
MOLECULAR CANCER RESEARCH | CANCER “-OMICS”

Branching Copy-Number Evolution and Parallel Immune
Profiles across the Regional Tumor Space of Resected
Pancreatic Cancer
Alexandra Petersson1, Natalie Andersson2, Sofie Olsson Hau1, Jakob Eberhard1, Jenny Karlsson2,
Subhayan Chattopadhyay2, Anders Valind2,3, Jacob Elebro1, Bj€orn Nodin1, Karin Leandersson4,
David Gisselsson1,2, and Karin Jirstr€om1

ABSTRACT
◥

Pancreatic ductal adenocarcinoma (PDAC) remains a highly
lethal disease. The only option for curative treatment is resection
of the tumor followed by standard adjuvant chemotherapy. Yet,
early relapse due to chemoresistance is almost inevitable. Herein,
we delineated the genetic intratumor heterogeneity in resected
PDAC, with the aim to identify evolutionary patterns that may
be associated with overall survival (OS) following treatment
with curative intent. Potential relationships with the adjacent
immune microenvironment were also examined. The genetic
and immune landscapes of the regional tumor space were ana-
lyzed in nine patients with resected PDAC. Targeted deep
sequencing and genome wide SNP array were followed by clonal
deconvolution and phylogenetic analysis. A mathematical com-
plexity score was developed to calculate the network extent of
each phylogeny. Spatial variation in abundancy and tumor nest
infiltration of immune cells was analyzed by double IHC staining.
Copy-number heterogeneity was denoted as the major contrib-
uting factor to the branching architectures of the produced
phylogenetic trees. Increased tree complexity was significantly
inversely associated with OS, and larger regional maximum
aberrations (higher treetops) were associated with increased
PD-L1 expression on tumor cells. Contrastingly, an FREM1 gene
amplification, found in one patient, coincided with a particularly
vigorous immune response. Findings from this limited case series
suggest that complex evolutionary patterns may be associated

with a shorter survival in surgically treated patients with PDAC.
Some hypothesis-generating associations with the surrounding
immune microenvironment were also detected.

Implications: Evolutionary copy-number patterns may be associ-
ated with survival in patients with resected PDAC.

Introduction
In the wake of an expanding therapeutic arsenal, treatment resis-

tance has become a considerable challenge to the clinical management
of patients with cancer. The evolutionary nature of tumors, driven by
Darwinian natural selection, constantly promotes clones with higher
fitness and, thus, accounts for a significant degree of therapeutic
resilience (1, 2). Intratumor heterogeneity (ITH), the presence of
various subclonal populations within a tumor, provides a perfect
substrate on which selection pressures from systemic therapies may
act (3). The prognosis for patients diagnosed with pancreatic ductal
adenocarcinoma (PDAC), one of the leading causes of cancer-related
death (4–6), underlines the consequence of treatment resistance.
Almost concurrent incidence and mortality rates are seen as a
result of late diagnosis, limited treatment options, and a profound
lack of complementary biomarkers (7, 8). The only curative treat-
ment is resection of the tumor followed by standard adjuvant
chemotherapy, but less than 20% of the patients are eligible for
surgery (9), and in the majority of cases, the disease will recur
within a year due to chemoresistance (10).
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Major efforts have been made in the genomic characterization of
PDAC, revealing a complex picture with extensive interpatient
heterogeneity (11–14). Numerous mutations and copy-number
variations (CNV) have been identified that affect genes of importance
to pancreatic tumorigenesis, frequently including KRAS, TP53,
CDKN2A, and SMAD4. These alterations are further accompanied
by a shifting mutational landscape of less frequent variants (15),
and recent studies focusing on deciphering the ITH and clonal
evolution of advanced PDAC have shown that mutations of less
known significance account for the greater part of the detected
genetic diversity (16–18). Accordingly, a deeper understanding of
the drivers of subclonal evolution and adaptation in PDAC is
needed. In particular, somatic CNVs, that is, regional genome gains
or losses, are known to be important for tumor progression (19), but
in comparison with single nucleotide variants (SNV), their evolu-
tionary role has been understudied. In addition, recent work has
mainly focused on depicting the evolutionary trajectories in
advanced metastatic disease (16–19), leaving an unmet need to
explore the clonal geography across the regional tumor area in
treatment na€�ve primary PDAC. Ideally, such a characterization
should include an account of how tumor cell diversity allows for
selection of clones able to resist, control, and exploit the micro-
environment. A dynamic interplay between clonal evolution
and infiltrating immune cells (IC) has recently been described in
lung cancer, wherein tumor regions are pushed by the ICs to
develop defense mechanisms enabling immune evasion (20). The
microenvironment of PDAC has traditionally been described as
immunosuppressive (21), although the combination of certain
immune signatures and genomic tumor characteristics has been
shown to carry prognostic and predictive significance (22). Still, the
extent to which the surrounding immune response shapes the
regional clonal evolution in treatment na€�ve PDAC remains to be
characterized.

Herein, we performed an extensive mapping of genomic ITH, by
whole-genome copy-number analysis and targeted deep sequencing
(TDS), and inferred phylogenetic relationships between detected
genetic clones in resected primary tumors and regional lymph node
metastases from nine patients with PDAC. The aim was to identify
evolutionary patterns thatmay be associated with overall survival (OS)
following treatment with curative intent. The in-depth genomic
characterization was also accompanied by spatial analysis of the
surrounding immune microenvironment to explore any potential
associations between the two.

Materials and Methods
Study cohort

The cases in this study are derived from a retrospective conse-
cutive cohort of 39 patients diagnosed with primary PDAC
who underwent pancreaticoduodenectomy at Ska

�
ne University

Hospital, Lund, between January 1, 2012 and December 31,
2014. Acquisition of histopathological and clinical data is further
described in Supplementary File S1, Supplementary Methods. The
study was conducted with approval from the Ethics committee of
Lund University (reference number 445/07, 2008/35, 2011/670 and
2014/748), whereby approval was given for an opt-out consent. This
project has been carried out in accordance with European and
national requirements; decision no. 1110/94/EC of the European
Parliament and of the Council (OJL126 18,5,94) and the Declara-
tion of Helsinki on ethical principles for medical research involving
human subjects.

Spatial analysis of the immune microenvironment
To evaluate the spatial heterogeneity of the immune microenvi-

ronment, individual tissue microarrays for each patient, “Single
Patient Tissue Chips” (SPTC) were constructed as previously
described (23). A summary of the SPTC construction and a detailed
description of the subsequent IHC analysis are available in Supple-
mentary File S1. In brief, a combination of two immune markers (nine
markers in total) was used in each staining procedure to enable IC
subset detection in terms of both abundancy and tumor nest (TN)
infiltration.

Spatial genetic profiling
To explore spatial genetic heterogeneity, a third tissue core was

obtained from each tumor-enriched area selected for SPTC construc-
tion and used for genomic analyses. In total, 93 formalin-fixed
paraffin-embedded (FFPE) samples (72 from primary tumors and
21 from regional lymph node metastases) were subjected to whole-
genome copy-number analysis using the SNP array OncoScan CNV
assay (Affymetrix) according to standard protocols. All tumor samples
found to contain allelic imbalances (72/93 analyzed), alongwith paired
normal samples and two additional regional lymph node samples,
were selected for TDS using the extensive INVIEW Oncopanel All-
in-one (version 2.7; Eurofins Genomics). The selected panel
covers the entire exons of more than 590 cancer-associated genes
(Supplementary File S2) and is optimized for FFPE samples. A
flowchart of all sampled tumor areas selected for genomic profiling,
along with the analysis pipeline, is presented in Supplementary File
S3 and a detailed description of all subsequent data analysis is
available in Supplementary File S1.

Clonal deconvolution and phylogenetic analysis based on
chromosomal alterations and mutations with known
deleterious effects

Clone size calculations were performed on the basis of both relative
probe intensity ratios (log2R value) for each CNV and variant allele
frequencies for each TDS-detected variant, SNVs and insertions and
deletions (InDels), by use of previously well-established methods
(refs. 24–27; details in Supplementary File S1). To further deduce
the most likely evolutionary trajectory resulting from each tumor’s
unique genetic clonal landscape, all detected CNVs along with known
deleterious SNVs and InDels, were analyzed using the DEVOLUTION
algorithm (28), described in Supplementary File S1. In total, sub-
sequent to exclusion of samples with scarce tumor cell fraction
(TCF), 40 samples (35 primary tumor, 5 lymph node metastasis)
originating from nine patients were eligible for evolutionary
reconstruction as a phylogeny of clones (Supplementary File S4,
Supplementary Table S1) based on all detected genetic alterations
and corresponding clone size estimations (Supplementary File S4,
Supplementary Table S2).

Complexity score
To delineate the evolutionary complexity of each tumor’s phylog-

eny, complementary to other more elementary phylogenetic tree
attributes, we developed a complexity score (method details in
Supplementary File S1) to summarize the network extent of each tree
into a single value, based on previously derived formulas on decision
trees (29). In brief, all produced copy number–based phylogenies were
translated into a decision tree format, assigning each branching point
and detected subclone to a specific generation, increasing in value
with nested subclonality. In addition, the formula was designed to
be scalable to the number of connections, that is, genetic drift
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(Supplementary File S5, Supplementary Figs. S1–S3). Following deci-
sion tree translations, calculations of the total tree complexity score
were performed for each phylogeny, dependent on both the branching
architecture and the number of detected clones (Supplementary
File S5, Supplementary Figs. S4–S5).

Clonal deconvolution and phylogenetic analysis based on
SNVs only

All SNVs detected by TDS, regardless of previously known path-
ogenic effects, were subjected to an additional clonal deconvolution
and evolutionary analysis using DEVOLUTION (detailed bioinfor-
matic pipeline in Supplementary File S1; ref. 28). In summary, 34
samples (30 primary tumor, 4 lymph node metastases) originating
from eight patients were eligible for SNV-based evolutionary anal-
ysis, founded by all SNVs and corresponding clone size estimations
(Supplementary File S4, Supplementary Table S3).

Statistical analysis
Linear regression analysis was performed to evaluate associations

between different genetic parameters, tree characteristics, patient OS
and tumor infiltrating ICs, by using the lm function in the R package
stats, or the stat cor function in the R package ggpubr together with the
geom smooth function (method ¼ lm) in the R package ggplot2 (30).
Multivariable regression analysis was performed to determine the
association between complexity score and OS, accounting for vascular
invasion, by the lm function in the R package stats. Moreover, the
Pearson x2 test with Yate’s continuity correction was used to explore
the prognostic value of specific chromosomal aberrations, with Bon-
ferroni correction formultiple testing. Throughout the study, a P value
of <0.05 was considered as significant. All statistical analyses were
conducted in R (version 3.6.0; ref. 31) and RStudio (version 1.2.1335).

Availability of data and materials
Complete curated data from the SNP array analysis may be found in

Supplementary File S4, Supplementary Table S4, and from the TDS
analysis for mutations with known deleterious effects in Supplemen-
tary File S4, Supplementary Table S5. All raw datasets used and/or
analyzed during the current study will be made available from the
corresponding author upon request in compliance with Swedish
legislation.

Results
Clinicopathological and genetic characteristics

Clinicopathological characteristics of the nine primary patients with
PDAC included in the study are summarized in Supplementary File S4,
Supplementary Table S6. From each patient, multiple tissue samples
were obtained from the primary tumor area, including regional nodal
metastases when present, and analyzed by genome-wide SNP array
analysis and TDS (Supplementary File S4, Supplementary Tables S2,
S4, and S5). The median number of samples per patient was 5 (range,
3–6; Fig. 1). The genomic copy-number profile of each tumor is
visualized in Fig. 2, and in Supplementary File S6, Supplementary
Fig. S1, normalized to the estimated ploidy state of each sample, with
the median number of detected alterations for all samples being 25.5
(range, 10–72). Allelic loss of TP53 and SMAD4 was observed in all
nine cases. By sequencing, we identified point mutations and small
insertions/deletions in known drivers of PDAC such as KRAS (9/9),
TP53 (8/9), SMAD4 (5/9), and CDKN2A (2/9; Fig. 3A; refs. 12, 17).
Homozygous copy-number deletions of CDKN2A were also found by
SNP array analysis in patients 3, 5, and 8. Additional candidate driver

alterations found were a loss-of-function variant in Ring Finger
Protein 43 (RNF43p.R145) in patient 1, a gain-of-function mutation in
the oncogene encoding the stimulatory G-protein aS (GNAS

p.R201C) in
patient 4, and a missense loss-of-function variant in the Dihydropyr-
imidine dehydrogenase (DPYDp.E423K) gene in one sample originating
from patient 3 (Supplementary File S4, Supplementary Table S5). The
functional status of the altered tumor-suppressor genes detected in
this study and information about the zygosity at each locus is shown
in Fig. 3B. Focal gene amplifications were scarce throughout the
material, but to name a few, amplification of the MYC oncogene was
detected in patient 4 and an amplification of chromosome band 9p22
was found in patient 9, harboring the Cerberus 1 (CER1) and FRAS1-
related extracellular matrix 1 (FREM1) genes.

Branching copy-number evolution
Intratumor genetic heterogeneity was prominent in most cases and

included complex patterns of CNVs as exemplified by patient 5 (Fig. 2)
where chromosome 4 displayed three different allelic compositions:
1þ1, 1þ0, and 2þ0. For patients 3, 7, and 9, there was evidence of an
early whole-genome doubling event as the majority of the chromo-
somes were either tetrasomic (patient 3 and 9), or trisomic (patient 7).
To systematically study intratumor diversity, clonal deconvolution
and temporal analysis was performed to identify evolutionary relation-
ships and spatial heterogeneity, that is, differences in genomic profiles,
throughout the tumor space. Intratumor copy-number heterogeneity
was detected to various degrees in all patients, whereas heterogeneity of
variants in known driver genes was only found in patients 3, 5, and 8
(Fig. 4; Supplementary File S6, Supplementary Figs. S2–S4), with
patient 8 showing evidence of parallel evolution with two independent
SMAD4 variants (p.R361H and p.R34). The limited detected hetero-
geneity of point mutations was also evident when performing a
second phylogenetic analysis (8/9 patients) based on SNVs only,
regardless of previously known deleterious effects (Supplementary
File S6, Supplementary Fig. S5). However, although some of the SNV
tree branching structures resembled the CNV-based phylogenies (e.g.,
patients 5 and 8), copy-number heterogeneity was denoted as
the major contributing factor to the branching architectures of the
phylogenetic trees.

Through detailed examination of the copy-number data, we
further distinguished varying branching patterns, with both early
(e.g., patient 5) and late (e.g., patient 7) segregation from the tree
trunk (Supplementary File S6, Supplementary Figs. S2–S4), along
with different subclonal nesting features. A mixture of linear and
collateral evolution was evident in all patients, except for patient 1,
where only the latter was notable. In four patients, we also obtained
genetic information from lymph node metastases (patients 2, 4, 6,
and 8), and were able to deduce the point where the metastatic
clones branched out from the other lineages. This branching point
appeared to be an early evolutionary event in most cases (patients 2,
4, and 8), as the metastatic clones in these patients only share stem
alterations with the primary tumor. With regard to patient 6,
however, the lymph node metastasis appeared to originate from
a subclone present in sample P1. To validate that these early
dissemination patterns were not biased by a low TCF in the lymph
node metastasis samples, we assessed the correlation between the
number of detected CNVs and the respective TCF value in each
individual sample. As shown in Supplementary File S7, Supple-
mentary Fig. S1, no significant correlation was evident.

A detailed analysis was further performed to evaluate the evolu-
tionary value of specific CNV acquisitions and different CNV sub-
classes. The presence of known prevalent structural variations in
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Figure 1.

Sampling overview.Anoverviewof areaswithin the regional tumor space, for the ninePDACpatients, fromwhere samples included in thephylogenetic analyseswere
obtained. All patients underwent pancreaticoduodenectomy and the approximate size and location for each tumor is visualized by the larger blue transparent circle.
The smaller circles show the anatomic site of the different FFPE blocks included, where blue indicates primary tumor and yellow indicates lymph node metastases.
The distance between samples originating from the same FFPE block was measured and is shown where applicable. P, number of primary samples; L, number of
lymph node metastases. This figure was created using templates from Servier Medical Art, licensed under a Creative Commons Attribution 3.0 Unported license;
https://creativecommons.org/licenses/by/3.0/.
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PDAC, according to a previous large study (32), was explored in all
tumors in relation to OS (Supplementary File S6, Supplementary
Fig. S6). Heterozygous loss of the p-arm of chromosome 8 was the
sole aberration significantly associated to patient survival (P< 0.05) but
was not significant when correcting for multiple testing. Nevertheless,
the exclusive loss of 8p in patients with a shorter survival was also
notable in the combined whole-genome view for all samples (Supple-

mentary File S6, Supplementary Fig. S7). In addition, the median
number of each CNV class (i.e., gain, loss and copy-number neutral
imbalance ¼ CNNI) was calculated for each patient and correlated to
OS using univariate linear regression (Supplementary File 6, Supple-
mentary Fig. S8). A significant association was observed for an
increased number of gains and a shorter OS, but this significance was
lost following correction for multiple tests.

Figure 2.

Copy-number profiles for each PDAC tumor. Circos plots visualizing CNVs detected within each chromosome for all nine patients, each inner circle corresponding to
the various samples included. Copy-number losses are shown in red, gains in blue, CNNIs in yellow, and amplifications in black. Estimated ploidy state of tumors
showing evidence of aneuploidy is noted where applicable, and all copy-number profiles have further been normalized to the estimated ploidy state of each sample
before visualization. Genes affected by known deleterious mutations are annotated for each individual sample.
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Tree complexity is associated with survival
To be able to compare phylogenetic features beyond elementary

tree characteristics, a network-based complexity score was calcu-
lated for each tree, taking the branching architecture into account as
well as the number of subclones (Fig. 5A; Supplementary File S5,
Supplementary Figs. S4–S5). The complexity score was compared
with patient survival time after surgery by univariate linear regres-
sion analysis (Fig. 5B). An increase in network complexity was
significantly (P < 0.001) associated with a shorter survival time. The
associations between OS and other tree characteristics are summa-
rized in Supplementary File S7, Supplementary Fig. S2. The number
of subclones detected in each tumor was the only other factor
significantly associated with OS (P ¼ 0.02). Because the complexity
formula takes the total number of subclones into account and
returned a greater explained variance (adjusted multiple R2: 0.81 vs.
0.50 in univariate analyses), we chose to continue with the com-
plexity score alone in further analyses.

Effects of possible confounders, such as sampling bias and clinical
differences between patients, were evaluated with univariate linear
regression to confirm the detected association between tree complexity
and OS (see Supplementary File S7, Supplementary Fig. S3, for
parameters discussed below). As genetic information from lymph
node metastases was only extractable in some of the patients, the
analysis comparing tree complexity with patient outcome was also
performed with primary tumor samples only. This confirmed a
significant association between complexity and survival time. Fur-

thermore, no associationwas found between complexity scores and the
total number of samples included in the phylogenies, the number of
FFPE blocks from which the samples originated or tumor size.
Moreover, no association was detected when comparing distances
between samples obtained from the same paraffin block (see Fig. 1)
and the number of non-shared alterations between them. An addi-
tional test was also carried out investigating whether the difference in
TCF was responsible for the varying complexity, but no association
was found.

Among the established prognostic factors (Supplementary File S4,
Supplementary Table S6), only growth of the tumors into blood vessels
(P ¼ 0.043) and lymphatic vessels (P ¼ 0.015) were found to be
prognostic in univariate linear regression analyses. When including a
combined vascular invasion variable; 0, no invasion; 1, growth in blood
or lymphatic vessels; and 2, growth in blood and lymphatic vessels, in a
multivariable regression together with the tree complexity score, the
two variables increased the explained variance (adjusted multiple R2¼
0.93; P < 0.001) with both explanatory variables carrying significance
(tree complexity: P ¼ 0.037, vascular invasion: P ¼ 0.013).

Spatial heterogeneity of the immune microenvironment
Double IHC staining was applied to assess the abundance as well as

TN infiltration of the following IC subsets (Fig. 6A); CD3þCD8–

T cells (referred to as TH cells), CD3þCD8þ T cells (referred to as TC

cells), FoxP3þCD8– T cells (referred to as CD8– Tregs), FoxP3
þCD8þ

T cells (referred to as CD8þ Tregs), CD68
þCD163– macrophages

Figure 3.

Genes altered by known deleterious mutations and copy-number alterations in each PDAC tumor. A, A summary of genes altered by mutations of known clinical
relevance or affected by homozygous copy-number deletions or amplifications in each tumor sample. Variants are color coded according to the type of genetic
change responsible;missense, frameshift, stop gain, splice site, homozygous copy-number (CN) deletion or amplification. Eachvariant is also annotated according to
its estimated clonality status in each sample, clonal or subclonal.B,Allelic CN status for the genomic regions covering tumor-suppressor genes, with a detected SNV/
Indel, and genes affected by a homozygous copy-number loss, for each patient. LOH, Loss of heterozygosity; HO loss, homozygous loss; Heterozygote, no detected
change in CN status.

Petersson et al.

Mol Cancer Res; 20(5) May 2022 MOLECULAR CANCER RESEARCH754



Figure 4.

Phylogenetic analysis based on chromosomal alterations and mutational variants with known deleterious effects. Phylogenies illustrating the ancestral relationship
between genetic clones detected in each sample, by using the maximum likelihood (ML) algorithm, for all tumors, rooted in a normal cell. A scale, indicating the
corresponding length of one aberration, is shown in the top right for each tree. Eachvertical branch is annotatedwith the associated detectedCNVs, SNVs, and InDels,
except in the stemwhere only altered genes andwhole-genomedoubling (WGD) events are shown. Formutations in tumor-suppressor genes, double hits are further
noted, where del ¼ copy-number deletion. A complete circle indicates that the alterations of that particular subclone were present in all tumor cells in the noted
sample (clonal), whereas a semicircle marks that only a part of the cells in that sample harbored the alterations (subclonal). Blue and yellow circles correspond to
primary tumor samples, and lymph node metastases, respectively. Tumors were estimated as being diploid if not stated otherwise.
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(referred to as M1-like), CD68þCD163þ macrophages (referred to as
M2-like), CD56þCD3–natural killer (NK) cells, CD56þCD3þNKcells
(referred to as NKT-like cells), and immature CD1aþ dendritic cells
(referred to as DCImm). In addition, the abundancy of CD20þ B cells
and the total number of B cell aggregates harboring CD8þ cells were
denoted. PD-L1 expression on both ICs (PD-L1IC) and tumor cells
(PD-L1TC) was assessed by single IHC.

To estimate the spatial immunogenic ITH, and its potential asso-
ciation with clonal evolution (complexity score), the median absolute
deviation (MAD) from the mean was calculated for all individual
immune scores within each tumor. A heterogenous spatial distribution
of the ICs, defined as a MAD score > 0, within each primary tumor
space was observed for both the abundancy and TN infiltration
(Fig. 6B). For instance, the abundance of B cells displayed a partic-
ularly heterogenous pattern in tumors from patients 1, 3, 6, and 9
(Fig. 6B). However,MAD scores were not calculated for presence of B-
cell aggregates or PD-L1IC infiltration due to low overall occurrence
(Fig. 6A). Furthermore, no significant associations were found
between the degree of spatial distribution of the different IC subsets
and phylogenetic complexity (Supplementary File S7, Supplementary
Fig. S4). Of note, the surrounding microenvironment in the tumor of
patient 9 was characterized by a particularly active immune response
(Fig. 6A), dominated by TC andTH cells, B cells, PD-L1ICs andM2-like
macrophages.

Local immune pressure
Associations between the abundancy and infiltration of IC subsets

with phylogenetic characteristics and OS were also examined by
univariate regression analysis, as shown in Supplementary File S8.
A joint value for the abundancy and TN infiltration, respectively, of
each IC subtype was used to account for interpatient differences in the
number of tumor areas analyzed. For PD-L1TCs and ICswith an overall
low presence, that is, NK cells, NKT-like cells, DCImm, PD-L1ICs, and
B-cell aggregates, and for all TN infiltration scores, the percentage of
positively stained cores divided by all cores (% positive/all) was used.
The median value was used for all other IC subsets.

The limited number of cases did not allow for adjusted analyses but
enabled identification of hypothesis-generating patterns and some
noticeable findings. To name some, non-significant trends were seen

toward an association between the abundance of B cells and NK cells
and longer OS, and between PD-L1TC expression and shorter OS.
Similar trends could also be seen between M2-like macrophage TN
infiltration and increased tree complexity, increased treetop length
and a shorter OS. The most notable finding was a significant associ-
ation (P¼ 0.005) between PD-L1TC expression and the treetop length
of the phylogeny (Fig. 7A). The distribution of PD-L1TC expression
throughout the tumor areas in each SPTC is further visualized
in Fig. 7B, together with representative IHC images (Fig. 7C and D).

Discussion
In this study, we provide a detailed description of the geographical

genetic clonal evolution through the regional tumor space of nine
patients with resected PDAC, also in relation to the immunogenic ITH,
with particular emphasis on detecting any potential associations of
these features with survival. Recent evolutionary analyses of PDAC
have shown that the ITH of driver events is remarkably limited
between subclones found in the primary tumor and those detected
in metastatic lesions (16, 17). It has, therefore, been argued that PDAC
tumor plasticity, and adaption to selection pressures, is mainly a
consequence of epigenomic change (33). In line with these findings,
variants detected in driver genes throughout this study were primarily
observed early on during tumor development, situated in the trunks of
the nine evolutionary trees. However, it is important to emphasize that
novel driver variants, not included in the targeted sequencing panel
and thus not detectable, might still be present in the tree branches. It
should also be acknowledged that the produced phylogenies are to be
considered estimations of the most probable order in which specific
genetic events occur, not approximations of time.

In contrast, genetic ITHwas found to varying degrees in all patients
when evaluating disparities in CNV profiles throughout the regional
tumor areas. These CNVs laid the foundation for the observed
phylogenetic branching structure, the complexity of which was found
to be associated with survival time. CNVs, including both quantity
measures and specific aberrations, have earlier been shown to carry
prognostic value in PDAC (12, 34, 35), but this study is, to our
knowledge, the first to describe the spatial heterogeneity and evolu-
tionary significance of CNVs in treatment na€�ve primary PDAC.

Figure 5.

Branching copy-number evolution and patient outcome. A, Phylogenetic relationships, made to scale, picturing the genetic clonal landscape of the nine resected
pancreatic tumors. The trees are further sorted by overall survival (OS, months), decreasing from left to right. The y-axis corresponds to the absolute number of
alterations (CNVs, SNVs, and InDels) detected. The corresponding complexity score for each tree is annotated in gray. B, Univariate linear regression comparing
phylogenetic tree complexity (n ¼ 9) with patient OS (months), whereby an inverse relationship was found (P < 0.001).
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Figure 6.

Immune cell abundancy and TN infiltration. A, Heatmaps illustrating the results following IHC staining of single patient tissue chips (SPTC) constructed for each
patient. Abundancy (left) and tumor nest (TN) infiltration (right) of the evaluated IC subsets (top), and their corresponding immunemarkers (bottom) are shown, on a
normalized scale from 0 to 1, for all primary tumor areas. The patients are sorted by overall survival (OS, months), decreasing from top to bottom. B, Heatmaps
visualizing the spatial heterogeneity of each IC subset, both in abundancy (left) and TN infiltration (right), again sorted by patientOS. Heterogeneity scores are based
on the median absolute deviation from the mean within each tumor, derived from the variations shown in A.
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However, as themajority of hitherto produced phylogenetic trees in
PDAC has been based on SNVs, a second phylogenetic analysis was
performed, using all detected point mutations. This additional eval-
uation did, nevertheless, also show an overall limited ITH of SNVs in
the resected tumors. Yet, as TDS is limited to investigating mutations
in specific loci, this may have contributed to the restricted observed
SNV heterogeneity (17). Still, these results strengthen our hypothesis
that integration of CNVs into phylogenetic analyses, following careful
definition of chromosomal break points, may increase the ability to
unravel possible evolutionary trajectories (28). Our findings are also in
agreement with studies on other types of cancer, for instance clear cell
renal cell carcinoma, lung cancer, and pediatric solid tumors, where
intratumor copy-number heterogeneity has been shown to be of
importance for patient survival (27, 36, 37). The outcome of these
analyses further stresses the importance of CNVs, such as amplifica-
tions or homozygous allelic losses, in tumorigenesis, as the resulting
gene alterations may be just as detrimental as mutational variants.

In this study, the visual phylogenetic branching structure was
translated into a numerical measure to enable analyses of its relation-
ship to survival time after resection. A network-based complexity score
was developed, scalable depending on the number of subclones and

designed to increase with the number of branching generations. A
limiting factor of this method is that it only considers the network
architecture and not the number of aberrations present, and, hence,
not the absolute length of the branches. Therefore, we also examined
other more elementary tree attributes, such as the treetop and stem
length, in relation to patient outcome. The findings showed that
evolutionary complexity was the strongest factor associated with
survival time after surgery, in line with recent work on surgically
resected mesothelioma (38). Thus, in spite of the small sample size,
these results propose that the intratumor copy-number complexity in
the regional tumor space of resected PDACmay reflect the evolvability
of the tumor before exposure to selection pressures from systemic
therapy. It must, however, be pointed out that the definition of a
subclone throughout this study is not to be assumed as being causal to a
specific tumor cell phenotype, but rather as a way to cluster genetically
similar tumor clones.

With regard to potential positive selection of specific CNV events, a
recent pan-cancer study has emphasized the evolutionary importance
of CNV acquisitions, considering both selection and genetic drift (39).
Although no significant associations were detected in the limited case-
series in this study, the detailed analysis of common copy-number

Figure 7.

PD-L1 expression on tumor cells and associations with phylogenetic tree top length. A, Univariate linear regression comparing a summarizing value of PD-L1
expression in each tumor (PD-L1TC) with the tree top length of each phylogeny (n ¼ 9). A significant association (P ¼ 0.005) was found between a larger tree and
expression of PD-L1TC. B, Boxplot showing the distribution of PD-L1TC expression for the different tumor areas in each patient. C, Representative IHC image of high
(3, range 0–3) PD-L1TC expression and (D) intermediate (2, range 0–3) PD-L1TC expression.
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changes in PDAC (32) showed that loss of 8p was exclusively detected
in patients with shorter survival. Loss of 8p has not previously been
linked to clinical outcome in PDAC, but has been shown to promote
tumor progression in breast cancer (40). However, we did not
acknowledge evidence for any copy-number changes to be recurrently
appearing solely in the branches of the trees; loss of 8p was detected in
the tree stem in 3 out of 5 cases. As nopronounced evidence for positive
selection of neither mutational drivers nor copy-number events was
detected, our main hypothesis leans toward the observed branching
being a result of neutral evolution,which is also in linewith thefindings
of a limited number of subclonal drivers. An increased clonal com-
plexity, in other words the acquisition of a broad tumor clone
repertoire, would thus increase the risk of chemoresistance.

Of note, the high stromal density in pancreatic tumors contributes
to a low neoplastic cellularity, thus posing difficulties for studying
tumor cell DNA alterations. Consequently, samples containing a high
quantity of non-neoplastic cells were excluded from the clonal decon-
volution and phylogenetic analysis to avoid underestimation of the
genetic subclonal heterogeneity. Statistical analyses indeed confirmed
that there were no significant associations between TCF and either
tumor complexity or intrapatient subclonal diversity. Furthermore,
another possible confounder in need of attention was the number of
tumor samples constituting each phylogeny and differences in their
geographical distribution. Complexity values were, therefore, also
examined in relation to the count of tumor samples included and the
number of individual paraffin blocks used, but no sampling bias was
detected. Taken together, these findings support the feasibility of using
available FFPE tissue for purposes of phylogenetic modeling.

Clonal tumor evolution has further been shown to be in dynamic
interplay with the surrounding immune microenvironment, adapting
to evade recognition by infiltrating ICs (20, 38). Although pancreatic
tumors, with their highly desmoplastic and dense stroma, have been
described previously as being comparatively “immunologically
cold” (21), several studies have demonstrated that both the type and
spatial distribution of infiltrating ICs carry prognostic value in
PDAC (22, 41, 42). Throughout the primary tumor regions in the
herein examined cases, there was a varying degree of intrapatient as
well as interpatient heterogeneity regarding both the abundancy and
TN infiltration of different IC subsets. We hypothesized that spatial
genetic heterogeneity would also be reflected in alterations of the
corresponding surrounding immune microenvironment, in relation
to both the quantity of DNA alterations and specific subclonal
mutations. We were, however, not able to detect any significant
associations between a complex phylogeny and heterogenous pat-
terns of either the abundancy or TN infiltration for any of the
investigated IC subsets. Additional studies on larger patient series
are, therefore, needed to shed further light on the question of how
and to what extent the immune microenvironment might influence
clonal evolution in PDAC. A relevant starting point could be to
evaluate links between specific genetic immune evasion traits of the
tumor cells, neoantigen repertoire, and the immune phenotype of
each tumor region, as this has been shown to be important in other
tumor types (20, 38).

Although the limited number of cases included in this study did not
allow for any strong conclusions to be drawn regarding the prognostic
value of different IC subsets, their spatial diversity is clearly demon-
strated, which further emphasizes the importance of consideringmore
than one tumor area in biomarker studies (43). In addition, some non-
significant trends toward prognostic associations that are congruent
with previous findings were indeed detected in our small cohort, such
as between an increased abundancy of NK cells and B cells and a

prolonged survival (41, 42), or an increased infiltration ofM2polarized
macrophages and a shorter OS (44).

A noteworthy finding is the highly active immune microenviron-
ment observed throughout all tumor regions of patient 9. Genomic
profiling of this tumor revealed a copy-number amplification of
segment 9p.22 in the phylogenetic tree trunk, covering the FREM1
gene, which has recently been linked to increased IC infiltration and an
improved outcome in breast cancer (45, 46). These findings, alongwith
the complex evolutionary trajectory and the comparatively long
postsurgical survival time (43 months) of this patient, could suggest
that, under certain circumstances, an active immune response might
balance the negative prognostic impact of an evolutionary prone
tumor. In this context, FREM1 alterations merit further study, not
only as a biomarker of an active local immune response, but also in
terms of molecular targeted and/or immune checkpoint inhibiting
treatment approaches.

Immune modulatory therapies have been evaluated as a treatment
option for PDAC, but very little effectiveness has been reported so
far (47). Thus, beyond analyses of distinct IC subsets, we also set out to
investigate if expression of the inhibitory ligand PD-L1, on both
leukocytes and tumor cells, might be linked to tumor evolution. Of
note, a significant positive association was found between PD-L1
expression on tumor cells and the length of the phylogenetic tree.
Speculatively, this may suggest that an increase in CNVs demands
suppression of the immune system to evade recognition. In line with
this hypothesis, a previous study demonstrated a correlation between
the dosage of CNVs and markers of immune evasion (48).

The only potentially curative treatment for patients diagnosed with
PDAC includes surgical removal of the tumor followed by an max-
imum tolerated dose (MTD) of cytotoxic chemotherapy, with the aim
to eradicate any residual microscopic disease. However, treatment
resistance remains a major threat as most patients die of recurrent
disease, and the risk of suffering from negative side effects and a
decreased quality of life often surpasses the survival benefit from
chemotherapy. In this regard, the herein performed comprehensive
analyses have culminated in novel insights into the genetic evolvability
of treatment na€�ve primary resected PDAC. In particular, the potential
association between branching copy-number evolution and survival
merits further study. If validated in a larger cohort, including patients
with non-resectable tumors, these findings could also for instance
encourage the use of evolutionary strategies for systemic treatment of
PDAC, as has previously shown to be effective in metastatic prostate
cancer (49). Along this line, it could be hypothesized that patients
with a homogenous genetic profile throughout their primary tumor,
signifying a lower ability of the tumor to evolve and adapt, will have a
more indolent disease and, hence, benefit from linear adjuvant treat-
ment according to current protocols. On the other hand, in patients
with tumors displaying complex evolutionary patterns, suggesting an
increased evolvability, chemotherapy administered at the MTDmight
instead accelerate the selection of treatment-resistant clones (2). These
patients might, therefore, instead benefit from surveillance with on-
treatment liquid biopsies and treatment strategies where the dosage is
adjusted according to quantitative tumor responses, or where multiple
therapies are applied sequentially according to qualitative tumor
alterations.

To conclude, this study sheds further light on the copy-number
evolution of resectable primary PDAC. The results indicate that
multiregional genetic profiling of the primary tumor and available
lymph node metastases, followed by phylogenetic analysis, may
provide important information on the evolutionary propensity
of treatment na€�ve pancreatic tumors. In addition, a few
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hypothesis-generating findings in relation to the surrounding
immune microenvironment were detected, suggesting that its
potential influence on clonal evolution in PDAC remains a topic
of interest for further study.
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