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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal cancer, often diagnosed
at stages that dis-qualify for surgical resection. Neoadjuvant therapies offer potential
tumor regression and improved resectability. Although features of the tumor biology
(e.g., molecular markers) may guide adjuvant therapy, biological alterations after
neoadjuvant therapy remain largely unexplored. We performed mass spectrometry to
characterize the proteomes of 67 PDAC resection specimens of patients who
received either neoadjuvant chemo (NCT) or chemo-radiation (NCRT) therapy. We
employed data-independent acquisition (DIA), yielding a proteome coverage in excess
of 3500 proteins. Moreover, we successfully integrated two publicly available prote-
ome datasets of treatment-naive PDAC to unravel proteome alterations in response
to neoadjuvant therapy, highlighting the feasibility of this approach. We found highly
distinguishable proteome profiles. Treatment-naive PDAC was characterized by

Abbreviations: CPTAC, Clinical Proteomic Tumor Analysis Consortium; DEA, differential expression analysis; DIA, data-independent acquisition; ECM, extracellular matrix; FDR, false discovery
rate; FFPE, formalin fixed paraffin embedded; GPF, gas phase fractionation; LC-MS/MS, liquid chromatography tandem mass spectrometry; MSKCC, Memorial Sloan Kettering Cancer Center;
NCRT, neoadjuvant chemo-radiation therapy; NCT, neoadjuvant chemotherapy; PCA, principal component analysis; PDAC, pancreatic ductal adenocarcinoma; PLS-DA, partial least-squares
discriminant analysis; SAAV, single amino acid variant; TFA, trifluoracetic acid.
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enrichment of immunoglobulins, complement and extracellular matrix (ECM) proteins.
Post-NCT and post-NCRT PDAC presented high abundance of ribosomal and meta-
bolic proteins as compared to treatment-naive PDAC. Further analyses on patient
survival and protein expression identified treatment-specific prognostic candidates.
We present the first proteomic characterization of the residual PDAC mass after NCT
and NCRT, and potential protein candidate markers associated with overall survival.
We conclude that residual PDAC exhibits fundamentally different proteome profiles
as compared to treatment-naive PDAC, influenced by the type of neoadjuvant treat-

ment. These findings may impact adjuvant or targeted therapy options.

KEYWORDS
data-independent acquisition, mass spectrometry, neoadjuvant therapy, pancreatic ductal
adenocarcinoma, proteogenomics

What's new?

Neoadjuvant treatments may have a tumor down-staging capacity in pancreatic ductal adeno-
carcinoma. However, the tumor biology of residual pancreatic ductal adenocarcinoma following
neoadjuvant treatments remains largely unexplored. Here, using mass spectrometry-based pro-
teomics and publicly accessible proteome datasets, the authors found fundamental proteome
alterations between treatment-naive pancreatic ductal adenocarcinoma and residual tumor mass
after neoadjuvant chemo- or chemoradiation therapy. Treatment-naive carcinoma was enriched
in immunoglobulins and complement and extracellular matrix proteins, while post-treatment car-

cinoma presented high abundance of ribosomal and metabolic proteins. Further patient survival

1 | INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) accounts for more than
90% of all pancreatic malignancies. With a 5-year survival rate below
10%,' PDAC is expected to emerge as the second leading cause of
cancer-related deaths in the US by 2030.2 Early stages are usually
clinically silent leading to advanced tumor stages (52% stage IV) at the
time of diagnosis. Surgical resection is the exclusive curative treat-
ment modality for PDAC, however merely 15%-20% of patients pre-
sent with initially resectable tumors.® Following resection, adjuvant
chemotherapy is beneficial and life-prolonging while the addition of
radiation remained controversial.* Even in a resectable tumor stage
(stage I-1ll) the long genetic evolution, tumor heterogeneity and the
aggressive growth pattern result in high local recurrence rates.®

Recently, neoadjuvant therapy emerged as a strategy that allows
early treatment of micrometastatic disease, and that may induce
tumor regression.® Opinions vary whether neoadjuvant chemo-
radiation (NCRT) is superior to neoadjuvant chemotherapy (NCT) as
patients' overall survival time does not improve significantly. A com-
parison of neoadjuvant treatment to “surgery first” treatment sug-
gests that the overall survival time and incidence of resections are
similar.”® Nevertheless, it has been observed that neoadjuvant treat-
ments have the capacity for tumor downstaging.

Poor responders to neoadjuvant treatments still face early disease

recurrence and shortened overall survival,® highlighting the need for

and protein expression analyses identified treatment-specific prognostic candidate markers.

research on the tumor biology of residual PDAC following neoadju-
vant treatment. Two recent studies used mass spectrometry-based
proteomics to determine predictive biomarkers identifying poor
responders for neoadjuvant-treated patients.1®1!

Another mass spectrometry-based proteomic comparison
showed depletion of glycolysis and fatty acid oxidation, and
increased potential for stem cell-like properties of surviving cancer
cells after NCT as compared to treatment-naive PDAC.'? Neoadju-
vant chemotherapy (Folfirinox-based) treated tumors showed an
enrichment of cytotoxic T cells and an anti-tumorigenic immune
microenvironment. 3

Here, we present the first proteomic characterization of residual
PDAC after NCT or NCRT. We use data-independent acquisition
(DIA) mass spectrometry (MS) to characterize and compare the pro-
teomes of the residual tumors after both neoadjuvant therapies. In
DIA, the mass spectrometer acquires MS/MS spectra independent of
MS1 ion intensities. The protein coverage and quantification of DIA
outperforms the standard data-dependent acquisition.

We analyzed formalin-fixed and paraffin-embedded (FFPE) tissue
specimens. First, we compared the residual PDAC tumor after neoad-
juvant treatment with treatment-naive PDAC published in a study by
Werner et al.'* Afterwards, we performed a detailed comparison of
both neoadjuvant treatments and correlated the proteome expression
data with the survival time to identify potential prognostic candidate

markers.
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2 | METHODS

2.1 | Patient cohort and tissue processing

Patients that received neoadjuvant treatment were treated at the
Memorial Sloan Kettering Cancer Center, NY, between 2012 and
2018. 67 PDAC patients received neoadjuvant treatment as described
previously15 and underwent either NCT or NCRT (Table S1). Resected
tumor specimens were formalin-fixed and paraffin-embedded accord-
ing to routine protocols. In addition, 14 treatment-naive PDAC speci-
mens that were collected and measured in a study by Werner et al,*
were included into the differential protein expression analysis.

22 | LC-MS/MS sample preparation

For macrodissection, 10 um thick PDAC specimens were deparaffinized
and rehydrated using a decreasing xylol to ethanol series, and macro-
dissected by S. T.-B. Heat-induced antigen retrieval and protein extrac-
tion were performed as described earlier.t® In short, proteins were
extracted in an acid labile buffer (0.1% RapiGest in 1 M HEPES, pH 8.0)
with the aid of sonication (Bioruptor, Diagenode), reduced with f. c.
5 mM DTT and alkylated with f. c. 15 mM iodacetamide. Proteins were
double-digested with a protease mix consisting of trypsin (Sequencing
Grade Modified Trypsin, Promega) and Lys-C (Lysyl Endopeptidase, MS
Grade, Wako Pure Chemical Corporation) at 50°C for 2 h, and after-
wards overnight at 37°C. Peptides were acidified with trifluoracetic acid

and desalted using PreOmics cartridges (iST Kit, PreOmics).

23 | LC-MS/MS data-independent acquisition

All liquid chromatography-tandem MS (LC-MS/MS) data were acquired
on a Q-Exactive Plus mass spectrometer (Thermo Scientific) coupled to
an EASY-nLC 1000 UHPLC system (Thermo Scientific). The analytical
column was self-packed with C18 silica beads (Reprosil Pur C18-AQ,
d = 3 A; Dr. Maisch HPLC GmbH) and coupled to a PepMap precolumn
(C18, 75 um diameter, 20 mm length; Thermo Scientific). A two-step lin-
ear gradient, increasing buffer B (0.1% formic acid in 80% acetonitrile,
Fluka) from 8% to 43% over 90 min and from 43% to 65% over 20 min,
was applied to separate peptides (800 ng per injection). For DIA, MS1
scans were performed at 70,000 resolution, an AGC target of 3e6, and a
maximal injection time of 50 ms. The survey scan range was set between
385 and 1015 m/z. The MS2 isolation window size was set to 24 and
25 consecutive scans were performed in a stepwise overlapping manner.
The resolution was set to 17,500, the AGC target to 1leé, the maximal
injection time to 80 ms, and the stepped NCE to 25 and 30.

2.4 | Spectrallibrary generation

To generate a cohort-specific spectral library, two pooled reference

samples (8 samples each) were repeatedly measured using gas phase

fractionation (GPF). Six measurements covering a fractionation win-
dow between 395 and 1005 m/z were conducted (100 m/z per mea-
surement). The MS2 isolation window size was decreased to 4 m/z.
DIA-NN 1.817 was used for library generation. Data files were con-
verted to the software-specific .dia file format and analyzed against a
human reference proteome (Uniprot: https://www.uniprot.org/
accessed June 14, 2021) containing 25,853 proteins. For library gen-
eration, the precursor FDR was set to 10%, deep learning-based spec-
tra, RTs and IMs prediction were enabled. The peptide length was set
between 7 and 30 amino acids, the precursor charge range between
1 and 4, the precursor m/z range between 400 and 1000, and the
fragment ion m/z range between 200 and 1800. N-terminal methio-
nine excision and cysteine carbamidomethylation were enabled. Tryp-
sin was selected as the digestion protease, and two missed cleavages
were allowed. The final library comprised 15,335 protein groups and

79,058 precursors.

2.5 | DIA sample analysis

Samples were analyzed using DIA-NN 1.8. Data files were converted to
the .dia file format and analyzed against the cohort-specific library For
sample analysis, the precursor FDR was set to 1%, and match between
runs was enabled. All other parameters remained similar to the GPF anal-
ysis. One sample was removed from analysis after an initial analysis due

to a low protein content (<3% of the average of all samples).

2.6 | Differential protein expression analysis

The statistical analyses were performed using R.*® In order to inte-
grate proteomic PDAC data from the Clinical Proteomic Tumor Analy-
sis Consortium (CPTAC'?) and from Werner et al** into a combined
analysis, batch correction (Figure 1A) using the ComBat algorithm was
applied.?® Each dataset was defined as one individual batch. The
expression matrix was inspected for missing values and filtered such
that proteins that have at most 30% missingness per batch were
retained. Expression data were median normalized, and submitted for
differential protein analysis. For the in-depth comparison of NCT and
NCRT, missing values were imputed via the ImpSecRob algorithm,
which was suggested by DIMAR.?! The partial-least squares discrimi-
nant analysis (PLS-DA) and principal component analysis (PCA) were
performed using mixomics, and the differential expression analysis
(DEA) using linear model for microarrays data (limma). The subsequent
pathway enrichment analysis was performed using the topGO
approach and the Fisher's exact test. Results were visualized using

intrinsic R functions, EnhancedVolcano or ggplot2.

2.7 | Survival analysis

For the survival analysis, the lubridate, survival, survminer, cmprsk and

CoxBoost packages were used. The survival time was calculated from
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FIGURE 1 Experimental procedure and survival analysis (A) Schematic overview of the experimental and statistical procedure. (B) Cox

proportional hazard model reveals increased hazard by vascular invasion (p = .004; multivariate cox proportional hazards model). (C) Overall
survival of patients who deceased of PDAC differs between NCT and NCRT patients, assessed with a competing risk analysis (p = .038).

the day of diagnosis. A competing risk analysis was performed to

examine the difference in the incidence of death by PDAC. A multi-

variate cox proportional hazards regression model was fitted to iden-

tify clinical parameters that affect the overall survival time. In order to

identify potential prognostic candidate markers, the CoxBoost algo-
rithm was applied. The penalty value and optimal number of boosting
steps were determined using package-specific cross validation-based

functions. To visualize the effect of a prognostic candidate marker on
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overall survival, patients were divided into groups of high and low
protein expression. For each protein, the cut point value based on the
distribution of expression values was calculated using the survminer
package. Patients were separated according to a given expression
value: if they showed a value below/above the given cut point, they
were assigned to the “low”/”high” expression group. Results were
visualized using intrinsic functions from the packages, cowplot and

forestmodel.

2.8 | Proteogenomic analysis

The proteogenomic analysis was performed according to a workflow
by Pinter (https://github.com/npinter/ProteoGenDB). In short, the
Galaxy environment (https://usegalaxy.eu/) was used to analyze
paired-end RNA-Seq data from the Sequence Read Archive (SRA;
https://www.ncbi.nlm.nih.gov/sra). The RNA-Seq reads (Table S2)
were mapped to the human reference genome GRCh38. The resulting
proteoform database (subFASTA) containing single amino acid vari-
ants (SAAVs) was processed locally with Python scripts to generate
tryptic variant peptides (3596 entries) that were appended to the
abovementioned human proteome reference database. This combined
database was then used for the SAAV peptide search in DIA-NN 1.8.
First, a spectral library was predicted (1,837,002 precursor and 7769
proteins) and then the LC-MS/MS samples were analyzed against this
library.

3 | RESULTS AND DISCUSSION

3.1 | Overview of patient cohort

66 neoadjuvant treated patients were included in the following ana-
lyses as one patient was initially removed due to largely missing data
points. All patients had been diagnosed with PDAC and received
either NCT or NCRT before surgical resection (Table S1). In both ther-
apy subgroups, patients received either folfirinox, folfox, gemcitabine
or capecitabine-based chemotherapy regimens. They were treated at
the Memorial Sloan Kettering Cancer Center, New York, USA, and
were between 33 and 85years old (median 66.5 years, mean
65.5 years). The median survival was 2.03 years. As detailed below,
we further enriched the study by integrating publicly available proteo-
mics data of treatment-naive PDAC (Figure 1A).

3.2 | Vascularinvasion is correlated to poor
outcome following neoadjuvant treatment

We aimed to analyze whether clinical parameters affected the overall
survival of the neoadjuvant treated patients. Therefore, we fitted a
multivariate Cox proportional hazards model with the clinical patient
data: treatment, differentiation, perineural and vascular invasion sta-

tus, occurrence of recurrence, age and sex. As these parameters were

not available for the treatment-naive patients, they were excluded
from this analysis. Individuals with an evident vascular invasion in the
initial, treatment-naive tumor (n = 28) presented a significantly
increased hazard ratio of 3.24 (p = 0.004) compared to patients with-
out a confirmed vascular invasion (n = 35; Figure 1B). Dismal overall
survival was already reported to be accompanied by vascular inva-

sion.?? No other parameter affected survival.

3.3 | Cumulative incidence of death by PDAC
decreases in NCRT patients as compared to NCT
patients

We next compared the cumulative incidence of death by PDAC
between NCT and NCRT patients using a competing risk analysis. In
our cohort, NCRT patients had a significantly lower cumulative inci-
dence of death from PDAC than NCT patients (p = .038; Figure 1C).
The clinicopathological parameter might be cohort-specific and, there-
fore, differ from previous publications that report no difference. In
addition, our observation is restricted to a group of patients with sur-
gically removable tumors. In fact, in order to assess the superiority of
either NCT or NCRT, it would be necessary to also include initially
unresectable PDAC patients. For instance, about one-third of
initially unresectable patients present with surgically removable
tumors after NCT and comparable survival times to patients with ini-
tially resectable tumors®?%; however, data for NCRT patients was
unavailable.

Overall, there is no consensus which neoadjuvant treatment
modality is superior.*”#2% Chopra et al” showed that NCRT patients
with surgically removable tumors demonstrated a longer disease-free
survival than resectable NCT patients, although the overall survival
was similar. In a number of studies, patients with initially resectable
tumors who received neoadjuvant therapy presented similar
progression-free and overall survival as compared to treatment-naive

patients with removable tumors.*”824

3.4 | Overview of proteome coverage

For the NCT and NCRT samples, the macro-dissected tissue volumes
ranged between 0.08 and 3.02 mm®. In a recent benchmarking study,
we have shown that DIA-type proteomics is a powerful approach for
characterizing the proteome biology of distinct tissues, even in the
presence of inter-individual heterogeneity.?> Hence, we have used
DIA-type proteomics for the present study.

We identified 3592 proteins. Considerably more proteins were
identified in the residual tumor mass after NCT as compared to NCRT
(Figure 2A,B); however, Pearson correlation did not reveal coherence
with the percentage of present stroma (Figure S1A,B). The proteome
coverage remains below the Clinical Proteomic Tumor Analysis Con-
sortium (CPTAC) study on PDAC proteomics,?® but is substantially
above the coverage reported by non-fractionated DDA-type

proteomics.?”
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3.5 | Integration of publicly available proteomics
data of treatment-naive PDAC

We integrated our data with treatment-naive PDAC and non-
cancerous pancreas proteome profiles of the CPTAC,*” and of a study
by Werner et al** to enable a total of three proteomic comparisons
(Figure 1A): (i) NCT vs treatment-naive, (ii) NCRT vs treatment-naive
and (iii) NCT vs NCRT.

Among all three studies, 3356 proteins were commonly identified.
The three datasets were integrated into one abundance matrix using
the ComBat algorithm (Figure 2C-E).?° Missingness was reduced to
30% per batch, yielding an expression matrix comprising 1709 pro-
teins. Following median normalization, a sparse PLS-DA was per-
formed (Figure 2F). The CPTAC PDAC and normal adjacent tissues
(NAT) form two distinct clusters, albeit with partial overlap. Yet, all
PDAC samples, regardless of the treatment and study, cluster into
one group, proving their comparability.

Integrating CPTAC-derived NAT proteomes demonstrated that
the data combination from various sites is practicable to gain further

insights into different disease conditions. Despite measurements in
different modes and on different mass spectrometers, data were com-
bined using batch correction. Hence, these results encourage studying
proteome profiles of diseases, where material is limited (e.g., rare

cancers).

3.6 | Both NCT and NCRT yield enrichment of
ribosomal and metabolic proteins as compared to
treatment-naive PDAC

The study conducted by Werner et al, and the measurements of the
neoadjuvant treated samples both applied the DIA approach. PLS-DA
showed a grouping of PDAC samples after batch correction and inten-
sity normalization, demonstrating comparable proteome profiles
(Figure 2F). Thus, we assume that the data by Werner et al and the
neoadjuvant treated cohort are more comparable. In order to identify
differentially regulated proteins, we performed differential expression

analysis (DEA). In the following, we describe proteins as significantly
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protein expression of selected significantly regulated proteins.

regulated, if their false discovery rate (FDR) is <0.05. If in addition,
the fold change (log2[therapy/treatment-naive]) is above 1.5, we
call these proteins upregulated or below —1.5 downregulated,
respectively.

As compared to treatment-naive PDAC, post-NCT as well as
post-NCRT  tumors present significant proteomic changes
(Figures 3A,B, S2A,B, Data S2 [Supplementary_Spreadsheet_1.xlsx]
and Data S3 [Supplementary_Spreadsheet_2.xlIsx]). For both, the sum
of enriched proteins bears a fingerprint of ribosomal and metabolic
proteins. Interestingly, metabolic changes were previously noticed in
NCT (FOLFIRINOX)-treated as compared to treatment-naive residual
PDAC samples and organoids.?® Amrutkar et al*?> reported a

dysregulation of glycolysis, gluconeogenesis and the fatty acid oxida-
tion between NCT and treatment-naive PDAC. Together, these obser-
vations indicate a metabolic shift towards mitochondrial energy
supply after neoadjuvant therapy.

Our results also corroborate previous findings on aldehyde dehy-
drogenases (ALDH) in PDAC.'?272% We identified enrichment of
ALDH1A1, ALDH1L2, ALDH3A2, ALDH6A1 and ALDH7A1 in both
neoadjuvant treatments as compared to treatment-naive PDAC
(Figure 3C). Using MS, Amrutkar et al*? also found an increased
ALDH1A1 expression in NCT as compared to treatment-naive PDAC.
In a previous study, Oria et al?” reported that ALDH1A1 inhibition
sensitizes PDAC cells to gemcitabine, radiation and chemoradiation
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in vitro. This suggests that the increased ALDH abundance may con-

tribute to therapy resistance in the context of neoadjuvant therapy.

3.7 | Both NCT and NCRT yield depletion of
glycolytic, ECM, S100 and PDLIM proteins as
compared to treatment-naive PDAC

For both, NCT and NCRT, we noticed depletion of glycolysis associ-
ated proteins (GAPDH, LDHA), ECM proteins such as PLOD1 and
PLOD3 involved in collagen modification, immune proteins such as
complement C1 and C2, CD47, cytoskeletal scaffold proteins (PDLIM
family) and S100 proteins (Figure 4) as compared to treatment-
naive PDAC.

Our findings corroborate a previous global transcriptome profil-
ing, in which the authors also found depletion of the complement sys-
tem (decreased C3 and C4BPB expression) in NCT-treated residual
PDAC as compared to treatment-naive PDAC.?8 In our data, this
change was more pronounced in NCT than in NCRT as compared to
treatment-naive PDAC.

In addition, our results corroborate a previous MS-based profil-
ing that noticed decreased protein expression of PLOD3, GAPDH
and LDHA in NCT as compared to treatment-naive PDAC.'? A
number of publications associated S100 proteins with tumor prolif-
eration and poor survival in PDAC.2°~32 Depletion of proteins,
which are often found overexpressed or associated with a dismal

survival in PDAC, may generally indicate efficacy of neoadjuvant

therapy and elucidate proteins, which are worth being studied as

diagnostic biomarker.

3.8 | NCT and NCRT yield distinct features of
residual PDAC proteomes

We progressed to compare the proteomes of both neoadjuvant thera-
pies in more detail. We retained proteins with at most 30% missing-
ness per group (NCT or NCRT). To counter batch effects arising from
sample preparation, we used ComBat?° (Figure S3A). Following
median normalization, missing values were imputed using the impSe-
cRob algorithm. Using DIMAR,?! we evaluated the optimal imputation
algorithm. Finally, 2040 proteins were included for further analyses.
Sparse PLS-DA separated NCT from NCRT based on their expres-
sion profiles (Figure 5A). NCRT and NCT patients separated into two
distinct groups, albeit two NCRT samples crossed the separation bor-
der (CR19 and CR26). Unsupervised hierarchical clustering (Euclidean
distance and complete-linkage clustering), did not present clustering

according to treatment or within one treatment group (Figure S4).
3.9 | Patient-specific factors impact the distinct
proteome biology in residual PDAC

We performed differential expression analysis (DEA) in order to

identify dysregulated proteins between both neoadjuvant
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therapies. To examine, whether clinicopathological parameters
affect the differential protein expression, we included them as cov-
ariates to the linear model. Since under the null hypothesis
(no impact) the p value distribution from the linear model analysis
of all proteins is expected to be uniform, the observed shift of the
distribution towards zero and the substantial proportion of p values
below .05 suggest a strong global impact of those variables on the

proteome (Figure S5A-E).

3.10 | NCT yields enrichment of ribosomal and
metabolic proteins as compared to NCRT

The ribosomal and metabolic fingerprint appears to be more pro-
nounced in NCT as compared to NCRT. Proteins overrepresented
in NCT vs NCRT include proteins of translation, ribosomal proteins,
proteasome components and proteins comprising the metabolic
energy supply (Figure 5B,C and Data S4 [Supplementary_Spread-
sheet_3.xlsx]). We detected enrichment of 60S and 40S ribosomal
proteins (RPL3, RPL8, RPL10A, RPL11, RPL17, RPL18, RPL19,
RPL21, RPL27, RPL27A, RPL34, RPL36, RPS5), essential for ribo-
some stability.>3> HNRNPF, HNRNPH1, EIF3H, EIF4G and MARS1,
which regulate mRNA splicing, initiate and execute translation are
also enriched in NCT vs NCRT. We also detected increased abun-
dance of signal recognition particles (SRP14, SRP68 and SR72),
which guide proteins to the endoplasmic reticulum. The protea-
some subunits PSMB4, PSMAS5, PSMB5 and PSMB6, the chaperone
PSMD9, and the adaptor and scaffold protein ECM29 are enriched
in NCT vs NCRT. In accordance with this, UBA1, UBA6, HECTD3,
PLAA, TRIM25 and TRIM28, which promote protein ubiquitination
for proteasomal degradation, are significantly enriched in NCT
vs NCRT.

PDAC typically exhibits the Warburg effect coupled with height-
ened glucose consumption, wherein tumor cells favor lactate produc-
tion from pyruvate for ATP generation.>* In accordance, Werner et al
observed a depletion of mitochondrial metabolic proteins (IDH2,
ACO1, SUCLG2), and upregulation of GAPDH, reminiscent of the
Warburg effect, in treatment-naive PDAC as compared to non-
cancerous pancreas. In this study, NCT displayed LDHA and GAPDH
depletion as compared to treatment-naive PDAC (Figure 5B), and
increased expression of proteins of the TCA cycle and respiratory
chain, shifting towards a mitochondrial energy supply. This shift is
suggested to be more pronounced in post-NCT than post-NCRT
tumors as executors of the TCA cycle such as IDH2, OGDH, ACO2
and SUCLG2 are enriched in NCT vs NCRT. Key components of the
fatty acid oxidation such as ACADM, ACAT1, CPT1A and HADH are
also enriched, along with mitochondrial proteins, for example, com-
plexes | (NDUFA2, NDUFA5, NDUFB11), Ill (UQCRFS1) and IV
(COX5B, COX6B1) of the respiratory chain, and the ATP synthase
ATP5MG (oxidative phosphorylation) in NCT vs NCRT. Enrichment
analysis confirmed an overrepresentation of ribosomal and metabolic

proteins (Figure 5F).

3.11 | NCRT yields enrichment of ECM proteins
and complement activation as compared to NCT

Proteins that are increased in NCRT as compared to NCT present a
strong fingerprint for apolipoproteins (A1, A4, C2, C3, ApoD, ApoL-ll),
ECM proteins, the complement system (C1, C2, C4-B, C6, C8-B, C9
and C4BPA), and immunoglobulins (heavy constants and variables)
(Figure 5B,D and Data S4 [Supplementary_Spreadsheet_3.xIsx]). The
ECM proteins include 11 collagens (COL1A1, COL1A2, COL3A1,
COL5A1, COL5A2, COL6A1, COL6A2, COL8A1, COL11A1,
COL12A1, COL14A1), PLOD1, MMP14, biglycan PGS1 and MXRA5
(Figure 5A). Again, the topGO enrichment analysis confirmed an over-
representation of proteins involved in collagen fibril organization,
complement activation and innate immune response in NCRT as com-
pared to NCT (Figure 5E).

Our findings are largely in line with a recent gene expression- and
immunohistochemistry-based study that reported an altered collagen
pattern after neoadjuvant therapy, including depletion of
collagen types I, Ill, IV and V; however, 20 NCT and 5 NCRT patients
were analysed together. In vitro analysis indicated that the collagen
depletion might contribute to tumor shrinkage.® In addition, collagen
type | and MMP14 are reported to promote gemcitabine resistance in
PDAC and are often found overexpressed in PDAC.%%7 In our prote-
omic comparison, we showed that collagens are enriched in NCRT as
compared to NCT. With the exception of COL12A1, collagen expres-
sion remained unchanged between NCRT and treatment-naive PDAC.
In contrast with these findings, a RNA-Seq profiling study encom-
passed enriched ECM organization and collagen formation in NCT as
compared to treatment-naive PDAC.2® A second gene expression
study reported increased collagen transcription in NCRT-treated sam-
ples as compared to biopsies taken before the intended neoadjuvant
therapy.? Taken together, this is an area of ongoing research, espe-
cially since a fibrotic ECM rich in collagens is a hallmark of PDAC, pro-
moting tumor progression and chemoresistance.*® A therapy-induced
depletion of collagens may contribute to better therapy response and
benefit adjuvant therapy. In addition, these findings also highlight the
importance of the distinct analysis of different types of neoadjuvant
therapy as altered tumor biology may guide adjuvant therapy.

A report on gene expression-based immunologic profiling sug-
gests profound immunologic alterations—including the complement
system—after NCRT,* while our study suggests complement activa-
tion particularly in NCRT vs NCT. While inhibitors of the complement
system are entering into clinical practice, findings vary as to the func-

41,42

tion of the complement pathway in cancer, ranging from anti-

tumor defense to tumor promotion.*?43

Further, we observed that CD163 (macrophage polarization
marker) is more abundant (pagjusted = .04, fold change = —0.31) in
NCRT as compared to NCT (Figure S3B), suggesting a possible shift
towards M2 polarization; in line with a report by Dias Costa et al.*®
Both the complement and macrophage footprint highlight a differen-
tial impact of NCRT vs NCT with regard to the PDAC immune

microenvironment.
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3.12 | The residual PDAC proteomes after NCRT
or NCT feature different prognostic candidates

We used the CoxBoost algorithm to identify prognostically relevant
proteins. Clinical parameters (age, sex, differentiation, vascular inva-
sion and perineural invasion status) were included to the model as
covariates. Since both neoadjuvant groups showed huge differences
in their proteome profiles, we decided to analyze the prognostic
potential of the proteome profiles in both groups independently.

In NCRT, two proteins were associated with the survival time of
patients (Table S3 and Figure 6A). PSMB8 (P28062)—a componenent
of the immunoproteasome—segregates within the first 30 boosting
steps and reaches estimated CoxBoost coefficients >0.04, which is
indicative of proteins where elevated levels are accompanied with a
dismal overall survival (Figure 6C). In contrast, AFM (P43652),
a plasma protein, was associated with a favorable overall survival
(CoxBoost coefficients < —0.04) (Figure S6A). In ovarian cancer, high
AFM levels are indicative of a favorable outcome.** In gastric cancer,
low AFM serum levels were proposed as a predictive early disease
marker.*> PSMB8 was not associated with PDAC survival so far, yet,
its deletion in acute pancreatitis results in persistent pancreatic
damage.*®

In NCT, two proteins were associated with a favorable overall
survival (Table S3 and Figure 6B). MYO6 (Q9UM54) (Figure 6D) and
MPO (P05164) (Figure S6B) segregate within the first 30 boosting
steps and reach estimated CoxBoost coefficients < —0.04. MYO6
upregulation was observed in prostate*” and ovarian cancer,*® how-
ever, it was not described to affect survival so far. MPO is part of the
innate immune system and associated with a favorable prognosis in
breast and colorectal cancer.*?>°

Our proteome data suggests different prognostic candidate
markers in both therapeutic subgroups, further underlining differential
proteome biology. Yet these proteins do not map to the hallmark pro-

teome features of either treatment group.

3.13 | Proteogenomic analysis and identification of
single amino acid variants

Proteogenomic analyses combine proteomic and genomic and/or
transcriptomic data to identify potential sequence variants, such as
single amino acid variants (SAAVs), or copy number variations. The
proteogenomic landscape of PDAC has been recently published as
part of the CPTAC.?® In our study, we used publicly accessible tran-
scriptomic PDAC data (Table S2) in order to identify potential SAAVs
on the proteome level. The transcriptomic data were used to search
for mutations that lead to SAAVs in peptide sequences. In total, we
identified 319 SAAVs among all neoadjuvant treated patient samples.
264 SAAVs were identified in NCT (median SAAVs per sample = 37),
184 SAAVs in NCRT (median SAAVs per sample = 29) (Figure 6E).
Since we identified a higher number of peptides in NCT, we assessed

the abundance of SAAVs in relation to the number of peptides per

sample from the same search (Figure 6F). We did not detect a signifi-
cant difference in the abundance of SAAVs (Welch two sample t test:
p value = .3775). Off note, we want to mention that the SAAVs we
identified may also represent potential benign mutations and naturally
occurring allele variants. Among the 13 most frequent SAAVs (present
in at least 50% of samples; Table S4), six were already annotated as
benign SAAVs in the ClinVar database (https://www.ncbi.nlm.nih.gov/
clinvar/). In order to identify the mutational burden for each patient
further experiments would be required, which is beyond the scope of
this study.

4 | CONCLUSION

In the present study, we investigated the proteome biology of the
residual PDAC tumor mass after NCT or NCRT. We integrated pub-
lished proteome data of treatment-naive PDAC into our analysis to
reveal proteome changes induced by neoadjuvant therapy. We con-
clude that the proteome profiles differ fundamentally between neoad-
juvant treated residual tumors and treatment-naive PDAC. ECM,
immunoglobulin and complement proteins are overrepresented in
treatment-naive PDAC. Post-NCT and post-NCRT tumors share
enrichment of ribosomal and mitochondrial proteins, and depletion of
glycolytic proteins as compared to treatment-naive PDAC. Notably,
this enrichment and depletion are more pronounced in post-NCT
PDAC. Simultaneous enrichment of the respiratory chain and deple-
tion of glycolytic proteins such as GAPDH and LDHA, indicate a meta-
bolic shift from Warburg effect back to mitochondrial energy supply
in response to neoadjuvant therapy, which corroborates previous tis-
sue and organoid PDAC studies.?®** Treatment-naive and post-NCRT
tumors show congruent expression patterns of complement compo-
nents, which however contrasts previous gene expression studies of
neoadjuvant treated PDAC.

In general, we noticed only poor differentiation of the type of
neoadjuvant therapy applied in previous PDAC studies, illustrating the
need for global proteome and transcriptome studies that characterize
the PDAC biology in response to different types of neoadjuvant
therapy.

We did not have access to treatment-naive PDAC and healthy
pancreas tissue from the same patients. However, we combined our
data with the proteomic PDAC data of Werner et al and of the
CPTAC. The three datasets displayed a large overlap of the identified
proteins and a close relationship of the PDAC tissues. In future, com-
bining proteomic data from various sources could yield broader
insights into different disease conditions. Yet, our findings encourage
deeper exploration of the biology of neoadjuvant treatment modali-
ties in PDAC.
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