands of ~150 and 170kDa were detected, corresponding to the immature core-glycosylated band B form
and mature, complex-glycosylated band C, respectively. F508del-CFTR lysates contained primarily band B, as
consistent with the severe trafficking defect caused by this mutation. In agreement with functional data, treatment
with VX-809 increased expression of the mature band C form when compared with vehicle control conditions
(DMSO; see Fig. 7). However, no changes in the appearance of band C were detected following treatment of cells
with Ta-1, cysteamine or EGCG, either individually or in combination (Fig. 7). Of note, when epithelia were
pretreated with the triple combination of VX-809 + cysteamine + EGCG, CFTR expression was greatly reduced
and there was no increase with VX-809 (Fig. 7). Similar results were recently reported by the group of Margarida
Amaral, in a study focused on the R560S-CFTR mutant®'.
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Figure 4. Evaluation of T-1 effect as CFTR modulator on human primary bronchial epithelia (HBE) derived
from CF patients and on F508del-CFTR-expressing FRT cells. (A) Representative traces of short-circuit current
measurements performed on HBE derived from a homozygous F508del patient (donor code CFBE 13-35)

after 24-hour treatment with vehicle alone (0.1% DMSO), Ta-1 (100 ng/ml), or VX-809 (3 uM). (B) Bar graphs
reporting CFTR-mediated currents as measured during Ussing chamber recordings of HBE (generated from
cultures derived from 3 homozygous F508del patients) treated as described in A. (C) Representative traces
obtained during Ussing chamber recordings of FRT epithelia treated as in A. (D) Bar graphs summarizing
CFTR-mediated currents derived from experiments as those described in A. Data are means £ SD (n=3-6).
**P < 0.01, *P < 0.05 versus negative control by ANOVA.

Conclusions

The results reported in this study from six independent CF research laboratories, together with the negative
data published earlier***, fail to demonstrate any correction of the F508del-CFTR by Ta-1, regardless of the
solvent used to dissolve the peptide. Despite using different bronchial cell culture and measurement protocols,
all laboratories found that the corrector VX-809 consistently produced a significant increase in CFTR-mediated
chloride secretion, which was paralleled by the appearance of the mature form of the CFTR protein as visualized
by immunoblot analysis. Although not an exhaustive assessment, this study also calls into question the activity of
the autophagy modulator cysteamine, and its combination with the antioxidant food supplement EGCG. Indeed,
not only was rescue of mutant CFTR function not detected following 24-48 h treatment with cysteamine, but
there appeared to be deleterious effects on CFTR expression and activity when bronchial epithelia were exposed
to cysteamine + EGCG. Although these studies do not exclude the possibility of beneficial immunomodulatory
effects of thymosin «-1, they do not support its utility as a corrector of F508del-CFTR.

The pharmacotherapy of the basic defect in CF, i.e. the rescue of the mutant CFTR protein with small mole-
cules, has become a reality for patients, particularly for those carrying the severe and frequent F508del mutation.
Combinations of a corrector and a potentiator, e.g. VX-809 and VX-770", to address F508del-CFTR traffick-
ing and gating defects, have been already approved. These combinations have a relatively modest clinical effect,
probably because the mutation causes multiple defects in CFTR protein folding and stability'®. It is established
that better results can be achieved by combining correctors having complementary mechanisms of action'®?. In
this respect, many clinical trials including combinations of correctors are under way. Recently, two studies have
demonstrated a remarkable improvement of clinical condition in patients with one or two copies of F508del
by using two correctors together>>>3. Importantly, the same studies reported strong synergistic effects of these
corrector combinations on F508del-CFTR function and trafficking in vitro, thus providing scientific evidence
for the effects observed in vivo. The present findings highlight the importance of advancing to clinical trials only
those drugs for which there is solid scientific evidence of efficacy. This will become increasingly important if
the availability of patients willing to participate in future clinical trials declines as they progress to stable use of
approved CFTR modulators. Only drugs with strong evidence of improved efficacy compared to available treat-
ments should be considered. The results obtained so far by multiple laboratories do not support evaluation of the
autophagy modulators Ta-1 and cysteamine in clinical trials.
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Figure 5. Thymosin al or cysteamine + EGCG do not improve F508del-CFTR function in primary human
bronchial epithelia. (a) Effect of 24 hours treatment with thymosin a1 (100 ng/ml), VX-809 (3 pM), cysteamine
(250 uM) +EGCG (80 M) or combinations on the I, of human bronchial epithelia with CFTRF508del/Fs0sdel
genotype (CF-HBE). Short-circuit currents were recorded in an intact monolayer with equimolar chloride
concentrations in both chambers. CFTR-mediated currents were induced by sequential stimulation with
forskolin (Fsk, 20 uM) and VX-770 (3 uM) followed by CFTRinh-172 (172, 20 uM) to completely inhibit CFTR
(b) Quantification of the CFTR;,;-172 sensitive current in CF-HBE isolated from three homozygous F508del
CF patients after single or combination treatment shown as pA/cm? (left axis) or expressed as percentage of the
mean WT-CFTR currents measured in WT-HBE, isolated from five donors (right axis)®. N.s. - not significant,
*P < 0.05, **P < 0.01 by paired two-tailed Student’s t-test. Data are means &= SEM.
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Figure 6. Evaluation of thymosin -1 as F508del-CFTR rescue maneuver on human CF primary bronchial
epithelia (HBE). (A) Representative traces obtained from Ussing chamber experiments on HBE generated
from a homozygous F508del patient (donor code CF-BEX05), after incubation for 24-hour with vehicle, Ta-1
(100 ng/ml, pre-diluted in acqueous buffer), VX-809 (3 uM). (B) Dot plot reporting CFTR-mediated (top) and
CaCC-mediated (bottom) currents measured during the experiments depicted in (A). Mean values = SD are
shown (n=4). ¥*P < 0.01 versus negative control by ANOVA.

Methods

Chemicals, reagents and analytical standards for LC-MS/MS analysis. Chemicals and reagents
used for sample preparation and LC-MS/MS analysis were purchased from Aldrich (Milano, Italy). Thymosin a-1
was purchased from CRIBI (CRIBI Biotechnology Center, Peptide Facility, Universita di Padova, Italy) and from
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Figure 7. Biochemical evaluation of the effect of Ta-1 on mutant CFTR expression pattern in HBE from

a F508del homozygous patient. Epithelia were treated with the indicated compounds for 48 hours. CFTR
was immunoprecipitated from lysates using rabbit anti-CFTR antibody 155 and then detected by Western
blot analysis with antibody CFFT-596. The mature, complex-glycosylated (band C) and the immature, core-
glycosylated (band B) forms of CFTR protein are indicated by arrows. Full-length (uncropped) blots/gels are
presented in Supplementary File 1.

Abcam (cat. #ab42247). The peptides were acetylated at the N-terminus, as stated in the Vendors’ specifications
and as confirmed by in-house MS analysis. The exact sequence, including the acetylation, was checked by tandem
mass spectrometry and confirmed.

High-resolution intact mass and MS/MS analysis.  The analysis was performed as previously detailed™.
In brief, synthetic Ta-1 powders were dissolved at 2 mg/ml in either DMSO or 0.1% acetic acid. Samples were
then diluted to 10 microgram/ml in 3% acetonitrile in water. Two microliters of each solution were then loaded
on a nanoAcquity UPLC system (Waters Inc) coupled to a 5600+ TripleToF mass spectrometer (SCIEX). The
samples were desalted on a 180 pm X 20 mm nanoAcquity trapping column (Waters Inc) and then moved to a
75 pm X 250 mm Picofrit column (Scientific Instruments Service). Eluents were A (water +0.1% formic acid) and
B (acetronitrile +0.1% formic acid). Flow rate was set to 300 nl/min. The samples were eluted from the column
with a linear gradient of B from 3% to 30% in 15 minutes. Peptides were analyzed in positive nanospray ion mode.
Scan range was set from 400 to 1,500 m/z for MS and from 100 to 1,800 m/z for MS/MS. Charge states 3 and 4
precursors were selected for MS/MS. Collision energy profiles were set according to SCIEX settings.

lon mobility mass spectrometry analysis. Two reference standards of 4.18 mM were prepared by dis-
solving Ta-1 in pure DMSO or 1% acetic acid. Ta-1 was perfectly soluble in both solutions. The two stock solu-
tions were then diluted to 4.18 uM (1000X) in either 10 mM CH;COONH,, with pH adjusted to pH ="7.4 (for
native state MS) or H,0/CH;CN 50/50 4 0.1% HCOOH, pH = 2.5 (for denatured state MS). This generated four
final solutions; i.e. the DMSO and aqueous stock solutions and the final dilutions corresponding to native and
denaturing conditions (TOL'IDMSO,native TOL'lDMSO,denat’ TOL'lAcetic,native and TOL'lAcetic,denat’ respectively)_ These SOlu'
tions were infused at 5pl/min. into a Synapt G2 mass spectrometer (Waters, Milford, MA, USA) operating in
positive electrospray mode and with the ion mobility feature enabled. Capillary was set to 3kV, sampling cone at
30V, cone gas flow was set to 501/hour, gas and source temperatures were set to 450 °C and 90 °C respectively. IMS
gas flow was set to 90 ml/min. IMS wave height was set to 40 V and wave velocity was set to 600 m/s. A 0.1 mg/ml
solution of myoglobin in water was used as calibrator to convert the observed delay time (DT) into collisional
cross section (CCS) values, The reference values calculated by Ruotolo et al.** for myoglobin were used. Masslynx
and DriftScope software (from Waters) were used for data analysis.

Reagents for biological studies. Gaslini Laboratory: Ta-1 peptides were purchased from CRIBI (CRIBI
Biotechnology Center, Peptide Facility, Universita di Padova, Italy) and from Abcam (cat. #ab42247). Thymosin
al peptides were dissolved at 2mg/ml in either DMSO or ddH,0, VX-809 (SelleckChem, S1565) was solubilised
in DMSO (10 mM), cysteamine (Sigma, M9768) was freshly solubilised in aqueous solution at the desired final
concentration.

McGill Laboratory: Thymosin a1 (abcam, ab42247) was reconstituted in 0.1% acetic acid, VX-809 (Selleck,
$1565) was solubilised in DMSO, cysteamine (Sigma, M9768) was freshly solubilised in aqueous solution, and
epigallocatechin gallate (EGCG, Sigma, E4143) was solubilised in ethanol.

UCSF Laboratory: VX-809, VX-770 and CFTRinh-172 were purchased from Selleck Chemicals (Boston,
MA). Human Thymosin alpha-1 peptide (ab42247) were purchased from Abcam (Cambridge, MA).

Culture of cell lines. CFBE41o- cells were cultured in MEM medium supplemented with 10% FCS, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 ug/ml streptomycin.

MCE-7 cells (human breast adenocarcinoma cell line; ATCC) were cultured in DMEM medium supplemented
with 10% FCS, 2 mM L-glutamine, 100 pg/ml streptomycin and 100 U/ml penicillin.
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Fischer rat thyroid (FRT) cells expressing F508del-CFTR were described previously® and cultured in Kaighn's
modified Ham’s F-12 medium supplemented with 10% FBS, 2 mM l-glutamine, 100 pg/mL streptomycin,
100 units/mL penicillin, 18 pg/mL myoinositol, and 45 ug/mL ascorbic acid.

Evaluation of apoptosis in cell lines. The analysis was performed as previously detailed®. In brief,
MCEF-7 or CFBE41o0- cells were plated at low density (10,000 cells/well) on high-quality 96-well plates suitable for
high-content imaging. Six hours after plating, cells were treated with Ta-1 (100 uM) prepared from 200X DMSO
or aqueous stocks. After 72hours, Hoechst 33342 and propidium iodide were used to counterstain cells, in order
to visualize total cells and apoptotic cells, respectively. Plates were imaged using an Opera Phenix (PerkinElmer)
high-content imaging system, using a X 20 air objective. The excitation of Hoechst 33342 signal was at 405 nm and
the emission at 435-480 nm. The propidium iodide signal was excited at 560 nm and the emission was measured
at 570-630 nm.

Primary bronchial epithelial cell culture. McGill Laboratory — Hanrahan. Well differentiated HBE cells
from a F508del-CFTR homozygous patient were cultured in complete ALI medium for 4 weeks and switched to
bovine pituitary extract-free ALI medium 48 h before measurements. Cells were treated in this medium by adding
DMSO (0.1% as negative control), VX-809 (1uM), Ta-1 (100 ng/mL, previously dissolved in H,0), cysteamine
(250 uM, previously dissolved in H,0), EGCG (80 uM, dissolved in DMSO) and combinations of these com-
pounds as indicated in the figure. All treatments began 24 h or 18 h before Ussing chamber measurements except
for those involving cysteamine wash-out, in which cells were treated for 18 h followed by a 48 h wash-out period
in the absence or presence of EGCG.

UCSF Laboratory. Primary human F508del/F508del CF bronchial epithelial cells were isolated from lung
explants and cultured on semipermeable inserts (Snapwell, Corning Inc.) in ALI media at an air-liquid interface,
as described®*. The medium was changed every 2-3 days. Conditional reprogramming on two F508del/F508del
CF subjects primary bronchial epithelial cells was performed as described®. All protocols involving the collection
and use of human tissues and cells were reviewed and approved by the University of California, San Francisco
Institutional Review Board.

UNC Laboratory. Bronchial epithelia cells were cultured as previously described*® and seeded on Millicell
inserts (12-mm Millipore inserts PICM01250) and maintained at air-liquid interface for 18 days in serum-free
BEBM/DMEM (1:1)-based medium®” supplemented with BEGM SingleQuot (Lonza).

McGill Laboratory - Lukacs. Human bronchial epithelia (HBE) cells CFTRF$084el/ES08del genotype isolated from
the bronchi following lung transplantation of CF individuals were gifts from Dr. W. Finkbeiner (University of
California, San Francisco, CFBE13-35) or were purchased from the Cystic Fibrosis Translational Research center
(CFTRc) at McGill University (BCF43 and BCF060414). HBE cells were conditionally reprogrammed accord-
ing to the protocol developed by Liu and coworkers®®. Following amplification, the cells were differentiated on
Snapwell filter supports following a well established protocol®”. Drugs were administered for 24 hours from the
basolateral side mimicking systemic treatment.

Tigem Laboratory. Human bronchial epithelial cells obtained from a CF patient (F508del/F508del genotype)
were plated on Snapwell inserts (Code 3603, Corning Life Sciences) at a density of 500,000 cells per insert, as pre-
viously described®. Cells were cultured for two weeks in a differentiating medium whose compositions has been
previously described®. For the first week, the cultures were kept under liquid-liquid condition (with medium at
both apical and basolateral sides of inserts). For the second week, the apical medium was removed and the epithe-
lia were cultured in air-liquid condition (ALC).

The protocols to isolate, culture, store, and study bronchial epithelial cells from patients undergoing lung
transplant were approved by the Regional Ethical Committee (Comitato Etico Regionale) under the supervision
of the Italian Ministry of Health (registration number: ANTECER, 042-09/07/2018), as previously described®.
Informed and written informed consent was obtained from all patients using a form that was also approved by
the same Ethical Committee.

Short-Circuit current measurement.  McGill Laboratory - Hanrahan. Monolayers were incubated with
vehicle (0.1% DMSO), VX-809 (1 pM) or Ta-1 (100ng / ml) for 24 h, with cysteamine (250 uM) or cysteam-
ine +EGCG (80 M) for 18 h, with cysteamine for 18 h followed by 48 h washout, or with cysteamine for 18 h fol-
lowed by 48 h washout in the presence of EGCG. Cells were mounted in modified Ussing chambers (Physiologic
Instruments, San Diego, CA), a basolateral-to-apical NaCl chloride gradient was imposed, and transepithelial
voltage was clamped at 0mV except for 2 sec bipolar pulses to =1 mV at 100 sec intervals to monitor resistance.
Short-circuit current (Isc) across well differentiated HBE cells was measured using a VCC MCS8 current-voltage
clamp amplifier (Physiologic Instr.) and digitized using a PowerLab/8SP interface (ADInstruments Inc., Colorado
Springs, CO) for analysis as described previously®!. Forskolin (10 uM) was added to both sides to elicit the
increase of intracellular cAMP, and this was followed by sequential additions of the potentiator genistein (50 pM)
and the CFTR inhibitor CFTR,,-172 (10 uM) and apical ATP (100 uM) as a purinergic agonist.

UCSF Laboratory.  Short-circuit current measurements were done as previously described®. FRT cells express-
ing F508del-CFTR were cultured on inserts (Snapwell, Corning) for 5-7 days. For corrector testing, FRT cells
expressing F508del-CFTR were incubated for 18-24 hours at 37 °C with 3 pM VX-809, or 200 ng/mL human
Thymosin alpha-1 peptide, or control, before measurements. The basolateral solution contained 120 mM NaCl,
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3mM KCl, 1 mM CaCl,, 1 mM MgCl,, 10 mM glucose, 25 mM NaHCO;, and 5mM HEPES, pH 7.4. In the apical
bathing solution, 60 mM NaCl was replaced by Na gluconate and CaCl, was increased to 2 mM. The basolateral
membrane was permeabilized with 250 ug/ml amphotericin B. Measurements on primary cultures of human
bronchial epithelial cells were performed after 21-28 days of culture, when epithelia reached full differentiation.
The primary cultures were incubated with 3 uM VX-809, or 100 ng/mL human Thymosin alpha-1 peptide, or
control, at the basolateral side for 18-24 hours at 37 °C prior to measurements. The apical and basolateral cham-
bers contained identical solutions: 120 mM NaCl, 3mM KCl, 1 mM CaCl,, 1 mM MgCl,, 10 mM glucose, 25 mM
NaHCO3, and 5mM HEPES, pH 7.4. All solutions were bubbled with 5% CO,/95% O, and maintained at 37 °C.
Hemichambers were connected to a DVC-1000 voltage clamp (World Precision Instruments Inc., Sarasota, FL)
via Ag/AgCl electrodes and 1 M KCl agar bridges for recording of the short-circuit current.

McGill Laboratory — Lukacs. ~ Short-circuit current measurement of polarized HBE has been described previ-
ously®?. Briefly, HBE were differentiated on collagen IV coated Snapwell filters under air-liquid interface for >4
weeks. The Snapwell filters were mounted in Ussing chambers (Physiologic Instruments) in Krebs-bicarbonate
Ringer buffer (140 mM Na*, 120mM CI-, 5.2 mM K™, 25mM HCO; ", 2.4 mM HPO,, 0.4 mM H,PO,, 1.2mM
Ca?*,1.2mM Mg>", 5mM glucose, pH 7.4) which was mixed by bubbling with 95% O, and 5% CO,. Under those
conditions the transepithelial resistance (TEER) was 437 + 57 Q*cm? (mean + S.E.M., n =3), 419 £ 99 Q*cm?
(n=3),455+ 70 Q*cm? (n = 3), 495+ 99 O*cm? (n = 3) and 374 + 62 Q*cm? (n = 3) for treatment with DMSO,
thymosin a1, VX-809, VX-809 + thymosin ol and cysteamine + EGCG, respectively. Measurements were per-
formed at 37 °C in the presence of 100 uM amiloride and were recorded with the Acquire and Analyze package
(Physiologic Instruments).

Tigem Laboratory.  After two weeks of culture, epithelia were treated with vehicle (DMSO) or VX-809 (1 uM)
for 24 hrs in the basolateral medium. Short-circuit current recordings were performed as previously described®.
After treatment, Snapwell inserts were mounted in a vertical chamber resembling an Ussing system with internal
fluid circulation. Both hemichambers were filled with 5ml of a Krebs bicarbonate solution containing (in mM):
126 NaCl, 0.38 KH,PO,, 2.13 K,HPO,, 1 MgSO,, 1 CaCl,, 24 NaHCOj3, and 10 glucose. The hemichambers were
continuously bubbled with 5% CO2-95% air and the measurements were performed at 37 °C. As previously
described®, the transepithelial voltage was short-circuited with a voltage-clamp (DVC-1000; World Precision
Instruments) connected to the apical and basolateral chambers via Ag/AgCl electrodes and agar bridges (1 M
KClin 1% agar), and the offset between voltage electrodes and the fluid resistance were set to zero before exper-
iments. The short-circuit current was recorded with a PowerLab 4/25 (ADInstruments, USA) analog-to-digital
converter connected to a Macintosh computer. During recordings, epithelia were sequentially treated with: ami-
loride (10 uM, apical side) to block ENaC channel responsible for Na* absorption; CPT-cAMP (100 uM, both
apical and basolateral sides) plus VX-770 to stimulate F508del-CFTR activity; CFTRinh-172 (10 uM, apical side
only) to inhibit F508del-CFTR activity. The difference between the current measured with CPT-cAMP plus
potentiator and the current measured after addition of CFTRinh-172 was considered as the parameter reflecting
F508del-CFTR expression in the apical membrane.

Biochemical analysis of CFTR protein by Western Blot. Western blot analysis of endogenous CFTR
protein was performed as described previously®>®*. Briefly, whole-cell lysates of fully differentiated HBE cultures
were prepared and then CFTR was immunoprecipitated. Electrophoretic separation of samples was performed on
4 to0 20% gradient SDS-polyacrylamide gel electrophoresis gels (Bio-Rad) followed by transfer to a nitrocellulose
membrane. Blots were probed with mouse monoclonal anti-CFTR antibodies and then with IRDye 680-goat
anti-mouse immunoglobulin G (Molecular Probes). As loading control, anti-actin (Cell Signaling) was used.
Protein bands were visualized using an Odyssey Infrared Imaging System (LI-COR).

Study approval. The collection of bronchial epithelial cells and their use to investigate transepithelial ion
transport were specifically approved by the Ethics Committee of the corresponding Institute following the guide-
lines of the corresponding national regulatory agency. Each patient provided informed consent to the study using
a form that was also approved by the Ethics Committee.

Statistics. The analysis of variance (ANOVA), followed by a post-hoc test was used in order to avoid
multiple-comparisons error, since more than two groups were to be compared. The Kolmogorov-Smirnov test
was used to evaluate the assumption of normality. In the case of normally distributed quantitative variables, a
parametric ANOVA was performed, whereas when the quantitative variables were skewed, the nonparametric
ANOVA (Kruskal-Wallis test) was applied.

Normally distributed data are expressed as the mean & SD or mean & SEM as indicated in the text and/or leg-
ends, and significances are 2-sided. Differences were considered statistically significant when P was less than 0.05.
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