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Abstract 

Background  

Asthma is an allergic airway disease (AAD) caused by aberrant immune responses to allergens. 

Protein phosphatase-2A (PP2A) is an abundant serine/threonine phosphatase with anti-inflammatory 

activity. The ubiquitin proteasome system (UPS) controls many cellular processes, including the 

initiation of inflammatory responses by protein degradation. We assessed if enhancing PP2A activity 

with Fingolimod (FTY720) or 2-amino-4-(4-(heptyloxy) phenyl)-2-methylbutan-1-ol (AAL(S)), or 

inhibiting proteasome activity with Bortezomib (BORT) could suppress experimental AAD.  

Methods 

Acute AAD was induced in C57BL/6 mice by intraperitoneal sensitisation with ovalbumin (OVA) in 

combination with intranasal (i.n) exposure to OVA. Chronic AAD was induced in mice with prolonged 

i.n exposure to crude house dust mite (HDM) extract. Mice were treated with vehicle, FTY720, AAL(S), 

BORT or AAL(S)+BORT and hallmark features of AAD assessed. 

Results 

AAL(S) reduced the severity of acute AAD by suppressing tissue eosinophils and inflammation, mucus 

secreting cell (MSC) numbers, type-2 associated cytokines (Interleukin (IL)-33, thymic stromal 

lymphopoietin, IL-5 and IL-13), serum immunoglobulin (Ig)E, and airway hyper-responsiveness 

(AHR). FTY720 only suppressed tissue inflammation and IgE. BORT reduced bronchoalveolar lavage 

fluid (BALF) and tissue eosinophils and inflammation, IL-5, IL-13, and AHR. Combined treatment with 

AAL(S)+BORT had complementary effects and suppressed BALF and tissue eosinophils and 

inflammation, MSC numbers, reduced the production of type-2 cytokines and AHR. AAL(S), BORT and 

AAL(S)+BORT also reduced airway remodelling in chronic AAD. 

Conclusion 

These findings highlight the potential of combination therapies that enhance PP2A and inhibit 

proteasome activity as novel therapeutic strategies for asthma. 
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Introduction 

Asthma is a common chronic inflammatory allergic airway disease (AAD), typically caused by aberrant 

inflammatory responses to innocuous allergens. Exposure of the airway epithelium to allergens 

induces the release of the type-2 cytokines interleukin (IL)-33 and thymic stromal lymphopoietin 

(TSLP) (1). This promotes the development and activation of type-2 T-helper lymphocytes (Th2 cells) 

that release their characteristic cytokines IL-4, IL-5 and IL-13, promoting airway eosinophil 

accumulation, systemic immunoglobulin (Ig)E production, and airway mucus secreting cell (MSC) 

metaplasia and hyperresponsiveness (AHR) (2, 3). Together these events drive the development and 

progression of allergic asthma (2). The chronic release of cytokines and remodelling factors, such as 

transforming growth factor (TGF)-β by eosinophils and Th2 cells damages the epithelial lining, and 

leads to airway remodelling (4). Current mainstay asthma therapies include corticosteroids and long-

acting β-agonists. These reduce symptoms but do not treat the underlying causes of the disease, and 

their use has numerous issues (2). There is an urgent need for effective alternative treatments. 

PP2A is the most abundant serine/threonine phosphatase, is expressed ubiquitously and 

exists as a heterotrimeric enzyme consisting of structural (A), regulatory (multiple) (B) and catalytic 

(C) subunits (5, 6). Reduced PP2A activity occurs in animal models of AAD and patients with severe 

asthma (7-9), and enhancing activity with Fingolimod (FTY720) or 2-amino-4-(4-(heptyloxy) phenyl)-2-

methylbutan-1-ol (AAL(S)) abrogated the development of inflammation and AHR in AAD as well as 

inhibited IL-6 secretion in corticosteroid insensitive A549 lung epithelial cells (7, 10, 11). While these 

studies suggest that these agents may be potential asthma therapies, it is unknown which is more 

effective, as a side by side comparison has not been performed.  

The ubiquitin proteasome system (UPS) is critical in regulating tissue homeostasis through 

the degradation of key proteins involved in cellular functions (12, 13). Ubiquitinated target proteins are 

selectively degraded by ubiquitin ligases. In the lungs, the ubiquitin E3 ligase, Itch, promotes immune 
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tolerance by degrading the Th2-specific transcription factor, phosphorylated JunB (14). In murine 

AAD, Itch deficiency resulted in allergic inflammation in response to high-dose antigen (15). Another 

E3 ligase, Midline-1 (MID1), is upregulated in human primary bronchial epithelial cells (pBECs) upon 

house dust mite (HDM) and rhinovirus exposure and in HDM-induced AAD (7). The proteasome 

inhibitor, bortezomib (BORT) is approved for the treatment of multiple malignancies (16). Its protective 

effects are due in part to the suppression of nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) signalling, which leads to the down regulation of anti-apoptotic target genes (17). Thus, 

BORT may suppress airway inflammation driven by NF-κB, which indicates the potential for targeting 

the UPS by proteasome inhibition as a therapy for asthma.  

 

Comparing and combining drugs that increase PP2A activity and suppress proteasome 

activity and the determination of any synergistic effects have not been assessed in asthma. Here we 

demonstrate that increasing PP2A activity with AAL(S) and inhibiting proteasome activity with BORT 

suppressed some of the same and also different features of acute AAD. Combined treatment with 

AAL(S)+BORT had complementary effects and suppressed all the major hallmark features of acute 

AAD, with the inhibition of type-2 responses and AHR. Both drugs alone and combined also 

supressed airway remodelling in chronic HDM-induced AAD. Our study indicates that therapeutically 

targeting PP2A and proteasome activity, particularly in combination, may be effective asthma 

treatments. 

 

Methods 

Ethics statement 

This study was performed in strict accordance with the recommendations in the Australian code of 

practise for the care and use of animals for scientific purposes issued by the National Health and 

Medical Research Council of Australia. All protocols were approved by the Animal Ethics Committee 

of The University of Newcastle. 
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AAD 

Acute AAD was induced in female, 6-8 week-old, C57BL/6 mice by intraperitoneal (i.p) sensitisation to 

ovalbumin (OVA, 100μg, Sigma-Aldrich, St. Louis, Missouri, USA) with Alhydrogel (1mg, InvivoGen, 

San Diego, California, USA) in sterile saline (200μl, 0.9%) on day 0 and 7. Mice were then challenged 

intranasally (i.n) with OVA (10μg, 50μl in sterile saline) on days 12-15. AAD was assessed on day 16. 

Chronic AAD was induced by i.n challenge with crude HDM extract (Dermatophagoides 

pteronyssinus, Greer Labs, Lenoir, North Carolina, USA) five times a week for five weeks. AAD was 

assessed on day 35. 

 

Drug treatments 

FTY720 (0.8mg/kg, 200μl PBS, Cayman Chemical, Michigan, USA, determined in optimisation 

studies), AAL(S) (0.8mg/kg, 200μl PBS, synthesised in-house as previously described (18)), BORT 

(0.2mg/kg, 200μl PBS, LC laboratories, Woburn, USA) or combined treatments (AAL(S)+BORT) were 

administered i.p on days 12-15 (30 minutes before each challenge) in acute AAD, and everyday 

throughout the chronic model. 

 

Airway inflammation, histopathology, mRNA expression, protein isolation, ELISA, serum 

antibodies, lung function and airway remodelling 

Bronchoalveolar lavage (BAL) was performed and differential leukocyte counts determined. 

Histopathology, mRNA expression, protein isolation, ELISA, serum antibodies, lung function and 

airway remodelling were assessed as previously described and/or in the online supplementary 

material (19-27). 
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Results 

AAL(S) but not FTY720 suppressed tissue inflammation and MSCs in acute AAD 

To induce acute AAD, mice were sensitised (i.p day 0 and 7) and challenged (i.n days 12-15) with 

OVA and outcomes assessed (day 16, Fig. 1A). Vehicle, or the PP2A activators FTY720 or AAL(S) 

were administered i.p 30 minutes before each challenge. AAD was associated with increases in total 

leukocytes, eosinophils, neutrophils, macrophages and lymphocytes in BAL fluid (BALF, 

OVA+vehicle) compared to non-AAD (Saline+vehicle) controls (Figs. 1B and C, Figs. S1A-C). 

Treatment of mice during AAD with FTY720 (OVA+FTY720) or AAL(S) (OVA+AAL(S)) had no 

significant effects on BALF leukocytes compared to vehicle-treated AAD controls. There were 

increases in airway eosinophils and total cellular inflammation in lung tissues, MSC numbers around 

the airways and mucin 5AC (Muc5AC) mRNA expression in lung homogenates in mice with AAD 

compared to non-AAD controls (Figs. 1D-G). FTY720 treatment reduced cellular inflammation but not 

tissue eosinophils, MSC numbers or Muc5AC mRNA expression compared to vehicle-treated 

controls. AAL(S) treatment reduced tissue eosinophils, cellular inflammation and MSC numbers, which 

was associated with reduced Muc5AC mRNA expression. AAL(S) treatment also significantly reduced 

airway eosinophils and cellular inflammation in lung tissues as well as Muc5AC mRNA expression 

compared to FTY720 treatment (Figs 1D, E and G). 

AAL(S) but not FTY720 suppressed OVA-induced type-2 associated airway and tissue cytokine 

levels and AHR 

Next, the effects of FTY720 and AAL(S) treatment on type-2 associated cytokines, IgE and AHR were 

assessed. There were increased levels of IL-33 and TSLP in lung homogenates, IL-5 and IL-13 in 

BAL supernatants, IgE in serum and AHR, characterised by exaggerated transpulmonary resistance 

in response to increasing doses of methacholine in mice with AAD compared to non-AAD controls 

(Figs. 2A-F). Treatment of mice during AAD with AAL(S), but not FTY720 reduced the levels of all 

cytokines back to vehicle-treated AAD control levels. There were non-significant trends to reduced 

cytokine levels with FTY720 treatment. Both FTY720 and AAL(S) reduced IgE levels and AHR. AAL(S) 

treatment significantly reduced levels of IL-33 in the lung and AHR compared to FTY720 treatment 

(Figs 2A and F). 
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 Treatment with BORT reduced OVA-induced airway and tissue inflammation and Muc5AC mRNA 

expression in the lung 

Next, the effects of the proteasome inhibitor, BORT, on acute AAD were assessed (Fig. 3A). 

Treatment of mice during AAD with BORT (OVA+BORT) reduced total leukocytes, eosinophils, 

neutrophils, macrophages and lymphocytes in BALF compared to vehicle-treated AAD controls (Figs. 

3b and c, Figs. S2A-C). There were also reduced eosinophils in lung tissue (Fig. 3D). Treatment did 

not affect tissue inflammation or MSC numbers, but reduced Muc5AC mRNA expression in lung 

homogenates (Figs. 3E-G). 

Treatment with BORT reduced OVA-induced airway IL-5 and IL-13 levels and suppressed AHR 

Treatment of mice during AAD with BORT did not significantly affect the levels of IL-33 and TSLP 

(trend to a decrease) in lung homogenates compared to vehicle-treated AAD controls (Figs. 4A and 

B). However, treatment did reduce the levels of IL-5 and IL-13 in BAL supernatants (Figs. 4C and D). 

Treatment had no effect on serum IgE but did decrease AHR (Figs. 4E and F). 

 

Combined treatment with AAL(S)+BORT had complementary effects and reduced OVA-induced 

eosinophilic pulmonary inflammation, MSC numbers and Muc5AC expression 

Our data show that AAL(S) treatment had beneficial effects on several features of AAD including tissue 

eosinophils and inflammation, MSC numbers, Muc5AC expression, levels of type-2 associated 

cytokines, IgE production and AHR. FTY720 had lesser effects. BORT had complementary effects 

and suppressed the influx of inflammatory cells into the airways, tissue eosinophils, Muc5AC 

expression, IL-5 and IL-13 production and AHR (Table 1). This suggests that combined treatment with 

the PP2A activator AAL(S) and proteasome inhibitor BORT have complementary effects. Thus, we 

next assessed the effects of combining AAL(S)+BORT into one treatment for acute AAD. Treatment of 

mice during AAD (OVA+AAL(S)+BORT) had no effects on total leukocytes, neutrophils, macrophages, 

or lymphocytes in BALF compared to vehicle-treated AAD controls (Fig. 5B, Figs. S3A-C). However, 

and critically, the combined treatment reduced eosinophils in both BALF and lung tissue, tissue 

inflammation, MSC numbers and Muc5AC mRNA expression (Figs. 5C-G). 
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Combined treatment with AAL(S)+BORT had complementary effects and inhibited OVA-induced 

type-2 associated cytokines and AHR 

Consistent with the reduction in allergic inflammation and mucus responses (Figs. 5C-F), treatment of 

mice during AAD with AAL(S)+BORT significantly reduced levels of IL-33 and TSLP in lung 

homogenates and IL-5 and IL-13 in BAL supernatants compared to vehicle-treated AAD controls 

(Figs. 6A-D). Cytokine production was completely inhibited, with levels suppressed to those in 

vehicle-treated non-AAD controls. Combined treatment did not significantly reduce serum IgE, but 

inhibited AHR back to non-AAD levels (Figs. 6E and F). 

 

Treatment with AAL(S), BORT and AAL(S)+BORT reduced airway remodelling in chronic AAD 

Acute OVA-induced AAD does not involve chronic features of asthma such as airway remodelling. 

Thus, the effects of AAL(S) and BORT alone or combined on airway remodelling were assessed by 

chronically exposing mice to HDM (Fig. 7A). Chronic exposure (HDM+vehicle) increased pulmonary 

inflammation, MSC numbers and AHR compared to vehicle-treated non-AAD controls 

(Saline+vehicle) (Figs. S4A-G). Treatment with AAL(S), BORT or AAL(S)+BORT throughout HDM 

exposure again variously suppressed these features. Chronic HDM exposure also induced airway 

remodelling with increased collagen deposition around the airways (Fig. 7B). Treatment significantly 

reduced collagen deposition. This was associated with reductions in TGF-β mRNA expression (Fig. 

7C).  

 

Discussion 

We assessed the effects of enhancing PP2A activity and inhibiting proteasome activity, either alone or 

in combination, as potential therapies for AAD. Enhancing PP2A activity with AAL(S) suppressed 

tissue eosinophils and inflammation, MSC numbers and Muc5AC expression, type-2 cytokines in the 

lungs, IgE levels in serum and AHR, in acute OVA-induced AAD. FTY720 only significantly 

suppressed tissue inflammation and IgE levels. Inhibiting proteasome activity with BORT reduced 

eosinophils in the airways and lung tissue, airway type-2 (IL-5, IL-13) levels and AHR. Importantly, we 
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show for the first time that combined treatment with AAL(S) and BORT had complementary effects and 

was superior to either treatment alone, reducing eosinophil levels in the airways and lung tissue, 

tissue inflammation, MSC numbers and Muc5AC expression, type-2 cytokines and AHR. Notably, 

increases in cytokine levels and AHR were completely inhibited. Furthermore, AAL(S) and BORT alone 

or combined suppressed airway remodelling in chronic HDM-induced AAD. This combination, 

therefore, has potential as an effective asthma therapy. 

PP2A is the most abundant serine/threonine phosphatase in mammals (6), and numerous 

studies show its activity is reduced in asthma (9, 28-30). PP2A activity was impaired in airway smooth 

muscle cells of asthmatics compared to non-asthmatics (28), in peripheral blood mononuclear cells 

from severe asthma patients (9), and in animal models of steroid-resistant AHR (29). These studies 

highlight the therapeutic potential of enhancing PP2A activity in asthma. Whilst some studies have 

reported the use of the two common PP2A activators, FTY720 and AAL(S), in murine AAD (7, 10), 

which one is more effective was unknown.  

Our study, for the first time, compared the effects of AAL(S) and FTY720 on AAD. AAL(S) was 

more effective than FTY720. In acute OVA-induced AAD, AAL(S) treatment inhibited eosinophil influx 

into the lung, but not the airways, and tissue inflammation and to a greater extent than FTY720. Its 

effects were associated with reduced levels of innate (IL-33, TSLP) and adaptive (IL-5, IL-13) type-2 

cytokines. Treatment with AAL(S), but not FTY720, reduced MSC numbers, which was associated with 

reduced levels of IL-13 and Muc5AC mRNA expression in the lungs. Both treatments reduced serum 

IgE levels. AHR was significantly reduced with AAL(S), but not FTY720, which was associated with 

reduced IL-13 levels. Others also showed that AAL(S) treatment reduced tissue inflammation, type-2 

cytokines (IL-33, IL-5, IL-13) and AHR in acute HDM-induced AAD (7), and reduced eosinophilic 

airway inflammation and AHR in rhinovirus-induced exacerbation of acute AAD (8).  

In contrast to our findings, others showed that oral treatment with FTY720 decreased airway 

inflammation, MSC numbers and AHR in T-cell transfer- and OVA-induced AAD (31). This was 

postulated to be due to the sequestration of T cells in lymphoid tissues. Another study showed that 

intratracheal administration of FTY720 during OVA-induced AAD reduced airway inflammation and 

type-2 cytokines (IL-5, IL-13) by altering the function of lung dendritic cells (10). The differences in our 

compared to other studies could be partly due to the off-target effects of FTY720, different routes of 
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administration or mouse strains used. Since FTY720 is phosphorylated in vivo by sphingosine kinases 

to become FTY720-P and also binds to sphingosine 1-phosphate receptors (SIPR1) to cause 

lymphocyte trafficking, it does not specifically activate PP2A (32). In contrast, AAL(S) does not bind to 

SIPR1, and more specifically increases PP2A activity. In our study, FTY720 was administered 

systemically (i.p) compared to oral or intratracheal administration used by others, which may have 

resulted in greater metabolism to FTY720-P. Furthermore, others used BALB/c mice that are more 

susceptible to developing Th2-driven AAD, while we used C57BL/6 mice that can be considered to 

have more balanced immunity. By using C57BL/6 mice that are less susceptible to developing AAD, 

our data adds additional impact and demonstrates that the protective effects of targeting these 

pathways is not restricted only to susceptible strains. It also provides a platform for further 

mechanistic studies using factor deficient or transgenic mice that are typically generated on a 

C57BL/6 background (e. g. in mice with altered TTP activity) (33). 

The effects of AAL(S) on airway remodelling were also determined, and treatment suppressed 

chronic HDM-induced collagen deposition around the airways. This was associated with reduced 

TGF-β mRNA expression in the lungs. Others also showed that AAL(S) treatment reduced collagen 

deposition around the airways of mice chronically exposed to OVA (34). Our study used HDM, which 

is a clinically relevant allergen, and involves sensitisation solely via the airways instead of systemic 

sensitisation in the presence of an adjuvant used in OVA models (35). This is consistent with allergen 

exposure in humans and results in local, instead of systemic immune responses.  

The UPS has been studied extensively, however, few have focussed on asthma (7, 36). In the 

lungs, the E3 ubiquitin ligase, Itch, is involved in maintaining tolerance by inducing anergy in Th2 cells 

(15). Other E3 ubiquitin ligases such as gene related to anergy in lymphocytes (GRAIL) are implicated 

in inducing T cell tolerance by targeting Th2 transcription factors for degradation (36). Recently, MID1 

was shown to be upregulated in pBECs from human asthma patients and in HDM-exposed mice (7). 

Proteasome inhibition is emerging as a potential therapy in many diseases particularly cancer, 

whereas studies in asthma are only commencing. Treatment with the inhibitor PS-519 in OVA-

induced pulmonary eosinophilia in rats significantly reduced eosinophil influx into the lungs (37). Only 

one other study used BORT, which was tested in a chronic OVA mouse model. Long-term treatment 

with high doses reduced OVA-specific IgE, but not airway inflammation or AHR (38). However, the 
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effects of treatment in acute models, with HDM or on features of airway remodelling have not been 

assessed previously.  

We assessed the effects of BORT on both acute and chronic models of AAD. Treatment 

suppressed some features of acute AAD, including eosinophil infiltration into the airways and lung 

tissue, which was associated with reduced levels of IL-5 and IL-13 in BAL supernatants. It also 

attenuated AHR, which was consistent with reduced levels of IL-13. However, treatment did not alter 

tissue inflammation, MSC numbers, levels of innate type-2 cytokines (IL-33 and TSLP) or IgE. 

Importantly, it did prevent airway remodelling in chronic AAD, which was associated with reduced 

TGF-β mRNA expression in the lung. Discrepancies between our and previous findings may be 

attributed to the doses of BORT used (38). We used a moderate dose (0.2mg/kg) while a higher dose 

of BORT (0.75mg/kg) was used previously. Others demonstrated that the attenuation of experimental 

colitis in mice by BORT treatment was dose dependent (39). A low dose (0.1mg/kg) reduced 

inflammation but did not affect cytokine or chemokine production, intermediate doses (0.2 and 

0.35mg/kg) attenuated colitis while a higher dose (0.5mg/kg) caused mortality. Notably, BORT is a 

non-selective proteasome inhibitor, hence it is possible that the general reduction of proteasome 

activity is not optimal in suppressing all features of AAD, and specific inhibition may have greater 

effects. 

Several studies highlight associations between PP2A and the UPS. Inhibition of PP2A 

augmented the proteolytic function of murine cardiac proteasomes (40). Others identified the 

mediation of PP2A/C ubiqutination and degradation by the E3 ligase Cullin-3 (41), and in HDM-

induced AAD, MID1 protein decreases PP2A activity (7). Given that both PP2A and the UPS are 

implicated in asthma pathogenesis, and that AAL(S) and BORT inhibit different features of AAD, the 

complementary effects of enhancing PP2A activity and inhibiting proteasome activity concurrently 

were determined. This has not been assessed previously. Treatment with AAL(S)+BORT had 

complementary effects and suppressed the major hallmark features of AAD including eosinophil 

infiltration into the airways and lungs, tissue inflammation, MSC numbers, type-2 associated 

cytokines, AHR and collagen deposition. Notably type-2 cytokine production and AHR were 

completely inhibited. Interestingly, combined treatment reduced the levels of eosinophils in the 

airways, which was not observed with AAL(S) treatment alone. This is important since anti-IL-5 
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treatment in humans is only effective when there is major suppression of eosinophil levels (42, 43). 

The effects of combined treatment were stronger in the acute compared to the chronic model. In the 

chronic model, there were no additional beneficial effects of combined compared to individual 

treatments. Nevertheless, our data consistently show that combination treatment suppresses both 

acute and chronic features of asthma across different models. Ours is the first study to show the 

complementary effects of enhancing PP2A activity and inhibiting proteasome activity at the same time 

on both acute and chronic features of AAD. 

The exact mechanisms of how these immunomodulatory drugs suppress AAD remains to be 

fully elucidated. A recent study showed that PP2A activators may promote increases in anti-

inflammatory tristetraprolin (TTP) activity (30). The TTP protein exists in two forms, the 

phosphorylated form, which is inactive, and the unphosphorylated form, which is active and induces 

mRNA decay. The major targets of TTP are the mRNA transcripts of cytokines. Thus, when TTP is 

phosphorylated cytokine expression occurs but when TTP is unphosphorylated the production of 

target cytokines is inhibited. Unphosphorylated TTP is less stable and is degraded by the UPS (44, 

45). PP2A is able to mediate the dephosphorylation of TTP protein, leading to an increase in the 

active unphosphorylated form and the mRNA decay of cytokines (46). Inhibition of PP2A with okadaic 

acid or siRNA leads to increased phosphorylation of TTP, thereby increasing the stability of cytokines, 

such as tumour necrosis alpha (TNFα) mRNA in mouse alveolar macrophage cell lines (46). Recently, 

it was demonstrated that AAL(S) suppressed the levels of TNFα-induced interleukin IL-8 and IL-6 in 

A549 lung epithelial cells (47). This was postulated to be due to the ability of AAL(S) to shift the 

equilibrium towards active TTP. As the active form of TTP is unstable and prone to degradation by the 

UPS (45), preventing the degradation of unphosphorylated TTP by BORT would favour the 

degradation of pro-inflammatory cytokine mRNA. Treatment of RAW 264.7 with MG-132, an inhibitor 

of the 20S/26S proteasome increased TTP protein levels also by preventing its degradation (44). 

These findings suggest that enhancing PP2A activity and inhibiting proteasome activity, as we have 

done in this study, could potentially increase the active and stable form of TTP, hence leading to 

reduced levels of pro-inflammatory cytokines and the suppression of AAD. 

Another possible mechanism is through the inhibition of NF-κB activity, which regulates the 

expression of many cytokines (48). PP2A is a crucial regulator of NF-κB (49). Its inhibition increases 
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the activity of inhibitor of κB (IκB) kinaseβ (IKKβ), which subsequently leads to the proteasomal 

degradation of IκBα, allowing NF-κB to translocate into the nucleus to activate responsive genes (49). 

The UPS also controls NF-κB activity through IκB degradation (50). The inhibition of tumour growth in 

human T-cell lymphoma cells by BORT may be due to nuclear translocation of IκB and the 

inactivation of NF-κB (51). The mechanisms of action of these drugs clearly need further study. 

While we did not directly confirm the activity of the drugs (AAL(S) and BORT) against their 

targets (PP2A and UPS) at the doses provided, several studies have confirmed this. PP2A activity 

was shown to be increased in mice with AAD after treatment with AAL(S) (7). BORT is a known 

proteasome inhibitor that has been approved for use in multiple myeloma, and it inhibits proteasomal 

activity by up to 70% in whole blood samples (52). Similarly, proteasome activity was inhibited both in 

vitro and in vivo (53, 54). Notably, the doses used in these studies were lower than the dose used in 

our study, indicating that we would also observe the desired effects on the target pathways. 

Importantly, we did not observe any adverse effects on the mice at the doses used in our study. 

In summary, we demonstrate that enhancing PP2A activity and inhibiting proteasome activity, 

either alone or in combination has beneficial effects in acute and chronic AAD. Enhancing PP2A 

activity with AAL(S) more effectively suppressed hallmark features of AAD than FTY720, while 

inhibiting proteasome activity with BORT had some beneficial effects. Combining AAL(S) and BORT 

had complementary effects and was more effective compared to any treatment alone. Our findings 

highlight the importance of PP2A and the UPS in AAD and suggest that their complementary targeting 

may have therapeutic potential in asthma. 
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Figure 1 AAL(S) but not FTY720 suppressed tissue inflammation and mucus secreting cell (MSC) 

numbers in ovalbumin (OVA)-induced acute allergic airway disease (AAD). (A) AAD was induced by 

intraperitoneal (i.p) OVA sensitisation and intranasal OVA challenges. Controls were sham-sensitised 

and challenged with OVA. FTY720 or AAL(S) were administered i.p 30 minutes before each OVA 

challenge. Controls were vehicle-treated. Features of AAD were assessed 24 hours after the final 

OVA challenge. (B) Total leukocytes and (C) eosinophils in bronchoalveolar lavage fluid (BALF). (D) 

Numbers of airway tissue eosinophils per 100μm basement membrane (BM) in Lendrum's 

Carbolchromotrope stained lung sections. (E) Histopathology score in haematoxylin and eosin stained 

lung sections. Scale bars= 200μm. (F) MSC numbers per 100μm BM in periodic acid-Schiff stained 

lung sections. Scale bars= 50μm. (G) Mucin 5AC (Muc5AC) mRNA expression in lung homogenates. 

Data (n=6-8) are presented as means ± s.e.m. * represents P≤0.05 compared to non-AAD vehicle-

treated (Saline+vehicle) controls, # represents P≤0.05 compared to AAD vehicle-treated 

(OVA+vehicle) controls, + represents P≤0.05 compared to AAD FTY720-treated (OVA+FTY720) mice. 
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Figure 2 AAL(S) but not FTY720 suppressed type-2 associated airway and tissue cytokines levels and 

airway hyper-responsiveness (AHR) in OVA-induced acute allergic airway disease (AAD). AAD was 

induced by intraperitoneal (i.p) OVA sensitisation and intranasal OVA challenges. Controls were 

sham-sensitised and challenged with OVA. FTY720 or AAL(S) were administered i.p 30 minutes before 

each OVA challenge. Controls were vehicle-treated. Features of AAD were assessed 24 hours after 

the final OVA challenge. (A) Interleukin (IL)-33 and (B) thymic stromal lymphopoietin (TSLP) in lung 

homogenates. (C) IL-5 and (D) IL-13 in bronchoalveolar lavage supernatants. (E) Total 

immunoglobulin (Ig)E in serum. (F) AHR in terms of transpulmonary resistance in response to 

increasing doses of methacholine (left) and at the maximal dose of methacholine (50mg/ml; right). 

Data (n=6-8) are presented as means ± s.e.m. * represents P≤0.05 compared to non-AAD vehicle-

treated (Saline+vehicle) controls, # represents P≤0.05 compared to AAD vehicle-treated 

(OVA+vehicle) controls, + represents P≤0.05 compared to AAD FTY720-treated (OVA+FTY720) mice. 

 

Figure 3 Treatment with BORT suppressed eosinophil influx into the airways and lung tissues as well 

as mucin 5AC (Muc5AC) expression in ovalbumin (OVA)-induced acute allergic airway disease 

(AAD). (A) AAD was induced by intraperitoneal (i.p) OVA sensitisation and intranasal OVA 

challenges. Controls were sham-sensitised and challenged with OVA. BORT was administered i.p 30 

minutes before each OVA challenge. Controls were vehicle-treated. Features of AAD were assessed 

24 hours after the final OVA challenge. (B) Total leukocytes and (C) eosinophils in bronchoalveolar 

lavage fluid (BALF). (D) Numbers of airway tissue eosinophils per 100μm basement membrane (BM) 

in Lendrum's Carbolchromotrope stained lung sections. (E) Histopathology score in haematoxylin and 

eosin stained lung sections. Scale bars= 200μm. (F) Mucus secreting cell numbers per 100μm BM in 

periodic acid-Schiff stained lung sections. Scale bars= 50μm. (G) Muc5AC mRNA expression in lung 

homogenates. Data (n=6-8) are presented as means ± s.e.m. * represents P≤0.05 compared to non-

AAD vehicle-treated (Saline+vehicle) controls, # represents P≤0.05 compared to AAD vehicle-treated 

(OVA+vehicle) controls. 

 

Figure 4 Treatment with BORT reduced airway interleukin (IL)-5 and IL-13 levels in the lungs and 

airway hyper-responsiveness (AHR) in ovalbumin (OVA)-induced acute allergic airway disease (AAD). 
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AAD was induced by intraperitoneal (i.p) OVA sensitisation and intranasal OVA challenges. Controls 

were sham-sensitised and challenged with OVA. Vehicle or BORT were administered i.p 30 minutes 

before each OVA challenge. Features of AAD were assessed 24 hours after the final OVA challenge. 

(A) IL-33 and (B) thymic stromal lymphopoietin (TSLP) in lung homogenates. (C) IL-5 and (D) IL-13 in 

bronchoalveolar lavage supernatants. (E) Total immunoglobulin (Ig)E in serum. (F) AHR in terms of 

transpulmonary resistance in response to increasing doses of methacholine (left) and at the maximal 

dose of methacholine (50mg/ml; right). Data (n=6-8) are presented as means ± s.e.m. * represents 

P≤0.05 compared to non-allergic vehicle-treated (Saline+vehicle) controls, # represents P≤0.05 

compared to allergic vehicle-treated (OVA+vehicle) controls. 

 

Figure 5 Combined treatment with AAL(S)+BORT had complementary effects and reduced 

eosinophilic pulmonary inflammation, mucus secreting cell (MSC) numbers and mucin 5AC (Muc5AC) 

expression in ovalbumin (OVA)-induced acute allergic airway disease (AAD). (A) AAD was induced by 

intraperitoneal (i.p) OVA sensitisation and intranasal OVA challenges. Controls were sham-sensitised 

and challenged with OVA. AAL(S)+BORT were administered i.p 30 minutes before each OVA 

challenge. Controls were vehicle-treated. Features of AAD were assessed 24 hours after the final 

OVA challenge. (B) Total leukocytes and (C) eosinophils in bronchoalveolar lavage fluid (BALF). (D) 

Numbers of airway tissue eosinophils per 100μm basement membrane (BM) in Lendrum's 

Carbolchromotrope stained lung sections. (E) Histopathology score in haematoxylin and eosin stained 

lung sections. Scale bars= 200μm. (F) MSC numbers per 100μm BM in periodic acid-Schiff stained 

lung sections. Scale bars= 50μm. (G) Muc5AC mRNA expression in lung homogenates. Data (n=6-8) 

are presented as means ± s.e.m. Data from controls (Saline+vehicle and OVA+vehicle) are 

recapitulated from Figure 3 To facilitate comparisons of data to single treatments, data from 

OVA+AAL(S) groups are recapitulated from figure 1, and data from OVA+BORT groups are 

recapitulated from figure 3. * represents P≤0.05 compared to non-AAD vehicle-treated 

(Saline+vehicle) controls, # represents P≤0.05 compared to AAD vehicle-treated (OVA+vehicle) 

controls. 

 

Figure 6 Combined treatment with AAL(S)+BORT had complementary effects and inhibited type-2 
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associated cytokines and airway hyper-responsiveness (AHR) in ovalbumin (OVA)-induced acute 

allergic airway disease (AAD).  AAD was induced by intraperitoneal (i.p) OVA sensitisation and 

intranasal OVA challenges. Controls were sham-sensitised and challenged with OVA. AAL(S)+BORT 

were administered i.p 30 minutes before each OVA challenge. Controls were vehicle-treated. 

Features of AAD were assessed 24 hours after the final OVA challenge. (A) Interleukin (IL)-33 and (B) 

thymic stromal lymphopoietin (TSLP) in lung homogenates. (C) IL-5 and (D) IL-13 in bronchoalveolar 

lavage supernatants. (E) Total immunoglobulin (Ig)E in serum. (F) AHR in terms of transpulmonary 

resistance in response to increasing doses of methacholine (left) and at the maximal dose of 

methacholine (50mg/ml; right). Data (n=6-8) are presented as means ± s.e.m.  Control mice 

(Saline+vehicle and OVA+vehicle) is recapitulated from Figure 4. To facilitate comparisons of data to 

single treatments, data from OVA+AAL(S) groups are recapitulated from figure 2, and data from 

OVA+BORT groups is recapitulated from figure 4. *represents P≤0.05 compared to non-AAD vehicle-

treated (Saline+vehicle) controls, # represents P≤0.05 compared to AAD vehicle-treated 

(OVA+vehicle) controls. 

 

Figure 7 Treatment with AAL(S), BORT and AAL(S)+BORT reduced airway remodelling in house dust 

mite (HDM)-induced chronic allergic airway disease (AAD). (A) Chronic AAD was induced by 

administration of HDM intranasally five times a week for five weeks. AAL(S), BORT or AAL(S)+BORT 

were administered intraperitoneally daily. Controls were vehicle-treated. Airway remodelling in terms 

of collagen deposition around the airways were assessed after 5 weeks. (B) Area of collagen 

deposition (μm2) per basement membrane perimeter in Masson’s Trichrome stained lung sections. 

Scale bars= 50μm. (C) Transforming growth factor (TGF)-β mRNA expression in lung homogenates. 

Data (n=6-8) are presented as means ± s.e.m. * represents P≤0.05 compared to non-AAD vehicle-

treated (Saline+vehicle) controls, # represents P≤0.05 compared to AAD vehicle-treated 

(HDM+vehicle) controls. 

 

Table 1 Summary of the effects of different treatments on features of acute AAD 
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 FTY720 AAL(S) BORT AAL(S)+BORT 

 Fig. 1  Fig. 3 Fig. 5 

All BALF cells - - ↓ ↓ (eosinophils) 

Tissue eosinophils - ↓ ↓ ↓ 

Tissue inflammation ↓ ↓ - ↓ 

MSCs - ↓ - ↓ 

Muc5AC mRNA - ↓ ↓ ↓ 

 Fig. 2  Fig. 4 Fig. 6 

IL-33, TSLP - ↓↓ - ↓↓ 

IL-5, IL-13 - ↓ ↓↓ ↓↓ 

IgE ↓ ↓ - - 

AHR - ↓ ↓ ↓↓ 

- represents no effect, ↓ represents reduced, ↓↓ represents reduced to baseline, bronchoalveolar lavage fluid (BALF), mucus 

secreting cells (MSCs), mucin 5AC (Muc5AC), interleukin (IL), thymic stromal lymphopoietin (TSLP), immunoglobulin (Ig), 

airway hyper-responsiveness (AHR) 
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Supplementary methods

Ethics statement

This study was performed in strict accordance with the recommendations in the Australian code of

practise for the care and use of animals for scientific purposes issued by the National Health and

Medical Research Council of Australia. All protocols were approved by the Animal Ethics Committee

of the University of Newcastle.

Airway inflammation

Bronchoalveolar lavage (BAL) was performed as previously described, and differential leukocyte

counts were determined from a total of 250 cells (1, 2).

Histopathology

Lungs were formalin fixed, embedded and sectioned. Longitudinal sections were stained with

haematoxylin and eosin (H&E, for histopathology), Lendrum's Carbolchromotrope (for eosinophils)

and periodic acid-Schiff (PAS-for mucus secreting cells (MSC) numbers). Histopathology was scored

according to a set of custom-designed criteria as described previously (3). Eosinophils and MSCs

were enumerated in inflamed airways as described previously (4, 5).

mRNA expression

Whole lungs were collected and stored in RNAlater (Qiagen, Chadstone Centre, Victoria, Australia).

RNA was extracted by guanidinium thiocyanate phenol chloroform (TRIzol, Invitrogen, Mount

Waverly, Victoria, Australia) extraction. Extracted RNA was treated with DNAseI (Sigma-Aldrich) and

reverse-transcribed using Bioscript (Bioline, Alexandria, New South Wales, Australia) and random

hexamer primers (Invitrogen). Relative abundance of cytokine cDNA was determined relative to the

reference gene hypoxanthine-guanine phosphoribosyltransferase by real-time quantitative (q)PCR

using a ViiA 7 Real-Time PCR System (Life Technologies, Thermo Fisher Scientific, California, USA)

(1, 6). Custom-designed primers (Integrated DNA Technologies, Coralville, Iowa, USA) were used for

the analysis of mRNA expression for Mucin 5AC (Muc5AC) For;



5‘- GCAGTTGTGTCACCATCATCTGTG- 3’ Rev; 5- ‘GGGGCAGTCTTGACTAACCCTCTT-

3’) and transforming growth factor (TGF)- β (For; 5’- TGTGGAACTCTACCAGAAATATAGC-

3’ Rev; 5’- GAAAGCCCTGTATTCCGTCTC-3’).

Protein isolation

Protein was extracted from whole lungs. Briefly, tissues were homogenised in 500μl of sterile

Dulbecco’s phosphate-buffered saline (Life Technologies) supplemented with PhoSTOP phosphatase

and Complete ULTRA protease inhibitors cocktails (Roche Diagnostics, Manheim, Germany) using a

Tissue Tearor stick homogeniser (BioSpec Products, Bartesville, Oklahoma, USA) on ice.

Homogenates were then centrifuged (8000xg, 10 minutes, 4 oC), and supernatants were collected

and stored at -20 oC for assessment by enzyme linked immunosorbent assay (ELISA) (7).

ELISA

The concentrations of IL-33 and TSLP in lung homogenates as well as IL-5 and IL-13 in BAL

supernatants were determined using mouse DuoSet ELISA kits (R&D systems, Minneapolis, USA)

according to manufacturer’s instructions.

Serum antibodies

Total IgE in serum was determined by ELISA (8).

Lung function

Airway hyperresponsiveness (AHR) was measured in anaesthetised mice using whole body invasive

plethysmography (Buxco®, Data Sciences International, New Brighton, Minnesota, USA) by

determination of the peak of transpulmonary resistance in increasing doses of nebulised

methacholine (Sigma-Aldrich) as previously described (5, 9).

Airway remodelling

Lungs were formalin fixed, embedded and sectioned. Longitudinal sections were stained with

Masson’s Trichrome. Area of collagen deposition (μm2) was assessed in a minimum of four small



airways (basement membrane (BM) perimeter <1000 μm) per section. Data were normalised to BM

perimeter (μm) and quantified using ImageJ software (Version 1.49h, NIH, New York City, USA) (6).

Statistical analysis

Data are presented as means ± s.e.m with 6-8 mice and are representative of at least two

independent experiments. Statistical significance was determined by one-way analysis of variance

(ANOVA) with Bonferroni post-test. AHR was analysed using two-way repeated measures ANOVA

with Tukey’s post-test. Analyses were performed using GraphPad Prism V.6 Software (San Diego,

California, USA).



Supplementary results

Supplementary figure 1 Treatment with FTY720 and AAL(S) had no effect on the numbers of

neutrophils, macrophages or lymphocytes in bronchoalveolar lavage fluid (BALF) in ovalbumin (OVA)-

induced acute allergic airway disease (AAD). AAD was induced by intraperitoneal (i.p) OVA

sensitisation and intranasal OVA challenges. Controls were sham-sensitised and challenged with

OVA. FTY720 or AAL(S) were administered i.p 30 minutes before each OVA challenge. Controls were

vehicle-treated. Features of AAD were assessed 24 hours after the final OVA challenge. (A)

Neutrophils, (B) macrophages and (C) lymphocytes in BALF. Data (n=6-8) are presented as means ±

s.e.m. * represents P≤0.05 compared to non-AAD vehicle-treated (Saline+vehicle) controls, #

represents P≤0.05 compared to AAD vehicle-treated (OVA+vehicle) controls.

Supplementary figure 2 Treatment with BORT reduced the numbers of neutrophils, macrophages

and lymphocytes in bronchoalveolar lavage fluid (BALF) in ovalbumin (OVA)-induced acute allergic

airway disease (AAD). AAD was induced by intraperitoneal (i.p) ovalbumin OVA sensitisation and

intranasal OVA challenges. Controls were sham-sensitised and challenged with OVA. BORT was

administered i.p 30 minutes before each OVA challenge. Controls were vehicle-treated. Features of

AAD were assessed 24 hours after the final OVA challenge. (A) Neutrophils, (B) macrophages and

(C) lymphocytes in BALF. Data (n=6-8) are presented as means ± s.e.m. * represents P≤0.05

compared to non-AAD vehicle-treated (Saline+vehicle) controls, # represents P≤0.05 compared to

AAD vehicle-treated (OVA+vehicle) controls.

Supplementary figure 3 Combined treatment with AAL(S)+BORT had no effect on the numbers of

neutrophils, macrophages or lymphocytes in bronchoalveolar lavage (BALF) fluid in ovalbumin (OVA)-

induced acute allergic airway disease (AAD). AAD was induced by intraperitoneal (i.p) OVA

sensitisation and intranasal OVA challenges. Controls were sham-sensitised and challenged with

OVA. AAL(S)+BORT were administered i.p 30 minutes before each OVA challenge. Controls were

vehicle-treated. Features of AAD were assessed 24 hours after the final OVA challenge. (A)

Neutrophils, (B) macrophages and (C) lymphocytes in BALF. Data (n=6-8) are presented as means ±



s.e.m. Control data (Saline+vehicle and OVA+vehicle) is recapitulated from supplementary figure 2.

To facilitate comparisons of data to single treatments, data from OVA+AAL(S) groups are recapitulated

from supplementary figure 1, and data from OVA+BORT groups are recapitulated from supplementary

figure 2.* represents P≤0.05 compared non-AAD vehicle-treated (Saline+vehicle) controls, #

represents P≤0.05 compared to AAD vehicle-treated (OVA+vehicle) controls.

Supplementary figure 4 Effects of treatment with AAL(S), BORT and AAL(S)+BORT on chronic

features of allergic airway disease (AAD). AAD was induced by administration of house dust mite

(HDM) intranasally 5 times a week for 5 weeks. AAL(S), BORT or AAL(S)+BORT were administered

intraperitoneally daily. Controls were vehicle-treated. Features of AAD were assessed after 5 weeks.

(A) Total leukocytes and (B) eosinophils in bronchoalveolar lavage fluid (BALF). (C) Numbers of

airway tissue eosinophils per 100μm basement membrane (BM) in Lendrum's carbolchromotrope

stained lung sections. (D) Total histopathology score in haematoxylin and eosin stained lung sections.

(E) Mucus secreting cell numbers per 100μm BM in periodic acid-Schiff stained lung sections. (F)

Total immunoglobulin (Ig)E in serum. (G) Airway hyper-responsiveness (AHR) in terms of

transpulmonary resistance at the maximal dose of methacholine (50mg/ml) and increasing doses of

methacholine was also assessed. Data (n=6-8) are presented as means ± s.e.m. * represents P≤0.05

compared to non-AAD vehicle-treated (Saline+vehicle) controls, # represents P≤0.05 compared to

AAD vehicle-treated (HDM+vehicle) controls.



References

1. Starkey MR, Nguyen DH, Brown AC, Essilfie AT, Kim RY, Yagita H, et al. PD-L1 Promotes
Early-life Chlamydia Respiratory Infection-induced Severe Allergic Airway Disease. Am J
Respir Cell Mol Biol 2016;54(4):493-503.

2. Essilfie AT, Horvat JC, Kim RY, Mayall JR, Pinkerton JW, Beckett EL, et al. Macrolide
therapy

suppresses key features of experimental steroid-sensitive and steroid-insensitive asthma.
Thorax 2015;70(5):458-467.

3. Horvat JC, Beagley KW, Wade MA, Preston JA, Hansbro NG, Hickey DK, et al. Neonatal
chlamydial infection induces mixed T-cell responses that drive allergic airway disease. Am

J
Respir Crit Care Med 2007;176(6):556-564.

4. Horvat JC, Starkey MR, Kim RY, Beagley KW, Preston JA, Gibson PG, et al. Chlamydial
respiratory infection during allergen sensitization drives neutrophilic allergic airways
disease. J Immunol 2010;184(8):4159-4169.

5. Starkey MR, Nguyen DH, Essilfie AT, Kim RY, Hatchwell LM, Collison AM, et al. Tumor
necrosis factor-related apoptosis-inducing ligand translates neonatal respiratory infection
into chronic lung disease. Mucosal Immunol 2014;7(3):478-488.

6. Haw TJ, Starkey MR, Nair PM, Pavlidis S, Liu G, Nguyen DH, et al. A pathogenic role for
tumor necrosis factor-related apoptosis-inducing ligand in chronic obstructive pulmonary
disease. Mucosal Immunol 2016;9(4):859-872.

7. Hsu AC, Starkey MR, Hanish I, Parsons K, Haw TJ, Howland LJ, et al. Targeting PI3K-
p110alpha Suppresses Influenza Virus Infection in Chronic Obstructive Pulmonary Disease.
Am J Respir Crit Care Med 2015;191(9):1012-1023.

8. Thorburn AN, O'Sullivan BJ, Thomas R, Kumar RK, Foster PS, Gibson PG, et al.
Pneumococcal

conjugate vaccine-induced regulatory T cells suppress the development of allergic airways
disease. Thorax 2010;65(12):1053-1060.

9. Starkey MR, Essilfie AT, Horvat JC, Kim RY, Nguyen DH, Beagley KW, et al. Constitutive
production of IL-13 promotes early-life Chlamydia respiratory infection and allergic airway
disease. Mucosal Immunol 2013;6(3):569-579.


	20170525-NairPM.pdf
	all13212-sup-0001-FigS1.pdf
	all13212-sup-0002-FigS2.pdf
	all13212-sup-0003-FigS3.pdf
	all13212-sup-0004-FigS4.pdf
	all13212-sup-0005-Supplementary.pdf

