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 19 

Clinical Implications  20 

We show that targeting the Notch transactivation complex with SAHM1, a synthetic cell-21 

permeable peptide, inhibits allergic airway inflammation in mice, indicating that SAHM1 22 

is an interesting novel treatment opportunity in asthma. 23 

 24 

Capsule summary 25 

Notch signaling plays a role in the pathophysiology of allergic airway inflammation. Here 26 

we show that targeting the Notch transactivation complex with the cell-permeable 27 

peptide SAHM1 abrogates house dust mite-driven allergic airway inflammation in mice. 28 

 29 
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Abbreviations 34 

AAI  Allergic airway inflammation 35 

BAL  Bronchoalveolar lavage 36 

CD  Cluster of differentiation 37 

DC  Dendritic cell 38 

DLL  Delta-like ligand 39 

HDM  House-dust mite 40 

Ig  Immunoglobulin 41 

IL  Interleukin 42 

i.n.   Intranasal 43 

i.t.   Intratracheal 44 

IFN  Interferon 45 

MAML1 Mastermind-like 1  46 

MLN  Mediastinal lymph node 47 

PBS  Phosphate buffered saline 48 

RBPj  Recombination-signal-binding protein for immunoglobulin Jκ region  49 

SEM  Standard error of the mean 50 

STAT  Signal transducer and activator of transcription  51 

Tbet  T-box-containing protein 52 
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Abstract 54 

 55 

Background: The Notch signaling pathway has been implicated in the pathogenesis of 56 

allergic airway inflammation. Targeting the active Notch transactivation complex by the 57 

cell-permeable, hydrocarbon-stapled synthetic peptide SAHM1 was results in genome-58 

wide suppression of Notch-activated genes in leukemic cells and other models. 59 

However, efficacy of SAHM1 in allergic asthma models has remained unexplored. 60 

Objective: We aimed to investigate therapeutic efficacy of SAHM1 in a house dust mite 61 

(HDM)-driven asthma model.  62 

Methods: Topical therapeutic intervention with SAHM1 or a control peptide was 63 

performed during sensitization and/or challenge with HDM in mice. Airway inflammation 64 

was assessed by multi-color flow cytometry and bronchial hyperreactivity (BHR) was 65 

studied. Additionally, SAHM1 therapy was investigated in established asthma and in a 66 

model in which we neutralized IFNγ during HDM challenge to support the Th2 response 67 

and exacerbate asthma.  68 

Results: SAHM1 treatment during the challenge phase led to a marked reduction of 69 

eosinophils and T-cells in bronchoalveolar lavage (BAL), compared with diluent-treated 70 

or control peptide-treated mice. Likewise, T-cell cytokine content and BHR were 71 

reduced. SAHM1 treatment dampened Th2-inflammation during ongoing HDM 72 

challenge and enhanced recovery following established asthma. Additionally, in the 73 

presence of anti-IFNγ antibodies, SAHM1 downregulated expression of the key Th2 74 

transcription factor (TF) GATA3 and intracellular IL-4 in BAL T-cells, but expression of 75 

the Th17 TF RORγt or intracellular IL-17 was not affected. SAHM1 therapy also reduced 76 

serum IgE levels.   77 

Conclusions: Therapeutic intervention of Notch signaling by SAHM1 inhibits allergic 78 

airway inflammation in mice and is therefore an interesting new topical treatment 79 

opportunity in asthma. 80 

  81 
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Introduction  82 

Allergic asthma is characterized by bronchial hyperreactivity (BHR), eosinophilic airway 83 

inflammation and elevated levels of IgE1, 2. The hallmarks of asthma are the direct 84 

consequences of enhanced activation of T helper 2 (Th2) cells, producing the cytokines 85 

IL-4, IL-5 and IL-13, the expression of which are controlled by the key Th2 transcription 86 

factor (TF) Gata33-5. Central to the initiation of the differentiation of naïve T-cells into the 87 

Th2 direction is IL-4, which induces Gata3 through IL-4R and STAT6.  88 

 Intriguingly, the induction of Gata3 by the IL-4/Stat6 axis in differentiating Th2 89 

cells raises the paradox that IL-4 is required for the generation of the cell type that is its 90 

major producer. However, in this context it was demonstrated that antigen presenting 91 

dendritic cells (DCs) use the Notch signaling pathway to instruct T-cell differentiation, 92 

independently of IL-46. In this model, expression of Jagged Notch ligands on DCs 93 

constitutes an instructive signal for Th2 differentiation, whereby Notch signaling 94 

regulates Gata3 gene transcription from an upstream promoter as well as Il-4 gene 95 

transcription in parallel with Gata37, 8. Conversely, expression of the Notch ligands 96 

Delta-like (DLL) on DCs, which is induced by stimulation with microbial products, 97 

promotes Th1 cell differentiation9-11. Supporting a critical role for Notch signaling in Th2 98 

differentiation, we recently found that house dust mite (HDM)-driven allergic airway 99 

inflammation, Th2 activation and BHR was diminished in mice lacking the canonical 100 

Notch signaling mediator recombination signal binding protein for immunoglobulin 101 

kappa J region (RBPj) in T-cells12. However, in this HDM-driven asthma model 102 

expression of the Jagged Notch ligands on DCs was dispensable.  103 

 Notch signaling also sensitizes T-cells to exogenous cytokines13, potentiates T-104 

cell receptor and CD28 signaling and stimulates metabolic reprogramming and IL-2 105 

secretion during priming of naïve T-cells14. Moreover, Notch is required to maintain Th1 106 

and Th2 programs and controls memory Th cell survival by regulating glucose uptake13, 
107 

15. And act as a general amplifier of T cells16. RBPj in T-cells affected the ability of Th17 108 

cells to adequately respond to IL-2317.  109 

 In addition to its role in T-cell differentiation, Notch is also important during lung 110 

organogenesis, alveologenesis and differentiation18, 19. In addition, Notch signaling has 111 
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been implicated in other immune cells and is e.g. also involved in DC differentiation and 112 

maturation20.  113 

Ligand binding to the Notch heterodimeric cell-surface receptor initiates its 114 

intramolecular cleavage mediated by a γ-secretase complex, resulting in the release of 115 

the Notch intracellular domain (NICD), which thereby translocates from the cytosol into 116 

the nucleus21, 22. There, NICD forms a transactivation complex with Mastermind-like 117 

(MAML) proteins and RBPj, resulting in the activation of target genes. Binding of RBPj 118 

to DNA in the absence of NICD prevents target gene transcription by recruiting co-119 

repressors. Interaction of NICD with RPBj removes co-repressors and recruits co-120 

activators, including MAML, which in turn recruit DNA modification enzymes and induce 121 

the transcription of Notch target genes. 122 

 Interestingly, blocking Notch signaling by intranasal administration of γ-secretase 123 

inhibitors (GSI) reduced allergic lung inflammation in a mouse asthma model23. 124 

Because GSI are associated with severe, on-target gastrointestinal toxicity, other Notch 125 

inhibitors are being developed. For example, it has been demonstrated that therapeutic 126 

antibodies blocking Notch signaling prevent immune activation24, 25 and activation of 127 

AKT downstream of Notch can be inhibited by the phosphatidylinositol 3-kinase inhibitor 128 

PI-10326. The assembly of the NICD-MAML-RBPj nuclear complex can be prevented by 129 

the synthetic, cell-permeable inhibitor SAHM1 (stapled α-helical peptide derived from 130 

MAML1)27, 28. SAHM1 proved to be effective in a murine model of T-cell acute 131 

lymphoblastic leukemia caused by inappropriate Notch activation and outside the 132 

cancer field28-30. Importantly, this inhibitor may be more specific for Notch than the 133 

commonly used GSI, which also affect cleavage of many other substrates of this 134 

enzyme complex28, 31, or may preferentially affect certain tissues due to pharmacologic 135 

differences.  136 

 Given the prominent role of Notch signaling in type II immunity , here we 137 

investigated the capacity of the SAHM1 peptide to mitigate pathology in eosinophilic 138 

lung inflammation in a HDM-driven asthma model. We found SAHM1 therapy to be 139 

beneficial, because it reduced all hallmarks of asthma, including eosinophilic airway 140 

inflammation, Th2 differentiation and BHR.  141 

  142 
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Material and Methods 143 

 144 

Mice  145 

C57bl/6 mice (Envigo Zeist, the Netherlands) and OTII (C57bl/6) mice (Erasmus MC) 146 

were kept under specific pathogen free conditions, provided with water and food ad 147 

libitum and were used at the age of 6-11 weeks. All experiments were approved by the 148 

Erasmus MC Animal Ethics Committee.  149 

 150 

 151 

House Dust Mite (HDM) allergic airway inflammation model and therapy 152 

To induce airway inflammation on day 0, isoflurane-anesthetized mice were sensitized 153 

i.t. using 10µg HDM (Greer) extract in 80µL PBS or using PBS only32. Ten days later, 154 

anesthetized mice were challenged with 10 µg HDM in 50µL PBS intranasally (i.n.) for 155 

five consecutive days. In the first set of experiments, treatment with HDM or control 156 

PBS was admixed with diluent (DMSO), 0.3, 1.0 or 3 µg SAMH1 or D1 (stock solution 157 

25 mg/ml in DMSO see supplementary data). The treatment preparation was made just 158 

before use. Four days after the last challenge, mice were sacrificed and 159 

bronchoalveolar lavage (BAL) was performed by flushing the lungs 3 times with 1 ml 160 

PBS containing EDTA (Sigma-Aldrich). The Lungs were snap-frozen in liquid nitrogen 161 

and stored at -80°C until further processing for hi stological analysis. In some mice, lung 162 

function was measured following increasing doses of nebulized methacholine (for 163 

details: see Supplementary Material and Methods). Innate immune responses were 164 

studied with HDM or with IL-33  (for details: see Supplementary Material and Methods). 165 

 166 

Flow cytometric analysis and Immunohistochemistry 167 

BAL cells were collected for cellular differentiation by flow cytometry as previously 168 

described32. For flow cytometry details: see Supplementary Figure 1. 169 

Immunohistochemical stainings were performed in a half-automatic stainer (Sequenza) 170 

as previously described33. Sections were stained with rat-anti-SiglecF (clone E50-2440; 171 

BD Biosciences). 172 

 173 
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 174 

 175 

Statistical analysis 176 

Reported values are shown as mean ± SEM. Statistical analyses were performed with 177 

SPSS (SPSS Inc., Chicago, IL), using Kruskal Wallis test followed by a Mann-Whitney 178 

U-test. Resulting p values less than 0.05(*), 0.01(**) and 0.001(***) are indicated and 179 

considered significant. Tests that did not reach significance (p>0.05) are not indicated.  180 

 181 

  182 
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Results 183 

SAHM1 abrogates eosinophilic airway inflammation 184 

To evaluate efficacy of SAHM1, we employed an acute airway inflammation model by 185 

sensitizing and challenging C56bl/6 mice with HDM, whereby mice were analyzed four 186 

days after the last challenge (Figure 1A). In this model, mice developed allergic airway 187 

inflammation characterized by increased eosinophils, neutrophils, macrophages, DCs, T 188 

and B cells and ILC2s in BAL, compared with PBS-sensitized mice (Figure 1B, 1C). 189 

Treatment with an optimal dose range of 0.3 - 3 µg SAHM1 during HDM sensitization 190 

and challenge abrogated eosinophilic airway inflammation in lung tissue and BAL fluid 191 

(Figure 1A,1B,1C).  192 

 Next, we used intracellular flow cytometry to analyze cytokine-producing T-cells 193 

in BAL fluid and observed that although the proportions of Th2-cytokine positive cells 194 

were not affected, SAHM1 treatment significantly reduced total numbers of CD4 T-cells 195 

positive for IL-5, IL-13, IL-17 and IFNγ, (Suppl. Figure 2)Thus, SAHM1 treatment during 196 

both sensitization and challenge reduced Th2 cell differentiation and eosinophilic airway 197 

inflammation.  198 

 199 

SAHM1 treatment is effective during challenge 200 

Because Notch signaling has been implicated both in induction and in maintenance of 201 

Th2 differentiation6, 13, we compared the effects of SAHM1 (1µg) treatment given either 202 

during sensitization or during challenge (Figure 1D). We found that SAHM1 treatment 203 

effectively reduced eosinophilic and T-cell accumulation in the BAL fluid only when 204 

given during the challenge phase (Figure 1E). SAHM1 treatment during sensitization 205 

only did not show any effects. IL-4 is not only important for the initiation of Th2 206 

differentiation, but also induces serum IgE (see suppl. M&M), another hallmark of 207 

asthma. We observed that the levels of total serum IgE were reduced to control levels 208 

when mice were treated with SAHM1 during challenge, showing the effectiveness of 209 

SAHM1 treatment.  210 

 No effects of SAHM1 treatment were observed in an innate response to a 211 

single dose of 100 µg HDM, regarding BAL differentiation, DC subset cell numbers and  212 

CD86 expression (Supplementary Figures 3 - 5), indicating that in this context Notch 213 
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signaling is not important for DC activation. Next, when we investigated IL-33-driven 214 

alveolar inflammation (Suppl. Figure 6), we noticed that SAHM1 treatment did not impair 215 

the IL-33-driven eosinophilic inflammation. Therefore, SAHM1 does not directly affect 216 

recruitment and accumulation of eosinophils. Next, we adoptively transfer OVA specific 217 

(OTII) T-cells in mice that got SAHM1 therapy or D1 or diluent. No difference in OTII 218 

division was seen in the presence of SAHM1 therapy during this primary response. OVA 219 

restimulation of the adoptive transferred OVA specific OTII T-cells obtained from the 220 

lung draining lymph node (MLN) indicates a reduced level of IFNγ (Suppl figure 7).  221 

 222 

SAHM1, but not a mutant control, D1, abrogates eosinophilic airway inflammation  223 

Next, we investigated if a control mutant peptide affected airway inflammation when 224 

given during HDM challenge (Figure 2A). In contrast to the active SAHM1 inhibitor, the 225 

mutant peptide D128 did not abrogate eosinophilic airway inflammation(Figure 2B). 226 

When we investigated intracellular cytokine content of CD4 T-cells by flow cytometry, 227 

we observed a significant reduction of the total numbers of Th2 CD4 cells producing IL-228 

5 or IL-13 in BAL fluid when HDM SAHM1-treated mice were compared with HDM D1-229 

treated mice (Figure 2C, 2D).  230 

 SAHM1 targets the nuclear complex downstream of the Notch signaling pathway 231 

by preventing the binding of MAML in the RBPj complex, which is important for 232 

transcription of Notch target genes. These include Gata3, which has an RBPj-binding 233 

site in its upstream promoter7, 8. To investigate the effect of SAHM1 on key T-cell subset 234 

TFs, intracellular flow cytometric analyses were performed, which showed that SAHM1 235 

treatment induced a significant reduction of the numbers of Gata-3+, Rorγt+ and FoxP3+ 236 

T-cells in BAL fluid (Figure 3). For RORγt and FoxP3 the reduction was mostly 237 

explained by the lower number of T-cells found in SAHM1 treated animals. In contrast, 238 

Gata3+ CD4 T-cells were also reduced as a proportion of the total T-cells, suggesting 239 

that inhibition of Notch specifically affected expression of Gata3, independently from 240 

diminishing T-cell numbers. Hereby both the proportions (Figure 3A) and the absolute 241 

numbers of Gata-3+ T-cells (Figure 3B) were markedly reduced. In agreement with the 242 

limited involvement of Th1 cells in HDM-driven airway inflammation in mice, the key Th1 243 

TF T-bet was not induced and not affected by SAHM1 treatment. Taken together, these 244 
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findings demonstrate that SAHM1 is able to reduce the numbers of key inflammatory 245 

cells in allergic airway inflammation and particularly the Th2 inflammatory response. 246 

SAHM1 abrogates airway bronchial hyperreactivity 247 

BHR is another hallmark of asthma that we investigated in our HDM-driven asthma 248 

model, whereby PBS control mice and HDM-exposed mice were treated only during 249 

allergen challenge with either 1 µg SAHM1 or control diluent (Figure 4A). No 250 

differences were observed between the four groups of mice in baseline airway 251 

responsiveness, as measured by lung resistance. BHR to increasing doses of 252 

methacholine (MCh) was significantly increased in HDM-challenged mice treated with 253 

diluent, compared with diluent-treated PBS-control mice (Figure 4B). Importantly, 254 

treatment with SAHM1 was potent enough to abrogate BHR in HDM-challenged mice.  255 

 256 

SAHM1 improves recovery from allergic airway inflammation 257 

Because asthma patients only present with clinical symptoms after airway 258 

hypersensitivity has already fully developed, we investigated whether SAHM1 treatment 259 

would improve airway inflammation in already established asthma. To this end, we 260 

investigated five different groups of mice (Figure 5A). Two control groups consisted of 261 

PBS/diluent or PBS/SAHM1 controls by sensitization and by challenge only. Three other 262 

groups were sensitized with HDM, followed on day 10-14 thereafter by five additional 263 

HDM challenges. These HDM-exposed mice were then challenged again on five 264 

successive days (day 15-19) with either HDM in the presence of diluent (group 3) or 265 

PBS, either with diluent or SAHM1 (group 4 and 5, respectively; Figure 5A). This set-up 266 

allowed us to investigate if SAHM1 enhances the recovery following the established 267 

asthma.  268 

 When analyzed at day 23, the PBS controls showed no signs of allergic 269 

inflammation in the BAL fluid. The group that was HDM-sensitized and then HDM 270 

exposed from day 10-19 exhibited significantly increased levels of total cells, 271 

eosinophils and T-cells, indicating an allergic response (Figure 5B). Importantly when 272 

SAHM1 treatment was started 5 days after the HDM challenges, the SAHM1-treated 273 

mice (HDM PBS SAHM1, Figure 5) still showed a strong reduction in eosinophil and T-274 

cell numbers, compared with the mice receiving diluent (HDM PBS diluent, Figure 5). 275 
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This showed that SAHM1 treatment was able to enhance the recovery from allergic 276 

airway inflammation. Moreover, SAHM1 treatment reduced the numbers of Th2 cytokine 277 

producing T-cells, which reached significance for IL-5 and IL-13 (Figure 5A), as well as 278 

the numbers of neutrophils and DCs in the BAL fluid (data not shown). Therefore 279 

SAHM1 treatment improves the recovery of already established allergic airway 280 

inflammation in an HDM-driven asthma mouse model.  281 

 282 

SAHM1 treatment suppresses αααα−−−−IFNγγγγ induced asthma exacerbation 283 

A previous study showed that inhibition of Notch resulted in loss of Th2 responses to a 284 

helminth parasite, but that Th2 responses could be restored by blocking IFNγ 13. This 285 

result suggested the possibility that a main function of Notch is to counteract the 286 

inhibitory activity of IFNγ towards development of Th2 type responses. The imbalance 287 

between Th1 and Th2 type cytokines, in favor of Th2 cytokines, is a major cause of 288 

allergic diseases in human patients. If the primary function of Notch is indeed to 289 

counteract the inhibitory function of IFNγ on Th2 responses, a prediction would be that 290 

neutralization of IFNγ would also obviate the ability of Notch inhibition to mitigate the 291 

development of allergic asthma.  We therefore tested whether SAHM1 treatment could 292 

suppress development of eosinophilic airway inflammation when mice are injected with 293 

neutralizing antibodies to IFNγ induced exacerbation. To this end, we investigated 294 

eosinophilic airway inflammation in HDM-exposed mice in the presence of α-IFNγ or 295 

control rat Ig, treated either with diluent or SAHM1 (Figure 6A). On the basis of 296 

previous reports showing an increased Th2 response when Th1 activity is suppressed 297 

by binding of free IFNγ13, 34, we expected that the presence of α-IFNγ during the 298 

challenge phase would exacerbate the allergic airway inflammation. Indeed, 299 

eosinophilic airway inflammation was more severe in the presence of α-IFNγ, as 300 

evidenced by increased induction of focal dense infiltrates (Figure 6B). Importantly, the 301 

inflammation was less severe when mice were treated with SAHM1 (Figure 6B). 302 

Likewise, numbers of eosinophils, neutrophils, macrophages and T-cells were 303 

significantly increased by treatment with α-IFNγ (Figure 6C). Exacerbation of asthma by 304 

α-IFNγ during HDM challenge was associated with elevated numbers of eosinophils, 305 
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neutrophils, macrophages and T-cells in BAL fluid, but additional treatment with SAHM1 306 

restored these numbers to those observed in HDM and control rat Ig exposed, diluent-307 

treated mice (Figure 6C). 308 

 Intracellular flow cytometry analyses showed that the numbers of Th2 (IL-4), Th1 309 

(IFNγ) and Th17 (IL-17) cells in BAL fluid were significantly increased in the presence of 310 

α-IFNγ, compared with mice that received control rat Ig, but only a limited effect of 311 

SAHM1 on the relative proportions of cells producing these cytokines content could be 312 

detected (Figure 6D). Therefore, we investigated TF expression in BAL T helper cells 313 

and saw that blocking IFNγ resulted in reduced proportions of Gata3+ CD4+ T-cells and 314 

increased proportions of RORγt+ CD4+ T-cells in BAL (Figure 6E). Importantly, in the 315 

presence of α-IFNγ SAHM1 treatment still reduced the proportions of Gata3-expressing 316 

CD4+ T-cells in BAL compared with diluent treatment (Figure 6E). This reduction was 317 

greater than the reduction of the CD4 T-cell number by SAHM1 (Figure 6D), suggesting 318 

that Notch inhibition specifically reduced Th2 responses in this model even when IFNγ 319 

was neutralized (Figure 6E). Quantification of absolute numbers of TF expressing CD4+ 320 

T-cells in BAL demonstrated that - in the presence of α-IFNγ - SAHM1 treatment 321 

reduced Gata3+ CD4 T-cells numbers, but did not affect the numbers of RORγt+ or 322 

FoxP3+ CD4+ T-cells (Figure 6F). We observed that total serum IgE levels were 323 

increased in HDM-exposed mice, compared with PBS controls, but the effects of α-IFNγ 324 

or SAHM1 treatment in HDM-exposed mice were limited (Figure 6G). SAHM1-treated 325 

HDM/α-IFNγ-exposed mice showed some reduction of serum IgE, compared with 326 

diluent-treated controls, but this did not reach significance (Figure 6G).  327 

 From these experiments we conclude that SAHM1 treatment reduces allergic 328 

airway inflammation, even in the setting of α-IFNγ-induced asthma exacerbation. 329 

Furthermore, these findings indicate that Notch signaling in the HDM-mediated airway 330 

inflammation model does not only function to counteract inhibitory effects of IFNγ on 331 

Th2 differentiaton.   332 
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Discussion 333 

The Notch signaling pathway has been implicated in the pathogenesis of asthma. Here 334 

we show that the cell-permeable, hydrocarbon-stapled peptide SAHM1 is effective in a 335 

HDM-driven model for allergic airway inflammation in mice. SAHM1 treatment reduced 336 

functional airway abnormalities: HDM-exposed mice showed all signs of allergic 337 

inflammation, including BHR to methacholine and eosinophilia. But when they received 338 

SAHM1 therapy, they showed less signs of BHR and eosinophilic airway inflammation.  339 

 Notch signaling in CD4+ T-cells induces the formation of a nuclear complex 340 

containing NICD, RBPj and MAML. When RBPj is deleted in CD4+ T-cells this complex 341 

cannot be formed and the Notch pathway is blunted6, 35. SAHM1 binds this nuclear 342 

complex at the MAML interface and thereby functions as a competitor. Since an RBPj-343 

binding site is present in the Gata3 upstream promoter (exon 1a) and we found that 344 

expression of Gata3 is reduced by SAHM1, it is conceivable that this drug dampens 345 

allergic airway inflammation by inhibiting the expression of Gata3 from the upstream 346 

promoter. Direct therapeutic targeting of Gata3 is challenging, although recently 347 

improvement of both early and late asthmatic responses after allergen provocation were 348 

demonstrated in patients after treatment with a DNAzyme that specifically targets Gata3 349 

mRNA36. Intriguingly, there are differences in the regulation of Il4 gene transcription 350 

(which is partly Notch dependent) and Il5 and Il13 gene transcription (which is Gata3 351 

and IL-4R/STAT6-dependent)6, 37. This may imply that when Notch signaling is inhibited 352 

in a strong asthma protocol, initial production of IL-4 can still induce IL-4R/Stat6-353 

dependent transcription of Gata3 from the exon 1b promoter and thus transcription of 354 

the Il5 and Il13 genes.  355 

 GSIs, which act as Notch inhibitors, were successfully used in models for allergic 356 

airway inflammation, illustrating the importance of the Notch pathway in IL-4 producing 357 

CD4+ T-cells38-40. The finding that Notch inhibition is effective both during the primary 358 

and secondary immune response illustrated the ongoing need of the Notch pathway for 359 

maintenance of Th2 responses38, 39. Unfortunately, GSI show significant side effects and 360 

are not specific. Here, we demonstrate that in HDM-driven allergic airway inflammation, 361 

which is an acute and short T-cell-dependent asthma model, Notch signaling is 362 

important during allergen challenge, which is in agreement with earlier findings that 363 
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Notch is required for maintaining the Th2 program13. Several features of SAHM1 are of 364 

significant interest in the context of its application as a new treatment strategy in asthma 365 

patients. We observed that SAHM1 is effective in dampening HDM-induced allergic 366 

airway inflammation and α-IFNγ-induced exacerbation of allergic inflammation. 367 

Moreover, SAHM1 was potent to reduce inflammation in established allergic airway 368 

inflammation and to enhance and accelerate recovery. Furthermore, these findings 369 

indicate that Notch signaling in the HDM-mediated airway inflammation model does not 370 

only function to counteract inhibitory effects of IFNγ on Th2 differentiation. In addition, 371 

the Notch signaling pathway is not only critical for T-cells, but also for other cells 372 

involved in allergic airway inflammation, including epithelial cells and DCs 41. Because in 373 

endothelial cells the Il33 gene is a Notch target42, SAHM1 treatment may result in 374 

impaired IL-33 responses. Of note, IL-33 production by airway epithelial cells plays an 375 

important role in allergic airway inflammation43.  Notch is a common differentiation 376 

signal for T-cell-priming CD11b+ DC subsets in the spleen and intestine44 and deletion 377 

of RBP-J resulted in a reduced capacity of DCs to activate T-cells45. Human bronchial 378 

epithelial cells treated with diesel exhaust particles generate oxidative stress and 379 

upregulate Jagged1 and OX40 ligand in mDCs via TSLP, which resulted in mDC-driven 380 

Th2 responses46. These findings indicate that environmental factors including air 381 

pollution influence Notch signaling. Whereas Notch activation in epithelial cells is 382 

sufficient to induce mucous metaplasia, which is a hallmark of asthma, the lack of Notch 383 

signaling seems to be beneficial47. In this context, Notch and Stat6 signaling operate in 384 

parallel and independent pathways to regulate mucous metaplasia48. Pharmacological 385 

targeting of Notch signaling in epithelial cells, e.g. by SAHM1, may thus be considered 386 

in airway diseases associated with mucous metaplasia48. It is very well possible that in 387 

our HDM-driven allergic airway inflammation model the topical intratracheal application 388 

of SAHM1 also beneficially targeted epithelial or endothelial cells. Neutralization of 389 

Notch2 reverses established goblet cell  formation in an IL-13-induced mouse model of 390 

mucus hypersecretion41, 49. Taken together, these effects on airway epithelium could be 391 

seen as a bonus of SAHM1 therapy topical in the airways targeting inflammatory cells. 392 

Nevertheless, our previous finding that HDM-driven airway inflammation is diminished  393 
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in mice with conditional deletion of RBPj exclusively in the T cell lineage demonstrated 394 

the critical role of Notch signaling in T cells12.  395 

  Our study has implications for the therapeutic use of peptidomimetic compounds 396 

in general. While stapled peptides have been used in vivo and several of these are in 397 

human clinical testing, this is the first report of topical delivery. This suggests the 398 

potential to use this class of inhibitor for localized delivery in asthma and other 399 

indications. In conclusion, here we demonstrate that the Notch pathway is important for 400 

an in vivo type 2 immune response. Importantly, targeting the NICD-MAML-RBPj 401 

complex by SAHM1 reduced Th2 inflammation during ongoing HDM challenge and 402 

enhanced recovery following established asthma. Therefore SAHM1 may represent a 403 

novel therapeutic opportunity to abrogate both airway inflammation and BHR in allergic 404 

asthma.  405 
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Legends to figures  533 

 534 

Figure 1. SAHM1 abrogates eosinophilic airway inflammation. 535 

(A) Experimental HDM-driven asthma design, showing intratracheal sensitization (s) 536 

and challenge (c) of 10 µg HDM admixed with diluent, 0.3 and 3 µg SAHM1 (t) or PBS 537 

admixed with diluent or 3 µg SAHM1 as control. Arrows indicated PBS or HDM 538 

treatment and SAHM1 or diluent therapy (↑). Analyses (a) were performed 4 days after 539 

the last challenge. (B) Immunohistochemical Siglec-F staining to identify eosinophils in 540 

the indicated representative lung samples. (C) Quantification of flow cytometric 541 

analyses of the indicated populations of BAL cells. (D) Intracellular cytokine expression 542 

profiles of gated BAL CD3+CD4+ T-cells. (E) Quantification of flow cytometric analyses 543 

of the indicated populations of BAL CD3+CD4+ T-cells upon 4hrs of PMA/ionomycin 544 

stimulation. The results shown represent one out of two independent experiments with 545 

3-6 animals per group. The results shown are expressed as mean values ± SEM. 546 

*p<0.05, **p<0.01. 547 

Experimental HDM-driven asthma design, showing SAHM1 treatment either during 548 

sensitization (s) or during challenge (c) with 10 µg HDM admixed with diluent or 1 µg 549 

SAHM1 treatment (t), including PBS exposures admixed with diluent or 1 µg SAHM1 as 550 

controls. Analyses (a) were performed 4 days after the last challenge. (E) Quantification 551 

of flow cytometric analyses of the indicated populations of BAL cells. Total serum IgE 552 

levels measured by ELISA. Results are from one experiment with 3-6 animals per group 553 

and are shown as mean values ± SEM. *p<0.05, **p<0.01.  554 

 555 

Figure 2. SAHM1, but not the control peptide D1 abrogates eosinophilic airway 556 

inflammation.  557 

(A) Experimental HDM-driven asthma design, showing intratracheal sensitization (s) 558 

and challenge (c) with 10 µg HDM admixed with diluents, 3µg D1 control peptide, or 3µg 559 

SAHM1. PBS admixed with diluents, 3µg D1, or 3 µg SAHM1 were included as controls. 560 

Analysis (a) were performed 4 days after the last challenge. (B) Quantification of flow 561 

cytometric analyses of the indicated populations of BAL cells. (C) Cytokine expression 562 
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profiles of gated BAL CD3+CD4+ T-cells upon 4hrs of PMA/ionomycin stimulation. (D) 563 

Quantification of flow cytometric analyses of cytokine positive CD4+ T-cells. Results are 564 

from one experiment with 3-6 animals per group and are shown as mean values ± SEM. 565 

*p<0.05, **p<0.01.  566 

 567 

Figure 3. SAHM1, but not D1, reduces key T-cell subset TF expression.   568 

(A) Transcription factor expression profiles of gated BAL CD3+CD4+ T-cells. (B) 569 

Quantification of intracellular flow cytometric analyses of the indicated populations of 570 

BAL T-cells. Results are from one experiment with three (PBS) or six mice (HDM-571 

exposed) per group and are shown as mean values ± SEM. *p<0.05, **p<0.01. 572 

 573 

Figure 4. SAHM1 treatment abrogates airway BHR. 574 

(A) Experimental HDM-driven asthma design, showing intratracheal sensitization (s) 575 

and challenge (c) with 10 µg HDM, admixed with either diluent or 1 µg SAHM1. PBS 576 

admixed with either diluent or 1 µg SAHM1 served as controls. Analyses (a) were 577 

performed four days after the last challenge in the indicated mouse groups. (B) 578 

Bronchial hyperresponsiveness measurement (Lr= lung resistance) with Buxco in the 579 

indicated mouse groups. Results are from one experiment with four (PBS) or eight mice 580 

(HDM-exposed) per group and  are expressed as mean values ± SEM. *p<0.05, 581 

**p<0.01.  582 

 583 

Figure 5. SAHM1 improves recovery from allergic airway inflammation 584 

(A) Experimental HDM-driven asthma design, showing intratracheal sensitization (s) 585 

and challenge (c) with HDM during the first interval (day 10-14) to induce asthma. 586 

During the second interval (day 15-19) HDM was given (ongoing inflammation) or PBS 587 

(resolution phase) with either 1 µg SAHM1 treatment (t) or diluent as a control. Analyzes 588 

(a) were performed four days after the last challenge in the indicated mouse groups. (B) 589 

Quantification of flow cytometric analyses of the indicated populations of BAL cells 590 

during ongoing inflammation and during resolution. Results are from one experiment 591 

with 3-6 animals per group and are shown as mean values ± SEM. *p<0.05, **p<0.01.  592 

  593 
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Figure 6. SAHM1 treatment suppresses αααα-IFNγγγγ induced asthma exacerbation 594 

(A) Experimental HDM-driven asthma design, showing intratracheal sensitization (s) 595 

and challenge (c). During challenge HDM was admixed either with 150µg control rat Ig 596 

or α-IFNγ (to exacerbate asthma), and diluent or 3µg SAHM1. Analyzes (a) were 597 

performed four days after the last challenge in the indicated mouse groups. (B) 598 

Immunohistochemical Siglec-F staining to identify eosinophils in the indicated 599 

representative lung samples. (C) Quantification of flow cytometric analyses of the 600 

indicated populations of BAL fluid. Cells were significant lower for PBS (statistical not 601 

indicated in figure). (D) Total CD4+ T-cell number in BAL fluid (left) and pie charts of 602 

CD4+ T-cells, classified as Th2 (IL-4), Th1 (IFNγ) and Th17 (IL-17) cells (right). (E) 603 

Transcription factor expression profiles of gated BAL CD3+CD4+ T-cells. (F) 604 

Quantification (E) of flow cytometric analyses of the indicated populations of TF factor 605 

expressing BAL T-cells in the indicated experimental mouse groups. The results shown 606 

are from one experiment with 3-6 animals per group and are shown as mean values ± 607 

SEM. *p<0.05, **p<0.01.  608 

 609 

 610 

 611 
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Supplementary Material and Methods 21 

 22 

Inhibitor studies with SAHM1 and SAHM1-D1 (D1) 23 

SAHM1 peptide was purchased from MerckMillipore, whereas SAHM1-D1 (D1) was 24 

synthesized as previously described26. Both compounds were stored at -20°C as a dry 25 

powder and resuspended in DMSO (25 mg/ml) and stored until use at 4°C.  26 

 27 

Restrained whole body plethysmography (Buxco) invasive measurement airway 28 

function (resistance (RL)) 29 

To investigate if SAHM1 is effective during challenge to improve lung function, mice 30 

were treated during HDM challenge by admixing SAHM1 1 µg (25 mg/ml in DMSO) (4-8 31 

mice/groups). Next mice were anesthetized by intraperitoneal injection of 200ul 10% 32 

Urethane in PBS, followed by another 200 µl i.p. after 10 minutes and animals above 18 33 

grams weight another dose of 100 µl . The animals were ventilated (O2/air (1:2) 0.6 34 

l/min) at a frequency of 180 strokes/min (TV = 0.18 – 0.20 mL). A trachea cannula was 35 

placed in the mice for the measurement of pulmonary resistance (RL). The cannula was 36 

connected to a pressure transducer fixed on the box (EMKA Technologies, Paris, 37 

France) and transpulmonary pressure was determined by measuring pressure 38 

differences in the box. Airflow and tidal volume were determined using a flow transducer 39 

fixed to the body box that measured flow differences inside the box. During 20 seconds, 40 

increasing doses of methacholine (acetyl-β-methyl-choline chloride, Sigma) (0–30 41 

mg/ml) aerosols were administered by aerosol generated in a nebulizer (EMKA 42 

Technologies, Paris, France) connected in between the animal in the body box and the 43 

ventilator (EMKA Technologies, Paris, France). First, a baseline pulmonary resistance 44 

(RL) was measured for 3 min followed by a saline exposure and measurement and 45 

finally increasing methacholine doses and measurements. Data are presented as 46 

average RL in cm H2O/ml/s (4-8 mice/groups).  47 

 48 

Serum IgE measurement with ELISA 49 
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Serum IgE levels were determined using commercial ELISA kit for IgE (BD 50 

Biosciences).  51 

 52 

 53 

Supplementary Results 54 

 55 

SAHM1 therapy on Innate activation with HDM or with IL-33 treatment 56 

To investigate if SAHM1 is effective during an innate response mice were treated with 57 

HDM 100 µg or with IL-33 (0,25 ug at days 0, 2 and 3) in case mice Innate lymphoid 58 

cells type 2 (ILC2s) were studied and got SAHM1 therapy (Li et al EurJI 2016). SAHM1 59 

therapy 1 µg (25 mg/ml in DMSO)  was given daily intranasal from 2 days before until 60 

the mice got 100 ug HDM(3-4 mice/groups). The effect of SAHM1 on IL-33 dependent 61 

inflammation was investigated when mice got SAHM1 1 µg (25 mg/ml in DMSO) (3-4 62 

mice/groups) therapy. Mice got therapy by intranasal SAHM1 1 µg  from day -1 till day 63 

3. Twenty-four hrs after the last IL-33 dose mice were sacrificed and BAL cells were 64 

taken as described before. 65 

 66 

 67 

SAHM1 is not effective during innate responses 68 

Next we investigated if there is additional effect of SAHM1 on the role of innate cells of 69 

the immune system. Upon 100 µg HDM intratracheal stimulation mice we see a clear 70 

influx in neutrophils and CD8 T-cells in the PBS group and a lower number of DCs in 71 

the PBS group when compared to HDM treated mice (supplementary figure 2). In 72 

addition analyzed BAL-cells, lungs-cells and MLN-cells regarding the presence of DC 73 

subsets and their activation status. We observed that there are slightly more DCs in the 74 

BAL when mice were treated with SAHM1. In the lung no difference could observed 75 

between different therapies in the HDM treated mice. In the MLN we observed a trend 76 

(not significant for oneway anova Kruskal-Wallis test) that there were less DC when 77 

mice were treated with SAHM1 when compared to diluent (DMSO or to D1). Next we 78 

analyzed the activation status of the DCs and DC subsets by the expression of CD86 79 

and MHCII. We observed a tiny lower CD86 expression on BAL cDCs and on BAL 80 
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CD103 DCs and on MLN moDCs.  In addition we observed a tiny lower MHCII 81 

expression in MLN cDCs and moDCs. Regarding the numbers there are no clear 82 

differences the data suggest that DCs are slightly more present in the alveolar space 83 

when mice were treated with SAHM1 compared to control treatment. However the MLN 84 

DCs numbers tended to be lower. The effects of SAHM1 on DCs during primary 85 

immune response seem to be too weak to visualize in either number or the expression 86 

of costimulatory molecules as measured by CD86 to have an effect on priming of the 87 

immune system (supplementary figure 4 and 5). Next we investigated the effect of 88 

SAHM1 on the epithelial derived IL-33 driven alveolar inflammation supplementary 89 

figure 5. Here we didn’t see any effect of SAHM1 therapy on eosinophilic inflammation 90 

driven by IL-33. These experiments suggest that SAHM1 is mainly effective during the 91 

adaptive immune response and showed no effect during a primary immune response.  92 

 93 

No impaired OVA TCR specific T-cell proliferation by SAHM1  94 

We investigated the effect of SAHM1 on the primary immune response by the use of 95 

OVA in the OTII-T-cell response where we analyzed the T-cell response in relation to 96 

cell division and restimulation of the MLN-cells with OVA. This experiment could not 97 

show any differences between cell proliferation of the OVA specific TCR positive cells in 98 

mice that got SAHM1 therapy or control therapy indicating no significant effect on 99 

sensitization (data not shown). OVA restimulation of the adoptive transferred OVA 100 

specific OTII T-cells obtained from the lung draining lymph node (MLN) indicates a 101 

reduced level of IFNγ (Suppl figure 7) when mice were treated with SAHM1 compared to 102 

D1 and diluent. Levels of IL4, IL-5 and IL-13 were below detection level (data not 103 

shown). This result indicates that during restimulation the Notch signaling in T-cells is 104 

important in the context of cell cell contact and maintenance.  105 

 106 

Supplementary legends 107 

 108 

Figure S1 109 

Gating strategy of BAL cells.  110 
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Based on forward and sideward scatter debri was excluded. Next single cells were 111 

selected and finally, based on granulation SSC and FSC, granulocytes, lymphocytes 112 

and macrophages were gated. The granulocytes gate was subdivided in eosinophils 113 

(eo), neutrophils (neutro), and high autofluorescent (Fitc) siglec F positive Alveolar 114 

macrophages (AM). Lymphocytes were subdivided in MHC negative CD3 T-cells and 115 

MHCII positive cells. T-cells were subdivided in CD4 and CD8 positive cells. MHCII 116 

positive lymphocytes were subdivided in CD11c positive dendritic cells (DCs) and CD19 117 

positive B-cells.  Alveolar macrophages (AM) are siglec F positive and show high Fitc 118 

autofluorescence. 119 

  120 

Figure s2 121 

Reduced cytokine expression after SAHM1 therapy in HDM treated mice 122 

Intracellular cytokine expression profiles of gated BAL CD3+CD4+ T-cells (A) 123 

Quantification of flow cytometric analyses of the indicated populations of BAL 124 

CD3+CD4+ T-cells upon 4hrs of PMA/ionomycin stimulation (B). The results shown 125 

represent one out of two independent experiments with 3-6 animals per group. The 126 

results shown are expressed as mean values ± SEM. *p<0.05, **p<0.01. 127 

 128 

Figure s3 129 

Quantification of innate BAL cells after i.t. HDM treatment  130 

Quantification of flow cytometric analyses of the indicated populations of BAL cells. The 131 

results shown represent one experiments with 3-4 mice per group. The results shown 132 

are expressed as mean values ± SEM. *p<0.05. 133 

 134 

 135 

Figure s4 136 

DC subsets numbers in BAL, Lung and MLN 137 

Quantification of flow cytometric analyses of DC subsets BAL cells. The results shown 138 

represent one experiments with 3-4 mice per group. The results shown are expressed 139 

as mean values ± SEM. *p<0.05. 140 

 141 
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Figure s5 142 

CD86 and MHCII expression by DC subsets in BAL, Lung and MLN 143 

Expression levels of CD86 by DC subsets obtained from BAL, Lung cells and MLN 144 

cells. Histograms were performed from concatenate samples of each group with 3-4 145 

mice per group.  146 

 147 

Figure s6  148 

SAHM1 was unable to abrogate IL-33 induced eosinophilic inflammation 149 

Quantification of the total BAL cells and flow cytometric analyses of BAL eosinohils. The 150 

results shown represent one experiments with 4 mice per group. The results shown are 151 

expressed as mean values ± SEM. *p<0.05. 152 

 153 

Figure s7 154 

Reduced IFNγγγγ levels in OVA restimulated MLN cells obtained from SAHM1 treated 155 

mice. 156 

IFNγ levels in supernatants from OVA restimulated MLN cells. The results shown 157 

represent one experiments with 4 mice per group. The results shown are expressed as 158 

mean values ± SEM. *p<0.05. 159 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

KleinJan et al - Supplementary figure 1
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