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The biology of pancreatic cancer morphology

Oliver G. McDonald
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Summary

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal of all human malignancies.
PDAC precursor lesions, invasive primary PDAC, and metastatic PDAC each display

distinct morphologies that reflect unique biology. This ‘biomorphology’ is determined by

a complex neoplastic history of clonal phylogenetic relationships, geographic locations,

external environmental exposures, intrinsic metabolic demands, and tissue migration patterns.
Understanding the biomorphological evolution of PDAC progression is not only of academic
interest but also of great practical value. Applying this knowledge to surgical pathology practice
facilitates the correct diagnosis on routine H&E stains without additional ancillary studies in
most cases. Here | provide a concise overview of the entire biomorphological spectrum of

PDAC progression beginning with initial neoplastic transformation and ending in terminal distant
metastasis. Most biopsy and resection specimens are currently obtained prior to treatment. As
such, our understanding of untreated PDAC biomorphology is mature. The biomorphology of
treated PDAC is less defined but will assume greater importance as the frequency of neoadjuvant
therapy increases. Although this overview is slanted towards pathology, it is written so that
pathologists, clinicians, and scientists alike might find it instructive for their respective disciplines.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is both a genetic and metabolic disease

that evolves through specific steps of progression under the selective pressures of
fibroinflammatory microenvironments. Because early detection is not yet a reality, PDAC

is still routinely encountered at all steps of its natural evolutionary history in fully developed
histological form. Large macroscopic cystic precursor lesions are detected and resected with
increasing frequency. Both microscopic [pancreatic intraepithelial neoplasia (PanIN)] and
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macroscopic [intraductal papillary mucinous neoplasm (IPMN), mucinous cystic neoplasm
(MCN)] precursors may be difficult to distinguish from “cancerisation’ of pancreatic ducts
in surgical resection specimens. IPMNSs can even extend out of the pancreas and mimic
ampullary adenomas on biopsies. Precursor lesions that undergo malignant transformation
must contend with a dense desmoplastic stroma that is a hallmark morphological feature
of this disease. This places extreme metabolic demands on PDAC cells as they struggle

to proliferate, migrate, and survive within the thick stroma. As primary PDAC grows
silently in the pancreas over time, morphologically divergent subclonal populations evolve
that are easily appreciated on haematoxylin and eosin (H&E) examination of resection
specimens. Some of these subclones will seed widespread distant metastasis. Needle
biopsies of metastatic PDAC have become more common as the desperate search for
elusive therapeutically actionable targets continues. These biopsies can be diagnostically
challenging since the hallmark desmoplastic stroma of primary PDAC is often poorly
formed or absent altogether in distant metastases. Thus, pathologists are routinely tasked
with accurately diagnosing and/or staging PDAC in all its fully developed glory across

all steps of neoplastic progression. Familiarity with the biological basis for how and why
morphology evolves as it does during this progression is a “killer app’ in the skillset of
any surgical pathologist. That is because it provides an intuitive understanding of disease
behaviour that instills low magnification gestalt into the art of routine diagnostic practice.

THE BIOMORPHOLOGY OF PDAC PRECURSORS

Like other cancers, PDAC evolves through a stepwise genetic progression sequence that
can be recognised on H&E by distinct histomorphologies.! Most cases arise sporadically
through acquisition of somatic mutations in pancreatic ductal or acinar epithelial cells.
Some or all these somatic mutations are thought to arise in the setting of continuous or
episodic fibroinflammatory conditions that injure native ducts and acini, especially chronic
pancreatitis.23 This hypothesis is supported by high penetrance of PDAC in patients with
hereditary pancreatitis* and in genetically engineered mouse models (GEMMSs) subjected to
experimental pancreatitis.? It is thought that fibroinflammatory environments apply selective
pressures that favour acquisition of somatic mutations in a core set of cancer ‘driver’

genes that support pancreatic ductal neoplasia. Indeed, the same core set of driver genes is
recurrently mutated in PDACs from different patients. That is because functional mutations
in these specific genes increase fitness (growth and/or survival) of epithelial cells during
otherwise lethal or senescent fibroinflammatory injury conditions.3

KRAS: the signature PDAC genetic driver

The signature PDAC genetic driver is the KRAS oncogene. Activating KRAS mutations are
present in approximately 90% of PDAC patients® and represent one of the earliest genetic
events during neoplastic transformation.2:3.6 Oncogenic KRAS mutations are selected in part
because the KRAS gene product participates in signal transduction pathways that activate a
variety of adaptive outputs that help epithelial cells cope during stressful conditions (such

as pancreatitis).3:6.7 One such adaptation is acinar to ductal metaplasia (ADM)8? (Fig.

1A). ADM may be adaptive because acinar cells (which secrete digestive enzymes) are
converted into metaplastic ducts presumably as an attempt to shunt pools of tissue-damaging
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acinar secretions around obstructed or damaged native ducts. ADMs themselves are not
neoplastic. Nevertheless, they can display histological features vaguely reminiscent of
neoplasia including angulated glands lined by immature cells with nuclear atypia (Fig. 1B)
that may exceed that of well-differentiated PDAC (Fig. 1C). The morphological overlap
between ADM and neoplasia may reflect partially de-differentiated states, shared RAS
signalling, or a combination of both.

Chronic pancreatitis is stressful to epithelial cells because they are forced to

regenerate under hostile conditions. Fibrosis interferes with microvascular delivery of
oxygen and nutrients. This forces native and metaplastic ducts to regenerate under
hypoxia and famine.3:"10 Fibrotic conditions also attract inflammatory cells that can
damage regenerating glands. KRAS signalling activates several unique adaptations

that promote growth, survival, and ultimately neoplastic transformation of both

nativell and metaplastic1?13 ductal epithelial cells. These adaptations may include so-
called “professional scavenger’ pathways that counteract starvation by extracting what
macromolecules are available from the stromal matrix and converting them into the minimal
essential metabolites that fuel cellular metabolism and antioxidant defenses.’-10.14-23
Coalescence of mitochondria into ‘supercomplexes’ likewise maximises efficient oxygen
consumption during hypoxia.24 Endocytosis-coupled digestion of cell-surface neoantigens
promotes immune evasion.2> Signal transduction pathways that stimulate epithelial cell
proliferation simultaneously suppress effector T-cell killing of regenerating ducts.26-30
Thus, there is strong selective pressure for pancreatic epithelial cells to acquire activating
KRAS mutations, professional scavenger pathways, and immune evasion capabilities
under fibroinflammatory conditions.37 If clinical or subclinical injury/pancreatitis persists
long enough for an oncogenic gain-of-function mutation to emerge by chance during
epithelial cell proliferation, then that “fortuitous’ cell gains fitness advantages over wild-
type neighbours and outcompetes them through natural selection. The result is neoplastic
transformation,2:11.12:31,32

Precursor progression: the core set of PDAC genetic drivers

KRAS-driven neoplastic transformation most often persists as microscopic (<0.5 cm) in
situPanlN precursor lesions that sprout within interlobular side branches of the pancreatic
ductal system. Oncogenic KRAS also contributes to neoplastic cystogenesis (IPMN, MCN)
in cooperation with oncogenic GNAS mutations33-35 but independently of metaplasia.36
Both native duct regeneration and ADM are reversible and low numbers of KRAS mutated
epithelial cells can be outcompeted and cleared by wild-type counterparts if systemic
pancreatic injury resolves in a timely fashion.3” PanINs that persist may do so in part
because oncogenic KRAS assumes control over an injury-induced epigenetic program that
instructs the mutated epithelial cells to secrete protective fibroinflammatory cytokines.38-41
If injury persists long enough, epithelial cells carrying the mutant KRAS alleles will
proliferate beyond a ‘PanIN-permissive’ numerical threshold. At this threshold, the epithelial
paracrine secretions are sufficient to construct a localised rim of fibroinflammatory tissue
around the mutated epithelial cells (Fig. 1D—F). This creates a gene:environment ‘positive
feedback’ interaction (Fig. 1G) that allows mutated cells to persist as PanINs even in

the absence of systemic pancreatitis through self-reinforcing cross-talk: (1) the newly

Pathology. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDonald

Page 4

constructed fibroinflammatory rim only favours survival of epithelial cells with mutant
KRAS alleles; (2) the mutated cells themselves secrete paracrine signals that maintain the
rim of fibroinflammatory tissue. From a conceptual standpoint, mutant KRAS is the ‘selfish
gene’ of pancreatitis.

Although selected at high frequency, KRAS mutations alone are weakly oncogenic. An
analogous example in the colon is KRAS-driven hyperplastic polyps, which are tiny

and harmless. Like hyperplastic polyps, PanINs that remain under the sole influence of
oncogenic KRAS are benign, well-differentiated, and remain confined to their side branch
site(s) of origin. They display the morphological features of low-grade dysplasia (LGD;
formerly PanIN-1 and -2 lesions; Fig. 1D,E).#2 Slow cell cycle rates retain ducts in a flat
or undulating monolayer of polarised columnar epithelial cells, although some stratification
may occur due to modest increases in cell numbers over time. Because cells spend most
of their time in the GO phase of the cell cycle the cytosol remains expanded with side
branch (gastric)-type mucins. Nuclear atypia is mild or absent due to minimal amounts of
(epi)genomic instability.

Autopsy studies indicate that the vast majority of PanINs remain low grade.*3 However,
KRAS addiction acts as a gateway for the gradual® or punctuated** acquisition of

additional driver gene alterations in some precursors. These are recurrent mutations and/or
allelic losses targeting specific tumour suppressor genes® (most commonly CDKNZ2A,4546
7P5347 and SMAD48). The precise environmental selective pressures that favour
acquisition of these additional drivers are not well defined. Survival during genotoxic stress
and/or an evolutionary license to test drive copy humber imbalances may be important

since inactivation of CDKNZ2A and especially 7P53 eliminates cell cycle checkpoints

that normally guard against genome instability.3 7252 hits may also further facilitate
immunosuppression.4® Mutations and/or losses in SMAD4 (also known as DPC#*8) are also
observed in 40-55% of PDACs. The selective pressures favouring SMAD4 loss-of-function
probably include surviving potentially lethal aspects of stromal TGF-p signalling when
neoplastic cells undergo epithelial-to-mesenchymal transition (EMT) and/or migrate through
stromal matrix barriers.59-°1 The additional drivers also correlate with the ability to spread to
other regions of the ductal system. Intraductal spread occurs by anchorage-dependent lateral
spreading along basement membrane-lined surfaces and by anchorage-independent floating
of detached cells through luminal secretions.>2 Collectively, inactivation of cell cycle
checkpoints,3 induction of (epi)genomic instability,>-56 and enhanced mobility>2 combine
to produce the morphological features of high-grade dysplasia (HGD; formerly PanIN-3
lesions; Fig. 1F). Increased cell cycle rates cause cells to increase in number, crowd, and
project papillary or cribriform outgrowths into the luminal space. Less time in the GO phase
of the cell cycle reduces cytosolic mucin production. Epigenetic reprogramming and genome
instability cause nuclear atypia with loss of polarity and atypical mitotic figures. Increased
mobility manifests as budding of cell clusters into the luminal space. Data indicate that
genetic inactivation of CDKNZA is a relatively early event in the progression to HGD

(Fig. 1D) whereas inactivation of 7P53and SMAD4 are late events that contribute to
malignant transformation®”%8 (Fig. 1F). Thus, the core set of PanIN genetic drivers required
for HGD and subsequent malignant transformation (invasive adenocarcinoma) includes
activating KRAS mutations with various combinations of inactivating COKNZA, TP53,
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and/or SMAD4 genetic hits. The core set of genetic drivers in neoplastic cystic precursors
includes additional hits in GNAS and RNF433°

Neoplastic migrations: intraductal spread and surface colonisation

Intraductal migration is a trait acquired by precursor lesions®2°9 that is retained by invasive
PDAC that re-colonises native pancreatic ducts.f% As such, multi-focal involvement of
the ductal system is commonly observed for both cystic precursor lesions and PDAC.
This at least partially explains the high rate of local recurrence after surgical resections
with negative margins. For frozen section evaluation of IPMN resection margins, only
the presence of HGD (or invasion) at the margin warrants further surgical intervention.52
For PDAC resections, the presence of intraductal HGD (especially if circumferential
involvement) may best be considered a positive margin since it likely represents re-
colonisation of the ducts.®? Intraductal spread may even extend out of the pancreas into
the periampullary ducts (Fig. 2A,B) and onto the intestinal mucosal surfaces to mimic
an adenoma (Fig. 2C,D). The pathology report for initial ampullary mass biopsies should
include a comment suggesting imaging studies to rule out spread from an adjacent IPMN
or PDAC. Finally, the ability to spread along surfaces and within lumens extends to
nerves (Fig. 2E,F) and muscular vessels,®2 respectively. These proclivities should always
be considered when evaluating surgical margins and small biopsies.

Multiple independent LGD and HGD precursor lesions may develop at different locations
within the ductal system during a human lifespan.>”:63 Individual precursors may also be
polyclonal mixtures themselves.54 Intraductal migrations by one of these lesions3°52 or
invasive PDAC®0 (that has re-colonised the ducts) can eliminate (poly)clonal heterogeneity.
This occurs because neoplastic cells from one lesion can migrate and colonise multiple
other locations.>2 If the pioneering neoplastic cells are more fit (better at growing and/or
surviving) than the stationary neoplastic cells at those sites, the pioneers will have a
competitive advantage that results in a ‘clonal sweep’.3°2 If clonal sweeps are common
events prior to clinical diagnosis, then the full spectrum of therapeutically actionable genetic
drivers can theoretically be detected in untreated patients by sequencing tumour tissue from
a single biopsy in most cases.%°

THE BIOMORPHOLOGY OF PRIMARY PDAC

Malignant transformation of a benign precursor lesion is pathologically defined as invasion
through the ductal basement membrane into the surrounding pancreatic parenchyma. This
initiates a period of primary tumour growth in the pancreas. PDAC is the ‘silent killer’

due to the presence of a clinically asymptomatic primary tumour within a poorly accessible
retroperitoneal location. Sequencing studies indicate that primary PDACs grow over a period
of years prior to clinical presentation.>2:66 From a clinical oncology perspective this is
unexpected considering the aggressive behaviour of this disease. From a pathobiology
perspective this is expected since thickly fibrotic tumours often grow slowly even if
malignant (desmoids for example), whereas loosely fibrotic tumours may grow rapidly
even if benign (nodular fasciitis for example). The period of silent growth is extremely
important because it presents an elusive ‘window of opportunity’ for early detection and
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cure prior to the development of locally advanced disease or metastasis.%” Early detection
is currently only possible for the small subset of patients with cystic precursors detected
incidentally by imaging or those who present with painless jaundice from small PDACs
that arise near the common bile duct and obstruct it soon after invasion. Development of
early detection technology is justifiably the focus of intense research that will impact both
anatomical and clinical pathology practice in the future. Promising technologies include but
are not limited to endoscopic collection of pancreatic fluids for biomarker testing,58 ‘liquid
biopsies’ of biomarkers in the systemic circulation,89:70 clinical risk assessment algorithms,
and imaging-based screening programs for high-risk populations.’1-73

The desmoplastic stroma: a hallmark feature of primary PDAC

Matched sequencing studies from the same individual patient(s) indicate that the core set

of genetic driver alterations acquired during progression to HGD probably also represents
the full complement required to support invasive primary tumour growth.3 Beyond those
genetic requirements, the precise physical mechanisms whereby cells from intraductal HGD
precursor lesions invade through the ductal basement membrane barrier remain incompletely
understood. Proteolytic digestion of matrix, prolapse through matrix weaknesses, active
migration through matrix, and spread onto periductal investing structures (especially
nerves,’4-76 Fig. 3A) are possible. Irrespective of the mechanism, invasive primary tumour
growth appears to be clonally initiated through a bottleneck of neoplastic cells that carry the
core set of PDAC genetic drivers (the ‘parental clone’).56

Invasion of the parental clone into the pancreatic stroma activates resident pancreatic
stellate cells (PSCs), initiates secretion of extracellular matrix, and triggers recruitment

of inflammatory cells.”” This constitutes the ‘desmoplastic stroma’ that is a hallmark
feature of primary PDAC.”8 The desmoplastic stroma bears some similarities to chronic
pancreatitis’®:80 and chronic pancreatitis is usually present in areas away from the tumour
mass (possibly due to large duct obstruction). Activated PSCs proliferate and differentiate
into at least two distinct types of ‘cancer-associated fibroblasts’ (CAFs).81:82 Myofibroblast-
type CAFs (myCAFs, Fig. 3B) emerge in juxtaposition to invading glands and secrete
densely collagenous extracellular matrix®2 that restrains PDAC progression.83-85 To combat
this, the malignant cells secrete matrix metalloproteinases, mucins, and hyaluronic acid,86
which may synergise to partially solubilise the dense collagen matrix. Malignant cells also
secrete chemokines that instruct PSCs to differentiate into inflammatory-type CAFs (iCAFs,
Fig. 3C). iCAFs return the favour by secreting growth factors and immunosuppressive
cytokines that enhance fitness of the same PDAC cells that secreted the chemokines to

the iCAFs.2941.82 Depending on the densities of proteinaceous collagens and aqueous
proteoglycans, the stroma extracellular matrix ranges from scar-like (dense collagen, Fig.
3D,E) to fibromyxoid (collagen mixed with mucins and/or hyaluronic acid, Fig. 3F,G).

In fibrotic areas, CAFs are slender spindle cells with hyperchromatic nuclei situated in
between wavy collagen bundles (Fig. 3E). In fibromyxoid areas, CAFs ‘open’ into more
plump stellate cells (Fig. 3G). Immunohistochemistry for smooth muscle a-actin can
distinguish myCAFs (high expression) from iCAFs (low expression). Beyond CAFs, stromal
inflammation is present especially in fibromyxoid areas. Neutrophils form intraluminal
microabscesses within the PDAC glands. Scattered collections of macrophages and

Pathology. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDonald

Page 7

eosinophils coalesce around contents that spill from ruptured malignant ducts. Lymphocytes
patrol aimlessly through the stromal matrix and fail to home toward the malignant invaders.
Stromal matrix composition,84:87.88 immunosuppressive cytokines,26:27:38 myeloid-derived
(immune) suppressor cells,28:30.89 and endocytosis of PDAC neoantigens?>0 likely all
contribute to tumour defense against lymphocyte attack. Indeed, PDAC is notoriously “cold’
to immunotherapy.®!

The desmoplastic stroma may occupy up to 80-90% of the total tumour volume. Some
features of this specialised stroma undoubtedly contribute to PDAC progression.87:88.92,93
Such advantages may come at considerable cost, since stromal pressures collapse the already
sparse numbers of arterioles, capillaries, and venules that feed and drain the tumour mass.%
The result is sluggish delivery of systemically circulating oxygen, nutrients, and xenobiotics
with impaired clearance of waste and toxic metabolite byproducts.17:95 Therefore, primary
PDACs grow and evolve within a hostile ecosystem that is nutrient-deprived, hypoxic,

and toxic. Perhaps because of shared similarities with chronic pancreatitis,’ the same
stress response scavenger pathways active in precursor lesions remain adaptive within the
desmoplastic stroma. The extreme microenvironment also impacts treatment effectiveness.
Collapsed capillaries impair delivery of systemically administered chemotherapy into the
tumour mass.94:96.97 Chemotherapy that does enter the tumour is forced to compete with
macrophage-secreted pyrimidines that block uptake of therapy into the malignant cells.98
Thus, the stromal microenvironment is also hostile to oncologists.

PDAC evolution: divergent morphological subclones

Primary PDAC evolves as it grows within the pancreas.®6:9° This culminates in a
heterogeneous mixture of phylogenetically related subclonal populations that evolved from
a common ancestor (the parental clone) yet occupy geographically distinct regions of the
primary tumour mass. Geographic subclones often possess divergent H&E morphologies,
differentiation states, stroma content, transcriptomic profiles,100 and in some cases
malignant tendencies including metastatic competence.191-103 Morphological evidence of
subclonal evolution is therefore readily appreciated on routine H&E examination of well-
sampled PDAC resection or autopsy specimens (Fig. 4A). Unusual morphological variants
reported in the literature also represent geographic subclones. Because they each descended
from the parental clone, all subclones within a primary PDAC share the same core set

of genetic drivers. Additional mutations that distinguish subclones from each other are
‘passenger’ events that do not encode additional malignant properties.3:5> However, there
are additional genetic drivers beyond the core set that occur at lower frequencies across
patients.3 These genetic ‘backseat’ drivers encode nuanced yet selectable phenotypes that
are not required for malignancy per se. They instead influence evolutionary trajectories and
malignant propensities as briefly introduced below.

The morphology of the parental clone, and most well to moderately differentiated
subclones,3 falls within the spectrum of classic PDAC: pale to pink appearing
pancreaticobiliary glands with jagged edges and incomplete lumens that haphazardly
infiltrate through a densely fibrotic or fibromyxoid stromal matrix (Fig. 3D-G). Multiple
morphologically indistinguishable classic-type subclones may populate a primary tumour.
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These can only be distinguished by sequencing passenger mutations, although gains and
losses of the genetic backseat driver GATAG (a pancreatic developmental transcription
factor) strongly influence the probability that individual subclones will maintain or diverge
from the classic morphology.3190.104 Common well-differentiated subclones with variant
morphologies include large duct, small duct, and clear/foamy duct subtypes. Although these
variant subclones are recurrently observed across different patients, it has been suggested
that they evolve by random genetic drift rather than natural selection.1% They are important
to recognise because they can mimic other processes. As the name implies, large duct
subclones form very large rounded or cystic glands with open lumensl9 (Fig. 4B). They
can be mistaken for cystic precursors or even the main pancreatic duct, especially on

frozen sections. Small duct subclones grow as tiny, angulated glands that approximate

the size of terminal side branches (Fig. 4C). They can closely resemble regenerating
pancreatic ducts or ADMs. Foamy and clear duct subclones form glands lined by cells

with a distinctively pale and/or microvesicular cytoplasm and a folded, hyperchromatic
(‘raisinoid’) nucleus97.108 (Fig. 4D). They can masquerade as benign mucinous ducts when
well-differentiated108 and as neuroendocrine tumours or metastatic clear cell carcinomas
when poorly differentiated.107

Poorly differentiated subclones display a variety of morphologies. In pancreatic resection
specimens such subclones virtually always co-exist with other more well-differentiated
subclones. Poorly differentiated glandular PDACs199 are the most common of these. Glands
either fuse into vaguely cribriform structures with focal mucin production or disperse

into small discohesive nests (Fig. 4E). In either case, individual cells detach from the
residual glands and infiltrate the stroma as single EMT-like cells or small cell clusters.109
Squamous-like subclones (also called ‘basal-like”) are composed of poorly differentiated,
overtly malignant cells growing in solid nests or sheets (Fig. 4F). The cytosol is eosinophilic
with vague to overt hints of squamous differentiation. Primary PDACs with genetic
backseat drivers in components of the SWI/SNF110 or COMPASS!1! chromatin remodelling
complexes are prone to evolve squamous-like subclones92 since these hits impart epigenetic
plasticity11:112 that increases the potential for ectopic 7P63expression.111:113 Squamous-
like subclones may acquire additional subclone-specific genetic backseat drivers including
MY amplifications.102 MY C activates several metabolic adaptations that increase growth,
survival, and metastatic efficiency. Entosis!1* is one M YC-driven adaptation that highlights
the nuanced nature of backseat driver selection: malignant cells that possess MYC
amplifications cannibalise those that do not and therefore outcompete them.102 Other rarely
encountered subclones include undifferentiated with or without (Fig. 4G) osteoclast-like
giant cells,115.116 pleomorphic liposarcoma-like (PLS-like; Fig. 4H), sarcomatoid!!® (Fig.
41), and other extremely rare variants (signet ring and hepatoid, for example).

THE BIOMORPHOLOGY OF METASTATIC PDAC

Approximately 20-30% of PDAC patients develop either non-lethal oligometastatic disease
or no metastases at all.103:109 These patients typically succumb to locally advanced

disease secondary to primary tumour overgrowth.19% The remaining 70-80% of patients
develop widely metastatic disease.199 These patients succumb to organ failure and cachexia
secondary to innumerable distant (haematogenous) metastases that diffusely involve the
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liver and/or lungs.109 A subset of these patients also develops metachronous peritoneal
carcinomatosis, 109 which refers to small metastatic tumours implanted onto the surfaces

of intra-abdominal (peritonealised) organs. Primary tumours, peritoneal metastases, and
distant metastases each presents a characteristic morphology that reflects unique biology as
detailed below. Lymph node metastases are also extremely common in pancreatic resection
specimens. Although prognostically important, they are not themselves directly lethal and
are omitted from this review for brevity.

Peritoneal metastasis: a reflection of primary PDAC

Unlike distant metastases, peritoneal metastases spread by detaching off the primary tumour
mass and directly seeding the outer surface of surrounding intra-abdominal organs.117
Conceptually they are best regarded as metastatic ‘implants’ that sprout on top of intra-
abdominal surfaces like weeds. They are often first detected during surgical procedures

as small stellate scars (Fig. 5A) that were not visible on prior imaging studies. Common
target sites include the serous lining of the inner abdominal wall, intestinal serosa and
attached mesentery, capsular surface of the liver, diaphragm, ovarian serosa, and omentum.
The detachment and direct seeding of surfaces is reminiscent of intraductal migrations
within the primary tumour. Oxygen tensions and nutrient supplies on the outer surfaces of
intra-abdominal target sites!18 may simulate those within the primary pancreatic tumour
as well. Thus, new adaptations may not be required for the development of peritoneal
carcinomatosis.101:117

Consistent with the above conjecture, the morphological, genetic, signal transduction,
metabolic, and epigenetic features of primary PDACs are largely retained during peritoneal
metastasis. Like primary tumours, peritoneal implants are polyclonal 119120 They are

also phylogenetically closely related to the parental clone that initiated invasive primary
tumour growth.86.99.102 KR AS driven dependencies!! and a desmoplastic stromal02.117
are accordingly retained. The implant stroma ranges from scar-like (Fig. 5B) to
fibromyxoid (Fig. 5C). Our own unpublished studies indicate that the scavenger metabolic
pathways likewise remain highly activated in metastatic peritoneal implants. A globally
hypermethylated and condensed chromatin state is inherited from the primary191 and may
contribute to the relatively small hyperchromatic nuclei seen on H&E (Fig. 5B,C). Peritoneal
metastases and the primary tumour subclones that seed them both express high levels

of thioredoxin-interacting protein (TXNIP).117 TXNIP is an intriguing multi-functional
protein that stress response pathways employ to dampen toxic metabolite and inflammatory
inputs.121 Based on the literaturel17:121-127 jt js conceivable that TXNIP is co-opted by
PDAC genetic drivers to stabilise or even accentuate adaptations that increase fitness
within the desmoplastic stroma. Although much remains to be learned about the biology of
peritoneal PDAC, the currently available data indicate that the biomorphology of peritoneal
metastasis largely reflects that of the primary tumour.

Distant metastasis: a sharp divergence from primary PDAC

Unlike peritoneal metastasis, distant metastasis is a multi-step cascade that requires
malignant cells to directly invade blood vessels, disseminate in the circulation, seed
foreign soils of other organs, and achieve successful metastatic outgrowth within the
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parenchyma of target organs. Although the genetic drivers are largely if not completely
shared between primary PDAC and distant metastases in treatment naive patients,56.99.128
the clinical and biological behaviours diverge sharply. The primary pancreatic tumour
progresses silently over a period of years.2 Clinically relevant distant metastasis presents
suddenly and progresses rapidly over a period of weeks to months (the metastatic ‘boom”).
Primary tumour outgrowth culminates in a solitary mass lesion that locally invades into
the duodenum or other adjacent structures.199 Distant metastatic outgrowth culminates in
hundreds to thousands of treatment-resistant metastatic tumours that diffusely involve the
liver and/or lungs.10 The primary tumour is a heterogeneous mixture of geographically
distinct subclonal populations.®6:99 Distant metastases are largely monoclonal®119 and
seeded by the latest evolving subclone(s) in the primary tumour.86 Primary tumours are
renowned for their dense stroma. Distant metastases do not develop a similar dense
stroma in most cases.117:129.130 These collective differences raise the possibility that
unique metastasis-intrinsic adaptations may arise late in disease evolution to accelerate
progression,86:101.117.131-138 £ 5 this might explain the terminal metastatic boom that is
observed in patients prior to death.

Rapidly progressive tumour growth is metabolically demanding. Furthermore, the metabolic
demands of metastasis itself are very different from those that support primary tumour
growth.13% Primary PDACs rely on genetically encoded pro-survival adaptations to cope
with extreme hypoxia and starvation.”-10 However, as the primary pancreatic mass remodels
over time, some PDAC cells will pioneer new regions where stroma is unusually loose
and/or well-vascularised. This provides oxygen, nutrients, and a convenient exit into the
circulation. Other PDAC cells will chance encounter regions with medium to large muscular
vessels that resist stromal collapse. These tumour cells can then directly invade into those
vessels and colonise the intravascular lumens.52 Indeed, large (3-6 cm) primary tumours

are often observed invading directly into the peripancreatic vessels when PDAC is first
detected by imaging. PDAC cells that enter the hematogenous circulation disseminate into
the portal venous system that drains partially oxygenated blood containing freshly digested
nutrients from the intestines into the liver. Tumour cells that successfully seed the hepatic
parenchyma along this route initially lodge within hepatic sinusoids where they temporarily
cease to proliferate, quietly evade immune surveillance,140 and bathe in nutrient-replete
blood. Thus, PDAC cells that successfully sprout distant metastatic tumours are exposed to
nutrient-replete soils for some time prior to the metastatic boom observed in patients.

Because PDACs are genetically programmed for the nutrient-poor conditions of the
primary tumour,”14 malignant cells that pioneer nutrient-replete microenvironments must
evolve new adaptations to convert the newly available nutrients into metabolites that

fuel the metastatic boom. Glucose is a highly anabolic and pro-tumourigenic nutrient

that is depleted in the primary tumour’17:9° yet replete along hematogenous routes.
Widely metastatic PDACs accordingly evolve unique metabolic adaptationst7:132 that
allow them to consume excessive amounts of glucose.}1” The excess glucose is used to
fuel biosynthetic enzymes101.117.132 that convert glucose-derived substrates into anabolic
metabolites that support rapid tumour growth191 (Fig. 5D). In PDAC patients who develop
widely metastatic disease the biomorphology of distant metastasis strongly reflects these
unique adaptations. Because of this, the histological features of distant metastasis are
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morphologically distinct from primary and peritoneal PDACs, including depletion of
the hallmark desmoplastic stroma, higher tumour cellularity, and an overtly malignant
‘biosynthetic’ cytology,102:117.129.130 a5 priefly described below.

The most common metastatic PDAC specimens in routine practice are core needle biopsies
of liver lesions. The histology is often biphasic: one edge of the tissue core is viable
(tumour periphery) while the other is necrotic (tumour core). The viable edge displays high
cellularity with closely approximated glands separated by a delicate septal or pericellular
‘chicken wire’ pattern of fibrosis (Fig. 5E,F) that is reminiscent of steatohepatitis instead

of primary tumour desmoplasia. The delicate fibrotic matrix is often invested with an open
microvascular network as required for sustained delivery of glucose and other nutrients.
Viable metastatic cells accordingly appear biosynthetic with plump cytoplasm (organelle
expansion) and prominent nucleoli (protein synthesis) irrespective of differentiation state
(Fig. 5G,H). The massive influx of glucose also generates metabolite byproducts (acetyl
groups for example) that are deposited onto chromatin. These metabolites reprogram

the PDAC epigenome into a globally ‘open’ chromatin state101.117.141 that js permissive
for activation of the metastatic transcriptome.191:133 This manifests as enlarged irregular
nuclei with pale to microvesicular chromatin containing visible chromocentres (Fig. 5G,H).
Collectively, these unique ‘metaboloepigenetic’ adaptations may synergise with pre-existing
genetic drivers23101.117 and systemic immune conditions40 to ignite and/or fuel the
metastatic boom.

If the needle samples the interior (core) of a hepatic distant metastasis, the edge opposite
viable tumour is often necrotic (Fig. 51). Central necrosis may result from overconsumption
and/or exhaustion of nutrient supplies within the interior of the lesion as metastatic
outgrowth rapidly expands in three dimensions. Such necrosis is far less common in primary
tumours and virtually never seen in metastatic peritoneal implants. Necrotic regions within
metastases may remodel over time if nutrients and growth rates decline#2 prior to patient
death. This is probably the case for the minority of hepatic distant metastases that appear
densely fibrotic,143 although samplings of peritoneal implants on the capsular surface of the
liverl02.117 (Fig. 5J) and stochastic oligometastatic diseasel93:143 are other rare situations
when dense fibrosis is encountered in liver metastases. Pulmonary metastases are less
commonly encountered in practice but may resemble biosynthetic hepatic metastases in
some cases. In others, they display a unique form of ‘lepidic’ growth within alveoli that
mimics a primary bronchoalveolar carcinoma.1#4 The biology of lepidic metastasis is not
well understood. Outgrowth probably also occurs under nutrient-replete conditions since the
metastatic cells anchor along well-vascularised alveolar surfaces (Fig. 5K,L).

CONCLUSION

PDAC morphology progresses in step with the evolutionary biology of this disease.
Epithelial cells that incidentally acquire oncogenic KRAS mutations during pancreatic
injury gain fitness advantages under fibroinflammatory conditions. These cells may clonally
expand to form LGD precursor lesions that self-sustain by encasing themselves within a

rim of localised ‘pseudo pancreatitis’. Some precursors acquire the remaining core set of
PDAC genetic drivers that trigger loss of cell cycle checkpoints, (epi)genomic instability,
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intraductal migratory capacity, and HGD. Clonal sweeps from HGD lesions reduce genetic
heterogeneity and increase the probability of malignant transformation. Once the parental
clone invades into the desmoplastic stroma the primary tumour slowly enlarges into a sizable
mass lesion over a period of years. Stochastic tumour:stroma interactions remodel different
geographic regions of the mass into independent ecosystems. A combination of genetic
drift and natural selection within these different ecosystems allows the tumour to evolve,
culminating in geographically divergent morphologic subclones. Subclones confined to
dense stroma are genetically well-adapted and either grow relentlessly within the pancreas or
detach and directly seed intra-abdominal surfaces (peritoneal carcinomatosis). Occasionally
an ecosystem remodels into unusual terrain such as loosely fibrotic stroma with accessible
vascular access. The unusual terrain presents new selective pressures that drive subclonal
expansion of pioneering PDAC cells with genetic backseat drivers, unique metabolic
adaptations, and immunosuppressive abilities that increase fitness and enhance metastatic
efficiency. Once all adaptations are fully installed and operational, a widely metastatic
boom occurs. The boom may occur in one of two ways: rapid metastatic outgrowth of
many individual cells seeded from the same primary tumour subclone or rapid metastatic
re-seeding by a highly fit founder cell(s) resulting in a clonal sweep within metastatic target
organs. Either way, metastatic outgrowth is driven by an overtly malignant biosynthetic
subclonal population that breaches the dense stromal barriers of the primary tumour. Rapid
metastatic outgrowth requires fuel. Stroma-poor distant metastases gain access to nutrient-
replete reservoirs that are harnessed to fuel their biosynthetic malignant traits. The central
necrosis observed on core needle biopsies further implies that glutinous distant metastases
are reluctant to acutely reactivate their genetically encoded scavenging defaults as they
overconsume the natural resources of metastatic habitats.
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Fig. 1.
Biomorphology of PDAC precursor lesions. (A) At low magnification acinar to ductal

metaplasia (ADM) maintains a lobular architecture surrounded by a fibroinflammatory
stroma. Metaplastic ducts are seen on the periphery and residual acinar units on the
interior. (B) At high magnification metaplastic ducts show morphology that overlaps with
malignancy including luminal necrosis, nuclear atypia, and jagged glandular outlines.

(C) The ADM ductal units in B are more atypical than this bland-appearing PDAC

that is infiltrating adjacent to a large vessel. (D—F) Dysplasia increases as genetic

drivers accumulate during precursor progression. (G) Gene:environment positive feedback
maintains precursor lesions.
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Fig. 2.
Biomorphology of neoplastic surface spread. (A) Periampullary ducts from the pancreas

are situated within the ampullary wall muscle bundles. (B) Intraductal spread of invasive
PDAC into the periampullary lumens. (C) An intestinal type intraductal papillary mucinous
neoplasm (IPMN) has spread through the periampullary ducts and colonised the surface

of the ampullary mucosa. This will mimic an ampullary villous adenoma on a biopsy.

(D) Invasive PDAC has invaded directly through the wall of the duodenum (arrows) and
colonised the duodenal mucosal surface. This may also simulate a surface adenoma on a
biopsy. (E) High power magnification shows focal perineural invasion (arrows) in otherwise
normal appearing pancreatic parenchyma. This was a grossly negative resection margin
located 1 cm from the primary tumour mass. (F) Low power magnification of peripancreatic
fibroadipose tissues shows a large nerve (outlined) with perineural invasion (arrows). This
was a frozen section of a resection margin with no grossly identified tumour mass.
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Fig. 3.
Biomorphology of primary PDAC and the hallmark desmoplastic stroma. (A) An

intraductal papillary mucinous neoplasm (IPMN) has grown into a large nerve (flanked

by arrows). The neoplastic epithelium has anchored onto the nerve. Is this an event

that facilitates malignant transformation? (Slide kindly shared by M. Garcia-Buitrago.)

(B) The schematic depicts secretory matrix opposition between myofibroblast-type cancer-
associated fibroblasts (myCAFs) and PDAC that occurs within the tumour stroma. (C)

The schematic depicts secretory matrix cooperation between inflammatory-type cancer-
associated fibroblasts (iCAFs) and PDAC that occurs within the tumour stroma. (D) Low
power magnification shows a large PDAC gland encased within densely fibrotic stroma.
(E) High power magnification of CAFs residing in fibrotic areas. These could represent
myCAFs. (F) Low power magnification shows PDAC glands encased within a partially
fibromyxoid stroma. (G) High power magnification of CAFs residing in fibromyxoid areas.
Patrols of inflammatory cells are also often in fibromyxoid stroma, although they are
ineffective at controlling the PDAC invaders.
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Fig. 4.
Biomorphology of subclonal evolution. (A) Low power magnification shows a well-

differentiated (classic) glandular subclone on the left and a poorly differentiated squamous-
like subclone on the left. Note the sharp boundary between them. (B) Low power
magnification of a large duct subclone. The ducts are often as large as the main pancreatic
duct. (C) Low power magnification of a small duct subclone. The ducts are so small they
may be difficult to see at low power. (D) High power magnification of a clear/foamy

gland subclone with characteristic pale cytoplasm and raisinoid nuclei. (E) High power
magnification of a poorly differentiated subclone. Note small clusters and single cells
infiltrating in the stroma. (F) High power magnification of a squamous-like subclone.

The tumour in this example grows as sheets of poorly differentiated pink cells with little
intervening stroma. These subclones usually express patchy p63 by immunohistochemistry.
(G) High power magnification of an undifferentiated subclone. The cells are discohesive and
do not form glands or nests. (F) High power magnification of a pleomorphic liposarcoma
(PLS)-like subclone. This is a variant | have occasionally noticed in practice. (G) High
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power magnification of a sarcomatoid subclone. The overtly malignant spindle cells are
tightly packed with little intervening stroma.
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Fig. 5.
The biomorphology of metastatic PDAC. (A) Low power magnification shows that

metastatic peritoneal implants resemble stellate scars. (B) Some peritoneal PDACs are
encased within densely fibrotic stroma. (C) Others are encased within fibrofibromyxoid
stroma. (D) Schematic illustrating positive feedback loops between nutrient transport
systems and pro-tumourigenic biosynthetic enzymes that produce anabolic metabolites
and/or reprogram chromatin for metastasis. (E) High power magnification of a distant
metastatic PDAC with ‘biosynthetic’ morphology and an underdeveloped ‘delicate’ stroma.
(F) Masson trichrome stain highlights the delicate pericellular fibrosis. (G) A liver
metastasis seeded by a well-differentiated clear/foamy gland subclone forms back-to-back
glands with delicate intervening stroma. (H) Likewise, a liver metastasis seeded by a poorly
differentiated subclone is highly cellular with a delicate stroma. (I) In many instances,

half of the core biopsy of a liver metastasis is viable tumour while the other half is
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necrotic. (J) Liver metastases may show well-developed fibrosis beneath the liver capsule.
Such metastases are usually implants on the liver surface rather than true haematogenous
metastases. (K) Low power magnification of a metastatic PDAC to the lung shows ‘lepidic’
growth within alveoli. (L) Like liver metastases, lepidic metastases develop a delicate stroma
and glands are adjacent to native vessels (arrows).
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