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Abstract

The etiology of Type 1 Diabetes (T1D) remains elusive. Enzymatically isolated and cultured (EIC)
islets cannot fully reflect the natural protein composition and disease process of /n vivoislets,
because of the stress from isolation procedures. In order to study islet protein composition in
conditions close to the natural environment, we performed proteomic analysis of EIC islets, and
laser capture microdissected (LCM) human islets and acinar tissue from fresh-frozen pancreas
sections of three cadaveric donors. 1104 and 706 proteins were identified from 6 islets equivalents
(IEQ) of LCM islets and acinar tissue, respectively. The proteomic profiles of LCM islets were
reproducible within and among cadaveric donors. The endocrine hormones were only detected in
LCM islets, whereas catalytic enzymes were significantly enriched in acinar tissue. Furthermore,
high overlap (984 proteins) and similar function distribution were found between LCM and EIC
islets proteomes, except that EIC islets had more acinar contaminants and stress-related signal
transducer activity proteins. The comparison among LCM islets, LCM acinar tissue and EIC islets
proteomes indicates that LCM combined with proteomic methods enables accurate and unbiased
profiling of islet proteome from frozen pancreata. This paves the way for proteomic studies on
human islets during the progression of T1D.
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1. Introduction

Pancreatic islets are composed of several types of endocrine (i.e., hormone-producing) cells,
including insulin-secreting B-cells, glucagon-secreting a-cells, somatostatin-secreting 6-
cells. Insulin-secreting p-cells are the major constituent of human islets, accounting for
60-87% of the total islet volume [1-3]. The autoimmune-mediated destruction of p-cells
leads to the development of Type 1 Diabetes (T1D) [4, 5]. Among the various risk factors
proposed for this disease, genetic determinants may contribute to 40-50% risk of T1D [6].
Human leukocyte antigen (HLA) regions were reported to be the strongest genetic
determinants, as a strong linkage between T1D and certain variants of the highly
polymorphic HLA class Il immune recognition molecules has been established [7]. Viral
infection was implicated as one of the environmental factors that may trigger autoimmunity
and initiate the destruction of B-cells during the development of T1D [8]. Although there is
consensus on the view that T1D results from a combination of genetic and environmental
factors, the pathogenetic mechanisms are not fully understood. Therefore, investigation on
the dysfunction and death of p-cells may contribute to better understanding the pathogenic
mechanism of T1D.

Enzymatically isolated and cultured (EIC) islets [9-11] have been frequently used to
investigate biochemical signaling pathways that could trigger p-cell changes and death in
T1D. A wealth of information can be obtained from EIC islets, and the studies focusing on
those from donors with T1D are providing insights of paramount importance to the field of
T1D research[12]. However, such /n vitro models have some limitations: they do not fully
reflect what happens /n7 vivo due to a lack of the natural environment where islets exist and
due to the changes in cell physiology induced by isolation and culture. The procedure of
enzymatic isolation of pancreatic islets causes major structural changes and induces up-
regulation of stress-related genes in islets [13]. The cells’ phenotype, native functions, and
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responsiveness to stimuli can be altered during culture [14]. It is of note that mMRNA levels of
insulin and insulin promoter factor 1 decreased by 40% in EIC islets compared with islets /n
vivo [15], reflecting the inability to sustain mature beta cells in culture. Furthermore, EIC
islets frequently contain a significant percentage of contaminating acinar cells and duct cells
[16]. On the other hand, animal models exist, but they do not fully mimic human pancreas
function, physiology, and disease due to inter-species differences [17-20]. On this note,
significant differences between human and mouse islets were reported notably in the
cytoarchitecture [1], immune responses, pathways controlling glucose-responsiveness,
regenerative capacity, and response to therapy in diabetes [21]. In addition, obtaining fresh
isolated human islet samples is challenging because of the limited material availability and
because of the requirements in terms of expertise, technologies, and logistics. Networks such
as the Integrated Islet Distribution Program (11DP) <https://iidp.coh.org/>, the Alberta Islet
Distribution Program (AIDP) in Canada, the Oxford Consortium for Islet Transplantation
(OXCIT) in the UK, and the European Consortium for Islet Transplantation (ECIT) <http://
ecit.dri-sanraffaele.org/en/index.html> provide human pancreatic EIC islets for basic
research. It is noteworthy that islet isolation is frequently performed on pancreata considered
not suitable for pancreas transplantation, and islet distribution for research is frequently
performed when islet preparations fail to meet defined release criteria for transplantation
(e.g. insufficient islet yield). Although biopsy specimens from the pancreata of living
individuals can provide a wealth of information on T1D onset and recurrence [22],
performing this procedure on living individuals with T1D is a challenging and risky
procedure [23], that also raises important ethical concerns [24]. Alternatively, human
pancreatic tissue can be collected from cadaveric individuals, from individuals at-risk for
T1D, from diabetic and transplanted patients, and can be preserved frozen. Fresh-frozen
pancreata can be obtained from tissue repositories such as nPOD [25, 26], it is frequently
available or it can be easily prepared at most pathology facilities. The preparation requires
minimal manipulation of the tissue and enables the preservation of the protein content along
with the natural tissue architecture. For these reasons we decided to perform laser-capture
microdissection (LCM) and proteomic analysis on islets from frozen pancreas sections.

LCM employs a high-energy laser source to separate the desired cells from the remaining
tissue section, enabling isolation and downstream analysis [27]. This technique allowed the
study of islet- and B-cell-specific genes [16, 28, 29] and proteins [30]. LCM enables the
extraction of samples from an environment which is well conserved and close to the natural
condition, to better investigate cell physiology [31], cell biology [32], cell transcriptome
[13], and proteome [30]. Islets obtained with this method are expected to reflect closely the
in vivo molecular composition and pathology of /n situ islets. The exploration of the
proteome signature of LCM islets with an unbiased method may provide information on the
changes in protein composition occurring in dysfunctional islets, even with limited sample
amounts, and may thus facilitate understanding of the pathogenesis of T1D.

In this study, we aimed at characterizing the proteome of a limited amount of LCM islets
from frozen tissue blocks. In order to confirm the fidelity of the proteome of the LCM
material and the accuracy of the microdissection, we compared the proteome of LCM islets
from 3 cadaveric donors, each with 3 technique replicates, and we compared the protein
profile of LCM islets with that of EIC islets and that of LCM pancreatic acinar tissue. We
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applied a mass spectrometry-based label-free proteomics approach with advanced
instrumentation, nanoLC-Q Exactive HF Orbitrap mass spectrometry (QE-HF MS). With
this study we aimed at establishing the feasibility of using LCM to isolate limited amounts
of islets from frozen pancreatic tissue sections for proteomics analysis. This study opens the
path to future endeavors aimed at investigating the pathophysiology of T1D.

2. Materials and Methods

2.1 Pancreatic tissue sourcing

Research pancreata from three non-diabetic deceased heart-beating donors were obtained
from Organ Procurement Organizations, in accordance with federal guidelines for organ
donation. Organs were processed at the cGMP facility of the Diabetes Research Institute,
University of Miami, under Institutional Review Board-issued waiver that states that islet
cells isolation from donors does not constitute human subject research. Organ recovery and
transport met transplant-grade criteria. Tissue processing procedures were conducted by the
Diabetes Research Institute’s (DRI) cGMP Cell Processing Facility personnel and Pathology
core staff. Islet cell isolation was performed following the method reported in a previous
study [33].

Briefly, the pancreatic ducts of Wirsung and Santorini were stapled at the pancreas/
duodenum interface and the pancreas was separated from the duodenum and blunt-cut at the
neck. A tissue block was resected in the region of the neck for immediate embedding in
TissueTek OCT and freezing on dry ice. Pancreatic duct in the head and tail sections of the
pancreas was cannulated with 18G angiocatheters, and 350 mL of 1.4 mg/mL of Liberase
C/T GMP Grade (Roche Diagnostics GmbH, Cat # 05339880001) solution was introduced
through the pancreatic duct. The enzymatic solution was injected while keeping the pancreas
cold. Following organ distention, the tissue was cut into 7-9 pieces, and loaded in the 500 ml
digestion chamber containing a stainless steel screen. Digestion was allowed to proceed at
37 °C until it was judged complete, according to the number of free islets and the amount of
acinar tissues observed in the digestion samples collected every minute during the digestion
process. Gradient centrifugation on a COBE cell processor 2991 enabled separation of islets
from pancreatic acinar and ductal tissue. Following purification and washing, isolated islet
cells were cultured overnight in Supplemented CMRL-1066 culture medium (Mediatech,
Cat # 99-603-CV), at 22 °C, with 5% CO,. Preparation of EIC islets for proteomic analysis
was started following 12 hour culture.

In addition, all work reported here was approved by the University of North Carolina at
Greensboro.

2.2 Solvents and Chemicals

Common solvents were purchased from Sigma-Aldrich (St. Louis, MO). Tissue-Tek O.C.T.
compound (Sakura 4583, Cat # 25608-930) and 100% ethanol (Decon Labs, Cat #
71006-012) were purchased from VWR. Toluidine blue O (Cat # 198161-25G) was
purchased from Sigma-Aldrich. Anti-insulin antibody clone K36aC10 (Cat # 12018, 1:1000)
was purchased from Sigma-Aldrich. PPS Silent Surfactant was purchased from Expedeon
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(San Diego, California, Cat # 21011). Histostain Plus Broadspectrum AEC kit was
purchased from Invitrogen (Cat # 85-8943).

2.3 Preparation of frozen tissue sections

Tissue blocks were resected from the neck region of cadaveric pancreata from organ donors,
embedded in Tissue-Tek O.C.T. compound (Sakura 4583, VWR Cat # 25608-930) and
immediately frozen at =80 °C in dry ice. The blocks were cut with a Leica cryotome into
sections of 10 um thickness, in an environment controlled to —20 °C. The inner chamber and
the stage of the cryotome were wiped with 100% ethanol (VWR, Decon Labs Cat #
71006-012) and the blade was changed after each sample in order to avoid contamination.
Three pancreas sections were transferred onto each of 10 Leica PEN Membrane slides, i.e.
polyethylene naphthalate (PEN) membrane slides (Leica Cat # 11505189) designed for laser
capture microdissection. After the placement of three sections on PEN membrane slides, one
extra reference section was prepared on a regular glass slide for insulin
immunohistochemistry and mapping. Sections were maintained frozen and stored at —80 °C.

2.4 Immunohistochemical staining of reference sections

The reference sections, placed on regular glass slides, were fixed for 15min in 10% formalin,
then washed 4 times in PBS (Gibco Life Technologies 10010-049) and stained with an
immunohistochemical method to identify islets with p-cells. The immunohistochemical
staining was performed with the Histostain Plus Broadspectrum AEC kit, following the
manufacturer’s instruction, with the anti-insulin antibody clone K36aC10 (dilution 1:300)
and counterstaining. The reference sections were scanned with a PathScan instrument to
obtain maps of the entire sections and identify insulin-containing islets.

2.5 Staining and dehydration for LCM

Toluidine blue O staining of frozen pancreas sections enables good discrimination of islets
and acinar tissue: islets appear lightly colored compared to the surrounding acinar tissue;
moreover, endocrine cells have a characteristic ‘rugged’ aspect in phase contrast
illumination. We mapped insulin-containing islets via conventional immunohistochemical
staining of reference sections, and we used Toluidine Blue O staining to guide the laser-
capture microdissection in ethanoldehydrated sections. One PEN membrane slide at a time
was stained and dehydrated, in preparation for each LCM session. A 0.5% w/v Toluidine
blue O staining solution was prepared in 70% ethanol. Fresh solution was prepared for each
sample, using RNase free disposables.

The staining and dehydration protocol was performed with 8 clean Coplin jars, prefilled with
50 mL of 70% (jar # 1-5), 90% (jar #6), and 100% (jar #7, 8) ethanol. The protocol was
performed by dipping the slide for 30 seconds in each jar of the ethanol series, following the
numerical order, to obtain dehydration. After jar 3, the slide was drained, placed
horizontally, stained for 90 seconds with 200 uL of Toluidine blue O staining solution, then
drained and transferred to jar 4, to continue dehydration. The stained and dehydrated slide
was drained with a Kimwipe (Kimtech Science Kimberly-Clark, VWR cat #21905-026),
transferred under a laminar flow hood for 4 minutes, then placed in a slide box containing
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the desiccant Drierite (WA Hammond, VWR Cat # 22890-902) wrapped in Kimwipes. The
workflow of sample preparation is shown in Figure 1.

2.6 LCM of pancreatic islets and acinar tissue

LCM samples were collected with a Leica LMD system. Each LCM session lasted a total of
60 minutes, to avoid tissue rehydration and degradation. Pancreatic islets were identified in
the tissue by visualizing in bright field and in phase-contrast with a IOx magnification. Islet
borders can be clearly observed at 20x magnification. Scans of the insulin-stained reference
sections were used to map the insulin-containing islets. We have optimized the setup for
Laser capture microdissection of our samples. The configuration is shown in Table 1.

Samples of islets (LCM islets) and of acinar tissue (LCM acinar tissue) were microdissected
from pancreatic tissue sections derived from three cadaveric donors (HP2146, HP2147, and
HP2219). Donor characteristics are given in Table 2. Each sample was collected from 6-9
pancreatic sections. The total microdissected area was annotated and converted to islets
equivalents (IEQ, see paragraph 2.7 and Table 2). The LCM tissues were collected into the
cap of 500 uL sterile RNase/DNase/Protease free Eppendorf tubes and were resuspended
with 50 pL of 50 mM NH4HCOg3. The tubes were closed, frozen with dry ice, and
subsequently maintained at —80 °C. LCM acinar tissue samples were collected and
processed in the same way as LCM islets. An equivalent amount of LCM acinar tissue was
obtained by laser-capturing the shape utilized for each islet on neighboring areas of acinar
tissue, and collecting this tissue into separate tubes.

2.7 Conversion of LCM areas to volumes and to IEQ

Following the consensus report of 1990 [34], the total volume of isolated islets can be
expressed as number of islet equivalents (IEQ). An IEQ corresponds to the volume of a
‘standard’ islet, a sphere with a diameter d = 150 um and a volume of V|gq = 1.77x108 um3.
The area of laser captured tissue was annotated, and the volume was calculated by
multiplying the area for the thickness of the tissue section (10 um). The total volume of
laser-captured islets was then divided by the standard volume of 1 IEQ to obtain the number
of laser-captured IEQ. 1 IEQ contains approximately 1560 islet cells [3].

2.8 Enzymatically isolated and cultured islets preparation

Enzymatically isolated cultured islet samples (2000 IEQ /sample) were collected from
cadaveric donors. The characteristics of the donors are reported in Table 2. After release
from the cGMP organ processing facility, EIC islets samples (2000 IEQ /sample) were
washed 3 times with PBS. After washing, the supernatant was removed and 50 uL of 50 mM
NH4HCO3 were added to the pellet. These islets were resuspended and frozen immediately
at —80°C. After thawing samples from two cadaveric donors at room temperature, the
volume containing 2000 IEQ from each donor was divided into samples containing 50 (n =
2),100 (n =2), 200 (n = 1), 500 (n = 1), 1000 (n = 1) IEQ for further proteomic sample
preparation. Each sample was analyzed in duplicate.
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2.9 Preparation of samples for proteomic analysis

The sample preparation method was adapted from a method previously reported [10].
Briefly, 6 L of 1% pps silent surfactant (PPS) was added to extract and solubilize
hydrophobic proteins, followed by incubation with 1.5 pL of 50 mM DTT at 95 °C for 6
min. Samples were sonicated for 3 min before alkylation with 7.5 uL. 50 mM iodoacetamide
for 25 min at 45 °C in the dark. The samples were then digested using trypsin (trypsin :
protein = 1:50) at 37 °C overnight. The PPS was hydrolyzed by adding 2 M HCI. The
cleavage reaction proceeded for 2 h at room temperature. After that, the samples were
spinned at 16,000 g for 12 min and the supernatant was separated for one-dimensional liquid
chromatography-tandem mass spectrometry (1D-LCMS/MS) analysis.

2.10 LC-MS/MS analysis

The chromatographic separation of peptides was performed on a PepMap C18 analytical
column (2 um particle, 50 cm x 75 ym i.d., ThermoFisher Scientific). Mobile phases for
separation (A: 0.1% FA in water; B: 0.1% FA in ACN) were delivered by an UltiMate 3000
UHPLC system (Thermo Scientific). For analysis, 5.0 uL of each peptide samples were
loaded onto the column. A linear gradient of 40% B in 100 min was set to elute peptides.
Eluted peptides were ionized by nano-electrospray and analyzed by a QE-HF MS (Thermo
Scientific). MS/MS data was acquired in data dependent mode with one full MS scan
(resolution 120,000 at m/z 200) followed by 10 MS/MS scans (resolution 15,000 at m/z
200). Other settings of the QE-HF MS used for analysis include: full MS AGC target of 3e®,
MS/MS AGC target of 1e®, dynamic exclusion of 20 s, mass isolation window of 1.4, and
normalized collision energy of 32.

2.11 Data Analysis

The acquired datasets were analyzed by using MaxQuant (\Version 1.5.2.8, http://
www.maxquant.org/) and the built-in Andromeda search engine with a UniProt human
database (12/3/2014) containing 89,734 entries. The search parameters were as follows:
variable modifications of protein N-terminal acetylation and methionine oxidation, and fixed
modification of cysteine carbamidomethylation. The minimum peptide length was set to 7
amino acids and a maximum of 2 missed cleavages was allowed for the search. Trypsin was
selected as the specific proteolytic enzyme. The global false discovery rate (FDR) cut off
used for both peptides and proteins was 0.01 [35]. Label-free quantitation was performed in
MaxQuant. To further improve the quantification accuracy, only the razor/unique peptides
were used for quantitative calculations. The other parameters used were the default settings
in MaxQuant software for processing MS/MS data.

2.12 Statistical Analysis

The resultant data matrix obtained from MaxQuant analysis was further analyzed by Perseus
software (Version 1.5.1.6, http://141.61.102.17/perseus_doku/doku.php). Briefly, the
proteins, including only identified by site, reverse hits, and potential contaminants (manually
selected for contaminants with no protein names), were filtered out from the data matrix.
The protein intensities were transformed to log, scale before performing analysis using
various built-in statistical functions of Perseus. A two sample t-test adapted from
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significance analysis of microarrays [36] was performed with Benjamini-Hochberg FDR cut
off = 0.05, SO = 0.02. SO in the two sample t-test was applied to take into account both the p
value and the difference between group means. The higher SO, the stricter of significant
differences analysis is [36].

2.13 Gene Ontology (GO) Functional Annotation Analysis and Enrichment

2.14 Protein-

3. Results

Protein Analysis Through Evolutionary Relationships (PANTHER) classification system
(http://www.pantherdb.org/) was used for GO functional annotation analysis [37] based on
the UniProt accession 1Ds of the identified protein. PANTHER, version 10.0 released on
May 15, 2015, includes 11,929 protein families with 83,190 functionally distinct protein
subfamilies.

Protein interaction networks with the STRING database

The STRING database of known and predicted protein-protein interactions was used to map
interaction networks [38]. The interactions include direct (physical) and indirect (functional)
associations. We searched the database version 10.0 by accessing the website http://
www.string-db.org/ and by making queries for Multiple proteins by identifier (gene names).
Networks were designed to show a first shell of guery proteins only and a second shell of ro
more than 5 interactors. All active interaction sources were selected. Minimum required
interaction score was set at 0.400. Meaning of network edges was set to evidence.

3.1 Overview of the proteome coverage of LCM islets, LCM acinar tissues, and EIC islets

LCM islets samples (n = 9) collected from three cadaveric donors were used in this study. A
schematic representation of the experimental workflow (processing of LCM samples, sample
digestion, data collection, and data analysis) is indicated in Figure 1. After removing reverse
hits and potential contaminants, a total of 1104 unique proteins were identified in 9 samples
of LCM islets (Table S1). On average, 800 proteins were detected in LCM islet samples with
6 IEQ (Table S1, Table 2, and Figure 2). Figure 2A, 2B, and 2C show that the number of
identified proteins in LCM islets has good reproducibility in the proteome coverage within
cadaveric donor, reaching an average of 80% overlap. The proteome reproducibility among
cadaveric donors is close to 71%, and is presented in Figure 2D. Of these 1104 proteins
identified in LCM islets, 922 proteins were annotated as expressed in islets in the Human
Protein Atlas (HPA). HPA is a database with curated annotation of transcriptomic and
immunohistochemical (antibody staining) results [39]. Protein abundance in HPA was
classified into four levels: high, medium, low abundance, and not detectable. Of those 922
islet proteins, HPA indicates that 169 are detected at high abundance, 347 at medium, and
170 at low abundance (Table S1). We compared the proteins detected in LCM islets with
those expected from the transcriptome of the Beta Cell Gene Atlas (BCGA) [40], and 1065
out of 1104 detected were annotated in the pancreatic islet transcriptome. Within the BCGA,
the transcriptomic level was categorized into enriched, moderate, low, and no expression
[40]. Out of those 1065 LCM islets proteins, 997 derived from pancreatic islet transcripts
with enriched expression, 12 with moderate, 16 with low and 32 with no expression (Table
3).
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With the same sample preparation method, 706 proteins were identified in six LCM acinar
tissues samples from the same three cadaveric donors as LCM islets. Figure S1 shows the
reproducibility in the number of identified proteins within (80% on average) and among
(70%) cadaveric donors. 88.9+1.5% of the proteins detected in LCM acinar tissue were also
detected in LCM islets (Figure S2, see the overlaps). Overall, 623 proteins identified in
LCM islets were in common with those identified in LCM acinar tissue. The known
endocrine hormones insulin, somatostatin, and ghrelin-27 were only detected in LCM islets
and not in LCM acinar tissue (Table S1). Glucagon (GCG) was only identified in two of the
6 LCM acinar tissues with a relative abundance 1000 fold lower than that of LCM islets
(Table S1). Of the 706 proteins identified in LCM acinar tissue, 612 proteins were annotated
as expressed in islets in the HPA database, 285 are detected at high abundance, 182 at
medium, and 67 at low abundance (Table S1). The correlation of these proteins to BCGA is
shown in Table 3.

In comparison to the EIC islet proteome, 984 proteins (approximately 90%) identified in
LCM islets were also detected in EIC islets (Table S2). The EIC islet proteome was
conducted with different amounts of islets, ranging from 50 to 1000 IEQ (Table S3). The
number of proteins identified increased with the increase of islets material from 50 to 500
IEQ, and slightly decreased when the islets volume used was 1000 IEQ (Figure 3A). The
Venn diagram in Figure 3B shows a comparison of the proteins consistently detected in all
replicates of LCM islets (overlap proteins from 9 samples) with approximately 6 IEQ (Table
2), 1000 IEQ of EIC islets (overlap proteins from replicates of 1000 IEQ each) and 50 IEQ
of EIC islets (overlap proteins from replicates of 50 IEQ each). The number of proteins
consistently detected on 6 IEQ of LCM islets (600) is similar to that of those consistently
detected in 50 IEQ of EIC islets (645). Notably, out of 45 proteins reported by HPA to be
highly expressed in pancreatic acinar tissue, 44 were detected in EIC islets and were not
detected in LCM islets (Table S1).

3.2 PANTHER Functional Classification

The 1104 UniProt accession IDs identified in LCM islets were analyzed by PANTHER
functional classification [37]. Figure 4 shows the PANTHER classification of biological
process, molecular function, and cellular component performed on the proteomes of LCM
islets and EIC islets. 1803, 1018, and 956 annotation hits were found in the categories of
biological process (A), molecular function (B), and cellular component (C) in LCM islets,
and 4626, 3092, and 2402 were found in the categories of biological process (A), molecular
function (B), and cellular component (C) in EIC islets. The higher number of annotation hits
compared to the number of identified proteins is due to the fact that one protein can be
involved in multiple biological processes. Metabolic process, catalytic activity, and cell part
were the dominant categories in the biological process, molecular function, and cellular
component annotations, respectively (Figure 4A, 4B, and 4C). The functional classification
distribution of proteins from LCM islets was similar to that of proteins from EIC islets.
However, signal transducer activity proteins were only detected in EIC islets and not in
LCM islet, whereas extracellular region, extracellular matrix and structural molecule activity
proteins were substantially more represented in LCM islets (Figure 4B). The details of
signal transducer activity proteins identified in EIC islets but not in LCM islets are reported
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in Table 4 and their interaction network is shown in Figure S3A. The extracellular region,
extracellular matrix, and structural molecular activity proteins identified in LCM islet but
not in EIC islets are reported in Table 5, and their interaction network is shown in Figure
S3B-S3D.

3.3 Quantitative results of protein profile in islets and acinar tissue

A label-free proteomics technique was applied in this study for the quantification of protein
abundance, as shown in Table S1. In order to know whether LCM can accurately dissect the
tissue sections as expected, we performed a comparison of the quantitative data associated to
the proteomes of LCM islets and LCM acinar tissue. A principal component analysis (PCA)
was implemented to identify the most differentially expressed proteins, and to visualize
whether a clear separation exists based on the relative abundance of LCM islets and LCM
acinar tissue proteins (Figure 5). The first principal component accounted for 74.9% of the
variance in the scores plot. Two sample t-test (FDR = 0.05, SO = 0.02) was conducted on the
proteins quantified in all samples of LCM islets and of LCM acinar tissue, resulting in 219
significantly different proteins (Table S4). Figure 6 presents the fold change between LCM
islets and LCM acinar tissue proteins, along with statistical significance, by using proteins
quantified in all the samples. The abundance of gelsolin (GSN, 32 fold) and calmodulin-like
protein 2 (CAML2, 6 fold), Synaptic vesicle membrane protein VAT-1 homolog (VAT1, 5
fold), Collagen alpha-2(V1) chain (COL6A2, 5 fold), Pyruvate kinase PKM (PKM, 4.5 fold)
were significantly higher in islets than in acinar tissue (Figure 6). Catalytic enzymes such as
pancreatic alpha-amylase (AMY2A), chymotrypsin-like elastase family member (CEL,
CELAS3A, CELA3B), chymotrypsin-C (CTRC), carboxypeptidase (CPA1, CPA2), protein
disulfide-isomerase A2 (PDIA2), and pancreatic triacylglycerol lipase (PNLIP) were
significantly higher (8-100 fold) in LCM acinar tissue compared to LCM islets (Figure 6). It
is noteworthy that the endocrine hormones insulin, somatostatin, and ghrelin-27 were only
detected in islets and not in acinar tissue - glucagon was detected in only a few acinar
samples with extremely low abundance; therefore they were excluded in the t-test.

4. Discussion

We applied liquid chromatography-tandem mass spectrometry (LC-MS/MS) to study the
proteome of laser capture microdissected (LCM) islets and LCM acinar tissue from frozen
sections of human pancreas, along with the proteome of enzymatically isolated and cultured
(EIC) islets. The comparisons show that the LCM method enables accurate isolation of islets
from frozen samples of pancreas and that the proteomic analysis of the LCM tissue with
LCMS/MS vyields reproducible protein expression profiles. The LCM method provides
sufficient material for a good coverage of islets proteome with limited amounts of tissue,
detecting an average of 800 proteins from approximately 6 IEQ per LC-MS/MS analysis
(Table 2, Figure 2). The LCM method has been used to separate islets or beta cells for gene
expression studies [16, 41]. This method has also been applied to isolate islets from
formalin-fixed paraffin embedded slides for downstream protein content analyses [30]. Here
we propose the use of LCM to isolate specific cell types from frozen sections for proteomics
analysis, a method that avoids protein cross-linking issues in commonly preserved tissues
[16, 41, 42]. This method could be applied to study the in situ islet proteome and to “take a
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snapshot” of the pathophysiological mechanism underlying islet and p-cell dysfunction in
Type 1 Diabetes. In addition, the exocrine pancreas was reported to be involved in the
pathogenesis of T1D [43, 44] and the method we propose enables proteomic analysis of
purified pancreatic acinar tissue without enzymatic isolation. Previous studies on the cellular
function of the pancreas were typically performed /n vitro on two enzymatically isolated and
separated functional units: the endocrine islets of Langerhans and the exocrine pancreatic
acinar tissue [11, 45, 46]. Therefore, LCM appears as a promising technique for isolating
these two units from their intact environment, in order to investigate the protein composition
and pathophysiology of endocrine and exocrine cells in T1D. This may contribute to the
understanding of the pathogenesis of T1D and provide potential biomarkers for the diagnosis
of T1D at an early stage.

Label-free proteomics technique was used in this study to identify and quantify proteins of
all the samples. The number of proteins identified in LCM islet (1104) and LCM acinar
tissue (706) (Table S1) were relatively higher than those identified in human p-cells (462)
and in human exocrine tissue (372) [47] when a similar 1D LC-MS/MS label-free
proteomics platform was used. We identified 1861 proteins (average) in 500 EIC islets,
which is lower than the number of proteins reported in the past for EIC islets (3365 proteins
in [48] and 4450 proteins in [9]), but likely attributed to the multi-dimensional LC-MS/MS
platform and the number of islets used in those studies. Strong cation exchange coupled with
LC was used in both studies to broaden the proteomic coverage [9, 48], which is feasible
when large numbers of islets are available (~4000 IEQ pooled from 5 donors [48] and
~13,000 IEQ pooled from 21 donors [9]). Despite the low number of islets and despite the
fact that 1D-LC-MS/MS was used in this study, the identification of an average of 800
proteins in the LCM islets (Figure 2), with a volume corresponding to only ~6 IEQ without
any fractionation indicates a great achievement of the LCM method in protein identification.
In addition, the proteomes were reproducible (80%) in technical replicates of LCM islets
(Figure 2) and of LCM acinar tissue (Figure S1), and proteome reproducibility was observed
even among cadaveric donors (70%). The small variations in islets and acinar tissue
proteomes could be related to threshold of detection, as well as to different location or
different functional state of the samples collected. Human islets are known to have a-, p-,
and 6&-cells interspersed the islet core [49]. Many variables could influence protein
composition of islet cells and of B-cells, including age of the donor, islet size, fractional
content of different endocrine cells in an islet, anatomical location inside the pancreas,
functional state, cell size, microenvironment, and timing of tissue harvesting. Differences in
the gene expression of LCM -cells and differences in islets size have been reported [16].
The high reproducibility in the LCM islets and acinar tissue proteome within and among
subjects, and the high overlap with the proteomes reported in the HPA (Table S1) and in the
BCGA (Table 2) databases suggest fidelity of the proteome obtained from LCM isolated
islets.

Furthermore, the high proteome overlap of all the proteins identified in LCM islets with
those of EIC islets (984 of 1104, 90%, Table S2) and the high proteome overlap of the
common proteins of all replicates in LCM islets_6IEQ, with the common proteins of all
replicates in EIC_1000 islets (521 of 600, 87%, Figure 3B) indicates that the LCM method
can provide a protein profile comparable to that obtained with the EIC method. This can be
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observed in the similar distribution of proteins from LCM and EIC islets in the biological
processes (Figure 4A), molecular functions (Figure 4B), and cellular components (Figure
4C). The similar distribution of dominant protein categories (Figure 4) further suggests that
the LCM method doesn’t have a significant bias in identifying proteins compared to the EIC
method. Conversely, the lower number of proteins identified in LCM islets compared to EIC
islets can be attributed to the low number of LCM islets used in the study, which could result
in protein amounts falling below the detection limits of the instrument. For instance, the
proteins detected in EIC islets but absent in LCM islets occurred in relatively low
abundance, and some proteins were only identified in one or two replicates (Proteins in
yellow, Table S3).

It is noteworthy that 44 highly expressed acinar tissue proteins (acinar-specific, not
expressed in islets, based on HPA) were detected in EIC islets and not in LCM islets. This
suggests that EIC islets frequently contain a certain proportion of contaminating acinar cells
[16]. Furthermore, a set of proteins were consistently identified in EIC islets and not in LCM
islets: these include a subset of signal transducer activity proteins - reported in Table 4 and
shown in Figure S3A. Among these we observed a series of proteins that can be activated by
inflammatory cytokines and environmental stress signals: guanine nucleotide-binding
protein (G proteins, GNAs) [50], mitogen-activated protein kinases (MAP Kinases) and
serine/threonine-protein kinases[51, 52]. During EIC islet preparation, the exocrine pancreas
is digested and its integrity is lost, resulting in the release and activation of a large number of
digestive enzymes. These enzymes have a strong destructive effect on islet cells [53], which
could induce stress on islet cells. The detection of these stress related proteins in EIC islets
(Table 4) corresponds with up-regulation of stress genes in islets isolated with the EIC
method [13]. We have also observed a set of proteins that were consistently identified in
LCM islets and not in EIC islets. These include extracellular matrix components that may be
lost in EIC islets as a result of the collagenase digestion, or as a result of the release of
pancreatic digestive enzymes (Table 5, Figure S3B). Collagen 4A1 and 4A2, Lumican
(LUM, involved in collagen fibril organization) and Prolargin (PRELP, involved in collagen
binding) were not detected in EIC islets. The network of collagens could thus be
significantly altered in EIC islets when compared to in situ (LCM) islets. This could result in
structural changes inside cells. Supporting this view, a set of structure molecular activity
proteins, that control structural integrity, cell organization and polarization[37], were
detected in LCM islets and not detected in EIC islets: these include a large number of
keratins (KRTs, see Table 5, Figure S3D). These findings could serve as an input for future
studies aimed at exploring in great detail the differences between EIC and LCM islets. The
absence of acinar tissue specific proteins in LCM islets, along with the absence of stress
related proteins and the presence of intracellular structural and extracellular matrix
components suggest that LCM on frozen section is a more conservative method, reflecting
more closely the actual tissue composition and physiology, compared to the enzymatic
isolation and culture of islets.

In addition, the clustering of LCM islets and LCM acinar tissue samples as shown in the
principal component analysis (Figure 5), and the significant differences in protein abundance
between LCM islets and LCM acinar tissue observed in two sample t-test (Figure 6) indicate
that the LCM method reported is able to provide good separation of exocrine and endocrine
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pancreas. The detection of the well-known hormones, insulin, glucagon, somatostatin, and
ghrelin-27 in LCM islets but not in LCM acinar tissue is in agreement with what have been
reported in previous studies [54, 55]. The higher abundance of GSN, CALM2, VAT,
COLBA2, and PKM in LCM islets compared to LCM acinar tissue (Figure 6) is in line with
the protein expression levels observed via antibody staining reported in HPA [39]. The
higher abundance of the catalytic enzymes, AMY2A, CEL, CELA3A, CELA3B, CTRC,
CPA1, CPA2, and PNLIP (Figure 6) in acinar tissue compared to islets is in agreement with
data from HPA [39] and with previous studies on protein [56] and gene expression levels
[13]. The high abundance of these digestive enzymes in acinar tissue (Figure 6) is associated
with the main function of the exocrine pancreas, which is to secrete digestive enzymes into
the intestine for digesting food to assist nutrient absorption [57]. Of these proteins found to
be overexpressed in acinar tissue (Figure 6), CPA1l, CELA3B, CEL, and CTRC are reported
as pancreatic acinar tissue-specific in the HPA database. We detected these proteins also in
islets but with relatively low abundance. Overall, this illustrates that the proteome of islets
(and acinar tissue) collected via LCM from frozen sections closely reflects the protein
composition of these tissues in their natural environment. Moreover, the fact that our method
identified an average of 800 proteins from LCM islet samples of only 6 IEQ indicates that a
very small amount of laser-capture microdissected material is sufficient to identify hundreds
of proteins.

One factor that could have determined limited proteome coverage is the amount of material
in input, i.e. the total volume of microdissected tissue. In this study we show that a volume
corresponding to 6 IEQ is sufficient to obtain valuable information, but larger amounts of
tissue are expected to provide a broader coverage of the proteome — as indicated by our
studies with different amounts of EIC islets. In this study, we identified only a fraction of the
proteins present in the LCM islets and EIC islets. Due to this fact, further improvements of
the approach will be needed to uncover the actual differences between LCM islets and EIC
islets. LCM instruments can be equipped with lasers that have higher power compared to the
one we tested. These lasers deliver more energy over time, and thus enable a more efficient
and more precise microdissection, boosting the yield. Novel functions in commercially
available instruments enable the automation of the tissue area selection based on image
recognition algorithms, a feature that largely accelerates tissue collection enabling higher
output. Future endeavors will benefit from the advancement of the technologies for laser-
capture microdissection and for proteomic analysis.

5. Conclusions

In sum, the LCM method combined with label-free based LC-MS/MS proteomics workflow
described in this study allows for proteomics analysis of islets from frozen pancreata. The
high similarity found between the proteomes of LCM islets from frozen sections and EIC
islets demonstrates that LCM combined with proteomics technique is a reliable way to
provide good and reproducible proteome coverage even with small amounts of material.
This approach enables studies on the pathology of T1D islets using frozen and stored
pancreatic samples. The different proteome profiles of LCM pancreatic islets, LCM acinar
tissue, and EIC islets also strongly suggest the usefulness of the LCM method to isolate
islets and acinar cells with an intact environment for studies on their molecular composition.
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Future applications of this LCM method may help us understand the pathogenesis of T1D
and identify potential biomarkers for T1D diagnosis at an early stage. In addition, this study
provides reference for the optimal islet number for proteomics analysis, which may be useful
for planning future proteomic studies of islets isolated using the laser capture
microdissection method or the enzymatic isolation method.
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Highlights
1. The LCM method enables the isolation of islets cells with an intact
environment.
2. LCM-based islet proteomics is a reliable way to provide good proteome
coverage.
3. This study provides reference of the optimal islet equivalents for

proteomic studies.
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Significance

The etiological agent triggering autoimmunity against beta cells in Type 1 diabetes (T1D)
remains obscure. The /in vitro models available (enzymatically isolated and cultured
islets, EIC islets) do not accurately reflect what happens /7 vivo due to lack of the natural
environment where islets exist and the preparation-induced changes in cell physiology.
The importance of this study is that we investigated the feasibility of laser capture
microdissection (LCM) for the isolation of intact islets from frozen cadaveric pancreatic
tissue sections. We compared the protein profile of LCM islets (9 replicates from 3
cadaveric donors) with that of both LCM acinar tissues (6 replicates from the same 3
cadaveric donor as LCM islets) and EIC islets (at least 4 replicates for each sample with
the same islets equivalents) by using proteomics techniques with advanced
instrumentation, nanoLC-Q Exactive HF Orbitrap mass spectrometry (nano LC-MS/MS).
The results demonstrate that the LCM method is reliable in isolating islets with an intact
environment. LCM-based islet proteomics is a feasible approach to obtain good proteome
coverage for assessing the pathology of T1D using cadaveric pancreatic samples, even
from very small sample amounts. Future applications of this LCM-based proteomic
method may help us understand the pathogenesis of T1D and identify potential
biomarkers for T1D diagnosis at an early stage.
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Figure 1.
Schematic representation of the experimental work flow: section of human pancreas after

microdissection of islets (A); Human islet before (B) and after (C) Laser—capture
microdissection; Laser-captured islets (D).
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Figure 2.
Venn diagram representation of the proteins identified in LCM islets in 3 technical replicates

for each of 3 cadaveric donors: HP2146 (A), HP2147 (B), HP2219 (C). The number of
proteins identified in each replicate and in the intersection (Overlap) are indicated. \enn
diagram analysis of the sets of all proteins identified in islets from the three cadaveric donor
samples (D).
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Number of proteins identified in EIC islets, in samples ranging from 50 to 1000 IEQ (A).
Comparison of proteins identified in 6 IEQ of LCM islets (600 proteins were the overlap
proteins from all LCM islets replicates with 6 IEQ) with proteins from 50 IEQ of EIC islets
(645 proteins were overlap proteins of all EIC islets replicates with 50 IEQ) and from 1000
IEQ of EIC islets (1347 proteins were overlap proteins of all EIC islets replicates with 1000

IEQ) (B)
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Figure 4.
PANTHER functional classification for proteins identified in LCM islets and EIC islets. Of

the LCM islets proteins, 1803, 1018, and 956 annotation hits were found in the categories of
biological process (A), molecular function (B), and cellular component (C), respectively;
and for EIC islets proteins, 4626, 3092, and 2402 were found in the categories of biological
process (A), molecular function (B), and cellular component (C), respectively.
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Figure 5.
Principal component analysis of LCM islet and LCM acinar tissue samples. Proteins

quantified in both LCM islets and LCM acinar tissue were used in the analysis.
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Figure 6.
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Scatter plot for visualizing differences in protein abundance between LCM islets (right
portion of the plot) and LCM acinar tissue (left portion of the plot). The plot shows - log p

J Proteomics. Author manuscript; available in PMC 2018 January 06.

values versus the difference of mean (log, scale, mean is calculated based on proteins
quantified in three replicates) between protein quantifications in LCM islets and LCM acinar
tissue. Proteins in red were few selected significantly different proteins between LCM islets
and LCM acinar tissue (t-test with criterion of FDR = 0.05, SO = 0.02).
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System configuration for laser capture microdissection with the Leica LMD instrument

Table 1

Parameters

10x magnification  20x magnification

Aperture
Intensity
Speed
Offset
Ap Diff

Option

10
40
4
26
8
Med

13
35
7
34
8
Med
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Details of cadaveric donors and tissue samples. Age, Sex and Body Mass Index (BMI) of the donors are
reported. Total areas of pancreatic tissue collected during each LCM session are expressed in pm?; total
volumes collected are expressed in Islet Equivalents, IEQ (1 IEQ = 1.77x10° pm3).

Table 2

Donor ID HP2146 HP2147 HP2219 HP2178 HP2183
Age 23 41 43 35 25
Sex M F F F M
BMI 22.0 33.2 31.0 34.8 30.1
EIC Islets Volume 2000 IEQ 2000 IEQ
LCM Isletsl Area 1058810 um? 1058048 ym? 825642 um?

(Volume) (5.98 IEQ) (5.98 IEQ)  (4.66 IEQ)

LCM Islets2 Area 776607 um? 1374966 uym? 825027 pm?

(Volume) (4.39 IEQ) (7771EQ)  (4.66 IEQ)

LCM Islets3 Area 879671 um2 1081700 um? 825164 um?

(Volume) (4.96 IEQ) (6.11 IEQ) (4.66 IEQ)

LCM Acinarl Area 1058810 ym? 1058048 ym? 825642 um?

(Volume) (5.98 IEQ) (5.98 IEQ) (4.66 IEQ)

LCM Acinar2 Area 776607 pum? 1374966 uym? 825027 um?

(Volume) (4.39 IEQ) (7T771EQ) (466 IEQ)

LCM Acinar3 Area 879671 pum? 1081700 uym? 825164 pm?

(Volume) (4.96 IEQ) (6.111EQ)  (4.66 IEQ)
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Page 28

The number of proteins identified in LCM islet and in LCM acinar tissue against the Beta Cell Gene Atlas-

BCGA (Transcriptome expression values for each gene were ranked on a scale of 0-100. Cutoffs for

expression level are as follows: enriched (>75), moderate (50-75), low (25-50) and no expression (<25) [40])

Expression BCGA  BCGA BCGA BCGA B-
level Duct  Exocrine  Pancreatic islets cell
LCM islets Enriched 288 965 997 556
Moderate 553 46 12 200
Low 168 25 16 93
No expression 88 61 66 248
LCM acinar Enriched 214 644 655 397
tissue
Moderate 348 19 7 124
Low 75 7 8 45
No expression 67 34 34 138
Proteins only  Enriched 93 394 423 187
identified in
LCM islets Moderate 292 30 7 95
Low 64 19 8 53
No expression 26 32 37 140
Proteins only  Enriched 19 74 76 28
identified in
LCM acinar  Moderate 49 4 2 19
tissue Low 10 0 0 5
No expression 5 5 5 31
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Signal transducer activity proteins identified in EIC islets but absent in LCM islets (Bold proteins were

Table 4

quantified in more than 10 EIC samples)

Uniprot ID  Protein name Gene name
P29992 Guanine nucleotide-binding protein subunit alpha-11 GNA11
Q14344 Guanine nucleotide-binding protein subunit alpha-13 GNA13
P63096 Guanine nucleotide-binding protein G(i) subunit alpha-1 GNAI1
P04899 Guanine nucleotide-binding protein G(i) subunit alpha-2 GNAI2
P08754 Guanine nucleotide-binding protein G(k) subunit alpha GNAI3
P09471 Guanine nucleotide-binding protein G(0) subunit alpha GNAO1
P50148 Guanine nucleotide-binding protein G(q) subunit alpha GNAQ
P19086 Guanine nucleotide-binding protein G(z) subunit alpha GNAZ
P36507 Dual specificity mitogen-activated protein kinase kinase 2 ~MAP2K2
P46734 Dual specificity mitogen-activated protein kinase kinase 3 ~MAP2K3
P45985 Dual specificity mitogen-activated protein kinase kinase 4 MAP2K4
095819 Mitogen-activated protein kinase kinase kinase kinase 4 MAP4K4
Q9H205 Olfactory receptor 2AG1 OR2AG1
Q03405 Urokinase plasminogen activator surface receptor PLAUR
060271 C-Jun-amino-terminal Kinase-interacting protein 4 SPAGY9
Q9Y6EOD Serine/threonine-protein kinase 24 STK24
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Table 5

Page 30

Extracellular region, extracellular matrix, and structural molecular activity proteins identified in LCM islets

but absent in EIC islets

J Proteomics. Author manuscript; available in PMC 2018 January 06.

Uniprot ID Protein name Gene name
Extracellular P02671 Fibrinogen alpha chain FGA
region P01871 Ig mu chain C region IGHM
P01857 lg gamma-1 chain C region IGHG1
P20774 Mimecan OGN
AOAO0AOMS12  Protein IGHV4-34 (Fragment) IGHV4-34
P01859 g gamma-2 chain C region IGHG2
pP25311 Zinc-alpha-2-glycoprotein AZGP1
P02652 Apolipoprotein A-11 APOA2
P01876 Ig alpha-1 chain C region IGHAL
P01008 Antithrombin-111 SERPINC1
P01019 Angiotensinogen AGT
P06727 Apolipoprotein A-1V APOA4
P04196 Histidine-rich glycoprotein HRG
P51884 Lumican LUM
POCG06 Ig lambda-3 chain C regions IGLC3
075830 Serpin 12 SERPINI2
P02765 Alpha-2-HS-glycoprotein AHSG
P05155 Plasma protease C1 inhibitor SERPING1
P02675 Fibrinogen beta chain FGB
P51888 Prolargin PRELP
P01860 g gamma-3 chain C region IGHG3
Extracellular P20774 Mimecan OGN
matrix P02462 Collagen alpha-1(1V) chain COL4A1
P08572 Collagen alpha-2(I1V) chain COL4A2
P51884 Lumican LUM
P51888 Prolargin PRELP
P02790 Hemopexin HPX
Structure P09493 Tropomyosin alpha-1 chain TPM1
molecular activity P13646 Keratin, type | cytoskeletal 13 KRT13
Q9H1K4 Mitochondrial glutamate carrier 2 SLC25A18
P02538 Keratin, type Il cytoskeletal 6A KRT6A
Q5T749 Keratinocyte proline-rich protein KPRP
P19013 Keratin, type Il cytoskeletal 4 KRT4
P13647 Keratin, type Il cytoskeletal 5 KRT5
P08729 Keratin, type Il cytoskeletal 7 KRT7
Q04695 Keratin, type | cytoskeletal 17 KRT17
Q8N1N4 Keratin, type 11 cytoskeletal 78 KRT78
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Uniprot ID Protein name Gene name
P12035 Keratin, type Il cytoskeletal 3 KRT3
P05787 Keratin, type Il cytoskeletal 8 KRT8
P04259 Keratin, type Il cytoskeletal 6B KRT6B
Q13835 Plakophilin-1 PKP1
P35527 Keratin, type | cytoskeletal 9 KRT9
AGNMB1 Sialic acid-binding lg-like lectin 16 ~ SIGLEC16
P04264 Keratin, type Il cytoskeletal 1 KRT1
P13645 Keratin, type | cytoskeletal 10 KRT10
Q86YZ3 Hornerin HRNR
P35908 Keratin, type Il cytoskeletal 2 KRT2
epidermal

P08779 Keratin, type | cytoskeletal 16 KRT16
P02533 Keratin, type | cytoskeletal 14 KRT14
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