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A B S T R A C T   

Oesophageal adenocarcinoma (OAC) is an aggressive cancer with a five-year survival of <15%. Current 
chemotherapeutic strategies only benefit a minority (20-30%) of patients and there are no methods available to 
differentiate between responders and non-responders. We performed quantitative proteomics using Sequential 
Window Acquisition of all THeoretical fragment-ion spectra-Mass Spectrometry (SWATH-MS) on albumin/IgG- 
depleted and non-depleted plasma samples from 23 patients with locally advanced OAC prior to treatment. 
Individuals were grouped based on tumour regression (TRG) score (TRG1/2/3 vs TRG4/5) after chemotherapy, 
and differentially abundant proteins were compared. Protein depletion of highly abundant proteins led to the 
identification of around twice as many proteins. SWATH-MS revealed significant quantitative differences in the 
abundance of several proteins between the two groups. These included complement c1q subunit proteins, C1QA, 
C1QB and C1QC, which were of higher abundance in the low TRG group. Of those that were found to be of higher 
abundance in the high TRG group, glutathione S-transferase pi (GSTP1) exhibited the lowest p-value and highest 
classification accuracy and Cohen's kappa value. Concentrations of these proteins were further examined using 
ELISA-based assays. This study provides quantitative information relating to differences in the plasma proteome 
that underpin response to chemotherapeutic treatment in oesophageal cancers. 
Significance: Oesophageal cancers, including oesophageal adenocarcinoma (OAC) and oesophageal gastric 
junction cancer (OGJ), are one of the leading causes of cancer mortality worldwide. Curative therapy consists of 
surgery, either alone or in combination with adjuvant or neoadjuvant chemotherapy or radiation, or combination 
chemoradiotherapy regimens. There are currently no clinico-pathological means of predicting which patients 
will benefit from chemotherapeutic treatments. There is therefore an urgent need to improve oesophageal cancer 
disease management and treatment strategies. This work compared proteomic differences in OAC patients who 
responded well to chemotherapy as compared to those who did not, using quantitative proteomics prior to 
treatment commencement. SWATH-MS analysis of plasma (with and without albumin/IgG-depletion) from OAC 
patients prior to chemotherapy was performed. This approach was adopted to determine whether depletion 
offered a significant improvement in peptide coverage. Resultant datasets demonstrated that depletion increased 
peptide coverage significantly. Additionally, there was good quantitative agreement between commonly 
observed peptides. Data analysis was performed by adopting both univariate as well as multivariate analysis 
strategies. Differentially abundant proteins were identified between treatment response groups based on tumour 
regression grade. Such proteins included complement C1q sub-components and GSTP1. This study provides a 
platform for further work, utilising larger sample sets across different treatment regimens for oesophageal 
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cancer, that will aid the development of ‘treatment response prediction assays’ for stratification of OAC patients 
prior to chemotherapy.   

1. Introduction 

Oesophageal cancers, including oesophageal adenocarcinoma (OAC) 
and oesophageal gastric junction cancer (OGJ), are one of the leading 
causes of cancer mortality worldwide, with a poor 5-year survival rate 
(globally <20%; developed countries <10%) [1]. It is asymptomatic in 
early stages and has no biomarkers for its early detection which leads to 
late diagnosis and poor prognosis resulting in high mortality rate. In 
2018, there were an estimated 85,000 new cases of OAC globally (age- 
standardised incidence rates 0.9 per 100,000, both sexes combined) [2]. 
The burden of OAC is expected to rise dramatically and surpass oeso-
phageal squamous cell carcinoma, in high-income countries by 2020 
[3], with an accompanying rise in the number of patients seeking 
treatment. Curative therapy consists of surgery, either alone or in 
combination with adjuvant or neoadjuvant chemotherapy or radiation, 
or combination chemoradiotherapy regimens (neoCRT) [4,5]. However, 
only a minority of patients respond to such treatments, meaning the 
majority (70–80%) of patients will experience treatment-related toxicity 
and delay to surgery with no clinical benefit [6,7]. There are currently 
no clinico-pathological means of predicting which patients will benefit 
from chemotherapeutic treatments. There is therefore an urgent need to 
improve oesophageal cancer disease management and treatment 
strategies. 

Cancer progression and treatment response involve multi-step pro-
cesses originating from interactions between the tumour and various 
host cell types and extracellular factors [8]. Moreover, persistent sys-
temic inflammation has been implicated as a possible mechanism of 
resistance to neoCRT [9]. Circulating plasma proteins reflect systemic 
events such as inflammation and angiogenesis and are more amenable to 
routine interrogation than tumour tissues. Plasma proteins such as C- 
reactive protein (CRP; [10]), soluble interleukin-6 receptor (sIL6R; [11]) 
and vascular endothelial growth factor (VEGF; [12]) have all demon-
strated prognostic potential in oesophageal cancer. In addition to this, 
there is evidence that plasma proteins can serve as potential prognostic 
markers for other forms of cancers such as transforming growth factor 
beta 1 (TGFβ1) in triple negative breast cancer [13]. 

Although useful, the previous studies have not comprehensively 
examined changes in the concentrations of plasma proteins prior to 
oesophageal cancer treatment. In this study we quantitatively profiled 
the plasma proteomes of individuals undergoing chemotherapy treat-
ment. This includes (mostly MAGIC trial regimen using etoposide, 
cisplatin or oxaliplatin, and fluorouracil or capecitabine [14], or in a few 
cases the FLOT regimen consisting of docetaxel, oxaliplatin, leucovirin, 
and 5-fluorouracil [15] or Folfox regimen consisting of folinic acid 5-flu-
oruracil and oxaliplatin [16]. Despite some differences in the drug 
combinations these chemotherapeutic regimens are known to target 
rapidly dividing cells and have been shown to be useful for the treatment 
of OAC, leading to tumour regression. Quantitative proteomic analysis 
was performed using SWATH-MS (Sequential Window Acquisition of All 
Theoretical Mass Spectra), a data-independent acquisition (DIA)-based 
method. DIA-based quantitative proteomics represents a powerful tool 
for identifying the cellular and molecular changes that underlie a dis-
ease; this is particularly useful in understanding the pathophysiology of 
cancers and options for their treatment. Here we have used both 
albumin/IgG-depleted and non-depleted pre-treatment plasma samples 
to identify differentially abundant proteins in samples grouped accord-
ing to Mandard tumour regression grade (TRG, with TRG 1 indicating no 
residual cancer cells, TRG 2 indicating rare residual cells, TRG 3 rep-
resenting an increase in the number of residual cancer cells, but fibrosis 
still predominates, TRG 4 where cancer outgrows fibrosis, and TRG 5 
represents a complete absence of regressive changes; [17]). The patients 

were surgically treated (after chemo) and the TRG was performed on 
resected specimens. This work details proteomic differences that may 
underpin treatment responses. These in the future could be used to 
predict response to treatment and allow the development of diagnostic 
tools to guide personalised treatment options for oesophageal cancer. 

2. Methods 

2.1. Ethical approvals and clinical cohort information 

This study was approved by the School of Medicine Ethics Commit-
tee, University of St Andrews (Ref: MD9202). Samples were obtained 
from the Upper Gastrointestinal Trinity Biobank, Trinity Translational 
Medicine Institute, Trinity College Dublin, St James' Hospital, Dublin, 
with approval from Tallaght/St James's Hospital committee (reference: 
2011/27/01). All methods outlined were performed in accordance with 
the relevant ethical guidelines and regulations. A cohort of 23 patients 
(mostly males) with locally advanced OAC or OGJ cancers were 
included for clinical analysis, and these underwent proteomic analysis 
upon giving informed consent (see Table 1). This cohort received pre- 
and post-operative chemotherapy as per the MAGIC, FLOT or Folfox 
regimen. The cohort was grouped based on TRG status (TRG1/2/3 vs 
TRG 4/5). The clinical TNM (tumour/node/metastasis) stage for each 
patient where known is provided in Table S1. 

2.2. Experimental design and statistical rationale for SWATH-MS 

This experiment aimed to identify proteomic differences in plasma 
that may underlie (or potentially predict) chemotherapy treatment 
outcomes in OAC patients. Plasma was prepared from whole blood 
collected in EDTA Vacutainer tubes (BD, Wokingham, UK) taken after 
diagnosis but prior to chemotherapy. Both non-depleted and albumin/ 
IgG-depleted plasma samples were used. Albumin/IgG depletion was 
performed according to manufacturer's instructions using albumin/IgG 
depletion spin trap columns (Cytiva, Marlborough, MA, USA). These 
were analysed independently and grouped based upon the TRG score 
(grades 1/2/3 vs grades 4/5) after treatment. It was not possible to 
group samples based on post-treatment survival time as detailed data for 
this parameter was not available for all samples. A sample-specific li-
brary was made by pooling all samples for a comprehensive represen-
tation of the cohort. 

Table 1 
Demographic information on the patient cohort by study group.   

TRG 1/2/3 
(n = 8) 

TRG 4 and 5 
(n = 15) 

Mean age (years) 62.9 ± 14.0 63.0 ± 8.9 
Sex (no. of males) 7 15 
Cancer type (no. of individuals)   

Oesophageal adenocarcinoma 6 13 
Gastro-oesophageal junction cancer 2 2 

Neo-adjuvant treatment (no. of individuals)   
MAGIC 6 13 
FLOT 2 1 
Folfox 0 1 

TRG Score (no. of individuals)   
=1 3 0 
=2 4 0 
=3 1 0 
=4 0 9 
=5 0 6 

Lymphovascular invasion (no. of individuals) 1 11 
Disease recurrence (no. of individuals) 1 12  
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2.3. Sample preparation for mass spectrometry 

Plasma containing 30 μg of total protein was prepared for mass 
spectrometric analysis. For this, plasma proteins were denatured in a 
final concentration of 5 M urea, 2% sodium deoxycholate and 50 mM 
ammonium bicarbonate. Proteins were reduced and alkylated with 5 
mM tris (2-carboxyethyl) phosphine followed by 5 mM iodoacetamide. 
The reaction was quenched with 10 mM dithiothreitol. Samples were 
diluted with 50 mM ammonium bicarbonate to a final urea concentra-
tion of 1.5 M. The resulting samples were then digested with trypsin 
(0.2 μg/μl trypsin, 1:50 ratio (w/w); Promega, Southampton, UK) 
overnight at 30 ◦C. Finally, 0.5% (v/v) trifluoroacetic acid (TFA) was 
added. Peptides were desalted using a C18 SepPak cartridge (Waters, 
Elstree, UK). An aliquot of the peptides in each sample was kept separate 
for the SWATH analysis. The remaining peptides were pooled for a 
spectral library generation. The solvent in each sample was removed 
using a SpeedVac (Thermo Fisher Scientific, Loughborough, UK). 
SWATH-MS was performed on equal amounts of peptides (3 μg) from 
both albumin/IgG-depleted and non-depleted plasma. 

2.4. LC-ESI-MSMS analysis for spectral library generation 

Peptides used for the library generation were separated using high 
pH reversed phase fractionation. The pooled, dried peptides were then 
resuspended in 100 μl buffer A, consisting of 10 mM ammonium 
formate, 2% acetonitrile, pH 10.0. Peptides were then fractionated on a 
XBridge C18 column (4.6 × 100 mm, 5 μm, Waters) at 1 ml/min with the 
following gradient: linear gradient of 4–28% buffer B (10 mM ammo-
nium formate, 90% acetonitrile, pH 10.0) for 36 min, then 28–50% B for 
8 min, followed by 100% B for a further 5 min to wash the column, 
before re-equilibration in 100% buffer A for 10 min. Fractions of 0.5 ml 
were collected every 30 s. The UV chromatogram was inspected and 
fractions pooled to give 25 fractions across the elution profile. The 
pooled fractions were dried and resuspended in 0.1% FA for mass 
spectrometric analysis. 

The fractions were analysed individually on a Sciex TripleTOF 
5600+ system mass spectrometer (Sciex, Framingham, MA, USA) 
coupled to an Eksigent nanoLC AS-2/2Dplus system, in data dependent 
mode, to achieve in depth identification of proteins. Additionally, 1 μg of 
peptides from each individually digested sample for the SWATH analysis 
were combined and analysed in data dependent mode. Prior to mass 
spectrometric analysis, reference iRT peptides (Biognosys, Schlieren, 
Switzerland) were added to each sample according to the manufacturer's 
specifications to allow correction of retention times. The samples were 
loaded in loading buffer (2% acetonitrile, 0.05% trifluoroacetic acid) 
and bound to an Acclaim Pepmap 100 μm × 2 cm trap (Thermo Fisher 
Scientific), and washed for 10 min to waste, after which the trap was 
turned in-line with the analytical column (Acclaim Pepmap RSLC 75 μm 
× 15 cm). The analytical solvent system consisted of buffer A (2% 
acetonitrile, 0.1% FA in water) and buffer B (2% water, 0.1% FA in 
acetonitrile) at a flow rate of 300 nl/min, with the following gradient: 
linear 1–20% of buffer B over 90 min, linear 20–40% of buffer B over 30 
min, linear 40–99% of buffer B over 10 min, isocratic 99% of buffer B for 
5 min, linear 99–1% of buffer B over 2.5 min and isocratic 1% solvent 
buffer B for 12.5 min. The mass spectrometer was operated in data- 
dependent analysis (DDA) top 20 positive ion mode, with 250 and 
150 ms acquisition time for the MS1 (m/z 400–1200) and MS2 (m/z 
230–1800) scans respectively, and 15 s dynamic exclusion. Rolling 
collision energy with a collision energy spread of 5 eV was used for 
fragmentation. The data was searched against SwissProt (accessed 
January 2019), restricted to human proteins (42,407 proteins) using the 
Mascot Algorithm with the following search parameters: trypsin as the 
cleavage enzyme (/K-\P and /R-\P) and carbamidomethylation as a 
fixed modification of cysteines and oxidation as variable modification. 
Peptide mass tolerance was set to 20 ppm with fragment mass tolerance 
set to 0.1 Da. Note that the iRT peptides were included in this database. 

2.5. SWATH-MS data acquisition 

For SWATH-MS data acquisition, the same mass spectrometer and 
LC-MS/MS setup was used essentially as described above but operated in 
SWATH mode. The method uses 100 windows of variable Da effective 
isolation width with a 1 Da overlap as specified by Sciex. Each window 
has a dwell time of 150 ms to cover the mass range of 400–1250 m/z in 
TOF-MS mode and MS/MS data is acquired over a range of 230–1800 m/ 
z with high sensitivity setting and a dwell time of 35 ms, resulting in a 
cycle time of 3.7 s. The collision energy for each window was set using 
the collision energy of a 2+ ion centred in the middle of the window 
with a spread of 5 eV. 

2.6. Data processing and availability 

Identified proteins within Mascot were imported into Skyline 
21.10.146 for spectral library generation. SWATH-MS results were 
mapped against this library. Skyline parameters were chosen as follows: 
Peptide settings (trypsin digestion with 1 missed cleavage, human as 
background proteome, carbamidomethylation (C) and oxidation (M) as 
modifications); Transition settings (2+ and 3+ precursor charges, 1+ and 
2+ ion charges, b and y ions and precursor. Six transitions were selected 
per peptide. The peak area was normalized based on the median value. 
Moderated t-tests with an empirical Bayes estimate of the variance were 
performed in R (version 4.1.1) with the limma (version 3.48.3) package 
[18]. The implementation of the Linear discriminant analysis (LDA) 
classifier with repeated stratified K-fold cross-validation was imple-
mented with a scikit-learn python package (version 0.24.1) [19]. The 
mass spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE Partner Repository [20], with the 
dataset identifier PXD032137. 

2.7. Enzyme-linked immunosorbent assays (ELISAs) 

ELISAs were performed on the patient plasma samples using 
commercially available kits for human complement component C1q and 
human glutathione S-transferase pi-1 (GSTP1; Cloud-Clone Corp., 
Buckingham, UK). Samples were centrifuged at 13,000 ×g for 10 min 
and the supernatant used for analysis. The assay was performed in 
accordance with the manufacturer's instructions. 

3. Results 

3.1. Comparison of proteomic data from depleted vs non-depleted plasma 
samples taken from patients prior to undergoing chemotherapy for OAC 

For SWATH-MS quantitation, cohort-specific reference spectral li-
braries were generated for both depleted and non-depleted sample sets 
(for use as a reference in generating peptide query parameters for the 
peptide centric analysis of the data) by data-dependent acquisition 
analysis of the plasma proteins. To determine the differences in levels of 
peptides/proteins present across the different TRG groups, we measured 
quantitative proteome profiles using albumin/IgG-depleted and non- 
depleted plasma for each individual sample by SWATH-MS. The resul-
tant data were log2 transformed and then normalized using median 
normalization at the protein and peptide level for non-depleted data and 
depleted data, respectively. As shown in Figs. S1, S2, normalization 
effectively scaled the patient samples to the same median and stabilised 
variance across the mean abundance of proteins and peptides. Com-
parison of the obtained quantitative data identified 1640 and 2870 
peptides (1% FDR) in non-depleted and depleted samples, respectively. 
These represented 330 proteins in non-depleted samples and 537 pro-
teins in depleted samples. There was a significant overlap between the 
two datasets where 1529 peptides (from 295 proteins) were consistently 
found in both non-depleted and depleted data (Fig. 1A). The Bland- 
Altman analysis was performed for estimating the degree of 
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concordance between the measurement of relative protein abundance 
level for commonly found 295 proteins. As shown in Fig. 1B, the mean 
difference is − 2.7, which implies, on average depleted samples have 2.7 
units higher in relative protein abundance than non-depleted samples. 
Most of the proteins lie in 95% limits of agreement, which are [− 6.85, 
1.45], except for outlier proteins that are likely to have been affected by 
depletion, as shown in Table S2. Comparing the distributions of the 
means of proteins between non-depleted and depleted data (Fig. 1C), 
consistently found proteins showed higher mean in depleted data than 
non-depleted data. The correlation of relative protein abundance for 
consistently found proteins between non-depleted and depleted samples 
is shown in Fig. 1D (Pearson correlation coefficient = 0.84). Following 
both protein and peptide normalization steps, serum albumin and 
immunoglobin proteins/peptides were relatively more abundant in the 
non-depleted data than in the depleted data, as expected. 

3.2. Quantitative analysis of proteins from plasma taken from OAC 
patients prior to undergoing chemotherapy 

3.2.1. Univariate analysis 
Relative protein abundance in non-depleted plasma samples was 

compared between low and high TRG groups (Fig. S4). Note that in our 
study most patients exhibited tumour staging at T3 (specifically, 18 out 
of the 23 patients). As such it is extremely unlikely that this had any 
implications on treatment success prediction analysis in our study. Of 
the proteins consistently quantified, the relative abundance of a total of 

14 unique proteins were statistically significantly altered (p-value 
<0.05) between TRG1/2/3 and TRG4/5 groups. The quantitative data 
for all differentially abundant proteins is presented. The proteins he-
moglobin subunit beta (HBB), complement C1r like subcomponent 
(C1RL) and Fc gamma binding protein (FCGBP), where quantitation was 
based on more than one peptide, exhibited differences in relative 
abundance between the two groups. Relative protein abundance in 
depleted plasma samples was also compared between low and high TRG 
groups. A volcano plot showing a comparison of the relative abundance 
of plasma proteins between TRG1/2/3 and TRG4/5 is presented in 
Fig. 2A. Of the proteins consistently quantified, the relative abundance 
of a total of 24 unique proteins (12 based on data from more than one 
peptide) were statistically significantly altered (p-value <0.05) between 
TRG1/2/3 and TRG4/5 groups. Multiple hypothesis testing was also 
performed with the respective q-values calculated. However, these were 
too stringent for this study given the sample size and as such were not 
used in determining significance. Adjusted p-values (q-values) were 
computed to control the False Discovery Rate (FDR) using the 
Benjamini-Hochberg method. The quantitative data for all differentially 
abundant proteins is presented in Fig. 2B. Box-and-whisker plots 
showing the relative abundance of differentially abundant proteins in 
the two groups where data is based on more than one peptide [gluta-
thione S-transferase pi (GSTP1), complement c1q subunit C (C1QC), 
transforming growth factor-beta induced protein (BGH3), complement 
c1q subunit B (C1QB), cytochrome C oxidase II (CO2), fibrillin-1 (FBN1), 
vasorin (VASN), complement 4 binding protein alpha (C4BPA), cystatin 

Fig. 1. Comparison of proteomic data from depleted vs. non-depleted plasma samples. Grey represents peptides or proteins that are detected in both non-depleted 
data and depleted data. Yellow and blue indicate peptides or proteins that are uniquely existing in non-depleted data and depleted data, respectively. A. Venn 
diagrams of 1640 and 2870 peptides, 330 and 537 proteins in non-depleted data and depleted data, respectively. B. Bland-Altman Plot showing agreement between 
depleted and non-depleted data (log2 relative abundance) for commonly found proteins. C. Overlay histograms of means of commonly found proteins from non- 
depleted data and depleted data. D. Scatterplot coloured by density shows the correlation between depleted and non-depleted data for all common proteins. 
Note that albumin and immunoglobins have a higher abundance in non-depleted data than in depleted data as expected. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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M (CYTM), limbic system associated membrane protein (LSAMP), C- 
reactive protein (CRP) and calmodulin-like protein 5 (CALL5)], is shown 
in Fig. 2C. 

3.2.2. Multivariate analysis 
In addition to the univariate analysis, the LDA classifier that predicts 

sample class based on multiple predictor variables is applied. To fit this 
classifier, relative peptide abundance that are from the same protein are 
considered as predictor variables and TRG1/2/3 and TRG4/5 as two 
sample classes. Cross-validation was used to test the ability of the LDA 
classifier to make predictions on data that are not used for fitting the 

model. Thus, for each protein, an LDA model is fitted with a repeated 
stratified K-fold cross-validator to examine the model performance. 
Patient samples are randomly partitioned into K (K = 4) segments. K-1 
segments (75% of patients) are used for training the LDA model and the 
remaining one segment (25% of patients) is used as a held-out segment 
for testing the predictions. The testing here is a comparison of pre-
dictions with actual TRG groups. The fraction of correctly classified 
samples is recorded as a classification accuracy score, e.g., a classifica-
tion accuracy score of 0.8 implies that 80% of patients in the held-out 
segment are allocated correctly. The partitioning into K groups of sam-
ples is done using a stratified sampler to ensure the proportional 

Fig. 2. Relative abundance of proteins in depleted plasma based on the univariate analysis comparing samples from individuals with low (1/2/3) and high (4/5) TRG 
scores. A. Volcano plot showing log2-fold change (x-axis) versus negative log10 of p-value (y-axis). Red highlighted dots represent proteins with p-value <0.01 
identified by the empirical Bayes test. B. Quantitative data for proteins with p-value <0.05. The columns represent the following: n = number of peptides identified 
from depleted plasma sample; n (shared) = number of peptides that are commonly found in non-depleted plasma samples). C. Boxplots showing the relative ex-
pressions of differentially expressed proteins between TRG1/2/3 and TRG4/5 groups. Only those proteins where quantification is based on more than one peptide are 
shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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representation of the low and high TRG patients in the K segments. After 
K iterations, each K segment has been held out for testing, thus K clas-
sification accuracy scores are generated for each cross-validator. This K- 
fold cross-validation by stratified-random partitioning is repeated 100 
times. The accuracy score presented in Fig. S4A and Fig. 3A represents 
the average of 400 classification accuracy scores that are from 100 re-
peats of four held-out testing sets. Cohen's kappa statistics, which 
compares the accuracy of LDA with an accuracy of purely random 
guessing is also computed [21]. The average kappa statistics and con-
fidence interval are calculated to measure the consistency of predictions 
in 400 held out sets, ranging from − 1(total disagreement) through 
0 (random classification to 1(total agreement). Three proteins exhibited 
an average Cohen's kappa value >0.35 in non-depleted plasma samples; 
these were IGI, APOD and TETN. Box-and-whisker plots showing the 

relative abundance of these three proteins is shown in Fig. S5B. Multi-
variate analysis of the depleted plasma peptide data was also performed 
using the LDA model. Fourteen proteins exhibited an average kappa 
value >0.35. These were GSTP1, Golgi-associated plant pathogenesis 
related protein 1 (GAPR1), immunoglobulin kappa joining 1 (KJ01), Sp9 
transcription factor (SP9), C1QC, alpha-1 antitrypsin (A1AT), prolyl 
endopeptidase FAP (SEPR), selenoprotein P (SEPP1), complement c1q 
subunit A (C1QA), immunoglobulin kappa variable 1–27 (KV127), 
alpha-enolase (ENOA), immunoglobulin heavy-chain variable 1–8 pro-
tein (HV108), acyl carrier protein phosphodiesterase (ACPH) and C1QB 
(Fig. 3A). Box-and-whisker plots showing the relative abundance of 
proteins, where data is based on more than one peptide is shown in 
Fig. 3B. Interestingly, nine proteins displayed both significant differen-
tial abundance at the protein level and high accuracy at the peptide level 

Fig. 3. Prediction of low or high TRG score groups from proteins with multiple peptides in the depleted data. A linear discriminant analysis (LDA) classifier is applied 
to all peptides from the protein. A. Table presents the results of the LDA classifier for the proteins that have the highest average Cohen's kappa. The proteins are 
ranked by the average Cohen's kappa and the top hits are listed. The columns represent the following: CI = confidence interval; n = the number of peptides identified 
from depleted plasma sample; n (shared) = the number of peptides that are commonly found in non-depleted plasma samples). B. Linear discriminant scores 
regarding low (1/2/3) and high (4/5) TRG scores groups. Significant differences along the first linear discriminant LD1 were detected for all the selected proteins, 
suggesting that low and high TRG score groups can be very well separated by the weighted sum of relative peptide expression level from each protein, as shown 
in Fig. S6. 
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when comparing the two groups. These include GSTP1, GAPR1, KJ01, 
SP9, C1QC, SEPR, KV127, ENOA and C1QB. A list of all differentially 
abundant proteins (abbreviations and protein descriptions) is provided 
in Table S3. 

3.3. Functional annotation of differentially expressed proteins 

Pathway enrichment analysis of plasma proteins (depleted and non- 
depleted) displaying differential abundance between TRG 1/2/3 vs TRG 
4/5 groups was performed using Metascape (https://metascape.org; 
[22]). This is an over-representation analysis that statistically de-
termines whether proteins from certain pathways are enriched in the 
data. Top clusters along with their representative enriched terms were 
selected. Resultant regulated pathways in TRG 1/2/3 group are shown 
in Fig. 4A and those that are regulated in TRG 4/5 are shown in Fig. 4B. 
The results show that the proteins that are expressed at higher levels in 
patients under TRG 1/2/3 group are enriched in biological processes 
related to “C1Q complex”, “Platelet degranulation”, “Selenium micro-
nutrient network”, “Negative regulation of endopeptidase activity” and 
“Monocarboxylic acid metabolic process”. Proteins that are of higher 
abundance in patients within the TRG4/5 group are involved in pro-
cesses such as “Regulation of superoxide metabolic process”, “Naba 
extracellular matrix glycoproteins”, “Complement cascade”, “Response 
to reactive oxygen species”, “Angiogenesis”, “Negative regulation of 
Immune system”, “Hemostasis”, “Negative regulation of cell differenti-
ation” and “Response to hormone”. 

3.4. Determination of plasma concentrations of complement component 
C1q complex in patient samples 

Of the proteins that exhibited differing mean relative abundances 
between groups, C1q (complex) and GSTP1 were chosen for further 
analysis. To validate the findings from the SWATH-MS analysis, ELISA 
assays were carried out on the non-depleted plasma samples. The 
resultant data are shown in Fig. 5. Statistically significant differences in 
the concentrations of C1q complex and GSTP1 were observed in 
agreement with the SWATH-MS data. Moreover, the predictive 

performance of c1q complex was examined and compared with C1QA, 
C1QB and C1QC subunits. As illustrated in Fig. 5B, greater separation 
along the first linear discriminant was observed when using relative 
abundance of all the peptides from c1q protein complex as features. 

4. Discussion 

To our knowledge, this is the first SWATH-MS-based clinical study to 
directly compare results obtained from both depleted and non-depleted 
plasma samples. Depletion led to the identification and relative quan-
titation of many more peptides/proteins (~2-times as many) than could 
be observed when analysing the non-depleted plasma. We assume that 
removal of highly abundant proteins such as albumin and IgG facilitated 
the enhanced detection of lower abundant peptides, thereby increasing 
proteomic coverage. A comparison of peptides identified in both 
depleted and non-depleted samples showed a high level of agreement in 
the measurement obtained using linear regression, suggesting that 
although depletion would be expected to alter the variability of some 
proteins (i.e., those that bound to the column which included albumin, 
IgG proteins and ATP binding cassette subfamily member 1) it did not 
significantly alter the relative abundance of the vast majority of proteins 
in plasma. Thus, our study supports the utilisation of protein depletion 
as a viable strategy to gain higher peptide/protein coverage in plasma 
using SWATH-MS or similar approaches. However, one of the limitations 
of the depletion approach is that the relative quantitation of depleted 
proteins (i.e. albumin or IgGs) is unlikely to be reflective of the pre- 
depletion levels of these specific proteins. It is noteworthy that we did 
not observe any differential abundance of these proteins between high 
and low TRG groups in our non-depleted samples. 

It was evident from the clinical data that patients who would go on to 
have a higher TRG score (which equates to a lower degree of tumour 
regression after chemotherapy) were more likely to have tumours that 
developed lymphovascular invasion and have recurrence of disease. To 
examine whether there are any plasma proteomic differences between 
groups with high and low TRG, the quantitative proteomic data for in-
dividuals in each group were compared and differences in several pro-
teins were observed between these groups. Univariate analysis of the 

Fig. 4. Enriched Ontology Clusters of significantly altered proteins. 
Enriched pathway clusters developed from all plasma proteins that display significantly altered expression levels between individuals with low (1/2/3) and high (4/ 
5) TRG scores. A. Pathways related to all upregulated proteins in individuals with TRG1/2/3 and B. Pathways related to all upregulated proteins in individuals with 
TRG 4/5. 
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non-depleted data revealed 14 plasma proteins that had significantly 
different abundance between those with a low TRG compared to a high 
TRG (p-value <0.05). However, it is important to add that the results of 
11 of these were based on only one detected peptide. Multivariate 
analysis of proteins (where more than one peptide was detected) was 
also performed but did not identify any proteins with high classification 
accuracy in the non-depleted dataset. 

With the albumin/IgG-depleted sample set, we obtained much richer 
data characterised by increased peptide/protein coverage and a higher 
signal-to-noise ratio, which allowed the identification of differentially 
abundant proteins between low and high TRG groups. Differentially 
abundant proteins based on the measurement of multiple peptides were 
prioritised for further discussion here. Proteins that exhibited differen-
tial abundance between groups using multi-variate analysis included 
GSTP1, SEPR, BGH3, CO2 and eukaryotic translation initiation factor 6 
(IF6), which were present at a lower concentration, and C1QA, C1QB, 
C1QC, SP9, GAPR1, immunoglobulin heavy variable 3–43 (HV343) and 
KV127, which were present at a higher concentration in patients with a 
lower TRG score after chemotherapy. Among these, the three C1q pro-
teins (C1QA, C1QB and C1QC) were perhaps the most notable as they 
together form the functional C1q complex. Complement factor C1q, 
together with C1r and C1s form the C1 complex, the first component in 
the classical complement pathway. C1q is composed of six identical 
subunits, each of which is composed of three different polypeptide 
chains, C1qA, C1qB and C1qC [23]. All three C1q component proteins 
were more abundant in the plasma of individuals with low TRG scores 
compared to high TRG scores, suggesting it may play a role in reducing 
oesophageal cancer severity and could serve as a positive prognostic 
indicator for this cancer type. Using an ELISA-based assay, the levels of 
C1q complex were also found to be higher in samples from those who 
would go on to develop a lower TRG score after chemotherapy. Acti-
vation of the classical pathway occurs when C1q binds to an antigen- 
antibody complex [23]. However, C1q can also exert functions unre-
lated to complement activation. In cancer, C1q is expressed in the 
stroma and vascular endothelium of several human malignant tumours 
[24]. Other proteomic studies have identified C1q as a potential prog-
nostic indicator. In lung and kidney cancer and in glioma, higher C1q 
levels are associated with a negative prognosis [25,26]. Conversely, in 
breast cancer and some types of lung cancer, as with our study, higher 
C1q levels are associated with a more positive prognosis [27,28]. C1q is 
an important modulator of inflammation and cytokine secretion. What is 
not clear is whether (and when) C1q is protective against or supportive 
of cancer progression [27]. C1q can be detrimental to cancer cell 
viability via cell lytic mechanisms [29,30]. However, C1q can also exert 
tumour-promoting functions independent of classical pathway activa-
tion, as observed for some types of cancers [23,31,32]. 

Glutathione S-transferase pi-1 (GSTP1) was identified from our 
multivariate analysis as the protein exhibiting most significantly 
different abundance in plasma between groups (highest accuracy and 

Cohen's kappa value). This finding was further corroborated by ELISA 
using non-depleted plasma samples. Higher GSTP1 levels were found in 
individuals with a high TRG score and was thus associated with a poorer 
prognosis from those in our study. GSTP1 is a member of a family of 
enzymes that play an important role in detoxification by catalysing the 
conjugation of hydrophobic and electrophilic compounds with reduced 
glutathione [33]. GSTP1 is a polymorphic gene encoding active, func-
tionally different GSTP1 variant proteins that function in xenobiotic 
metabolism and play a role in susceptibility to cancer, and other diseases 
[33]. Various members of the glutathione S-transferase (GST) family 
have been reported as being overexpressed in several cancers and in 
most cases have been linked to poor prognosis and chemoresistance 
[34–37]. GSTP1 is involved in cell maintenance, cell survival and the 
cellular stress response via the NF-κB and MAP kinase pathways during 
tumour progression. Furthermore, GSTP1 knockdown in cervical cancer 
cells showed that evasion of apoptosis was affected, and tumour pro-
liferation was significantly reduced [38]. Further work is required to 
fully understand the role of GSTP1 and its prognostic relevance in OAC 
and other cancer types. 

Among the other proteins that displayed altered abundance between 
the two groups based on the univariate analysis, BGH3, CO2, C4BPA, 
LSAMP, CALL5, CRP, FBN1, and VASN were found to be of higher 
abundance on average in plasma from patients with a high TRG score 
after treatment. BGH3 is thought to play a role in angiogenesis which is 
important for tumour growth and expansion [39]. A microarray study 
conducted by He et al. identified significant up-regulation of BGH3 in 
oesophageal squamous cell carcinoma (OSCC) [40]. CO2 is predicted to 
be involved in regulation of mitochondrial electron transport and has 
been implicated in cancer progression [41]. C4BP (complement 
component 4 binding protein) is a glycoprotein responsible for regu-
lating the classical pathway of the complement system, which exists as 
distinct isoforms made up of alpha and beta subunits; C4BPA, which 
exhibited differential plasma abundance between groups in our study, 
encodes the alpha chain [42]. A recent study by Sogawa et al. demon-
strated that the sera levels of C4BPA was significantly higher in the 
preoperative Pancreatic ductal adenocarcinoma (PDAC) patients than in 
the postoperative ones, C4BPA was also significantly higher in PDAC 
patients in comparison to healthy controls [43]. LSAMP has been re-
ported to be a candidate tumour suppressor gene in a range of cancer 
types [44–48]. Interestingly, the downregulation of LSAMP expression 
in cancer cell lines is associated with poor survival prognosis by pro-
moting lung cancer progression [49]. CALL5 is also thought to have 
tumour suppressor activities and is silenced at an early stage of carci-
nogenesis in squamous cell carcinoma of uterine cervix [50]. However, 
in our study a higher abundance of LSAMP and CALL5 in plasma were 
associated with a relatively poorer prognosis for oesophageal cancer. 
How plasma LSAMP and CALL5 levels relate to the cellular expression/ 
activities of these proteins is unknown but it is possible that they may 
not correlate positively. CRP is a classical inflammatory marker 

Fig. 5. Quantitative analysis of C1q and GSTP1 in 
plasma samples by enzyme-linked immunosorbent 
assay (ELISA) and comparison of C1q protein complex 
and subunit proteins in respect of predicting TRG 
score groups. Statistical comparisons were carried out 
by an independent two-sample t-test. A. Relative 
concentrations of C1q in samples associated with a 
low (1/2/3) vs high TRG score (4/5). B. Linear 
discriminant scores regarding low (1/2/3) and high 
(4/5) TRG scores for C1q protein complex. Compared 
with individual C1q subunit proteins, greater differ-
ence was observed along LD1 axis, indicating 
improved classification performance based on 
weighted sum of relative peptide abundance level 
from c1q complex. C. Relative concentrations of 
GSTP1 in samples associated with a low (1/2/3) vs 
high TRG score (4/5).   
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identified to be related to progression of oesophageal cancer and, 
consistent with our study, elevated pre-treatment serum CRP levels are 
associated with poorer prognosis in oesophageal cancer patients [51]. 
FBN1 is an extracellular matrix glycoprotein that provides structural and 
regulatory support to both elastic and non-elastic connective tissues via 
calcium-binding microfibrils [52]. This protein has previously been 
associated with poor survival in ovarian cancer [53] and been proposed 
as a germ cell tumour marker [54]. VASN is a classic type 1 trans-
membrane protein which is linked with vascular injury repair and is 
overexpressed in a range of tumours [55]. Serum vasorin levels are 
upregulated in patients with colon cancer, with levels further increasing 
as cancer progresses [56]. In addition to the C1q subunit proteins, uni-
variate analysis revealed one other protein found to be present at higher 
abundance in plasma from patients with a low TRG score after treat-
ment, CYTM. Several studies have found this protein to have anti- 
tumour activity and to be a positive prognostic indicator for treatment 
of various cancers [57–59]. 

From the multivariate analysis of proteomic data, proteins that dis-
played altered abundance between the two groups (other than GSTP1 
and C1q subunit proteins) included ACPH and HV108, which were 
found to be of lower abundance in those with a low TRG score after 
treatment, and A1AT and SEPP1 which were more abundant in plasma 
from patients in this group. ACPH and HV108 have not, to our knowl-
edge, previously been linked to cancer progression or prognosis. A1AT is 
a circulating glycoprotein that inhibits neutrophil elastase and other 
serine proteases in blood and tissues. The role of this protein in cancer 
progression is controversial, while deficiency of A1AT is a risk factor for 
several cancer types, increased plasma/serum expression has been re-
ported for multiple cancers compared to healthy controls [60]. It has 
also been reported that A1AT levels in the blood are significantly 
decreased in non-small cell lung cancer and prostate cancer after 
chemotherapeutic treatment compared with those before the treatment 
started [61]. SEPP1 is a protein that is positively associated with cancer 
risk and can regulate tumorigenesis and progression through its effects 
on cancer-related signalling pathways [62]. However, a protective effect 
of selenium supplementation on OAC risk, mediated through the anti-
oxidant activity of selenoenzymes, has been reported [63]. 

Functional annotation of proteins displaying differential abundance 
between the groups highlighted several pathways that were significantly 
represented by these proteins. Unsurprisingly, “C1q complex” was the 
most significantly enriched pathway, being associated with proteins 
upregulated in the TRG1/2/3 group. Interestingly, pathways classically 
associated with cancer progression including angiogenesis and negative 
regulation of both the immune system and cell differentiation were 
highlighted as involving upregulated proteins in the TRG4/5 group and 
thus, were associated with poorer treatment outcomes. Pathways asso-
ciated with oxidative stress (“Regulation of superoxide metabolic pro-
cess” and “response to reactive oxygen species”) were enriched in the 
TRG4/5 group. This is interesting as generation of reactive oxygen 
species and an altered redox status are common biochemical aspects in 
cancer cells and are known to be associated with drug-resistant mech-
anisms [64–66]. Several studies have suggested that targeting oxidative 
stress in OAC treatment is vital to maximising positive outcomes 
[67,68]. Although complement C1q was associated with better treat-
ment outcomes, “Complement cascade” was identified as a functional 
group for proteins associated with poor treatment outcomes. This was 
interesting as a previous (serum) proteomic study by our group showed 
that pre-treatment serum C4a and C3a levels were significantly higher in 
poor responders versus good responders [69]. 

5. Conclusions 

In conclusion, this study has utilised a combination of quantitative 
proteomics and statistical methods to identify proteins that have pre-
dictive power to display differential abundance between OAC patients 
that respond favourably and less favourably to chemotherapy. In our 

study, we analysed both albumin/IgG-depleted and non-depleted 
plasma in parallel. It was clear that depletion of very highly abundant 
proteins led to an improvement in signal-to-noise and the consequent 
detection and quantitation of many more proteins. A direct comparison 
between proteins common to both depleted and non-depleted sample 
sets showed a high degree of agreement. From the proteins that 
exhibited differential abundance, the c1q family proteins and GSTP1 
had the highest potential to predict likelihood of tumour regression in 
response to neoadjuvant chemotherapy in OAC. These observations 
point towards the use of such markers for stratifying patients prior to 
treatment and the further use of quantitative proteomics in personalised 
medicine to predict treatment outcomes. This study provides a platform 
for further work, utilising larger sample sets across different treatment 
regimens for oesophageal cancer, that will aid the development of 
prognostic assays for use in the clinic. 
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J. Pfeuffer, T. Sachsenberg, Ş. Yilmaz, S. Tiwary, J. Cox, E. Audin, M. Walzer, A. 
F. Jarnuczak, T. Ternent, A. Brazma, J.A. Vizcaíno, The PRIDE database and related 
tools and resources in 2019: improving support for quantification data, Nucleic 
Acids Res. 47 (2019) D442–D450. 

[21] J.A. Cohen, Coefficient of agreement for nominal scales, Educ. Psychol. Meas. 20 
(1960) 37–46. 

[22] Y. Zhou, B. Zhou, L. Pache, M. Chang, A.H. Khodabakhshi, O. Tanaseichuk, 
C. Benner, S.K. Chanda, Metascape provides a biologist-oriented resource for the 
analysis of systems-level datasets, Nat. Commun. 3 (2019) 10–1523. 

[23] N.M. Thielens, F. Tedesco, S.S. Bohlson, C. Gaboriaud, A.J. Tenner, C1q: a fresh 
look upon an old molecule, Mol. Immunol. 89 (2017) 73–83. 

[24] R. Bulla, C. Tripodo, D. Rami, G.-S. Ling, C. Agostinis, C. Guarnotta, S. Zorzet, 
P. Durigutto, M. Botto, F. Tedesco, C1q acts in the tumour microenvironment as a 
cancer-promoting factor independently of complement activation, Nat. Commun. 7 
(2016) 10346. 

[25] A. Mangogna, B. Belmonte, C. Agostinis, P. Zacchi, D.G. Iacopino, A. Martorana, 
V. Rodolico, D. Bonazza, F. Zanconati, U. Kishore, R. Bulla, Prognostic implications 
of the complement protein C1q in gliomas, Front. Immunol. 10 (2019) 2366. 

[26] D. Zhang, Y. Li, H. Li, T. Tang, Y. Zheng, X. Guo, X. Xu, A preliminary study of the 
complement component 1q levels in predicting the efficacy of combined 
immunotherapy in patients with lung cancer, Cancer Manag. Res. 13 (2021) 
7131–7137. 

[27] A. Mangogna, C. Agostinis, D. Bonazza, B. Belmonte, P. Zacchi, G. Zito, A. Romano, 
F. Zanconati, G. Ricci, U. Kishore, R. Bulla, Is the complement protein C1q a pro- or 
anti-tumorigenic factor? Bioinformatics analysis involving human carcinomas, 
Front. Immunol. 10 (2019) 865. 

[28] W. Kou, B. Li, Y. Shi, Y. Zhao, Q. Yu, J. Zhuang, Y. Xu, W. Peng, High complement 
protein C1q levels in pulmonary fibrosis and non-small cell lung cancer associated 
with poor prognosis, BMC Cancer 22 (2022) 110. 

[29] A. Kaur, S.H.A. Sultan, V. Murugaiah, A.A. Pathan, F.S. Alhamlan, E. Karteris, 
U. Kishore, Human C1q induces apoptosis in an ovarian cancer cell line via tumour 
necrosis factor pathway, Front. Immunol. 7 (2016) 599. 

[30] Q. Hong, C.-I. Sze, S.-R. Lin, M.-H. Lee, R.-Y. He, L. Schultz, J.-Y. Chang, S.-J. Chen, 
R.J. Boackle, L.-J. Hsu, N.-S. Chang, Complement C1q activates tumour suppressor 
WWOX to induce apoptosis in prostate cancer cells, PLoS One 4 (2009), e5755. 

[31] C. Agostinis, R. Vidergar, B. Belmonte, A. Mangogna, L. Amadio, P. Geri, V. Borelli, 
F. Zanconati, F. Tedesco, M. Confalonieri, C. Tripodo, U. Kishore, R. Bulla, 
Complement protein C1q binds to hyaluronic acid in the malignant pleural 
mesothelioma microenvironment and promotes tumor growth, Front. Immunol. 8 
(2017) 1559. 

[32] R. Zhang, Q. Liu, T. Li, Q. Liao, Y. Zhao, Role of the complement system in the 
tumour microenvironment, Cancer Cell Int. 19 (2019) 300. 

[33] J. Cui, G. Li, J. Yin, L. Li, Y. Tan, H. Wei, B. Liu, L. Deng, J. Tang, Y. Chen, L. Yi, 
GSTP1 and cancer: expression, methylation, polymorphisms and signalling, Int. J. 
Oncol. 56 (2020) 867–878. 

[34] J. Huang, P.-H. Tan, J. Thiyagarajan, B.-H. Bay, Prognostic significance of 
glutathione S-transferase-pi in invasive breast cancer, Mod. Pathol. 16 (2003) 
558–565. 

[35] S. Meding, B. Balluff, M. Elsner, C. Schöne, S. Rauser, U. Nitsche, M. Maak, 
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