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Abstract

Independent proteomic analysis do not capture the biological interactions between the tissue and
extracellular biological compartments when examined in isolation. To address this, we analyzed
and compared the proteome from lung tissue and from bronchoalveolar lavage fluid (BALF) of
individual allergen-naive and allergen-challenged BALB/c mice, a common pre-clinical model
of allergic asthma. Collectively, we quantified 2,695 proteins from both tissue and BALF of
allergen-naive and -exposed mice. We created an integrated dataset to examine tissue-BALF
proteome interactions. Multivariate analysis identified this Integrated-Tissue-BALF (ITB)
dataset as being distinct from either the lung tissue or the BALF dataset. Pathway and network
analysis of the ITB dataset uncovered protein hubs that span both the tissue and BALF, but are
not significantly enriched in either sample dataset alone. This work reveals that by combining
individual datasets provides insight about protein networks that integrate biology in lung tissue

and the airway space in response to allergen challenge.
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Introduction

At the organ level, the biological underpinnings of chronic inflammatory disease involves
complex molecular interplay between local structural cells, recruited cells and the extracellular
mediators that they each release. Such is the case for asthma, a chronic disorder of the airways
that requires new therapies to fully control steroid-resistant inflammation. Mice challenged with
allergen are a mainstay for pre-clinical asthma research. A common approach is to use house
dust mite (HDM) as an aeroallergen as it is clinically relevant to human disease, and represents a
complex stimulus that includes multiple immunogens and stressors, including fungal spores,
bacterial endotoxins, lipid-binding proteins and proteases (Calderon et al. 2015; Choopong et al.
2016). Repeated HDM challenge induces pathophysiologic symptoms that are hallmarks of
human asthma (Jha et al. 2018), however the scope and complexity of the interplay between lung
cells, recruited inflammatory cells, extracellular mediators of autocrine and paracrine
significance, and the integrated signaling pathways that lead to pathobiology and can determine
the efficacy of pre-clinical asthma therapeutics, has not been refined as a systems biology model.

To understand complex and integrated disease mechanisms, a number of omics
technologies have been employed, including proteomics. Some studies examine the proteome of
individual biological compartments, including airway spaces - collected as bronchoalveolar
lavage fluid (BALF) or sputum - and lung tissue from asthmatic patients and murine models of
the disease (Wu et al. 2005; O'Neil et al. 2011; Burg et al. 2018). These studies have been
important for endotyping patients and animal models, identifying biomarkers of disease and
providing direction for new therapeutic strategies. However, analysis of these biological
compartments in isolation does not enable identification of integrated molecular networks that
that are critical for disease expression. Thus, despite some advances in identifying extracellular
biomarkers or tissue response networks, understanding the molecular systems that are affected

by the interaction between secreted proteins in the lung and the pathways that are regulated in the
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resident cells of the lung tissue has not been fully established.

To address this, we used unbiased proteomic analysis to establish a molecular signature
in the lung through integrated analysis of matched lung tissue and BALF, and comparing
allergen-naive and HDM-challenged mice. We found that inhaled HDM challenge induces
relatively distinct proteome signatures in lung tissue and BALF. Using a bioinformatic approach,
we developed an Integrated-Tissue-BALF (ITB) proteome that uncovers signaling networks that

are not evident from proteomic datasets of lung tissue and BALF individually.

Results

Lung function & differential cell count analysis

For all mice, we characterized hallmark pathophysiological features that developed as a
result of repeated HDM challenge for two weeks in 6-8-week-old female BALB/c mice. We
performed lung function and differential immune cell count analyses to assess the phenotype of
individual animals (Supplemental Figure S1). HDM challenge resulted in features that are
consistent with human asthma, including increased methacholine-induced airway resistance
(adjusted p-value, p.adj < 0.001), tissue elastance (p.adj < 0.001) and tissue resistance (p.adj <
0.001) at 50 mg/mL methacholine (two-way nested ANOVA with Tukey's multiple comparison
and FDR correction, n = 6) (Supplemental Figure S2A). Differential counting of BALF immune
cells revealed that HDM challenge triggered their accumulation, including eosinophils and

neutrophils (Supplemental Figure S2B).

Lung tissue, BALF and Integrated-Tissue-BALF proteomes have distinct profiles
In total, our proteomic analysis of lung tissue and BALF samples across all mice, yielded
2695 protein identifications (IDs). We obtained 1595 + 155 protein IDs from lung tissue and 581

+ 201 (mean + SD) protein ID’s from BALF (Supplemental Figure S3A,B).
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87 HDM exposure increased the absolute number of proteins in the lung tissue by 16 %
88  (357), and by 53 % (621) in the BALF. The relative proportion of protein ID’s that are unique to
89  tissue decreased from 78.4 % to 61.4 % after HDM exposure. In contrast, the proportion of
90 unique BALF proteins was relatively unchanged by HDM challenge (29.0 % and 28.2 %,
91  respectively). The relative proportion of protein ID’s that are shared between the BALF and lung
92  tissue increased from 19.7 % to 33.47 % after HDM exposure (Figure 1A).
93 To confirm that secreted proteins are enriched in BALF, we characterized the protein
94  ID’s using Uniprot annotation keywords. Of the proteins that could be annotated as “secreted”
95  we found that 29 % and 81 % of the protein ID’s were classified as tissue and BALF
96  respectively. Therefore, the BALF is enriched in secreted proteins by 279 %, compared to lung
97  tissue. Of the proteins that could be annotated as “transmembrane” we found that 71 % of
98  proteins were associated with the lung tissue proteome, compared to only 19 % of BALF
99  proteins. Therefore, the tissue is enriched in cell-associated proteins by approximately 373 %,
100  compared to BALF.
101 Using the normalized log2 protein expression values, we calculated z-scores (on a
102  sample-by-sample basis) to assess the relative contribution of protein signatures from the tissue
103  or BALF on a common scale. Once calculated for each sample, z-scores for HDM exposure were
104  corrected by subtracting each sample by the mean z-score of the naive samples. To assess the
105 integrated biological contribution of BALF and tissue proteomes from HDM challenged mice, z-
106  scores from individual datasets were summed. This Integrated-Tissue-BALF (ITB) dataset
107  includes 2,695 protein IDs.
108 To investigate if the proteome from lung tissue, BALF and ITB datasets are distinct we
109  performed Partial Least Squares Discriminant Analysis (PLSDA). Figure 1B shows that the
110 individual 95 % confidence interval ellipse for lung tissue, BALF and ITB proteome are

111  segregate. Variance Importance in Projection (VIP) scoring identified the proteins that are the
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112 most significant discriminators of the three datasets. We identified 30 targets that had a VIP

113  score > 2.37. Of these, eight proteins (Rabla, Fnl, Sftpal, Clic4, Npepps, Iqgapl, Flna, Actr3)
114  comprised a group with the highest VIP scores, positioned above a natural inflection point set by
115  Actr3 (VIP = 2.64) (Figure 1C). We used matched lung tissue and BALF from individual mice,
116  thus we were not only able to discriminate proteins that were changed after HDM challenge, but
117  also detected those that were enriched or diminished specifically in BALF or lung tissue. For
118 example, the VIP Score projection plot (Figure 1C) reveals that fibronectin-1 (Fnl) was

119  diminished in tissue (z-score -0.816), enriched in BALF (z-score 0.91), and appeared to be

120  unchanged if considered in the ITB proteome (z-score 0.093). This suggests that the change in
121  protein abundance in one biological compartment, may be a reflection of change in another

122  compartment.

123

124 Unique and significantly enriched proteins from tissue, BALF and ITB proteomes

125 We identified 1,818 proteins unique to lung tissue and BALF datasets across both the
126  HDM challenged and allergen-naive mice. These are revealed in Figure 2 by plotting individual
127  protein z-scores (assigning a z-score of -4 for any absent value) from the naive and HDM

128  treatments across the lung tissue, BALF, and ITB datasets. This approach classified proteins in
129  lung tissue, BALF, and ITB datasets as being: 1) unique to HDM-challenge (located along y-axis
130 of figure inserts in panels 2A-C); 2) unique to allergen-naive (located along the x-axis of figure
131 inserts in panels 2A-C); or, 3) common to HDM-challenged and allergen-naive mice (located
132 within the ellipse regions of figure inserts in panels 2A-C). Of the proteins that are unique to
133  HDM exposed mice, we detected 529 in lung tissue, 654 in BALF, and 699 in the ITB dataset.
134 For the proteins identified only in allergen-naive mice, 174 existed in lung tissue, 34 in BALF,
135 and 171 in the ITB dataset. Of the proteins that were common in samples from HDM challenged

136  and allergen-naive mice, we detected 1671 in tissue, 534 in BALF, and 1825 in the ITB dataset.
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137 Using a statistical analysis of microarrays (SAM) workflow on the proteins that were
138  common to samples from allergen-naive and HDM-challenged mice, we identified those proteins
139  that were significantly enriched or diminished in tissue (124 enriched; 134 diminished), BALF
140 (92 enriched; 56 diminished), and the ITB dataset (51 enriched; 35 diminished). These proteins
141 are highlighted in the volcano plots depicted in Figure 2A-2C. Of these differentially regulated
142  proteins, a number were uniquely affected in lung tissue or BALF, while only a small number
143  emerged as being differentially regulated exclusively in the ITB dataset.

144 To identify proteins that are common in the lung tissue and BALF proteomes, but

145  differentially regulated in each dataset by HDM exposure, we plotted the average BALF z-score
146  versus the average lung tissue z-score for each protein (Figure 2D). Of 27 proteins enriched in
147  tissue, but diminished in the BALF proteome, 10 were confirmed to be significantly enriched
148  (Benjamini-Hochberg multiple comparison correction; Limma R package, p.adj < 0.05) (Table
149  1). Reactome pathway analysis using the 10 most significantly enriched proteins, identified

150  glutathione synthase deficiency as the most significantly enriched pathway (p.adj = 6.43 x10™),
151  (Figure 2E). Of the 200 proteins enriched in BALF but diminished in the lung tissue proteome,
152 141 were confirmed to be significantly enriched (Benjamini-Hochberg multiple comparison

153  correction; Limma R package, p.adj < 0.05) (Table 2). InnateDB pathway analysis from these
154 141 proteins identified platelet degranulation as the most significantly enriched pathway (p.adj =
155  8.17x10™) (Figure 2F).

156

157  Unique biological processes induced by allergen challenge in tissue, BALF and ITB

158 Using InnateDB we identified biological responses that are significantly altered by HDM
159 challenge as represented in the lung tissue, BALF, and ITB datasets (Figure 3). In the lung tissue
160  proteome a number of dataset-unique processes were induced. The top five statistically

161  significant processes were: small molecule metabolism (p.adj = 1.04 x10™): antigen processing
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162  and presentation (p.adj = 2.19 x10°®); activation of PKC (p.adj = 5.82 x10™); activation of the
163  adaptive immune system (p.adj = 6.57 x10°); and, platelet degranulation (p.adj = 9.50 x10™)
164  (Figure 3A).

165 In BALF several dataset-unique biological processes were also evident, with the top five
166  responses being: cell cycle arrestment through degradation of Cyclin D (p.adj = 5.39 x10?);
167  dysfunctional binding of p-catenin through altered AMER1 and APC (p.adj = 6.07 x10%%);

168  altered WNT signaling through TCF7L2 frameshift mutations (p.adj = 6.07 x10%!); and, GSK3
169  stabilization and nuclear localization through p-catenin mutations (p.adj = 6.07 x10%") (Figure
170  3B).

171 In the ITB dataset we identified 19 pathways for which tissue was the major contributing
172  factor (Figure 3C). The top 3 most significant pathways included, trafficking and processing of
173 endosomal TLR (p.adj = 1.43 x10™), antigen processing and presentation (p.adj = 4.85 x10™),
174  and cross-presentation of particulate exogenous antigens (phagosomes) (p.adj = 4.97 x10™). We
175 also identified 6 pathways for which BALF was the major contributing factor in the ITB

176  proteome (p.adj < 0.05) (Figure 3D), with the top three being antigen processing (ubiquitination
177 & proteasome degradation, p.adj = 2.22 x10™*%), recycling pathway of L1 (p.adj = 3.14 x10°),
178  and post-chaperonin tubulin folding pathway (p.adj = 2.35 x10™).

179 We identified 11 pathways that were only significantly enriched after the proteome

180  datasets from the lung tissue and BALF were integrated, thus were unique to the ITB dataset
181  (p.adj <0.05) (Figure 3E). The top processes included: endosomal transport (ESCRT) (p.adj =
182  0.0217); phospholipid metabolism (p.adj = 0.0332); glycerophospholipid metabolism (p.adj =
183  0.0334); synthesis of IP3 and IP4 in the cytosol (p.adj = 0.0352); and, degradation of the ECM
184  (p.adj = 0.0353).

185

186  Disparate protein-protein interactions in BALF and tissue datasets
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187 The underpinnings of the biological processes affected by allergen challenge in lung
188  tissue and BALF proteome datasets lies in the protein interaction hubs and networks that are
189  engaged. To decipher these pathways we used NetworkAnalyst and identified the most

190  significantly induced networks, based on the number of first order protein-protein interactions,
191  but independent of the fold-change in abundance of individual proteins. We extracted the top 3
192  protein-protein interaction hubs in the individual datasets for the lung tissue and BALF datasets
193  (Figure 4). In lung tissue, the top three protein interaction hubs were for Hdacl, Ctnnb1 and
194  Smarca4 (Figure 4A). Collectively, these lung tissue protein interaction hubs create a network
195  associated with adherens junctions interactions (p.adj = 7.44 x10™). In the BALF dataset, the top
196 three first order interaction hubs were Aktl, Dnm1 and Csflr (Figure 4B). The biological

197  pathways associated with these interaction hubs were distinct from those of lung tissue proteome.
198  The resulting network formed from these three BALF hubs was associated with immune system
199  pathways (p.adj = 2.00 x10™).

200 To assess the impact of integrating the lung tissue and BALF datasets on the top three
201  pathways predicted from each dataset individually, we reassessed the degree of networking for
202  each of these six hubs in the ITB dataset (Figure 4C). Dataset integration increased the average
203 number of first order protein-protein interactions by 2.83 per hub (a 7.7 % increase). For the top
204 interaction nodes first identified in the lung tissue dataset alone (Figure 4A), the biological

205  pathways associated to each protein hub were unchanged in the ITB dataset (Figure 4C).

206  However, for the most significant interaction hubs first identified in the BALF dataset alone
207  (Aktl, Dnml and Csfl) (Figure 4B), the increased number and diversity of protein-protein

208 interactions created in the ITB dataset changed the biological process predicted from “immune
209  response” to “adaptive immune system pathways” (p.adj = 9.70 x10™). Finally, for the ITB
210  dataset, “developmental biology” (p.adj = 1.49 x10*°) emerged as the most significantly

211  associated biological pathway when we assessed the integration of the six interaction hubs
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212  identified in lung tissue and BALF proteomes individually. These data demonstrate the diversity
213  of insight that can be obtained from individual biological compartments of the lung, and from an
214  ITB dataset that includes both components.

215

216  Protein-protein interaction enrichment in the Integrated-Tissue-BALF dataset

217 We catalogued the new interactions that emerge in the ITB dataset to explore how

218  unifying lung tissue and BALF datasets affects the scope of the predicted protein-protein

219  interactions (Table 3A and 3B). For this purpose, we developed a combined dataset that included
220 1,346 proteins unique to the lung tissue, and 333 proteins unique to the BALF proteome after
221  HDM challenge. In total this comprised 1,679 proteins and is hereafter called the “Unique-to-
222  Combined” (UtC) dataset. The UtC dataset is distinct from the ITB dataset as it excludes the 845
223  proteins that we identified in both lung tissue and BALF. This enables more direct critical

224 assessment of the potential integration of networks between compartments. We limited our

225  analysis of protein hubs that had at least five first order interactions in the UtC dataset, and

226  assessed the number of new first order interactions that emerged for lung tissue- or BALF-

227  specific proteins.

228 First order interactions specifically identified for BALF-specific proteins were enriched
229  42.1 +21.8% (range of 12-85%) in the UtC dataset (Table 3A), whereas protein hubs identified
230  from the lung tissue-specific proteome were only enriched 20.4 £ 5.8% (range of 14-33%) (Table
231  3B). To more clearly decipher the impact of combining unique to-lung tissue or -BALF proteins
232 we determined first order protein interaction networks in the UtC dataset using the Reactome
233 module within NetworkAnalyst. To streamline our analysis, we specifically examined the effects
234 on networks developed from the top three protein hubs that emerged from unique to-lung tissue
235  data, and top four unique-to-BALF dataset (the 3™ and 4" ranked hubs had identical enrichment

236  scores).
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237 For hubs involving lung tissue-unique proteins, Hgs, Arhgef7 and Akap8 were most
238  enriched by integrating BALF proteins (Figure 5A), however there was limited interaction

239  evident between individual hubs. The network of these three interaction hubs identified

240  “signaling by interleukins” (p.adj = 1.49 x10™) as the most significantly associated biological
241  process. For hubs formed by unique-to-BALF proteins, all hubs were interconnected, for

242  example, two independent connections were evident between Casp7 and Sppl (Figure 5B). The
243  network formed by the four BALF-unique proteins (Dnm1, Tcebl, Sppl and Casp?7) identified
244 “axon guidance” (p.adj = 0.0224) as the most significantly associated biological process.

245 To further assess the impact of integrating unique-to-lung tissue and -BALF proteins in
246  the UtC, we reassessed the degree of networking for each hubs formed by lung tissue- and

247  BALF-unique proteins (Figure 5C). In the UtC dataset we identified a large number of new
248  connections between individual proteins and between protein hubs, highlighting the strong

249  potential for protein-protein interactions between the lung tissue and BALF compartments. The
250  resulting increased number of protein-protein interactions at these hubs in the UtC dataset

251  predicted new biological functions. For example, new interactions in the UtC dataset for the lung
252  protein hubs (Hgs, Arhgef7 and Akap8) changed pathway association from signalling by

253 interleukins (Figure 5A) to being “SMC binds to IAPs” (p.adj = 7.24x10°®). The effect of data
254 integration in the UtC dataset also changed the biological function predicted for unique-to-BALF
255  protein hubs (Dnm1, Tcebl, Sppl and Casp7), resulting in a prediction for EGFR

256  downregulation (4.31x10°). Together these results suggest that the UtC dataset enriches the
257  number of protein-protein interactions within individual networks. This enrichment enhances
258 interconnectivity of proteins between biological compartments of the lung and refines that

259  predicted biological significance of these networks.

260
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261 Discussion

262 Murine models of allergic airways inflammation employ inhaled aeroallergen such as
263  HDM to support preclinical and discovery research. Asthma pathobiology involves recruited
264  inflammatory cells and lung structural cells that interact to define pathobiological processes. In
265  this study, we used label-free proteomics and multivariate bioinformatics to describe and

266  compare the molecular interactome in BALF and lung tissue specimens from HDM challenged
267  mice. We used matched samples from a cohort of individual mice for this process, and in so
268  doing have been able to discriminate responses in tissue and the airspaces, and through in silico
269  re-integration, predict the interactions between the lung tissue and the BALF. We demonstrate
270  that the proteome between the lung tissue and BALF is significantly different in mice, with each
271  sample exhibiting unique proteins that are differentially changed by HDM challenge, revealing
272 unique biological responses in each. We generated an Integrated-Tissue-BALF dataset to enable
273  network analysis that reveals points of interaction between lung tissue and airspace proteins and
274  pathways. Our study provides a platform that reveals the scope and limits of biological insights
275  that can be obtained from lung tissue or BALF sample proteins alone and offers the potential to
276  interrogate network interactions between the lung tissue and extracellular airway space during
277  allergen challenge.

278 Most ‘omics’ bases studies, including proteome profiling, usually focuses on what is
279  enriched/depleted or up-/down-regulated in a treatment in a tissue or individual bio-sample,
280 compared to a control. Though this is insightful, it is often not possible to distinguish whether
281  proteins are from cells, released by cells, or both in a tissue. The source of the proteins can be
282  predicted using most available informatics tools, though their annotation is completely based on
283 if that protein resides within the tool being used. In this study we demonstrate that investigating
284  individual compartments of one organ, the lung, then integrating them post hoc can provide

285  clarity about the source of the biological processes in the whole system. In this study we
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286  developed a methodology to integrate proteomes from two separate, but biologically linked
287  compartments. To enable this, we sampled lung tissue and airway lavage from each animal to
288  separate sample-unique proteomes. We also used untargeted proteomics to provide a broad,
289  unbiased survey of changes in BALF and lung tissue pre- and post- allergen challenge. Once
290 proteome data was acquired we employed non-biased statistics to integrate the two datasets,
291  specifically using z-score analysis that normalized for differences in total protein abundance in
292  different samples. This approach allowed us to consider the biological interaction between the
293  tissue and airspace compartments of the murine lung.

294
295 We used an untargeted approach to compare the lung tissue and BALF proteomic

296  changes which occur during repeated aeroallergen challenge. To do this, we collected animal-
297  matched samples, meaning that the lung tissue proteome was determined in lungs after BALF
298  was collected; as such, the protein fingerprint linked to secretory function of egressed

299 inflammatory cells and structural cells is enriched in BALF, and diminished in the lung tissue
300 proteome. To create a ‘pseudo whole lung’ proteome, we integrated individual datasets post hoc
301 tocreate the ITB dataset, rather than collecting a proteome dataset from lungs that had not

302 undergone BALF collection. Our design was necessary to enable discrimination of unique effects
303 inthe lung tissue and BALF compartments. Importantly, prior to proteomic analysis, BALF

304  samples were centrifuged to remove immune cells for counting and differential analysis. Thus,
305 our integrated dataset does not capture intracellular proteins from immune cells that had

306  migrated into the airway space.

307

308 Biological pathways in the lung tissue proteome

309 The lung tissue dataset had a 447 % more unique protein ID’s compared to BALF. When
310  examining the top 10 unique tissue pathways, the immune system was found to be a significant

311 biological signature. These pathways were associated with an acute immune response signature,
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312  specifically allergen detection and antigen processing/presentation. This likely reflects the

313  significant immune cell population that resides in the airway wall and the lung interstitium, but
314  may also include the small number of cells remaining in the pulmonary circulation. Upon

315 allergen challenge, epithelial, mesenchymal and resident immune cells are stimulated and secrete
316  cytokines, chemokines and other pro-inflammatory mediators that have auto- and paracrine

317  effects on structural cells such as fibroblasts and airway smooth muscle cells (Halayko and

318  Amrani, 2003). These cells have a significant immunomodulatory capacity, and also secretion
319  mediators to orchestrate local inflammation and epithelial cell biology. This promotes

320 inflammatory and fibro-proliferative processes in lung tissue that are hallmarks of the response
321  toallergen exposure (Halayko and Amrani, 2003). An immune signature in lung tissue and

322  BALF has been described to represent a Th2-polarizied response after challenge with inhaled
323 HDM (Piyadasa et al. 2016), and as we confirmed in the current study, includes significant tissue
324 infiltration by eosinophils and neutrophils. Together this data suggests that immune responses in
325  lung tissue likely reflect the coordinated activity of resident structural cells and immune cells that
326  has infiltrated lung tissue.

327

328  Biological pathways in the BALF proteome

329 In our BALF proteomic dataset, we detected a strong biosignature for pathways involving
330  B-catenin, which has recognized roles in regulation of cell-cell adhesion and gene transcription
331 (Baarsma et al. 2013; Koopmans et al. 2017). Within the airways, epithelial barrier function is
332 maintained through adherens junctions in which B-catenin interacts with its neighbouring

333  partners a-catenin, p120 and e-cadherin. Through repeated allergen exposure, e-cadherin is

334  down-regulated to disrupt B-catenin function and barrier repair signaling through epithelial-

335  growth-factor-receptor mediated signaling (Heijink et al. 2007). This is also associated with the

336  secretion of Th2 immune mediators (Heijink et al. 2007), and local cell damage and necrosis in
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337  response to HDM challenge (Chan et al. 2016; O'Neil et al. 2011; Petta et al. 2017). Our

338  proteome analysis indicates that epithelial cell denudation and barrier disruption during allergen
339 challenge contributes significantly to molecular mechanisms that can be detected in BALF.

340

341 Biological pathways in the Integrated-Tissue-BALF proteome

342 We identified several biological mechanisms that emerge as significant processes only
343  after integrating the proteome of the lung tissue and BALF. This appears to arise from an

344 enrichment of the number of pathway-specific proteins, and the additive effect on the abundance
345  of proteins that are common to lung tissue and BALF. As an example, the ITB dataset uniquely
346  reveals processes for generating multi-vesicular bodies that both target protein for ubiquitination
347  leading to turnover in lysosomes (Karim et al. 2018), and for the biogenesis of extracellular

348  vesicles (Colombo et al. 2013). This specifically relates to proteins associated with multiunit
349  Endosomal Sorting Complexes Required for Transport (ESCRT), including endosomal sorting
350 protein Chmp6, and vesicle sorting (Vps4b) and trafficking (\VVtal) proteins from lung tissue, and
351  ubiquination proteins (Tonsoku Like, DNA Repair Protein (Tonsl) and ubiquitin B) and vacuole
352  sorting proteins (Vps25 and Vps4a) from BALF. Interestingly, ESCRT is associated with

353  secretion of inflammatory mediators and protein turnover, key processes in inflammation and
354  tissue remodeling processes (Kulshreshtha et al. 2013; Karim et al. 2018).

355 Another example of a biological pathway that is significantly enriched only in the ITB
356  dataset relates to the degradation of the extracellular matrix (ECM). BALF included a number of
357  ECM proteins, including collagen (Col17al) and fibronectin (Fnl). Lung tissue included

358  multiple enzymes that modulate ECM homeostasis, such as nicastrin (Ncstn, a member of the
359 gamma secretase complex), cathepsins G, L1, and S, neutrophil elastase (Elane), and matrix

360 metalloproteinase-9 (MMP9). The emergence of both ESCRT signaling and ECM turnover only

361  after combining the lung tissue and BALF proteomes suggests that mechanisms that define
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362 interactions between lung tissue cells and the lung airspace are underrepresented in the

363 individual proteomes for lung tissue or BALF.

364 To better understand how the proteins in BALF and lung tissue may influence the

365  biological activity in each compartment we created a subset of ITB data that merged only those
366  proteins that were unique to either BALF of lung tissue. The so-called, UtC enabled

367 identification of protein hubs in BALF or lung tissue that could be most significantly influenced
368 by signals in the other compartment. Through this approach predictive assessment of pathways
369 that link biological processes in lung tissue and the airspace compartment is possible. In our

370 analysis we showed that a unique lung tissue protein network predicted to support signaling by
371 interleukins, was refined to one associated with SMAC binding to IAPs, which releases caspases
372  that mediate apoptotic cell death (Du et al. 2000). In parallel, a unique BALF protein network
373  predicted to support axonal guidance, was refined to one associated with EGFR down regulation
374 on the basis of the influence of lung tissue proteins. Furthermore, in the UtC, developmental

375  biology emerged as the primary response pattern, a result that was not predicted from lung tissue
376  or BALF proteome datasets individually. Overall integrating lung tissue and BALF proteomes
377  strengthens independent connectedness and yields new biological insight for the whole lung in
378  response to allergen exposure.

379 The interpretation of our study is limited by a number of factors. Though we carefully
380  controlled our collection methods to reduce variability and decrease damaging effects of BALF
381  collection on tissue cells, but we cannot discount that BALF samples included a small fraction of
382  proteins from damaged cells. Our samples were only collected at a single time point (48 hours
383  after final allergen challenge), a strategic choice, as this represents the time when lung

384  dysfunction is greatest, including airway hyperresponsiveness. Thus, our work provides only a
385  snapshot of the dynamics of proteome response to a specific allergen challenge, and future

386  studies looking at temporal patterns in response to HDM and other allergens are needed for a
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387  more robust resource to delineate the molecular responses that contribute to lung inflammation
388  and dysfunction in allergen-challenge mouse models.

389

390  Conclusion

391 We characterized the proteome of lung tissue and BALF from HDM-challenged mice that
392  mimic allergic asthma pathophysiology. Using matched samples from individual animals, our
393  work reveals that lung tissue and BALF proteomes are diverse, and that integrating both datasets
394  reveals additional novel biological processes and protein interaction hubs. This work provides a
395  resource and approach for identifying new proteins and pathways, and a basis to interrogate

396 interactions between sample compartments to identify mechanisms for airways pathophysiology
397  and, perhaps, new targets for developing therapeutic approaches.

398
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399 Methods

400

401  Animal experiments

402  (a) Murine HDM allergen challenge

403 All animal experiments were planned and performed following the approved protocols
404  and guidelines of the animal ethics board at the University of Manitoba. Female, BALB/c mice
405  (6-8 weeks, n = 3) were intranasally challenged with HDM (25 pg per mouse, in a total volume
406  of 35 pL saline) five times a week for two weeks (Supplemental 1). Our HDM formulation

407  consisted of HDM extract (Greer Labs, Lenoir, NC) prepared in sterile phosphate buffered saline
408 (PBS, pH 7.4; Life Technologies, Waltham, MA). The HDM extract we used contained 36,000
409  endotoxin units (EU) per vial (7877 EU/mg of protein or 196.9 EU/dose) containing 4.9 % Der p
410 1 protein.

411

412  (b) Lung function, inflammatory differential cell counts and sample collection

413 Lung function was performed 48 h after the last HDM challenge. Mice were anesthetized
414  with sodium pentobarbital (90 mg/kg), given intraperitoneally and tracheotomized with a 20-
415  gauge polyethylene catheter. The polyethylene catheter was connected to a flexiVent small

416  animal ventilator (Scireq, Montréal, Canada) and mice were mechanically ventilated with a tidal
417  volume of 10 mL/kg body weight, 150 times/min. Forced oscillation technique and positive end
418  expiratory pressure of 3 cm-H,O was used for the entire study. Mice were subjected to an

419  nebulized methacholine (MCh) challenge (0 to 50 mg/mL) to assess concentration dependent
420  response of the respiratory mechanics. Measures of newtonian resistance (Rn), peripheral tissue
421  damping (G) and tissue elastance (H), and total resistance (R) were collected. Values for each
422  parameter were calculated as the peak of all 12 perturbation cycles performed after each MCh

423  challenge.
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424 Following the lung function measurement, lungs were lavaged with 1.0 mL of saline two
425  times, for a total of 2 mL containing 0.1 % ethylenediaminetetraacetic acid (EDTA,; Sigma-

426  Aldrich, St. Louis, MO). BALF was centrifuged to collect the immune cell pellet (1,000 xg, 10
427  min, 4 °C) and the supernatant was collected and aliquoted prior to flash freezing in liquid

428  nitrogen and storage at -80 °C. Immune cell pellet was resuspended in saline and the total

429  immune cell count was estimated using a hemocytometer. For differential counts, cells were
430  stained with a modified Wright-Giemsa stain (HEMA 3 STAT PACK, Fisher Scientific,

431  Waltham, MA). Cell distribution was analyzed by manually identifying and counting

432  eosinophils, neutrophils, macrophages and lymphocytes in six randomly chosen fields of view
433  examined under a light microscope at 200 x magnification. Post-BAL lung tissue from the left
434 lung and half the right lung were excised, portioned (~35 mg/each), wrapped in aluminum foil,
435  placed in a 2.0 mL centrifuge tube prior to flash freezing in liquid nitrogen and storage at -80 °C
436  until processed.

437

438  Assessment of protein extraction proficiency

439 From each randomly chosen portion of frozen lung tissue (35 mg, wt/wt) our extraction
440  process yielded an average of 1.146 mg of total protein. BALF yielding an average of 600 ug of
441  total protein (100 pg per 250 pL aliquot) per mouse. Qualitative assessment of total protein

442  molecular weight diversity was performed by gradient SDS-PAGE of both BALF and tissue
443  protein lysates followed by coomassie blue staining. Using our extraction protocol, we obtained
444  protein homogenates from both tissue (Supplemental 4A) and BALF (Supplemental 4B) rich in
445  diverse molecular weight proteins. The dark band in BALF shown at ~66.5 kDa approximates
446  the molecular weight of albumin as no high abundance protein depletion methods were

447  employed for either BALF or tissue samples to reduce potential elimination bias.

448 To determine the quality of both technical and biological replicates we used mouse
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449  BALF samples and performed two in parallel protein Filter Assisted Sample Preparation (FASP)
450  procedures. We first examined our technical variation by assessing as early as possible the

451  variation that might accumulate as we move identical samples through the FASP process. We
452  divided the same sample into equal parts (100 ug total protein each) and processed the samples
453  individually but in parallel through the entire FASP protocol and informatics pipeline. Our

454 second experiment mirrored the first with exception to examining the effect that biological

455 variation has on our FASP workflow. Our results show that technical variation (Supplemental
456  4C,D) is lower than our biological variation (Supplemental 4E,F). Therefore, we negated the use
457  of technical replicates for our proteomic analysis.

458

459  Preparation of lung tissue

460 A randomly selected portioned lung tissue was thawed and weighed. The tissue surface
461  was marred to increase surface area using scissors. To wash the lung tissue of residual blood
462  contamination, each tissue sample was placed in a 15 mL centrifuge tube containing inhibitors
463  dissolved in 15 mL PBS (-CaCl,, -MgCl,, pH 7.4; Invitrogen) and placed on an end-over-end
464  mixer at 4 °C for 30 min. Inhibitors including Phenylmethylsulfonyl Fluoride (PMSF, 100 mM
465  stock), Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich, St. Louis, MO), and Protease Inhibitor
466  (Sigma-Aldrich) each at 1:100 dilution. Tissues were then removed and placed into siliconized
467 2.0 mL centrifuge tubes (Thomas Scientific, Swedesboro, NJ) along with 100 pL of lysis buffer.
468  Lysis buffer composition: 150 mM NaCl (Fisher Scientific), 50 mM Tris-HCL (pH 7.5; Fisher
469  Scientific, Waltham, MA), 5 % glycerol (Sigma-Aldrich), 1 % sodium deoxycholate (Sigma-
470  Aldrich), 1 % benzonase (25 U/uL; Merck, Kenilworth, NJ), 1 % sodium dodecyl sulfate (SDS;
471  Fisher Scientific), Protease Inhibitor Cocktail 2 (1:100 dilution, Sigma-Aldrich), 1 mM PMSF
472  (Sigma-Aldrich), Phosphatase Inhibitor Cocktail 2 (1:100 dilution, Sigma-Aldrich), 2 mM

473  MgCI; (Fisher Scientific) built up with molecular grade water (Invitrogen). Tissue samples were
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474 kept on ice during homogenization. Additional 100 pL of homogenization buffer was added
475  sequentially until an optimal ratio was obtained (400 pL lysis buffer / 0.0335g lung tissue).

476  Foaming was kept to a minimum by centrifugation throughout the homogenization process

477 (10,000 xg, 30 s). Tissue homogenate was centrifuged (21,000 xg, 10 min, 4 °C, no break) and
478  the supernatant was transferred to a separated siliconized centrifuge tube before incubating at
479  room temperature for 30 min to permit benzonase activity before storing on ice. All chemicals
480  used for tissue preparation were of molecular/electrophoresis grade. Tissues samples and

481  homogenates were transferred and manipulated on wet ice (~4 °C) whenever possible.

482

483  Protein sample quality control

484 BALF, samples were thawed on ice and spun (21,000 xg, 5 min, 4 °C, no break) and the
485  pellets stored at -80 °C. The resulting supernatant was used for protein quantification using a
486  micro bicinchoninic acid (UBCA) protein assay (Pierce, Waltham, MA) as per the

487  manufacturer’s instructions. Lung tissue homogenate was quantified using a DC-Lowery Kit
488  (Bio-Rad DC Assay; Hercules, CA) as per the manufacturer’s instructions. Both colourmetric
489  Kkits were read using a UV-Vis spectrophotometer (BioTek; Winooski, VT) using quadrupole
490 technical replicates. Homogenates were subsequently stored at -80 °C.

491 Identification of protein complexity by molecular weight for both BALF and tissue was
492  discerned using SDS-PAGE and coomassie total protein stain. Briefly, (20 g total protein) was
493  prepared in LDS-Loading buffer (Invitrogen) combined with 100 mM DTT (final conc.) and
494  boiled for 5 min. After sample was cooled, proteins were loaded into a pre-cast Bis-Tris gradient
495  gel (4-12 %, 1.0 mm, 10 well; NUPAGE; Invitrogen). With 20 pg per tissue sample (7 pg for
496 BALF) and 5 pL of protein standard (Page Ruler Plus, ThermoFisher Scientific, Cat no: 26619),
497  samples were run at 75 V for 15 min before final separation at 150V until dye was run off the

498  gel. Gels were washed to remove salt (MiliQ H20, 50 rpm, 3 x 20 min wash) prior to coomassie
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499  stain overnight (GelCode, Invitrogen) and destained for 1h (MiliQ H,0O, 50 rpm, 3x20 min wash)
500 to remove background before white field imaging (ChemiDock, Bio-Rad), (Supplemental Figure
501 S4AB).

502

503  Filter assisted sample preparation (FASP) of lung tissue

504 We modified a previously used FASP protocol for use in lung tissue (Wisniewski et al.
505  2009). Tissue homogenate (300 pg total protein) was supplemented with DTT (final

506  concentration 100 mM) before boiling for 5 min, cooled and centrifuged (21,000 xg, 10 min, 4
507  °C, no break) before transferring the supernatant to a siliconized centrifuge tube. Molecular

508  weight cut off filters at 30 kDa (Amicron Ultra 0.5; Milipore; Burlington, MA) were tested for
509 efficiency by adding 450 pL of 8 M urea (in 100 mM Tris in LCMS grade water) to each column
510 and centrifuging them through (10,000 xg, 10 min, room temperature). Tissue homogenates were
511  built with urea buffer (8 M urea, in LCMS grade 100 mM Tris) to 800 uL (to dilute SDS and
512  deoxycholate in the sample) before loading onto tested 30 kDa molecular weight cut off columns
513  (Milipore). Samples were repeatedly spun through the column (10,000 xg, 10 min, room

514  temperature) until samples were fully loaded onto the column. Once samples were bound,

515  columns were washed twice with urea buffer (450 pL) to wash out excess DTT (10,000 xg, 10
516  min, room temperature). Samples were alkylated by adding 400 pL iodoacidimide (IAA; 50 mM
517  in urea buffer; Sigma-Aldrich) to the columns (45 mins, protected from light, room temperature).
518  To halt the cysteine residue modifications by the IAA reaction, 20 mM DTT was added before
519  centrifugation (13,000 xg, 10 min, room temperature). Columns were then washed twice with
520 450 pL of urea buffer (13,000 xg, 10 min, room temperature) before one last hard spin to reduce
521  the volume to a minimum within the column (14,000 xg, 15 min, room temperature). A fresh
522  collection tube filled with 150 pL (98 % ACN, 2 % TFA) was then prepared used prior to

523  trypsinization. Using a protein:trypsin ratio of 50:1 (Trypsin Gold; Promega; Madison, WI1), 6 ug
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524 of fresh trypsin (trypsin was dissolved in 1x digestion buffer; 50 mM Tris, 2 mM CaCl,, LCMS
525  water) and filled to the top of the filter (~350 pL). Samples were sealed with parafilm and placed
526  under shaking conditions at 37 °C for 16 h before the reaction was halted by the addition of TFA
527 (1 % final concentration) and placing the samples at 4 °C. A saline solution (500 mM NacCl, final
528  concentration) was added to each column prior to a test centrifugation (5,000 xg, 10 min, room
529  temperature) to ensure filter integrity. Columns were then washed by adding 400 pL 50 %

530 methanol (LCMS grade water), incubating for 5 min at room temperature prior to centrifugation
531 (10,000 xg, 10 min, room temperature). A final wash was completed by adding 300 pL 15 %
532  acetonitrile (LCMS grade water), incubating for 5 min at room temperature prior to

533  centrifugation (10,000 xg, 10 min, room temperature). Flow through was transferred to a clean
534  siliconized tube and a hard spin (13,000 xg, 10 min, room temperature) was then completed and
535  merged with the remainder of the centrifuge tube. Samples were then frozen with the lids open at
536  -80°C until perfectly frozen to assist in sample drying by speed vac until dry (~4 h). Dried

537  samples were sealed and frozen at -80 °C until ready for reconstitution.

538

539  Filter assisted sample preparation of BALF

540 Mouse BALF samples were processed in a similar manner to that of mouse lung tissue
541  with some minor changes to the protocol. Thawed BALF supernatant samples were centrifuged
542 (10,000 xg, 5 min, 4 °C), 100 ug of total protein was denatured in 8M urea buffer with DTT (100
543  mM final concentration) to a volume of 450 pL under mixing conditions for 1 h (room

544  temperature) before loading onto 30 kDa molecular weight columns (Milipore) and proceeded to
545  protein digestion steps mentioned previously.

546

547  Peptide desalting by reverse phase 1D-HPLC

548 BALF or tissue lysate samples were warmed, inspected for condensation (if present put
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549  on speed vac) and re-suspended in 800 pL TFA (0.5 %, LCMS grade water), vortexed for 15 min
550 until peptides dissolved, and centrifuged (21,000 xg, 10 min, 4 °C) to check for undissolved

551  peptides before the supernatant was injected. BALF samples were loaded onto a C18 column
552 (Luna 10 pM C18(2), 100 A, 50 x 4.6 mm; Phenomenex, Torrance, CA) while tissue lysate

553  samples were loaded onto a separate C18 column (Phenomenex). Column efficiency and elution
554 conditions were tested using a specialized 6 peptide solution prior to starting the samples

555  (Krokhin and Spicer, 2009). Samples were collected at a flow rate of 500 puL/min with an

556  additional 30 s before and after the eluted peptide spectra was detected. Manual loading was used
557  with no gradient. Agilent 1110 HPLC System using ChemStation for Control and Data Analysis
558 (Santa Clara, CA) was used to analyze the chromatograms from Reverse Phase — HPLC (high
559  pressure liquid chromatography). Samples were frozen at -80 °C with the lids open. All

560 chemicals used were mass spec grade.

561

562  Reconstitution of sample & LC-MS/MS run

563 Thawed samples were desiccated by speed vac (as previously mentioned) and

564  reconstituted in 50 pL formic acid (0.1 %, LCMS grade water). Samples were vortexed for 15
565  min to encourage dissolving of the peptides. Peptide concentration was determined by UV

566  spectrophotometry (Nanodrop Spectrophotometer 2000, Thermofisher) at 280 nm.

567  Spectrophotometer was checked for contamination between samples to ensure accurate

568  measurements £ 10 nm. Peptides (2 pg) were diluted in formic acid (0.1 %, LCMS grade water)
569 and injected into the LC-MS/MS analysis at a flow rate of (500 nL/min). Samples were injected
570 into an online LC-MS/MS workflow using a 3 h gradient run resulting in a 180 min run on a
571  Sciex TripleTOF 5600 instrument (Sciex; Framingham, MA). Raw spectra files were converted
572  into Mascot Generic File format (MGF) for protein identification using the tools bundled by the

573  manufacturer. All chemicals used were mass spec grade.
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o574

575  Bioinformatic & statistical analysis

576 The MGF files were processed by X!Tandem (Craig and Beavis, 2004) against single-
577  missed-cleavage tryptic peptides from the Mus musclus Uniprot database (16704 proteins). The
578  following X!Tandem search parameters were used: 20 ppm and 50 ppm mass tolerance for

579  parent and fragment ions, respectively; constant modification of Cys with iodoacetamide; default
580  set post-translational modifications: oxidation of Met, Trp; N-terminal cyclization at QIn, Cys;
581  N-terminal acetylation, phosphorylation (Ser, Thr, Tyr), deamidation (Asn and GlIn); an

582  expectation value cut-off of loge < -1 for both proteins and peptides.

583 Each MS run in yielded a list of protein expression values in a log, scale, quantified

584  based on their member peptide MS2 fragment intensity sums. The simple rule of a quantified
585  protein needing at least two non-redundant (unique) peptides with identification scores loge < -
586 1.5 each followed from our prior approaches. To correct for total protein loading differences
587  when comparing between BALF and tissue, z-scores were calculated across the datasets. The
588 Integrated-Tissue-BALF dataset is described as the combined proteomic profile of both the lung
589  tissue and BALF datasets.

590 Partial least squares discriminant analysis (PLSDA) and its accompanied variable

591 importance in projection (VIP) scores were calculated using the mixOmics package (v.6.3) in R
592  using both z-scores and delineating 5 components for the discriminant analysis (Rohart et al.
593  2017).

594 To separate proteins that are found only in either HDM or Naive mice from those

595 common to both, we plotted the z-scores from each dataset and assigned a z-score of -4 for any
596  absent value. Statistical Analysis of Microarrays (SAM) was conducted using the SAMR (v2.0)
597  package in R using only proteins common to both HDM & Naive groups across tissue and BALF

598 and Integrated-Tissue-BALF datasets (Tusher et al. 2001). Delta values were selected based
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599  upon an FDR < 10 % after 1,000 permutations. No log correction or median centering was

600  performed.

601 Univariate analysis was conducted using the LIMMA package (v3.3) in R (Ritchie et al.
602  2015). Pathway Analysis was conducted using either InnateDB or Reactome with Benjamini-
603  Hochberg multiple comparison adjustment (Breuer et al. 2013). For this analysis, Uniprot ID's
604  alongside z-score fold changes (FC) were used from both the unique to treatment datasets and
605  significantly identified proteins from SAM analysis. Missing values were assigned a value of -4
606  prior to fold change calculation. Fold changes were calculated as the delta z-score (HDM-

607  average Naive).

608 Protein-protein interaction networks (first order with minimum connections) were

609 identified using the InnateDB informatics source within NetworkAnalyst and accessed in July
610 2019 (Breuer et al. 2013; Xia et al. 2014). The top 3 most interconnected protein hubs which are
611  unique to either tissue or BALF were selected. Pathway analysis of these top hubs was

612  determined through the open-source Reactome database using only Uniprot ID. Network

613  enrichment analysis was limited to hubs in the Unique-to-Combined (UtC) dataset that have > 5
614  connections (Vallabhajosyula et al. 2009). The protein UBC was removed from all protein-

615  protein interaction analysis.

616 All other visual tools were constructed using DataGraph (DataGraph v4.5, Visual Data

617  Tools, Inc., Chapel Hill, NC, USA, https://www.visualdatatools.com/).
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711  Tables

712

713  Table 1: Proteins enriched in tissue, but diminished in the BALF proteome. Significantly

714 enriched proteins (10) are highlighted in bold. Significance determined using a linear fit model in
715  the R package LIMMA with Benjamini-Hochberg correction. Abbreviations used: log2 fold

716  change (log,FC), adjusted p-value (p.adj), Uniprot identification number (Uniprot ID).

717
Uniprot Gene Description log,FC p-value p.adj
P20065 Tmsb4x Thymosin beta-4 4536  9.23E-07 1.25E-05
Q62426 Cstb Cystatin-B 4,031  9.25E-07 1.25E-05
Q99J08 Sec14l2 SEC14-like protein 2 5.029 8.29E-06 7.46E-05
P51855 Gss Glutathione synthetase 3.784  1.47E-05 9.37E-05
Q2VLH6 Cd163 Scavenger receptor cysteine-rich type 1 protein M130 2772  1.73E-05 9.37E-05
P70695 Fbp2 Fructose-1,6-bisphosphatase isozyme 2 3.593 1.03E-04 4.16E-04
P63254 Cripl Cysteine-rich protein 1 1.419 1.08E-04 4.16E-04
Q9JHW2  Nit2 Omega-amidase NIT2 3.261 2.18E-04 7.34E-04
P15532 Nmel Nucleoside diphosphate kinase A 1.029 5.68E-03 0.0171
P26883 Fkbpla Peptidyl-prolyl cis-trans isomerase FKBP1A 0.659  1.81E-02 0.0488
Q61646 Hp Haptoglobin 0.806  3.50E-02 0.0818
Q9DBG5  Plin3 Perilipin-3 0.695 3.63E-02 0.0818
Q8VBW6 Nael NEDDB8-activating enzyme E1 regulatory subunit 0.948  4.41E-02 0.0863
035381 Anp32a Acidic leucine-rich nuclear phosphoprotein 32 family member A 0.689  4.48E-02 0.0863
P35505 Fah Fumarylacetoacetase 0.570 1.32E-01 0.2344
P17751 Tpil Triosephosphate isomerase 0.351  1.39E-01 0.2344
P10518 Alad Delta-aminolevulinic acid dehydratase 0.352  1.58E-01 0.2431
P11352 Gpx1 Glutathione peroxidase 1 0.292 1.62E-01 0.2431
P13597 Ilcaml Intercellular adhesion molecule 1 0.372 1.72E-01 0.2440
Q8K183 Pdxk Pyridoxal kinase 0.499 1.92E-01 0.2591
Q9QYR9  Acot2 Acyl-coenzyme A thioesterase 2, mitochondrial 0.459 2.11E-01 0.2591
Q9Cz42 Carkd ATP-dependent (S)-NAD(P)H-hydrate dehydratase 0.382  2.09E-01 0.2591
P05213 Tubalb Tubulin alpha-1B chain 0.743  2.31E-01 0.2594
P15626 Gstm2 Glutathione S-transferase Mu 2 0.421  2.30E-01 0.2594
P51125 Cast Calpastatin 0.357  3.94E-01 0.4258
Q8BFZ3 Actbl2 Beta-actin-like protein 2 0.161 6.26E-01 0.6504
Q99JI6 Raplb Ras-related protein Rap-1b 0.134  7.10E-01 0.7096
718
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Table 2: Proteins enriched in BALF but diminished in the lung tissue proteome. Significantly
enriched proteins (141) are highlighted in bold. Significance determined using a linear fit model
in the R package LIMMA with Benjamini-Hochberg correction. Abbreviations used: log2 fold
change (log,FC), adjusted p-value (p.adj), Uniprot identification number (Uniprot ID).

Uniprot Gene Description log,FC p-value p.adj
Q64475 Histlh2bb Histone H2B type 1-B -7.500 1.00E-09 2.00E-07
P48678 Lmna Prelamin-A/C -4.004 5.72E-08 3.82E-06
P62715 Ppp2cb Serine/threonine-protein phosphatase 2A catalytic subunit beta -4.003  5.46E-08 3.82E-06

isoform
P15508 Sptb Spectrin beta chain, erythrocytic -4.851 8.00E-08 4.00E-06
P31725 S100a9 Protein S100-A9 -4.486  1.36E-07 4.25E-06
P15864 Histlhlc Histone H1.2 -4.333 1.53E-07 4.25E-06
Q3THE2 Myl12b Myosin regulatory light chain 12B -4.228 1.58E-07 4.25E-06
Q8VCWS8 Acsf2 Acyl-CoA synthetase family member 2, mitochondrial -4.052 1.86E-07 4.25E-06
P46638 Rabllb Ras-related protein Rab-11B -3.623  1.91E-07 4.25E-06
Q8C1B7 Septll Septin-11 -3.926  2.88E-07 5.75E-06
Q8CIB5 Fermt2 Fermitin family homolog 2 -3.941  3.54E-07 6.44E-06
Q61879 Myh10 Myosin-10 -4.212 5.80E-07 9.19E-06
Q8BT60 Cpne3 Copine-3 -4.166  7.19E-07  9.19E-06
Q9WVK4 Ehd1l EH domain-containing protein 1 -3.722  7.32E-07 9.19E-06
P16546 Sptanl Spectrin alpha chain, non-erythrocytic 1 -3.700 6.37E-07  9.19E-06
Q9EPC1 Parva Alpha-parvin -3.486  7.35E-07  9.19E-06
Q99NB1 Acssl Acetyl-coenzyme A synthetase 2-like, mitochondrial -3.850 1.08E-06 1.14E-05
P68368 Tubada Tubulin alpha-4A chain -3.774  1.03E-06 1.14E-05
Q8BHZ0 Fam49a Protein FAM49A -2.793 1.02E-06  1.14E-05
Q8K1B8 Fermt3 Fermitin family homolog 3 -3.831 1.19E-06 1.19E-05
035215 Ddt D-dopachrome decarboxylase -4.226  1.37E-06  1.24E-05
P35282 Rab21 Ras-related protein Rab-21 -3.751  143E-06 1.24E-05
Q62261 Sptbnl Spectrin beta chain, non-erythrocytic 1 -3.636  1.40E-06  1.24E-05
P68369 Tubala Tubulin alpha-1A chain -5.702  1.62E-06  1.29E-05
Q91zX7 Lrpl Prolow-density lipoprotein receptor-related protein 1 -3.775 1.67E-06 1.29E-05
QI91YR1 Twfl Twinfilin-1 -3.641 1.68E-06 1.29E-05
P54071 Idh2 Isocitrate dehydrogenase [NADP], mitochondrial -3.655 1.84E-06 1.36E-05
Q8CGB6 Tencl Tensin-like C1 domain-containing phosphatase -3.972 1.98E-06 1.36E-05
P12382 Pfki ATP-dependent 6-phosphofructokinase, liver type -3.954 1.95E-06 1.36E-05
Q61425 Hadh Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial -3.781  2.09E-06  1.39E-05
Q8BFW7 Lpp Lipoma-preferred partner homolog -3.680 2.37E-06  1.48E-05
Q9Cz44 Nsfllc NSFL1 cofactor p47 -3.515 2.37E-06  1.48E-05
P10630 Eif4a2 Eukaryotic initiation factor 4A-11 -4.160  2.48E-06  1.50E-05
Q8VI36 Pxn Paxillin -3.701 3.11E-06 1.83E-05
P08752 Gnai2 Guanine nucleotide-binding protein G(i) subunit alpha-2 -3.762  3.23E-06  1.85E-05
Q7TSV4 Pgm2 Phosphoglucomutase-2 -3.709  3.56E-06 1.92E-05
P48722 Hspa4l Heat shock 70 kDa protein 4L -3.701  3.55E-06 1.92E-05
Q62465 Vatl Synaptic vesicle membrane protein VAT-1 homolog -3.820 4.02E-06  2.01E-05
035955 Psmb10 Proteasome subunit beta type-10 -3.786  3.84E-06  2.01E-05
Q9wWuUB3 Pygm Glycogen phosphorylase, muscle form -3.655 3.99E-06 2.01E-05
P70372 Elavil ELAV-like protein 1 -3.904 4.33E-06 2.04E-05
Q9ICs42 Prps2 Ribose-phosphate pyrophosphokinase 2 -3.355 4.31E-06  2.04E-05
Q62348 Tsn Translin -2.753  4.38E-06  2.04E-05
Q9JJ28 Flii Protein flightless-1 homolog -3.753  4.49E-06  2.04E-05
Q8VE70 Pdcd10 Programmed cell death protein 10 -3.831  4.84E-06  2.15E-05
Q8QzT1 Acatl Acetyl-CoA acetyltransferase, mitochondrial -3.760 5.84E-06 2.54E-05
Q64331 Myo6 Unconventional myosin-VI -4.237 6.00E-06 2.54E-05
Q8VIJ6 Sfpq Splicing factor, proline- and glutamine-rich -3.654 6.10E-06  2.54E-05
Q8VE97 Srsfa Serine/arginine-rich splicing factor 4 -3.882 6.25E-06  2.55E-05
QIWTI7 Myolc Unconventional myosin-Ic -3.517 6.72E-06  2.69E-05
Q8C3J5 Dock2 Dedicator of cytokinesis protein 2 -4.074  8.04E-06  3.03E-05
Q3TCJ1 Fam175b BRISC complex subunit Abrol -3.722  7.95E-06  3.03E-05
Q99020 Hnrnpab Heterogeneous nuclear ribonucleoprotein A/B -3.650 7.88E-06 3.03E-05
P32067 Ssb Lupus La protein homolog -3.664 8.79E-06  3.15E-05
Q9QXZ0 Macfl Microtubule-actin cross-linking factor 1 -3.656 8.81E-06  3.15E-05
055234 Psmb5 Proteasome subunit beta type-5 -2.439 8.52E-06  3.15E-05
Q9z0U1 Tjp2 Tight junction protein ZO-2 -3.737  9.36E-06  3.23E-05
Q9ET54 Palld Palladin -3.689 9.44E-06 3.23E-05
Q8BH95 Echsl Enoyl-CoA hydratase, mitochondrial -3.642 9.69E-06  3.23E-05
Q8BK64 Ahsal Activator of 90 kDa heat shock protein ATPase homolog 1 -3.284 9.57E-06  3.23E-05
Q8BFY9 Tnpol Transportin-1 -3.695 1.02E-05 3.34E-05
Q6P1F6 Ppp2r2a Serine/threonine-protein phosphatase 2A 55 kDa regulatory -3.396  1.05E-05 3.40E-05
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subunit B alpha isoform

Cytoplasmic dynein 1 heavy chain 1
ADP-ribosylation factor 5

Catenin alpha-1

Cytochrome P450 2F2

Ras-related protein Rab-5C

Ras suppressor protein 1

Protein phosphatase 1 regulatory subunit 12A
A-kinase anchor protein 12

Nck-associated protein 1

Heterogeneous nuclear ribonucleoprotein H
Gasdermin-D

Transforming growth factor beta-1-induced transcript 1 protein
Twinfilin-2

Tripeptidyl-peptidase 2

Low molecular weight phosphotyrosine protein phosphatase
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Figure Legends

Figure 1: Characterization of the distinct proteomic signatures of the lung tissue and BALF. A)
Venn Diagram showing distribution of unique protein ID's for the lung tissue and BALF across
both naive and HDM exposed mice. B) PLSDA of the proteomes from the tissue, BALF and
Integrated-Tissue-BALF datasets as influenced by HDM treatment. C) Variance in Projection
(VIP) score for the PLSDA shown in B identifies the top proteins that discriminate the
proteomes of the tissue, BALF and Integrated-Tissue-BALF proteomes. Z-scores are shown on
the right-hand side to show individual contributions from each proteomic dataset. Abbreviations
used: Partial Least Squares Discriminant Analysis (PLSDA), House Dust Mite (HDM), BALF

(B), tissue (T), Integrated-Tissue-BALF (1).
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734 Figure 2: Differential expression analysis identifies both unique and significantly enriched

735  proteins from tissue, BALF and Integrated-Tissue-BALF proteomes during HDM challenge. A,
736 B, C) Insets: z-score plots from HDM treated and naive mice. Proteins exclusive to either HDM
737  or naive samples are represented by assigning a z-score of -4 to the missing values. Proteins
738  found in both HDM and naive mice were used for SAM analysis and represented as volcano
739  plots. Significance was taken at p <0.05 after False Discovery Rate (FDR) correction. Proteins
740  unique to the tissue or BALF proteomes are coloured red and blue respectively (A,B). Proteins
741  unique to lung tissue or BALF proteomes when examined in isolation are colored in green (C).
742 D) Proteins that are found in both lung tissue and BALF but are differentially enriched. E-F)
743  Pathway analysis (top 10) using significantly enriched lung tissue proteins (diminished in BALF;
744  E) and proteins that are enriched in BALF (diminished in tissue; F). Pathway analysis was

745  conducted using InnateDB with an adjusted p-value by Benjamini-Hochberg multiple

746  comparison. Vertical lines (E,F) indicate statistical significance (p.adj p = 0.05).
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Figure 3: Individually, lung tissue or BALF proteomes do not recapitulate the biology of the
Integrated-Tissue-BALF proteome. A, B) Significantly enriched pathways activated by HDM
exposure for the lung tissue (A), and BALF proteomes (B). C) Pathways that are enriched in the
tissue and the Integrated-Tissue-BALF proteome (p.adj < 0.05) but not the BALF proteome
(p.adj > 0.05). D) Pathways that are enriched in the BALF and the Integrated-Tissue-BALF
proteome (p.adj < 0.05) but not the lung tissue (p.adj > 0.05). E) Pathways that are enriched in
the Integrated-Tissue-BALF proteome (p.adj < 0.05) but are not enriched in either the lung tissue
or BALF proteomes (p.adj > 0.05). Pathway analysis was conducted using InnateDB using
Uniprot Protein IDs. Vertical black line indicates significance (p.adj < 0.05) after Benjamini-

Hochberg multiple comparison correction.
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757  Figure 4: Protein-Protein interaction networks that drive the lung tissue, BALF and Integrated-
758  Tissue-BALF proteome biology are distinct. A) Top 3 most connected protein hubs (protein-
759  protein interactions) that are unique to the lung tissue dataset (Hdacl, Ctnnb1, Smarca4). B) Top
760 3 most connected protein hubs that are unique to the BALF dataset (Csflr, Dnm1, Aktl). C) The
761  Integrated-Tissue-BALF protein-protein interaction network using the top 3 hubs identified from
762  either the lung tissue or BALF datasets (Hdacl, Ctnnbl, Smarca4, Csflr, Dnml, Aktl). The

763  most significantly enriched biological associations (p.adj < 0.05) determined using the Reactome
764  module of NetworkAnalyst for each interactome is shown on the right-hand side of panel. Hubs

765  are coloured to identify direct protein-protein interactions.
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766

767  Figure 5: Integrating proteomes not only enrich protein-protein interactions but also connects
768  otherwise separate proteomes together. (A) Interactome map based on proteins that are unique to
769  tissue (B) Interactome map based on proteins that are unique to BALF. (C) Interactome map on
770  unique to-lung tissue and -BALF protein hubs in the UtC dataset. The most significantly

771  enriched biological associations (p.adj < 0.05) determined using the Reactome module of

772  NetworkAnalyst for each interactome is shown on the right hand side of panel. Hubs are

773  coloured to identify direct protein-protein interactions. Black lines signify interactions between
774  different protein hubs. Proteins which have split colouration are connected to two independent

775  protein hubs.
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776  Table 3A: Lung tissue protein hub enrichment in the Unique-to Combined dataset. We identified
777  the protein interaction hubs that are unique to lung tissue and become enriched in the Unique-to-
778  Combined dataset. For simplicity, the Unique-to-Combined dataset was filtered to have > 5
779  connections and only the top 10 protein hubs (by % enrichment) are shown. Proteins in bold

780  were selected for further analysis.

Uni Uni D G # of Interactions Protein Hub Enrichment in the
nique to niprot ene Tissue Unigue-to-Combined Unigque-to-Combined Dataset (%)
Tissue Q99LI8 Hgs 6 8 33.33
Tissue Q9ES28 Arhgef7 8 10 25.00
Tissue Q9DBRO Akap8 4 5 25.00
Tissue Q9CQU3 Rerl 5 6 20.00
Tissue Q9Z2N8 Actléa 5 6 20.00
Tissue Q80TH2 Erbb2ip 6 7 16.67
Tissue P09242 Alpl 6 7 16.67
Tissue Q9z277 Bazlb 6 7 16.67
Tissue P70452 Stx4a 6 7 16.67
Tissue Q68FF6 Gitl 7 8 14.29
781
782

783  Table 3B: BALF Protein hub enrichment in the Unique-to-Combined dataset. We identified the
784  protein interaction hubs that are unique to BALF and become enriched in the Unique-to-

785  Combined dataset. For simplicity, the Unique-to-Combined dataset was filtered to have > 5

786  connections and only the top 10 protein hubs (by % enrichment) are shown. Proteins in bold

787  were selected for further analysis.

. . # of Interactions Protein Hub Enrichment in the
Unique to Uniprot ID Gene - - . .
BALF Unique-to-Combined Unique-to-Combined Dataset (%)
BALF P97864 Casp7 7 13 85.71
BALF P83940 Tcebl 3 5 66.67
BALF P10923 Sppl 4 6 50.00
BALF P39053 Dnml 14 21 50.00
BALF 070456 Sfn 5 7 40.00
BALF P31750 Aktl 14 19 35.71
BALF Q01279 Egfr 13 17 30.77
BALF P33175 Kif5a 8 10 25.00
BALF P97797 Sirpa 8 10 25.00
BALF P68134 Actal 8 9 12.50
788
789
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790  Supplementary Information (Expanded View)

791

792  Supplemental 1: Experimental Workflow. Six mice were split into two groups and exposed to
793  either HDM (House Dust Mite) or PBS (naive) for two weeks. On day 14, mice were

794  anesthetized and lung function data was collected using a small animal ventilator. Bronchial
795  Alveolar Lavage Fluid (BALF) was collected, spun down to collect immune cells and flash
796  frozenin liquid nitrogen. Post-BAL lung tissue was portioned into 5 equal segments and flash
797  frozen in liquid nitrogen. Lung tissue was washed in PBS to remove excess blood and

798  subsequently homogenized. Samples were processed using FASP (Filter Assisted Sample

799  Preparation), trypsinized, desalted by 1D HPLC and quantified using an online LC-MS/MS
800  proteomic system. Protein ID's were identified using our X!Tandem informatic pipeline and
801 subsequent bioinformatic analysis was conducted on the data. On a per sample basis, log2

802  normalized protein abundance was converted to z-scores and then normalized to HDM exposure.
803  Using these normalized datasets, the Tissue, BALF and the Integrated-Tissue-BALF and

804  Unique-to-Combined datasets were used as inputs to assess the differences between the BALF

805  and tissue datasets across multiple levels of analysis including proteins, pathways and networks.
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806  Supplemental 2: HDM exposure induces altered lung function and increased inflammatory cell
807  counts. A) Lung mechanics were measured 48 h after last HDM treatment using a flexivent small
808 animal ventilator. Increasing doses of methacholine (3-50 mg/mL) intranasally administered to
809  measure changes in airway resistance, tissue resistance and tissue elastance. B) Differential

810  immune cell counts from Bronchial Alveolar Lavage Fluid (BALF) of naive and HDM exposed
811 mice. Each value is representative of the mean and SEM of three biological replicates. Statistical
812  significance was determined by a two-way nested ANOVA with Tukey's post-hoc test for lung
813  function and unpaired t-test with welch's correction for cell counts. FDR corrected p-values are

814  reported. *(p.adj < 0.05), **(p.adj <0.01), ****(p.adj < 0.0001).
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Supplemental 3: Summary of MS/MS analysis from X!Tandem informatic pipeline.

A) Distribution of spectra, non-redundant peptides and quantified protein IDs are significantly
enriched in tissue compared to BALF samples. An EV cutoff of -1.5 and a minimum of two
peptides were needed for each peptide and protein ID. B) Summary of MS/MS data. Unpaired
one-way t-test with welch's correction and FDR adjustment was used for statistical analysis.
Abbreviations used: Mouse (In House Mouse ID), number of spectra (SPEC), number of
peptides (PEPS), number of non-pedundant peptides (NR-PEPS), number of proteins (PROTS),
number of quantified proteins (QPROT), number of quantified peptides (QPEPS), Mean and
Standard Deviation of Log, MS/MS Intensity (MEAN & SD), Bronchial Alveolar Lavage Fluid

(BALF), House Dust Mite (HDM). *(p.adj < 0.05), ****(p.adj < 0.0001).
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Supplemental 4: Proteomic quality control and reproducibility tests indicate proteomic
variability resides in biological and not technical replicates. A,B) Representative SDS-PAGE
gels stained for total protein loading with coomassie blue of tissue and BALF protein
homogenates (20 pg loading for tissue, 7 pug for BALF). Each lane represents a different mouse.
C,D) Technical replicate assessment of Log, MS/MS intensities from mouse BALF. E,F)
Biological replicate assessment of Log, MS/MS intensities from mouse BALF. Deviations from

the plot origin indicate variability (C,E). Red line indicates linear goodness of fit (D,F).
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Figure 2...continued
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Figure 3...continued
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