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Abstract

:

Morquio A syndrome, or mucopolysaccharidosis type IVA (MPS IVA), is a lysosomal storage disease due to mutations in the N-acetylgalactosamine-6-sulfatase (GALNS) gene. Systemic skeletal dysplasia and the related clinical features of MPS IVA are due to disruption of cartilage and its extracellular matrix, leading to an imbalance of growth. Enzyme replacement therapy (ERT) with recombinant human GALNS, alpha elosulfase, provides a systemic treatment. However, this therapy has a limited impact on skeletal dysplasia because the infused enzyme cannot penetrate cartilage and bone. Therefore, an alternative therapeutic approach to reach the cartilage is an unmet challenge. We have developed a new drug delivery system based on a nanostructure lipid carrier with the capacity to immobilize enzymes used for ERT and to target the lysosomes. This study aimed to assess the effect of the encapsulated enzyme in this new delivery system, using in vitro proteomic technology. We found a greater internalization of the enzyme carried by nanoparticles inside the cells and an improvement of cellular protein routes previously impaired by the disease, compared with conventional ERT. This is the first qualitative and quantitative proteomic assay that demonstrates the advantages of a new delivery system to improve the MPS IVA ERT.
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1. Introduction


Morquio A syndrome, or mucopolysaccharidosis type IVA (MPS IVA, OMIM #253000), is an autosomal recessive disease, caused by mutations in the N-acetylgalactosamine-6-sulfatase (GALNS), gene which result in deficient activity of N-acetylgalactosamine-6-sulfatase (GALNS, E.C.3.1.6.4), an enzyme that degrades glycosaminoglycan (GAG) keratan sulate (KS) and chondroitin-6-sulfate (C6S) [1,2]. The widespread accumulation of GAG, primarily in chondrocytes, and its extracellular matrix, leads to progressive cellular damage and organ dysfunction in the bone and cartilage. The classical phenotype is characterized by systemic skeletal dysplasia, including a short stature and neck, cervical instability and spinal cord compression, tracheal obstruction, prominent chest, kyphoscoliosis, laxity of joints, hip dysplasia, knock knee, etc. [3]. In severe forms, respiratory failure is the primary cause of death during the second and third decade of life if untreated [4,5].



There are two treatments for MPS IVA patients in clinical practice: enzyme replacement therapy (ERT) and hematopoietic stem cell transplantation. ERT with elosulfase alpha, a recombinant human GALNS, is an established strategy for treating MPS IVA [1,6,7]. However, clinical trials have shown scarce improvement in growth and skeletal dysplasia [8,9,10,11]. In patients with MPS IVA, restrictive and obstructive lungs are due to an anatomical imbalance in growth (trachea and vessels grow while the spine and thoracic bones stop growing), leading to this life-threatening issue. ERT cannot affect bone deformity in the spine, ribs and sternum, and crowded thoracic cavity. Therefore, ERT may provide a limited impact on pulmonary function due to the remaining issue of skeletal dysplasia (restrictive lung). A recent long-term study of MPS IVA with ERT has shown that there was a global reduction in static spirometry values in all subjects with ERT, as well as cardiorespiratory function as assessed by 6MWT [12,13]. Similar to other ERTs for lysosomal storage diseases, elosulfase alpha has several pitfalls: (i) rapid clearance from circulation and a short half-life (2 min in mice; 35 min in humans) [10,12,14], (ii) limited penetration in the avascular cartilage, and (iii) immunological response against the infused enzyme [12,15,16]. Thus, therapies for resolving bone lesions remain an unmet need, and an alternative therapeutic approach is required to overcome such limitations. In this regard, one possible solution is a nanoparticular system that can protect the enzymes against their degradation or inactivation, minimize the associated immunological reactions, and increase cellular internalization to achieve maximum efficacy of the treatment [17]. Biodegradable nanoparticles of a different nature, such as polylactic-co-glycolic acid, have been used in ERT. Some studies have also shown the usefulness of solid lipid nanoparticles [8,12,15,16] to achieve the internalization of molecules, such as catalase, leuprolide, or insulin [18,19,20,21], to the cellular interior through their direct endocytosis towards lysosomes. One of the main limitations of these systems is their low capacity to immobilize and transport a protein into the lipid core. Some experiments have been carried out to absorb the protein on the surface of the lipid colloidal carriers, but in the case of enzymes, this approach can have drawbacks related to instability and the production of antibodies. Consequently, formulation design is a critical requirement to stabilize a high payload of the enzyme. We have recently developed a new drug delivery system to immobilize enzymes used for ERT and to target the lysosomes [nanostructure lipid carrier (NLC), patent registered number PCT/EP2019/068629].



Proteomics allows not only the identification but also the quantification of the overall proteins present in a cell, tissue, or organism in continuous change. One of the first proteomic approaches includes a one or two-dimensional polyacrylamide gel system using sodium dodecyl sulfate (1D SDS-PAGE and 2D SDS-PAGE) and provides a powerful tool to monitor protein purification and rapidly profile the global protein expression and posttranscriptional modifications [22]. Although 1D and 2D-PAGE are common proteomic approaches for high throughput screening of putative biomarkers in several disorders, particularly in animal studies [23,24], they have not been used in lysosomal diseases. On the other hand, mass spectrometry (MS) is a beneficial proteomic technology that allows proteomic pattern visualization and the identification of proteins [25,26] and their post-transcriptional modifications, such as phosphorylation, glycosylation, similar to 2D-Page approach [27]. In the last decade, MS has made significant progress by increasing the number of identified proteins [26]. Therefore, liquid chromatography (LC) coupled with MS is widely used for searching disease biomarkers [26] in samples such as biological fluids, tissues, cells, etc. [28,29].



Most quantitative methods involve labeling proteins with heavy and light stable-isotope pairs (SILAC, I-TRAQ). Other quantitation techniques eliminate labeling (label-free) and rely on advanced software analysis as a new technology named SWATH-MS (sequential window acquisition of all theoretical mass spectra) [30,31]. These methods measure the relative concentrations of peptide analytes within two or more samples. In contrast, absolute quantitation techniques use internal standard peptides that have been synthetically prepared for selected or multiple reaction monitoring (selected reaction monitoring or multiple reaction monitoring, respectively) analysis [25].



In general, disease states involve alterations in protein expression levels. Therefore, proteomics provides important biological information that contributes to the advance in our understanding of pathophysiological mechanisms and aid in the identification of novel biomarkers for different diseases [30,32,33]. Specific biomarkers identified from proteomics may be useful in diagnosis, prognosis, and as evaluators of treatment outcomes [34,35,36,37,38,39,40,41,42].



In this study, we have analyzed the effects of protein expression levels in the MPS IVA fibroblasts by providing the immobilized and free enzyme (GALNS) and by using qualitative and quantitative proteomic techniques.




2. Results


2.1. Qualitative Analysis Liquid Chromatography—Mass Spectrometry (DDA-LC-MS/MS)


By using DDA-LC-MS/MS, we identified 287 to 1623 proteins in untreated cells and 586 to 1817 proteins in fibroblasts treated with NLC + ERT or ERT alone (Table 1).



To obtain a better representation of all the proteins identified in each treatment, we selected only those that were present in at least 2 of the replicates per treatment (Figure 1 and Supplementary Figure S1).



To analyze the origin of the identified proteins under no treatment, NLC + ERT, and ERT alone, we used FunRich analysis. The majority of proteins in all the samples were found to be sourced from four different cellular components: mitochondrion, lysosomal membrane, lysosome, and endosome (Figure 2A). In healthy cells (HC) with ERT (HC + ERT), we found an increase in a small percentage of proteins compared with untreated healthy cells (UHC), particularly for the mitochondrion and endosome. In the comparison between untreated Morquio A cells (UMoC) vs. Morquio A cells with ERT (MoC + ERT), no changes (or a minimal change) were found (Figure 2B and Supplementary Figure S2). When we compared HC vs. HC with NLC + ERT (HC NLC + ERT) (Figure 2C and Supplementary Figure S2), we found only a small decrease in the percentage of mitochondrion and endosome. When we compared UMoC vs. the MoC NLC + ERT (Figure 2D and Supplementary Figure S2), small differences in the percentage of proteins (a slight increase in mitochondrion and endosome and a slight decrease in lysosomal membrane and lysosome) were found.



Regarding the biological process of the mitochondrion, we found changes in the proteins to be related to the interaction between the mitochondria and the lysosome (Figure 3). These changes were more prominent in the cells treated with NLC + ERT (Figure 3A) or ERT (Figure 3B). The analysis indicates that the expression level of proteins related to cell redox homeostasis, the response to oxidative stress, the response to calcium ion, transferrin transport, amino acid transport, and mitochondrion to lysosome transport were decreased in both treatments, while the expression levels of proteins related to fatty acid β-oxidation were increased.



When we analyzed the biological process of the endosome (Figure 4), the changes in the proteins involved in the endosome-to-lysosome transport and iron ion homeostasis were observed. We found an increase in endosome-to-lysosome transport in both HC and MoC with NLC + ERT (Figure 4A) but only in HC with ERT alone (Figure 4B). In the case of the iron ion homeostasis transport, we found a significant increase in MoC with both NLC + ERT and ERT alone (Figure 4A,B) and only a small increase in HC with ERT (Figure 4B).



In the lysosomal membrane (Figure 5), we observed a decrease of the expression level in the proteins related to targeting the lysosome and to the lysosomal membrane organization in NLC + ERT (Figure 5A). However, in ERT treatments, we only found a decrease in the lysosomal membrane (Figure 5B). Moreover, it should be noted that in HC, both HC alone or with treatment (NLC + ERT or ERT), we found that the targeted lysosome and lysosomal membrane organization protein levels decrease (Figure 5A,B).



Related to the biological processing of proteins in the lysosome (Figure 6), we analyzed both the biosynthesis and the catabolism of C6S and KS. We observed that in cells treated with NLC + ERT (Figure 6A) or ERT (Figure 6B), the proteins related to these processes were decreased.



We also analyzed the biological processes of proteins in the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex (Figure 7), specifically looking for changes in the metabolic pathway of cholesterol and SNARE complex disassembly. The percentage of proteins involved in these processes was increased with both treatments.



With regards to the GAG degradation route (Figure 8), our results showed that, in UMoC only three of the four proteins implicated in the pathway were present. However, when we added NCL+ERT or ERT (data not shown), all the proteins appeared, thus completing the pathway and confirming that ERT provides an impact on the GAG degradation pathway.



Accordingly, we also tested the vesicles’ internalization, which was previously described as mannose-6-phosphate receptor-dependent [43,44]. Our results indicate that NLC encapsulation of the drug induces internalization of vesicles in a different way through endocytosis, as we found proteins involved in the initial and final phases of endosome formation (Figure 2 and Figure 9).



We obtained the quantitative measurement of proteins by another method (described in Section 2.2). We analyzed the same specimens with a new database (shown in Supplementary Table S1). In Figure 10, we show the percentage of upregulated proteins, comparing HC, UMoC, and MoC with NLC + ERT; MoC with ERT alone; HC with NLC + ERT; and HC with ERT alone in different organelles. The protein pattern expressions in the endolysosomal membrane are similar to those in the untreated affected cells and the HC. However, proteins related to the mitochondrion, lysosomal membrane, lysosome, and endosome were upregulated in the HC. Likewise, 17% of proteins in MoC treated with NLC + ERT were elevated in the mitochondrion when compared with the untreated cells. No significant difference was found in the remaining organelles.




2.2. Protein Quantification by SWATH-MS


We employed this approach based on the use of a library in which quantification is performed to study deregulated proteins. To generate this library, the samples were pooled, and 4 µL of each sample was loaded into an DDA-LC-MS/MS system. A total of 1019 different proteins were identified (Supplementary Data 1). These proteins were selected because they had a global false discovery rate < 1% and an unused score (protein score) of > 1.2.



We found 11 upregulated proteins in UMoC, compared in ERT treated cells and, conversely, 43 upregulated proteins in MoC with ERT, compared in UMoC. These proteins had a p < 0.05 and a fold change (FC) > 1.2 (Table 2).



In the comparison between UMoC vs. MoC with NLC + ERT, we found 14 upregulated proteins and, inversely, 63 downregulated proteins (Table 3).



We found 36 common upregulated proteins in MoC with NLC + ERT and ERT (Table 2 and Table 3 and Supplementary Table S1), of which 19 were located at the cytoplasm, 10 at the mitochondrion membrane, and 4 are secreted or located in the lysosome/endosome (Supplementary Table S1 and Figure 10). SWATH-MS quantitative analysis led to a similar result, showing again how the NLC + ERT increases the internalization of proteins mediated by vesicle transport (Figure 9 shows a qualitative test and Figure 10 shows quantitative assays). The total number of upregulated proteins are 66, of which 15 used any treatment; this number was 31 if we used ERT and 20 if we used NLC + ERT (Supplementary Figure S3).





3. Discussion


This is the first study that evaluates the effects of free and NLC encapsulated enzymes in MoC by using two proteomic approaches: a qualitative approach and a quantitative approach. Sleat et al. reported that proteomics approaches can determine the etiology of lysosomal storage disease by analyzing human brain samples [45]. The aim of our study was to assess the protein expression patterns in HC and MoC treated with free ERT and NLC encapsulated ERT, to evaluate the potential advantages of this novel therapeutic approach.



Recent studies have demonstrated that lysosomes have more functions than those initially described by DeDuve and Novikoff in the last century [29,46,47] because the lysosomes interact with mitochondria and the endoplasmic reticulum and play major roles in the cytoplasm. Further investigations allowed a comprehensive understanding of the relation between these organelles and demonstrated their role in the regulation of amino acids and lipid metabolism, where Ca2+ ion is the key to complete these functions [48,49]. Moreover, a mismatch in the oxidation-reduction of the mitochondria can also be explained when alterations in the lysosomes occur. The proteins involved in the mitochondria–lysosome relation are the most important in our study because they are expected to be deregulated in the lysosomal diseases. Therefore, our interest is to assess their alterations in fibroblasts with MPS IVA and describe how the protein expression levels are modified when adding the free enzyme employed in the clinical practice alone or the encapsulated enzyme in our new delivery system.



We identified the changes in the cellular component of the expressed proteins related to the mitochondrion and the interaction between the mitochondria and the lysosome of the cells treated with NLC + ERT vs. ERT. These findings are consistent with those described by Todkar et al. [50]. They show the physical and functional interaction between mitochondria and lysosomes, suggesting that this crosstalk plays a major role in metabolic regulation. It should be highlighted that the effects of the disease at the cellular level are reversed to a greater extent with the encapsulated ERT. NLC + ERT may achieve a greater effect with lower doses when compared to free ERT since it accomplishes a more efficient internalization in the lysosomes, thereby improving protein expression in pathological cells, as we can see in Figure 10. We also found the decrease of proteins to be related to redox homeostasis, the response to oxidative stress, the response to calcium ion, transferrin transport, amino acid transport, and mitochondrion to lysosome transport, while proteins related to fatty acid beta-oxidation were increased. These relationships demonstrate that our treatment can restore the lysosome and mitochondria interaction lacking in the Morquio A disease. These changes indicate that the new delivery system increases the drug’s effect. Another important factor to take into consideration is that transferrin’s function plays a very important role in the iron (Fe) ion transport to the mitochondria, which is necessary for endosome formation [50,51].



It is known that in mucopolysaccharidoses, a loss of the lysosome–endosome junction and endosomal accumulation occurs [52,53]. We found an increase in the percentages of proteins involved in the endosome to lysosome transport and iron ion homeostasis. This result indicates that our treatment reverts the endosome disruption due to the greater transport transport to the endosome, as iron is mainly found in endosome membranes, as we show in Figure 4. Moreover, we observed a decrease in the proteins targeting the lysosome, which indicates a lower accumulation of proteins that constitute the lysosome in both NLC + ERT and ERT treatments. In the current study, we have verified the decrease in proteins related to lysosomes when applying ERT or NLC + ERT. This may indicate a restored lysosome-Golgi-mitochondria-endosome interaction, which plays a major role in the trafficking process. On the other hand, when analyzing C6S and KS metabolism, we observed that in both treatments, the percentage of the proteins involved in this process were decreased, though this phenomenon was more prominent in NLC + ERT. We postulate that this occurs due to the reconstruction of the degradation pathway of both C6S and KS.



Other lysosomal functions described by Novikoff et al. are the autophagy process proteins, such as SNARE, which are crucial for the endosome–lysosome fusion in the final phase of autophagy [52]. In our study, the percentage of proteins related to SNARE was increased in both treatments, which may indicate increased lysosome–endosome fusion [52,54,55]. Moreover, we also observed changes in cholesterol metabolism, finding it to increase in both treatments. Cholesterol induces SNARE proteins to free themselves from the endosomes, thus facilitating the lysosome–endosome union.



This study also demonstrates that the internalization process in NLC + ERT is mediated by endosomes via clathrin receptors, as we show in Figure 9, and it is easier for the proposed nanoparticle drug to target lysosomes than ERT. This is because elosulfase alpha is internalized via the mannose 6-phosphate receptors, which are saturable. At a certain point, high enzyme concentrations may block the enzyme’s internalization via saturation of the membrane receptor [43,44]. On the other hand, we performed a SWATH-MS quantitative assay and found 66 upregulated proteins, 15 of which were upregulated in both ERT and NLC + ERT, while the other 20 were upregulated only in NLC + ERT. In addition, between the upregulated proteins in the MoC treated with NLC + ERT, we should highlight the Collagen type VI alpha-3 chain protein, which is a biomarker of collagen function. This finding suggests that we are improving the expression of proteins related to the connective tissue in Morquio cells, making it more similar to healthy cells [56,57]. These results indicate the different processes underlying the function and internalization of free ERT vs. NLC + ERT.



Finally, the main limitation of this study is the low number of samples evaluated. This is because MPS IVA is a rare disease with a low number of affected people. These findings should be confirmed in a larger sample of patients.




4. Materials and Methods


4.1. The Work Scheme of This Study


Graphical abstract shows the workflow of the qualitative (DDA-LC-MS/MS) and quantitative (SWATH-MS) proteins identification in the fibroblasts from healthy vs. Morquio patients (Figure 11).




4.2. Sample Resources


Fibroblast cells from 4 different MoC samples and 1 HC sample were obtained for the study through international biobanks (Telethon network biogenetic biobank, http://dppm.galini.org/biobank/). The mean age of the patients with MPSIVA was 25.2 years old (range 23–30 years). This group included two males and two females. The HC was a male of 25 years of age. The study was approved (22 May 2017) by the local Ethics Committee of Santiago-Lugo (Reference number 2017/298). Additional information about the characteristics of the samples are shown in Table 4.




4.3. Cell Cultures in Fibroblasts


Fibroblasts were obtained from the anterior forearm tissue. Samples were cultured at 37 °C (HERA cell 150, Thermo Fisher Scientific, Lancashire, UK) and 5% CO2 in a modified all GIBCO McCoy 5A medium supplemented with 10% FBS, 1% penicillin-streptomycin, and 0.25% trypsin-EDTA 1X. After the cells grew out of the tissue fragments and reached a 60% of confluence, the treatment was added (100 ng of elosulfase alpha for each treatment: ERT and NLC + ERT) (Table 5). The fibroblasts were then detached and removed by employing a sterile phosphate buffer (Sigma, St Louis, MO, USA) and trypsin. The cells were then washed with a PBS solution.




4.4. Materials and Preparation of NLC


Elosulfase alpha (Vimizim®) was provided by Biomarin (San Francisco, CA, USA). Block copolymers (Kolliphor® P407 and Kolliphor P188) and D-α-tocopherol polyethylene glycol 1000 succinate were purchased from Sigma Aldrich (St Louis, MO, USA). Glycerildibehenate (Compritol 888 ATO) was obtained from Gatefossé (Lyon, France). Trimyristin (Dynasan 114) and triestearin (Dynasan 118) were purchased from (KemCareLondon, UK). Cholesterol lanolin was obtained from Fluka (Munich, Germany) while olive oil, soy lecithin, and caprylic/capric triglyceride (Miglyol 812N) were from Acofarma SCL (Barcelona, Spain). The water used was ultrapure (milli Q), and all other chemicals were of analytical grade.



NLC was prepared using the fast-double emulsification (O/W/O) and low temperature-solidification techniques. Briefly, the lipid forming-components of the coating were dissolved in dichloromethane. Elosulfase alpha dissolution was added to the aqueous phase with the hydrophilic surfactant (Kolliphor® P407, (was purchased from Sigma Aldrich. St Louis, MO, USA)) and homogenized using ultrasound (Branson 450, Danbury, CT, USA) to obtain the first emulsion. To this resulting O/W emulsion, a second water phase was added. This phase was composed of D-α tocopherol polyethylene glycol 1000 in PBS (as PEGylant agent), and the obtained mixture was homogenized again using ultrasound. Kolliphor® 188 solution in PBS was added to remove any aggregates formed during preparation, and NLC formulations were filtered through polyamide filters (0.45 µm). To isolate the NLC, ultracentrifuge (Beckman L8-70M, Ramsey, MN, USA) was used (35 min; 35,000rpm; 15 °C). Finally, NLC formulations were lyophilized from an aqueous suspension with different concentrations (5; 10; 20%) of several cryoprotectants (glucose; mannitol; trehalose; sucrose) for 24–48 h (Telstar Lyoquest-85 Bristol, PA, USA).




4.5. Protein Extraction


Cells were sonicated, to break the membrane, and centrifuged for 10 min at 10,000 rpm at 4 °C. Protein extracts found in the supernatant were recovered and subsequently frozen at −20 °C.




4.6. Enzyme Activity Test


The enzyme activity of GALNS in the samples was analysed via the technique used for the diagnosis of the Morquio A disease [58]. The values are shown in Table 6 (normal values 1.8–20.0 nM/h/mg).




4.7. Proteomic Analysis


4.7.1. In Gel Protein Digestion


To ensure global and quantitative (by SWATH-MS) protein identification, an equal amount of proteins from the treated patients and controls were loaded on a 10% SDS-PAGE gel. The run was stopped as soon as the front had penetrated 3 mm into the resolving gel [59,60]. The protein band was detected by Sypro-Ruby fluorescent staining (Lonza, Basel, Switzerland), excised, and processed for in-gel and manual tryptic digestion, as described [61]. Gel pieces were reduced with 10 mM dithiothreitol (Sigma-Aldrich, St. Louis, MO, USA) in 50 mM ammonium bicarbonate (Sigma-Aldrich, St. Louis, MO, USA) and alkylated with 55 mM iodoacetamide (Sigma-Aldrich, St. Louis, MO, USA) in 50 mM ammonium bicarbonate. Then, the gel pieces were rinsed with 50 mM ammonium bicarbonate in 50% methanol (HPLC grade, Scharlau, Barcelona, Spain), dehydrated via the addition of acetonitrile (HPLC grade, Scharlau, Barcelona, Spain), and dried in a SpeedVac. Modified porcine trypsin (Promega, Madison, WI, USA) was added to the dry gel pieces at a final concentration of 20 ng/μL in 20 mM ammonium bicarbonate, incubating them at 37 °C for 16 h. The peptides were extracted thrice by 20 min incubation in 40 μL of 60% acetonitrile in 0.5% formic acid. The resulting peptide extracts were pooled, concentrated in a SpeedVac (TermoFisher Scientific: Haysham, Lancashire), and stored at −20 °C.




4.7.2. Mass Spectrometric Analysis (DDA acquisition)


Digested peptides were separated using Reverse Phase Chromatography. The gradient was created using a micro liquid chromatography system (Eksigent Technologies nanoLC 400, ABSciex, (Warrington, Cheshire, UK) coupled to high-speed Triple TOF 6600 mass spectrometer (ABSciex, Foster City, CA, USA), with a micro flow source, as described previously [26,27]. The chosen analytical column was a silica-based reversed-phase column Eksigent C18CL 150 × 0.30 mm, 3 µm particle size, and 120 Å pore size (Eksigent, ABSciex, Woodlands Central Indus. Estate, Singapore). The trap column was a YMC-TRIART C18 (YMC Technologies, Teknokroma, Barcelona, Spain) with a 3 µm particle size and 120 Å pore size, switched on-line with the analytical column. The loading pump delivered a solution of 0.1% formic acid in water at 10 µL/min. The micro-pump generated a flow-rate of 5 µL/min and operated under gradient elution conditions, using 0.1% formic acid in the water as mobile phase A, and 0.1% formic acid in acetonitrile as mobile phase B. The peptides were separated using a 90 min gradient ranging from 2% to 90% of mobile phase B (mobile phase A: 2% acetonitrile, 0.1% formic acid; mobile phase B: 100% acetonitrile, 0.1% formic acid). The injection volume was 4 µL (more or less 4 µg of protein).



Data acquisition was performed in a TripleTOF 6600 System (ABSciex, Foster City, CA, USA) using a data dependent workflow. Source and interface conditions were the following: ion spray voltage floating (ISVF) 5500 V, curtain gas (CUR) 25, collision energy (CE) 10, and ion source gas 1 (GS1) 25. The instruments were operated with the Analyst TF 1.7.1 software (ABSciex, Woodlands Central Indus. Estate, Singapore). The switching criteria were set to ions greater than the mass to charge ratio (m/z) 350 and smaller than m/z 1400, with a charge state of 2–5, a mass tolerance of 250 ppm, and an abundance threshold of more than 200 counts (cps). Former target ions were excluded for 15 s. The instruments were automatically calibrated every 4 h using external calibrant tryptic peptides from PepCalMix (Sciex, Warrington, Cheshire, UK).




4.7.3. Data Analysis


After the MS/MS analysis, the data files were processed using the ProteinPilotTM 5.0.1 software from ABSciex (Woodlands Central Indus Estate, Singapore), which uses the algorithm ParagonTM for database searching and ProgroupTM for data grouping. Data were searched using a Human-specific Uniprot database (www.uniprot.org). The false discovery rate was determined using a non-linear fitting method displaying only those results that reported a 1% Global false discovery rate or better [28].



Functional analysis was performed by different open access software. We used FunRich (functional enrichment analysis tool) for functional enrichment and interaction network analysis (Available online: http://funrich.org/index.html). For statistics, we used FunRich (hypergeometric test), Bonferroni [29,30], network construction, and clustering. We also used DAVID (Available online: https://david.ncifcrf.gov/) for GAG degradation pathways and functional analysis of the vesicle internalization.





4.8. Protein Quantification by SWATH-MS


4.8.1. Creation of the Spectral Library


To build the MS/MS spectral libraries, the peptide solutions were analyzed by a shotgun data-dependent acquisition (DDA) approach using micro-LC-MS/MS (ABSciex, Redwood City, CA, USA), as described previously by us and other authors [27,46,47,62]. To obtain a good representation of the peptides and proteins present in all samples, pooled vials of the samples from each group were prepared using equal mixtures of the original samples. A total of 4 μL from each pool was separated into a micro-LC system Ekspert nLC425 (Eksigen, Dublin, CA, USA) using an Eksigent C18 150 × 0.30 mm, with 3 mm particle size and 120 Å pore size (Eksigent, ABSciex), at a flow rate of 5 mL/min. Water and ACN, both containing 0.1% formic acid, were used as solvents A and B, respectively. The gradient run consisted of 5% to 95% B for 30 min, 5 min at 90% B, and, finally, 5 min at 5% B for column equilibration, for a total run time of 40 min. As the peptides eluted, they were directly injected into a hybrid quadrupole-TOF mass spectrometer Triple TOF 6600 (ABSciex, Redwood City, CA, USA) operated with a data-dependent acquisition system in positive ion mode. A Micro source (ABSciex) was used for the interface between microLC and MS, with an application of 2600 V voltage. The acquisition mode consisted of a 250 ms survey MS scan from 400 to 1250 m/z, followed by an MS/MS scan from 100 to 1500 m/z (25 ms acquisition time) of the top 65 precursor ions from the survey scan, for a total cycle time of 2.8 s. The fragmented precursors were added to a dynamic exclusion list for 15 s. Any singly charged ions were excluded from the MS/MS analysis.



The peptide and protein identifications were performed using Protein Pilot software (version 5.0.1, ABSciex), and the data were searched using a Human-specific Uniprot database, specifying iodoacetamide as the Cys alkylation. The false discovery rate (FDR) was set to 1 for both peptides and proteins. The MS/MS spectra of the identified peptides were then used to generate the spectral library for the SWATH-MS peak extraction using the add-in for the PeakView Software (version 2.2, ABSciex) MS/MSALL with the SWATH-MS Acquisition MicroApp (version 2.0, ABSciex). Peptides with a confidence score above 99% (as obtained from Protein Pilot database search) were included in the spectral library).




4.8.2. Relative Quantification by SWATH-MS Acquisition


SWATH–MS acquisition was performed on a TripleTOF® 6600 LC-MS/MS system (ABSciex). Each sample (4 μL) was analyzed using the LC-MS/MS equipment (Sciex, Warrington, Cheshire, UK) and the LC gradient described above for building the spectral library, but instead used the SWATH-MS acquisition method. The method consisted of repeating a cycle that consisted of the acquisition of 65 TOF MS/MS scans (400 to 1500 m/z, high sensitivity mode, 50 ms acquisition time) of overlapping sequential precursor isolation windows of variable widths (1 m/z overlap), covering the 400 to 1250 m/z mass range with a previous TOF MS scan (400 to 1500 m/z, 50 ms acquisition time) for each cycle. The total cycle time was 6.3 s. For each sample set, the width of the 65 variable windows was optimized according to the ion density found in the DDA runs using a SWATH-MS variable window calculator worksheet from Sciex.




4.8.3. Data Analysis


The targeted data extraction of the fragment ion chromatogram traces from the SWATH-MS runs was performed by Peak View (version 2.2, ABSciex) using the SWATH-MS Acquisition Micro App (version 2.0, Sciex, Warrington, Cheshire, UK). This application processed the data using the spectral library created from the shotgun data. Up to ten peptides per protein and seven fragments per peptide were selected, based on signal intensity. Any shared and modified peptides were excluded from the processing. Five-minute windows and 30 ppm widths were used to extract the ion chromatograms. SWATH-MS quantization was attempted for all proteins in the ion library that were identified by Protein Pilot with an FDR below 1%. The retention times from the peptides that were selected for each protein were realigned in each run, according to the iRT peptides that spiked in each sample, and eluted along the whole-time axis. The extracted ion chromatograms were then generated for each selected fragment ion. The peak areas for the peptides were obtained by summing the peak areas from the corresponding fragment ions. Peak View computed an FDR and a score for each assigned peptide according to the chromatographic and spectra components. Only peptides with an FDR below 5% were used for protein quantization. Protein quantization was calculated by adding the peak areas of the corresponding peptides.



The integrated peak areas were directly exported to the Marker View software (ABSciex) for relative quantitative analysis. The export generated three files containing quantitative information about individual ions, the summed intensity of the different ions for a particular peptide, and the summed intensity of different peptides for a particular protein. Marker View was used for analysis of the SWATH-MS data reported in other proteomics studies [34,62,63,64] because of its data-independent method of quantization. Marker View uses processing algorithms that accurately find chromatographic and spectral peaks direct from the raw SWATH-MS data. Data alignment by Marker View compensated for minor variations in both the mass and retention time values, ensuring that identical compounds in different samples were accurately compared to one another. To control for possible uneven sample loss across the different samples during the sample preparation process, we performed a global normalization based on the total sum of all the peak areas extracted from all the peptides and transitions across the replicates of each sample [65]. An unsupervised multivariate statistical analysis using principal component analysis (PCA) was performed to compare the data across the samples. The average MS peak area of each protein was derived from the replicates of the SWATH-MS of each sample followed by a Student’s t-test analysis using the Marker View software for comparison among the samples based on the averaged area sums of all the transitions derived for each protein. The t-test indicated how well each variable distinguished the two groups, reported as a p-value. For each library, each set of differentially expressed proteins (p-value < 0.05) with 1.2 up-regulated or down-regulated proteins was selected.






5. Conclusions


We have demonstrated that our new delivery system, through a nanostructure lipid carrier, can induce changes in proteins that are involved in the disease. This system used a different internalization pathway (not saturable) that seems to induce better access to the lysosome. Using a low enzyme dosage, we obtained excellent C6S and KS degradation, greater than with the free enzyme. Therefore, this system can improve the lysosome-endosome-mitochondria machine in the MoC.
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Figure 1. Venn diagram from the triplicates studies of proteins in Morquio A cells (Sample 1) after 24 h of NLC + ERT treatment. The common proteins identified in 2 or 3 of the replicates are shown. 
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Figure 2. FunRich functional analysis results of expressed proteins from cellular components. (A) HC and HC + ERT. (B) UMoC (Sample 2) and MoC + ERT (Sample 2). (C) HC and HC with NLC + ERT. (D) UMoC (Sample 1) and MoC with NLC + ERT (Sample 1). 
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Figure 3. FunRich functional analysis results of the expressed proteins from the metabolic process of mitochondrion. (A) Comparison between untreated and treated for 24 h with NLC + ERT in HC and MoC. (B) Comparison between untreated and treated for 24 h with ERT alone in HC and MoC. 
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Figure 4. FunRich functional analysis results of expressed proteins from the metabolic process of the endosome. (A) comparison between untreated and treated for 24 h with NLC + ERT in HC and MoC; (B) comparison between untreated and treated for 24 h with ERT in HC and MoC. 






Figure 4. FunRich functional analysis results of expressed proteins from the metabolic process of the endosome. (A) comparison between untreated and treated for 24 h with NLC + ERT in HC and MoC; (B) comparison between untreated and treated for 24 h with ERT in HC and MoC.



[image: Ijms 20 04610 g004]







[image: Ijms 20 04610 g005 550] 





Figure 5. FunRich functional analysis results of expressed proteins from the metabolic process of the lysosomal membrane. (A) comparison between no treatment and 24 h treatment with NLC + ERT in HC and MoC (B) comparison between no treatment and 24 h treatment with ERT in HC and MoC. 
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Figure 6. FunRich functional analysis results of the expressed proteins from the metabolic process of the lysosome. (A) comparison between no treatment and 24 h treatment with NLC + ERT in HC and MoC (B) comparison between no treatment and 24 h treatment with ERT in HC and MoC. 
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Figure 7. FunRich functional analysis results of expressed proteins from the metabolic process of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex. (A) comparison between non-treatment and 24 h treatment with NLC+ ERT in HC and MoC (B) comparison between non-treatment and 24 h treatment with ERT in HC and MoC. 






Figure 7. FunRich functional analysis results of expressed proteins from the metabolic process of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex. (A) comparison between non-treatment and 24 h treatment with NLC+ ERT in HC and MoC (B) comparison between non-treatment and 24 h treatment with ERT in HC and MoC.
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Figure 8. DAVID functional analysis of the glycosaminoglycan (GAG) degradation pathway in mucopolysaccharidosis type IVA (MPS IVA) fibroblasts without treatment (A) or NLC + ERT (B). Red stars correspond to proteins identified by the DDA-LC-MS/MS analysis. Green color of the boxes: sure confidence, black solid arrows: high confidence; black dotted arrows: moderate confidence. 
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Figure 9. DAVID functional analysis of vesicle internalization. Red stars correspond to proteins identified by the DDA-LC-MS/MS analysis. Green color of the boxes: sure confidence, black solid arrows: high confidence; black dotted arrows: moderate confidence. 
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Figure 10. FunRich Functional analysis results of upregulated proteins showing the results related to protein internalization. 
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Figure 11. Graphical abstract showing the workflow. Fibroblasts obtained from healthy subjects and morquio A patients were cultured in vitro. After 24 h of treatment, cells were lysed and proteomic analyses were done. On the left, the identified proteins expressed by the cells (qualitative analysis) are shown. On the right, the amount of specific proteins expressed by the cells (quantitative analysis) are shown. Once this two different proteomics assessments were performed, an informatics analysis was made in order to obtain more information (localization, pathways, interactions…) about the identified/quantified proteins. 
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Table 1. The number of proteins identified in the qualitative (DDA-LC-MSMS) assay.
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Number of Proteins. 1st Analysis

	
Number of Proteins. 2nd Analysis

	
Number of Proteins. 3rd Analysis




	
Samples

	
No Treat

	
NLC + ERT

	
ERT

	
No Treat

	
NLC + ERT

	
ERT

	
No Treat

	
NLC + ERT

	
ERT






	
HC

	
683

	
1395

	
1612

	
1561

	
1668

	
919

	
737

	

	
1183




	
S.1 MoC

	
730

	
960

	

	
923

	
1304

	

	
1623

	
1817

	




	
S.2 MoC

	
1220

	

	
1255

	
832

	

	
1022

	
793

	

	
1078




	
S.3 MoC

	
793

	
1658

	

	
1251

	
1594

	

	
1419

	
1104

	




	
S.4 MoC

	
611

	

	
1445

	
287

	

	
870

	
1403

	

	
586








Note: All the assays were made in triplicate. HC: healthy cells; treat: treatment; NLC: nanostructure lipid carrier; LC: lipid chromatography; ERT: Enzyme replacement therapy; MoC: Morquio A cells; S.1: Sample 1.
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