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Abstract

Ductal carcinoma in situ (DCIS) is a non-obligate precursor of invasive ductal carcinoma (IDC), whereby if left untreated,
approximately 12% of patients develop invasive disease. The current standard of care is surgical removal of the lesion, to prevent
potential progression, and radiotherapy to reduce risk of recurrence. There is substantial overtreatment of DCIS patients,
considering not all DCIS lesions progress to invasive disease. Hence, there is a critical imperative to better predict which
DCIS lesions are destined for poor outcome and which are not, allowing for tailored treatment. Active surveillance is cur-
rently being trialed as an alternative management practice, but this approach relies on accurately identifying cases that are at
low risk of progression to invasive disease. Two DCIS-specific genomic profiling assays that attempt to distinguish low and
high-risk patients have emerged, but imperfections in risk stratification coupled with a high price tag warrant the continued
search for more robust and accessible prognostic biomarkers. This search has largely turned researchers toward the tumor
microenvironment. Recent evidence suggests that a spectrum of cell types within the DCIS microenvironment are geneti-
cally and phenotypically altered compared to normal tissue and play critical roles in disease progression. Uncovering the
molecular mechanisms contributing to DCIS progression has provided optimism for the search for well-validated prognostic
biomarkers that can accurately predict the risk for a patient developing IDC. The discovery of such markers would modernize
DCIS management and allow tailored treatment plans. This review will summarize the current literature regarding DCIS
diagnosis, treatment, and pathology.
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Introduction

Ductal Carcinoma in Situ (DCIS) refers to the non-invasive
proliferation of neoplastic epithelial cells confined within
the ducts of the breast. In the normal breast, the mammary
gland consists of a ductal-lobular branching system lined
by an inner luminal epithelial cell layer and an outer layer
of contractile myoepithelial cells [1]. Given that the neo-
plastic epithelial cells are confined within the lumen of the
duct by a layer of myoepithelial cells surrounded by a base-
ment membrane, DCIS lesions are considered non-invasive
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[2] (Fig. 1). Due to the increasing accessibility of mam-
mographic screening programs, the incidence of DCIS is
rising, with an estimated 48,530 new DCIS cases in the USA
in 2020 [3]. Although non-invasive, DCIS is a non-obligate
precursor of invasive ductal carcinoma (IDC) whereby the
neoplastic epithelial cells may evade ductal confinement,
breach the myoepithelium and basement membrane, and
invade surrounding tissue (Fig. 1).

Compared to the age-adjusted average 10-year risk of a
new diagnosis of DCIS of less than 3% [3, 4], a woman’s
risk of a subsequent DCIS or invasive breast cancer diag-
nosis is considerably increased regardless of clinical man-
agement. According to a recent review of women in the US
National Cancer Institute’s Surveillance, Epidemiology,
and End Results (SEER) program (1992-2014), who were
diagnosed with DCIS and did not receive any locoregional
treatment, the 10-year overall risk of ipsilateral IDC was
12.1% [5]. Currently, the progression and recurrence of
DCIS is clinically unpredictable. The current standard of
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Fig. 1 Ductal carcinoma in situ A
progression. A Progression
of normal tissue to ductal - \
carcinoma in situ, to ductal / \
carcinoma in situ with
microinvasion, to invasive
ductal carcinoma. Drawing N J
created with BioRender.com. B-
E Immunoperoxidase staining
of myoepithelial marker, p63

in: B Normal breast tissue,

C ductal carcinoma in situ,

D ductal carcinoma in situ

with microinvasion (indicated
by arrows), and E invasive
ductal carcinoma. Scale bar
representative of 100 pm.

Normal Duct

care for all patients involves surgical removal of the lesion,
generally followed by radiation treatment of the affected
breast, and in some cases adjuvant endocrine therapy [6].
In a study by the Early Breast Cancer Triallists Collabora-
tive Group, which combined the results of four randomized
trials (NSABP B-17, EORTC 10,853, SweDCIS, UK/ANZ
DCIS), spanning 1985 to 2000, comparing surgery alone
to surgery plus adjuvant radiation, the risk of any ipsilat-
eral recurrence (either invasive or in situ) if treated with
surgery alone was 28.1% [7]. Half (48.3%) of these recur-
rences were IDC, placing the risk of invasive recurrence at
13.6%, close to that observed with no surgery in the SEER
study. Although this rate is potentially higher than would
be expected in a more recent cohort, it is not dissimilar
to other estimates of recurrence after surgery alone [8].
Adjuvant radiation therapy halved the risk of any ipsilat-
eral recurrence, but did not have a significant impact on
breast cancer-specific mortality [7].

Since up to 88% of untreated cases will remain in situ and
potentially not progress, there is considerable overtreatment
of DCIS patients. Standard locoregional breast cancer treat-
ment (lumpectomy and radiation) costs the US Medicare
system an estimated $10,538 per patient [9], equating to a
cost of over $500 million for the primary management of all
DCIS cases diagnosed in the US in 2020. The overtreatment
of screen-detected yet often asymptomatic DCIS mandates
research into better and more affordable approaches to more
accurately determine whether DCIS is likely to progress or
remain in a pre-invasive state. Accurate risk stratification
would enable personalized treatment of DCIS patients,
rather than a ‘one size fits all’ approach, which would alle-
viate the physical, mental, and financial burden on patients
and health care systems. However, the ability to accurately
predict the risk of DCIS progression requires a profound
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understanding of the complex interactions that contribute
to DCIS progression and recurrence.

Diagnosing DCIS

The advent of nationwide mammographic screening pro-
grams has resulted in a substantial worldwide increase in
breast cancer diagnoses [10]. Today, DCIS accounts for
over 20% of screen detected breast lesions, whereas prior
to screening programs DCIS made up just 3% of breast
cancer diagnoses [2, 11]. Up to 98% of DCIS lesions are
asymptomatic and non-palpable, with clinical symptoms
only reported in a minority of cases [2]. In fact, the extent
of tumor cells is often too small to be identified directly
on mammography and consequently, up to 90% of DCIS
diagnoses are due to calcifications identified by mammogra-
phy [2]. Although calcifications are common and frequently
benign, certain patterns of calcifications such as fine linear
or branching morphology can be indicative of malignan-
cies such as DCIS [12]. Core biopsies are frequently used
to establish a diagnosis with indeterminate calcifications. A
recent study of DCIS cases recorded in the US National Can-
cer Institute’s SEER registries database between 1995 and
2014 revealed a median lesion size of 1.1 cm [13]. How-
ever, tumors can be considerably more extensive on diag-
nosis, with 4.8% of cases presenting with regions of DCIS
greater than 5 cm [13]. Depending on the degree of nuclear
atypia, polarization, presence of necrosis and architectural
pattern, DCIS is classified as low (well differentiated),
intermediate (moderately differentiated) or high (poorly
differentiated) grade [14, 15]. Histologically, DCIS is a
malignant epithelial proliferation that is confined to a duct.
Immunohistochemical makers for myoepithelial cells such
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as CD10, smooth muscle actin (SMA) and p63 (Table 1),
can be used to confirm the presence of the myoepithelial
cell layer around involved ducts. A diagnosis of pure DCIS
is only made in cases where the myoepithelial layer is
intact, with no evidence of invasion into the surrounding
basement membrane. In cases where DCIS is accompanied
by small islands of tumor cells adjacent to the DCIS foci,
a diagnosis of DCIS with microinvasion is made. These
cases, which make up around 3% of DCIS diagnoses, are
considered to be quite different from pure DCIS and are
managed similarly to early stage invasive disease [16].
In cases where both DCIS and invasive disease are pre-
sent in the one lesion, the primary diagnosis is invasive
breast cancer which drives the prognosis and treatment
pathway.

The Natural Course of DCIS

Given that most DCIS is surgically resected, the natural course
of the disease, including factors influencing its progression, are
difficult to evaluate [2]. However, a handful of retrospective
studies have reported the natural course of DCIS in patients
where there was no locoregional treatment after initial
diagnosis, either due to misdiagnosis as a benign lesion [17-20]
or in older patients where other factors prevented surgery
[5]. The smaller studies that reviewed disease course after
misdiagnosis reported that anywhere between 14 to 53% of
patients went on to develop IDC within 10 years [17-20]. While
patients with high grade DCIS were more likely to develop
IDC, non-high grade DCIS also progressed to invasive disease
during the period. However, these proportions are difficult to
relate to the normal population of patients with DCIS, given
that they are derived from small cohorts of misdiagnosed cases
with unknown extent of disease at the time of biopsy. In a larger
review of 1286 patients who did not receive surgery or radiation
treatment for a primary diagnosis of DCIS, as recorded in the

Table 1 Staining pattern and distribution of common myoepithelial
cell markers in the breast. Adapted from [95, 123-125]

Marker Staining Expression score
pattern N N "
Myoepithelial Fibroblast VSMC Tumor
cell cell
a-SMA  Cytoplasmic 3+ 3+ 3+ 0
Calponin Cytoplasmic 3+ 1+ 2+ 1+
CD10 Membranous 2+ 1+ 0 1+
P63 Nuclear 3+ 0 0 1+
SMMHC Cytoplasmic 3+ 1+ 2+ 0

VSMC Vascular smooth muscle cell. Expression score (frequency
and intensity): O0=Not Detected, 1+ =Low, 2+ =Intermediate,
3+ =High

SEER program (1992-2014), the 10-year net risk of ipsilateral
IDC was 12.2% in patients with non-high grade DCIS and
17.6% in patients with high grade disease. The 10 year
cumulative incidence of ipsilateral invasive breast cancer over
the whole cohort was 10.5% and the incidence of contralateral
invasive disease was 3.9% [5]. These data suggest that, while
the risk of progression to invasive disease is not insignificant,
there is considerable over-treatment of DCIS, particularly in
older patients. The 10-year cumulative all-cause mortality
rate among untreated patients was substantially higher than
that of DCIS patients who were treated according to standard
guidelines (24.1% compared to 12.1%), although it is unlikely
this disparity was a result of the untreated DCIS alone. High
mortality rates in the untreated group were possibly due to a
higher level of additional comorbidities, as well as differential
screening and surveillance practices. Consequently, the impact
of omitting treatment for DCIS, on disease-specific mortality,
could not be accurately estimated in this cohort.

The Overtreatment of DCIS
Surgery

The prognostic uncertainty of DCIS means 98% of patients
receive locoregional treatment involving surgery, with or
without radiation treatment [6]. Surgical procedures to
remove the tumor vary from breast conserving surgery
(BCS) to mastectomy, depending on the extent of the DCIS,
predicted risk of recurrence and patient preference. Although
surgical intervention mitigates the risk of invasive progres-
sion of the primary tumor, a risk remains for recurrence.
One study examined the risk of ipsilateral breast events for
non-high grade and high grade DCIS in patients selected to
undergo BCS alone based on perceived low risk clinical and
pathological characteristics [8]. While the 5-year recurrence
rate for low-intermediate grade DCIS tumors, with a diam-
eter of 2.5 cm or smaller, was just 6% and the recurrence
rate for small high grade DCIS tumors (diameter of 1 cm
or less) was 15%, the recurrence rate increased steadily in
both groups over the 12 year period without plateau, such
that after 12 years, the recurrence rate was 14.4% for the
non-high grade cohort and 24.6% for the high grade cohort.
Moreover, 50% of ipsilateral tumors recurred as invasive
cancer regardless of the grade of the original DCIS [8].
These findings suggest that, even in DCIS assessed as very
low risk based on clinical and pathological features, the risk
of ipsilateral recurrence and development of invasive dis-
ease are unpredictable and continue to rise over time, with
no evidence of levelling out over longer periods. This is an
important consideration for physicians, particularly when
treating younger patients, and leads to almost universal adju-
vant management.
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Radiation

Four early randomized trials revealed that recurrence rates
are significantly reduced by the addition of radiotherapy
after conservative surgery for DCIS [21-24]. The pro-
spective studies occurred over a period of up to 20 years,
with the long-term risks of recurrent breast disease after
surgery alone or surgery plus radiation published between
2011-2014 [21-24]. In all studies, long term follow-up
supported the use of radiotherapy after BCS, with an
approximate halving of the risk of an ipsilateral breast
cancer recurrence in patients receiving radiotherapy, com-
pared with patients treated with BCS alone [21-24]. Since
then, many other prospective studies have assessed the
benefit of radiotherapy after surgery and have confirmed
these findings [8, 21-29], emphasizing the importance of
radiotherapy after surgery for DCIS patients. However,
given relatively low recurrence rates, there is still substan-
tial overuse of radiotherapy, which results in short- and
long-term toxicities and a cost to the patient’s broader
health. For instance, the proportion of patients suffering
mild (grade 1) and moderate (grade 2) acute toxicities [30]
increased by 46% in one study [26]. While the main toxic
effects were not disclosed, mild and moderate toxicities
from radiotherapy include skin reactions, swelling, pain,
tiredness and fatigue, and lymphoedema [30]. Moreover,
while recurrence rates are reduced by radiotherapy, there
is no improvement in breast cancer-specific mortality
associated with radiotherapy treatment [27]. In fact, in
the National Surgical Adjuvant Breast and Bowel Project
(NSABP) study, 15-year breast cancer-specific mortality
was slightly higher in patients who received radiotherapy
(4.7%) than patients who received surgery only (3.1%),
although this difference was not significant [23]. Despite
these consequences, higher recurrence rates after BCS
alone, relative to BCS + radiotherapy, combined with
a 50% risk that the recurrence will be invasive, drives a
reluctance to advise against radiotherapy. Improved risk
stratification is needed to more accurately predict which
patients are at elevated risk of recurrence and thus would
benefit from radiotherapy, and those who could be spared.

Hormone Therapy

For the 70-80% of ER + invasive early breast cancers, treat-
ments targeting the estrogen signaling pathway (either the
antiestrogen tamoxifen which binds and inhibits ER, or aro-
matase inhibitors that block estrogen production) are the
standard of care in the adjuvant setting for the majority of
patients [31]. Moreover, treating women who are at high
risk of developing breast cancer with prophylactic tamoxifen
significantly reduces the risk of developing ER + disease.
While around 70% of DCIS lesions are ER + [32], adjuvant
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tamoxifen therapy is not standard treatment. This is partly
due to the assumed low risk of recurrence, but also because
there is not enough evidence to prove it’s benefit. Two of
the early prospective studies tested the benefit of endo-
crine therapy with tamoxifen on reducing the risk of local
recurrence for DCIS patients [21, 23]. The NSABP B-24 dou-
ble blinded trial compared recurrence rates in DCIS patients
who received lumpectomy followed by radiotherapy (LRT)
plus placebo or LRT plus 5 years of tamoxifen [23]. There
was a 32% decrease in the risk of an invasive local recur-
rence in patients receiving LRT + tamoxifen compared to
LRT + placebo that was statistically significant and additive
with the reduction in risk from radiation therapy. However,
the reduced risk equated to a very small decrease in actual
recurrences at 15 years that could be attributed to benefits
from tamoxifen (8.5% for LRT + tamoxifen compared to
10% in the placebo control) [23]. There was a 19% reduc-
tion in breast cancer specific mortality risk with tamoxifen
compared to placebo [23]. However, this difference was not
significant, due to the very low 15-year mortality rates of
2.7% for LRT + placebo treated compared with 2.3% for
LRT +tamoxifen treated patients, respectively. In terms of
contralateral breast events, they found a 32% reduction in
risk for patients receiving LRT 4 tamoxifen compared to
those receiving LRT + placebo, in agreement with the known
benefit in reducing the risk of new primary lesions [23].
Cuzick and colleagues found that tamoxifen treatment alone
after BCS reduced the 10-year risk of all new breast events
by 6.5% [21]. However, for patients who also received RT,
there was no added benefit of tamoxifen in reducing the risk
of any new breast event [21]. In summary, while tamoxifen
therapy reduced the recurrence rate for DCIS after surgery
for DCIS, the benefit is small, and these studies favor local
over systemic treatment in reducing the risk of recurrence.
Given the already low risk of recurrence in DCIS when man-
aged with surgery and radiotherapy, the side effects of endo-
crine treatment as well as the difficulty of ensuring patient
compliance in taking the oral medication diminish its use
in this setting.

Active Surveillance as an Alternative to Surgery
and RT

There are reservations regarding the de-escalation of the
treatment of DCIS. These reservations are supported by
evidence showing there is little to distinguish DCIS from
invasive disease at the genomic level [33], suggesting that
all DCIS has the potential to progress given sufficient time.
To investigate potential strategies to de-escalate treatment
of low-risk DCIS, several prospective studies are currently
comparing standard DCIS treatment with active surveillance
[34-38]. An outline of the LORIS, LORD, COMET,
LORETTA, and LARRIKIN trials, including their inclusion
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and exclusion criteria, are presented in Table 2. The results
of these prospective studies will reveal the feasibility of
replacing upfront surgery with active surveillance, in the
form of regular mammograms, for some DCIS patients. If
successful, this approach may be incorporated into the clinical
setting and have the potential to reduce surgery rates for new
DCIS patients who are considered at low risk of progression
to invasive breast cancer. However, a pre-operative in situ
diagnosis by biopsy is sometimes upstaged to an invasive
diagnosis upon post-operative pathological review. Since
active surveillance precludes surgical excision, there is a
possibility that small invasive lesions may go undiagnosed
and may increase mortality rates in the long term. These

trials require vacuum assisted core biopsies as opposed to
narrower bore core needle biopsies to reduce this possibility,
however the upstaging rate of DCIS lesions diagnosed by
this approach is as high as 27.1% [39]. Moreover, one
study reported that 6%, 7% and 10% of COMET, LORIS
and LORD eligible patients, respectively, were upstaged to
a classification of invasive disease after surgery [40]. One
study examining LORIS-eligible DCIS patients undergoing
surgery found that one fifth of patients were post-operatively
upstaged to invasive carcinoma, and of these cases, 20% were
high grade or featured lymph node involvement [41]. Another
study found that 19% of all upstaged DCIS cases met LORIS
criteria, however, just 3% of upstaged cases met the LORD

Table2 Summary of current active surveillance trials

LORIS LORD (Netherlands) COMET (USA) [36] LORETTA (Japan) [37] LARRIKIN (AUS & NZ)
(UK) [34] [35] [38]
Recruitment start 2014 2017 2017 2017 n/s
date
Follow-up (years) 10 10 10 5 10
Primary endpoints 5 years; 10 years; invasive IBE- 2 years: invasive IBE 5 years; invasive IBE invasive IBE-free survival
invasive free survival rate rate rate rate
IBE-free 5,7 years:

survival rate

Invasive IBE rate

Secondary endpoints n/s Time to: IBE grade 2 years: MST/BCS rate,
III DCIS, DCIS invasive CBE rate,
CBE, invasive CBE, overall and disease
treatment, specific survival
distant metastases 5,7 years:
free interval, overall Overall and disease
survival specific survival
Phase 1l il 1
Study arm 1 Surgery+AS  Surgery+RT+HT+AS Surgery + RT+HT+AS
Study arm 2 AS AS AS*
Age 246 245 240
Grade lor2 1 lor2
Size (cm) n/s Any size n/s
Comedo necrosis Excluded n/s Eligible
HR positivity n/s n/s ER +and/or PR +and
HER2-
Biopsy method VACB VACB VACB or Surgical
biopsy
Imaging type MMG MMG MMG
Imaging criteria Screen Screen detected by Screen detected by
detected by calcifications only calcifications only
calcifications
only
Palpable mass Excluded Excluded Excluded
History of BC Excluded Excluded Excluded
Target cohort size 932 1240 1200

5 years; invasive IBE
rate, disease specific
survival, invasive
CBE-free survival
rate, surgery rate, time
to surgery, time-to-
treatment failure,
adverse events

I

HT

n/a

40-75

lor2

<25cm
Excluded

ER + and HER2-

CNB or VACB

MMG, US and MRI

Screen detected by
calcifications only

Excluded
Excluded
340

Rate of invasive disease
and rate of higher-grade
DCIS in final specimen

1

Surgery + RT +AS
AS

=55

lor2

<2.5cm

Excluded

ER/PR + and HER2-

n/s

MMG

Screen detected by
calcifications or tumor
mass

n/s
n/s
470

IBE Tpsilateral breast event, CBE Contralateral breast event, MST Mastectomy, BCS Breast conserving surgery, AS Active surveillance (annual
mammogram), AS* Active surveillance (6 monthly mammogram), RT Radiotherapy, HT Hormone therapy, ER Estrogen receptor, PR Progester-
one receptor, HER2 Human epidermal growth factor receptor 2, VACB Vacuum assisted core biopsy, CNB Core needle biopsy, MMG Mammo-
gram, US Ultrasound, MRI Magnetic resonance imaging, BC Breast cancer, n/s Not specified, n/a Not applicable

@ Springer



106

Journal of Mammary Gland Biology and Neoplasia (2022) 27:101-131

criteria, which can be largely attributed to the fact that the
LORD criteria limits to low grade DCIS while the LORIS
scheme includes both low and intermediate grade DCIS
[42]. In summary, active surveillance is an ideal approach
for managing some DCIS patients, but its efficacy is reliant
on accurate diagnosis by biopsy and identification of low-
risk DCIS patients. Furthermore, this approach requires a
high standard of regular mammographic surveillance, which
requires high levels of patient compliance and diagnostic
expertise. Nevertheless, the long-term results of these
trials will prove beneficial in further delineating the natural
progression of DCIS and may be helpful in identifying more
robust prognostic biomarkers.

Modelling the Transition from DCIS to IDC

Phenotypically, the progression of DCIS to IDC is
characterized by disruption of the myoepithelium and the
basement membrane (Fig. 1) [43]. The breakdown of these
layers facilitates tumor cell microinvasion and migration
into the stroma, leading to invasive breast cancer [44].
While the key cellular mechanisms driving this progression
are not fully defined, four models outlining the possible
evolution have been proposed; the independent lineage
model, the convergent phenotype model, the evolutionary
bottleneck model and, the multiclonal invasion model
(Fig. 2) [45]. While the independent lineage model
theorizes that DCIS and IDC develop from different cancer
initiating cells, independent from each other (Fig. 2A), the
other models assume that DCIS and IDC develop from a
common ancestor [46]. The convergent phenotype model
posits that DCIS tumors with different genetic profiles
progress to form invasive tumors of the same phenotype
(Fig. 2B)[45]. The evolutionary bottleneck model proposes
that while DCIS harbors neoplastic cells with different
genetic profiles, only a single clone with a specific profile
invades, migrates, and forms the invasive tumor (Fig. 2C)
[45, 46]. In contrast, the multiclonal invasion model
theorizes that multiple clones are able to invade, migrate
and form the invasive tumor (Fig. 2D) [45, 46]. Genetic
analyses of synchronous DCIS and IDC have demonstrated
consistent mutational signatures between the invasive and
non-invasive components [33, 47, 48], supporting the latter
three evolutionary models over the former. In particular,
the limited genomic changes that occur as the neoplastic
cells progress from an in situ to invasive phenotype lends
support to the multiclonal invasion model, since multiple
genetically distinct clones that are present in the in situ
tumor persist into the invasive carcinoma [48]. These
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results also highlight the very few intrinsic changes as
DCIS cells progress from an in situ to invasive phenotype,
suggesting the transition to invasive breast cancer is
governed by extrinsic stimuli instead. In fact, studies of
synchronous atypical ductal hyperplasia and DCIS show
that mutations in key drivers, such as PIK3CA and p53,
are already present in the pre-malignant state and very few
additional mutational changes occur as early breast lesions
progress along the malignant continuum [49]. Together,
these findings suggest that all neoplastic cells can become
invasive given sufficient time. The observation of intratumor
grade heterogeneity in both DCIS and IDC further supports
the multiclonal invasion model and opposes the convergent
evolution model. Low grade DCIS and high grade DCIS are
thought to evolve from two distinct evolutionary lineages,
as each demonstrates distinct genomic signatures in the
DCIS to IDC continuum [47, 50]. Whereas low grade DCIS
progresses to well differentiated low grade IDC, high grade
DCIS progresses to poorly differentiated high grade IDC
[51]. Thus, clinical observations of heterogenous grade IDC
are further evidence for the multiclonal invasion model,
as multiple DCIS clones of both low and high grade must
have progressed from heterogenous grade DCIS. Other
investigations aiming to identify key changes that drive
the progression of DCIS have compared the mutational
landscape of pure and mixed DCIS lesions. Pure DCIS
lesions are those that are diagnosed as in situ only whereas
mixed DCIS lesions are those that are adjacent to invasive
disease on diagnosis (synchronous lesions). Here, an
assumption is that the IDC component was part of the
adjacent DCIS before progression. These studies have
reported a positive association between frequency of copy
number alterations and DCIS progression [33, 52-54].
Moreover, one of the smaller studies reported a significantly
lower frequency of driver mutations in pure DCIS lesions
compared to mixed DCIS lesions and concluded that
DCIS lesions with recurrent IDC show more aggressive
genomic profiles than DCIS lesions with no recurrent IDC
[33]. Combined, these results suggest there is potential to
distinguish high and low risk DCIS at the genomic level, but
more research is needed to accurately identify the defining
genomic features. Overall, the genomic similarity between
synchronous DCIS and IDC reveals that the DCIS-IDC
transition is not governed by a single transformative change,
nor is it dependent on a single DCIS clone of a certain
genotype, as the evolutionary bottleneck model suggests.
Instead, it is likely governed by small and successive
changes in the tumor and/or stromal components, which
together result in the invasive lesion.
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A) Independent Lineage Model

DCIS and IDC develop from
different cancer initiating
cells, independent of
eachother

Model

Only a subpopulation of DCIS
clones can escape ductal
@ confinement and persist in
IDC

B) Convergent Phenotype Model

DCIS ducts of different

genotypes progress to

form IDC of the same
phenotype

D) Multiclonal Invasion
Model

Multiple DCIS clones can
escape ductal confinement
and persist in IDC

Fig.2 Models of ductal carcinoma in situ progression. Overview of the four theorized models of ductal carcinoma in situ progression. Drawing

created with BioRender.com.
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Experimental Models of DCIS Progression

Our understanding of DCIS and factors influencing its pro-
gression to invasive disease is limited by how it can be mod-
elled for research. A handful of DCIS cell lines, mostly from
cell derived xenografts, are available for analysis. Three-
dimensional organoid cultures can be made using these cell
lines to recapitulate DCIS structures that may show inva-
sion [55], although such models do not encapsulate the true
nature of DCIS progression in vivo. Moreover, most DCIS
cell lines represent triple negative (MCF10DCIS.COM,
S3 in the HMT-3522 series, h.DCIS.01 and SUM102PT)
or ER-/PR-/human epidermal growth factor receptor 2
(HER2) + (2INT and SUM-225) DCIS [55], with limited
representation of the more common ER +/PR +DCIS sub-
type. DCIS can be modelled in vivo via the mouse intra-
ductal (MIND) transplantation model whereby tumor cell
suspensions from cell lines or dissociated primary tumors
are introduced and grown inside the duct [56]. This method
is commonly employed to mimic the natural progression of
non-invasive lesions, as all stages of the growth and progres-
sion of the tumors can be observed, as well as their interac-
tion with the microenvironment [57]. Moreover, the MIND
transplantation model allows for the growth of ER + DCIS
structures without the need for exogenous estradiol, which
had been notoriously difficult to establish through tradi-
tional mammary fat pad transplantation methods [57]. In
fact, ER + MCF7 cells transplanted into the fat pad develop
a basal-like molecular profile losing the expression of lumi-
nal markers whereas ER + MCF7 cells transplanted intra-
ductally maintain their luminal profile [57]. Primary DCIS
cells are superior to cell lines for modelling DCIS in vivo
as they more closely embody the heterogeneity of the dis-
ease, although models are difficult to establish due to the
insufficient amounts of primary tissue typically available for
research purposes. Furthermore, human tumor cells grown
in mice are not a true representation of human disease,
since the model requires an immunosuppressed environ-
ment, which disregards the potential key role the immune
system plays in DCIS progression. Early-stage lesions with
the potential to progress to invasive cancer can be induced
in rodents, rather than introduced, to model DCIS in vivo,
and are referred to as mammary intraepithelial neoplasias
(MINs) [58]. MINs used to model breast cancer progression
have been induced by carcinogen exposure, irradiation and
prolonged hormone treatment [59], as well as in genetically
engineered mouse models in transgenic mice [60], knock
out mice [61] or by viral transfection of oncogenic muta-
tions [62]. The STAT1 knock out model, in which STAT1
deficient mice spontaneously develop ER + /PR + MINs, is
a particularly useful model for studying the development
of ER + breast cancer and suggests a critical role of the
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transcription factor in suppressing tumorigenesis [61, 63].
However, while inducing MINs in mice is a closer repre-
sentation of DCIS progression in humans than xenografted
cell lines, differences in the microenvironment in mice and
humans, and the effects these have on tumor progression
must be considered as a limitation of this approach. Investi-
gators have sought to address this by generating mixed xeno-
grafts containing human DCIS, fibroblast, and myoepithelial
cells, co-transplanted under the mouse kidney capsule [64,
65]. However, these models, while reproducing microenvi-
ronmental signaling, fail to maintain the normal topology of
DCIS-affected ducts and, as in the MIND model, they lack
immune context [64]. Notwithstanding their limitations, the
above-mentioned models have proved very useful for mir-
roring the progression of non-invasive lesions like DCIS to
invasive breast cancer in the laboratory setting, and further
development, improvement and utilization of these models
will likely provide a deeper understanding of the natural
course of DCIS.

Clinicopathologic Features Associated
with DCIS Recurrence

Given the difficulty in predicting an individual patient’s
risk of DCIS recurrence, there has been considerable inter-
est in identifying specific clinicopathological features that
have predictive potential. Numerous randomized controlled
clinical trials and observational studies have investigated the
correlations between various clinicopathologic features and
DCIS recurrence. These study findings have been examined
in four independent meta-analyses that have established
composite correlations with overall recurrence (in situ or
invasive) [66, 67] and invasive [68, 69] recurrence (Table 3).
Among the four meta-analyses, a significant positive asso-
ciation was consistently reported between overall risk of
recurrence and pre-menopausal status, young age, African-
American race, symptomatic versus screen detected DCIS,
presence of positive surgical margins, high grade, multifo-
cality, presence of comedo necrosis, HER2 positivity and a
family history of breast cancer [66—69]. Positive associations
between overall recurrence and tumor size, or absence of
ER and PR, have also been reported, although the data are
either inconsistent or did not always reach significance [66,
67]. Only the presence of positive surgical margins showed
a consistent positive association with invasive recurrence
that was significant across the studies [68, 69]. Further-
more, given the high rate of ER and PR positivity in DCIS,
hormone receptor negative DCIS cases are acutely under-
represented, hindering comparison of recurrence rates
between these groups and impacting the statistical strength
of these studies. While clinical and histopathological
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Table 4 Features of the Oncotype-DX DCIS and DCISionRT commercial tests

Oncotype-DX DCIS [72] DCISionRT [73]
Cost ~$3000 USD ~$1500 USD
Type of molecular signature Gene expression via RT-PCR Biomarker expression via IHC coupled with clinical
features

Genes/markers/clinical features

0-100

Low risk score <39
Intermediate risk score =39-54
High risk score > 55

Range of score

Scoring risk of local recurrence

Ki-67, STK15, Survivin, CCNB1, MYBL2, PR,
GSTM1 (cancer related genes) & ACTB, GAPDH,
RPLPO, GUS, TFRC (housekeeping genes)

COX2, FOXALI, HER2, Ki-67, pl6/CDKN2A, PR,
SIAH2 (IHC) and patient age, tumor size, margin
status and palpability

0-10

low risk score <3

high risk score >3

cases, were used to select the seven gene panel based on
their association with recurrence. The panel was then inde-
pendently validated using the ECOG E5194 study cohort
[72]. The final signature comprises five genes involved
in proliferation (Ki-67, STK15, Survivin, CCNB1 and
MYBL2), plus progesterone receptor (PR) and the cancer
susceptibility gene GSTM1 [72]. The normalized expression
values are combined into a single numerical DCIS Score
between 0 and 100, and results are stratified into low (DCIS
Score < 39), intermediate (DCIS Score =39-54) and high
(DCIS Score > 55) risk of recurrence. The DCISionRT test
is an immunohistochemical assay that predicts risk of recur-
rence by measuring the expression of molecular biomarkers
and clinicopathologic features, which were selected from a
series of literature reviews. The protein biomarkers assess
hormone response (PR, FOXA1), aggressiveness (HER2),
proliferation (Ki-67), cell cycle regulation (p16/CDKN2A)
and stress response (COX2, STAH2), while the clinicopatho-
logic features include age, tumor size, margin status and
palpability [73] (Table 4). The elements of this biological
signature were parameterized and cross-validated to develop
the Decision Score (DS) ranging from 0-10, which strati-
fies patients into the low risk (DS <3) or high risk (DS >4)
group. These signatures predict risk with some degree of
accuracy, but validations have revealed that they tend to
overtreat a proportion of cases yet still miss recurrence in
the putative low risk group [72, 74-77]. A validation of the
Oncotype DX DCIS assay found that 12.7% of patients clas-
sified as low risk showed some kind of recurrence within
10 years and 72.2% of patients classified as high risk, who
were recommended more aggressive treatments showed no
recurrence within 10 years [77]. Moreover, the test is of
uncertain value in cases that return an intermediate score,
which are arguably the cohort most in need of enhanced
guidance. Validation of the DCISionRT test revealed that
10% of the low risk patients will show recurrence within
10 years and 70% of the high risk patients will not show any
recurrence within 10 years [74]. Overall, these tests provide
some guidance, but improvements in their accuracy would

@ Springer

allow more patients to be spared overtreatment. Still lacking
however, is a means of predicting DCIS progression. Devel-
opment of an assay that can accurately identify those cases
that are not predicted to progress to invasive disease would
negate even surgical intervention for a significant proportion
of patients. Each of the tools above focuses exclusively on
the malignant component of DCIS. Given the similar molec-
ular profiles of DCIS and IDC, it is likely that other factors
related to the adjacent microenvironment and myoepithelial
component of DCIS should be considered when attempting
to predict the risk of recurrence in these in situ lesions.

Molecular Changes Accompanying
the DCIS-IDC Transition

Molecular Changes to the DCIS Cells

As DCIS cells evade ductal confinement, they undergo a
number of phenotypic changes. Invasion and migration
through the stroma is aided by epithelial to mesenchymal
transition (EMT), where polarized epithelial cells de-
differentiate, biochemically changing to a mesenchymal
phenotype [78]. Compared to DCIS cells, IDC cells show
significantly increased expression of putative EMT mark-
ers c-MET and TGF-81 [79]. Further research is needed
to deduce whether phenotypic changes related to EMT are
present as early as the DCIS stage for those whose DCIS
progressed to IDC, as early expression changes may be use-
ful for identifying DCIS patients at high risk of invasive
progression. Invasion through the stroma is also aided by
ECM remodeling, where components of the ECM become
deposited, modified or degraded [80]. Recent evidence sug-
gests that DCIS cells upregulate the expression of ECM
remodeling proteases which aids in invading the stroma.
DCIS cells adjacent to invasive disease show significantly
higher expression of ECM remodeling proteases cathep-
sin V and cathepsin A, prolyl 4-hydroxylase A2 (involved
in collagen synthesis) and fibrillar collagen component
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COL11A1, compared to DCIS cells from pure lesions
(Table 5), suggesting the expression of these proteins aids in
the DCIS-IDC transition. Furthermore, the tumor cells that
have evaded ductal confinement show significantly higher
expression of cathepsin V, cathepsin A and COL11A1 com-
pared to their adjacent non-invasive component, suggesting
these proteins play a significant role in DCIS progression
(Table 5). Studies have also shown that as DCIS progresses
to IDC, DCIS cells gradually lose expression of growth sup-
pressive protein thioredoxin interacting protein and gradu-
ally gain expression of proliferation protein legumain [81,
82]. Importantly, these phenotypic changes are visible in the
pre-invasive state, where DCIS lesions adjacent to invasive
disease show significantly lower expression of thioredoxin
interacting protein but significantly higher expression of
legumain, compared to pure DCIS lesions (Table 5). Given
the immune system is capable of detecting and eliminat-
ing tumor cells, tumor cells induce changes to modulate the
immune system [78]. DCIS cells express immune regulatory
protein PD-L1 which binds to PD-1 receptors on activated
T cells to inactivate them [83-85]. It is likely that there are
other immune modulating mechanisms employed by DCIS
cells to evade immune surveillance, although these are yet to
be uncovered. Such mechanisms may also serve as valuable
targets for therapeutics.

Molecular Changes to the Adjacent
Microenvironment

Given that the majority of genetic changes occur early in
the development of DCIS, the transition to invasive dis-
ease might not be regulated entirely at the genomic level
but instead may be influenced by cellular relationships and
interactions within and between DCIS and its microenvi-
ronment [86]. Emerging evidence demonstrates that cells
of the DCIS ecosystem progressively undergo changes as
DCIS becomes IDC (Fig. 3) and that some of these changes
are prognostic when they are present in the pre-invasive
state (Table 5). Understanding these changes to the DCIS
ecosystem will yield new avenues to predict and prevent
the progression to invasive breast cancer. The DCIS to IDC
transition is characterized phenotypically by the fragmen-
tation of the myoepithelium and the basement membrane.
Loss of these physical barriers allows tumor cell invasion
into the microenvironment and lymphovascular space. Nor-
mal myoepithelial cells perform several tumor-suppressive
roles and, as a result, are often regarded as the “gatekeep-
ers” of DCIS. However, before the myoepithelial cell layer
is disrupted, DCIS-associated myoepithelial cells exhibit
changes in the expression of structural proteins such as
calponin, CD10 and smooth muscle myosin which normal
myoepithelial cells express in abundance [50, 86-91]. Loss
of structural proteins may compromise the actin cytoskeleton

of the myoepithelium, affecting cellular integrity and dimin-
ishing the effectiveness of the myoepithelial barrier. Moreo-
ver, myoepithelial cells from DCIS lesions that have pro-
gressed to IDC show more aberrations than myoepithelial
cells from DCIS lesions that have not progressed [50, 86,
88, 92], providing evidence for the idea that changes in the
structural composition of myoepithelial cells can result in
increased permeability for tumor cells to disseminate [92].
Myoepithelial cells also exhibit phenotypic changes in pro-
teins involved in tumor progression. Myoepithelial cells sur-
rounding DCIS lesions adjacent to invasive breast cancer
show increased expression of proteins that promote ECM
remodeling [93] and decreased expression of proteins that
inhibit ECM remodeling [94, 95], compared to myoepithe-
lial cells surrounding pure DCIS lesions that do not have
adjacent invasive disease (Table 5). Similarly, mammary
fibroblasts become progressively altered during malig-
nant progression, showing increased expression of ECM
remodeling proteins COL11A1, prolyl 4-hydroxylase A2
and cathepsin V, in DCIS-associated fibroblasts compared
to normal tissue, and further increased expression in fibro-
blasts adjacent to IDC (Table 5) [82, 96-99], suggesting that
these proteins contribute to a microenvironment favorable
for breast cancer progression. Moreover, fibroblasts from
DCIS lesions adjacent to invasive breast cancer show sig-
nificantly higher levels of these proteins compared to fibro-
blasts surrounding pure DCIS lesions, demonstrating that
the increased expression commencing in the pre-invasive
state could be prognostic (Table 5) [82, 96-99]. Evidence
also suggests that the transition to IDC is accompanied by
signaling changes to aid cell migration. Compared to normal
tissue, gene expression analysis of DCIS tissue revealed the
RNA expression of chemokines CXCL14 and CXCL12 is
elevated in myoepithelial cells and fibroblasts, respectively,
both of which directly bind to receptors on the tumor cells to
induce cell migration [100]. Additionally, CXCL12 recruits
regulatory T cells to the tumor site, which act to suppress
the immune response [101]. Moreover, the expression of
CXCR4, the CXCL12 receptor is elevated in invasive tumors
compared to both DCIS and normal tissue, lending support
to the idea that increased chemokine signaling contributes
to DCIS progression [100]. There is no evidence that the
changes exhibited in the DCIS microenvironment are driven
by mutations in the tumor adjacent stromal cells. Rather, it
is likely that the cells of the DCIS microenvironment are
manipulated by the tumor cells to facilitate DCIS progres-
sion. As the tumor cells proliferate and the myoepithelial
barrier between tumor and stroma is progressively lost, there
is more opportunity for the aberrant expression of proteases,
chemokines, growth factors and remodeling molecules origi-
nating from the DCIS cells to stimulate a pro-tumor phe-
notype in the adjacent fibroblasts. While a single driving
mechanism for the progression of DCIS is yet to be revealed,

@ Springer



101-131

Journal of Mammary Gland Biology and Neoplasia (2022) 27

114

(1000°0 > d) uorssaxdxo

eydiedIH Y8y “(200'0=d)

Aen[yul TLL 3U3p (1000'0=d)

L9-13 UStH ‘(1000°0>d)

Aantsod 23EH (1000°0> d)

Aiapesou ¥d (1000°0>d)

Kianesou ¥4 (€00'0=d)

SIS0109U OpPAWOd “(1000°0>d)

apeis seajonu ySiy (S20'0=d)

AZIS J0Wmn) uum(:v.— s

[L6] 020T T8 19 sso],
(200°0=d) sa1ko0yduw]

Supen[yuI-Iown) AsUp pue

(100°0=d) xoput aaneioyijoxd

u31y (200"0=d) Ananisod

TYAH ‘(1000°0> d)Ananesou

Ad (1000°0> ) Ananedou ¥g

“(210°0=d) SISOIAU OPAWOd

(10000 > d) opeid ySiy

UM pajerdosse st SO 2ind

[28] 6107 T8 30 ssoL,
(1000°0> o) s1kooydwA]

Sunen[yui-rown) asusp pue

(1000°0> o) Xoput danesdyroId

431y ‘(10°0=d) Ananisod

TYAH “(1000°0 > d)Ananesau

¥ud (1000°0> d) Ananedau ygq

‘(€€0°0=d) SISOIIdU OPaWOD

“(200°0=d) apei3 Y3y yum

pajerdosse sI anssn SO 2ind

[28] 610T Te 12 sso,
(£00°0=d) Ananesou

TYHH PUe (, 01 XT=d)

Ananisod ¥ “(100°0=d)

SISOIOOU OPAWIOd JO dIUSqR

(.01 X9'T=d) 9peIS mo] yim

[181 810 'Te 1 A31IIN

(9211 ¥10€ Te 10 Suelf

PajeIoosse ASID [[90 [ewons ySIg

ur uorssaxdxa 190 Jown) ySiy

Jo sisejqoiqy ur uotssaidxa ySry

pajerdosse st uorssardxa yStH

Passasse JON

(800°0=d) S9OUALINIAIL
SAISBAUL PUE (100°0=d)
$0OUALINDAI [e1ajefIsdl
[I® Jo are1 ysy

YIM PAIBIOOSSE ST

uorssaidxa ewons ySry

(2000'0=d)
LT 1910y im
PpareIOsse uoissardxo

119 Jowmn) Y31y

QOUALINIAT

M PAIRIOOSSE JON

(600'0=d) [eAIAINS
901J-20ULINIAI [BIO]
103UO[ (IIM PaJRIOOSSE

st uorssaidxa yStHg

Passasse JON

(1000°0>d)

SIDQ 1uadElpe 01
paredwoos D] Jo
rWwoONs ur uorssardxo

10y31y Apueoyrudig

(10000>d)

S[[99 SID( uadelpe
oy 01 paredwod s[[a0
Jown) D] Ay ur
urewn39[ Jo uorssardxa

10ySiy Apuesyrusig

(10000>d)

SIDQ wedElpe gy

JO sISB[qOIqY 0}
paredwos Dy jo
$1SB[qOIqY Ul uoIssardxa

10ySiy Apuesyrusig

(1000°0>d)

S[[99 D[ Yuaoelpe
0 paredwod s[[oo
SIDA ut uorssaidxa

19431y Apuroyrudig

Passasse JON

(100°0=d) 2md
0y paredwods ASID Jo
uorssaxdxoe fewons ysiy

Pamoys sased SIOA

paxIw a1ouw Apuesyrusig

(100°0=d) 2mnd

03 paredwos uorssardxo

1195 10w ysiy

Pamoys sased SIOA
paxIw aJouwr Apuesyrusis

(1000°0>d) SIDQ 2:nd
01 paredwod uoissardxa
152[q0IqY Y31y pamoys
S35 S[D( PAXTW

arow Apueoyrusig

(1000°0>d) S11°9 SIDA
paxiw 0} paredwod s[jod
S10d 2and ur uorssaidxo
19yS1y Apuedoyusis
(€0'0=d) 2md 0y
paredwod suoise] SIDA
paxtu ur uorssaxdxa

10ySty Apueoyrusig

AS1D rewons Y3y pey
sosed 5[0 2md Jo %07

S[[90 Jowm SO
Jo Surureys orwsejdoik)

sise[qoiqy SI0A
ur uorssardxa orwserdok)

S[199 rerpoyda
[eusiou 0y paredwoo

S[[2 Jown SIOA
21dx9 paonpay

(11°0=d) [ewiou
0) paredwoos S1OA

ur uorssaxdxa requg

sIse[qoIqy Ul uolssaidxa

Jure) 10 dAneSaN

s[[ed
Terayids ur uotssardxa

Jure) 10 9ANEION

s)se[qoIqy
[ewIou ur uorssaidxa

Jurej 10 9ANESON

s[100 [erpoyrdookur
pue Jeurwun| ur

uorssaidxa orwserdoik)

S[[99 rerpoyde

[BULIOU JO QUBIqUIAW [[9D)

uonepeI3ap DI
ur paAjoaur aseurdjord

QuIaISAd [eWOsosAT  sIse[qoiqy ut A uisdoye)

uoneiajrjord
1199 s9ye[n3ar jeyy

Qwkzud onkjoajold S[[99 JowWn) Ul urewngay

uoneiajrjord

1199 saye[n3al jey)
owkzud d1kj02301g $ISB[QOIqY Ul urewnso|
suonouny
onoydode-oxd pue
Surssarddns yimoIs yim S[1eo fowm
UIXOPIOIY) JUBPIXONUER ur (INX.L) uroroxd

Jo 101R[NSa1 9ANESON Sunoerayur urxopaioryJ,

LN
S2INPUI pUE SASEJ LD JO

AJIwey oy ay) saRANOY S[[99 Jowmn) Ul ZAVA

DUIIYY

$3IN)EJJ [EIUI]D Y)IM UONRII0SSY

AUILINIAX

PIM UONBIOSS Y

SIDd SNOuoIYIULs
0) paxedwod D1

ur uorssaxdxgy

anssy SID paxIut
pue dand ur uoissaxdxy

anssn
[euriou 0j paxeduod

SIDA ut uorssaxdxy

anssy

[eurrou ur uorssaxdxyy

(S)wstueyoIw [edrdojorg JNIRIAI

doueoytudis onsousoid 1oy) pue anssn HJ pue (paxiwt pue and) IO ur sauryd JB[NISOJN § d|qel

pringer

Qs



115

101-131

Journal of Mammary Gland Biology and Neoplasia (2022) 27

[66] 610T '8 30 ssoL,

[86] 810T Te 30 sso],

[86] 810¢ T2 12 sso,

[96] 610T '8 30 ssoL,

[L6] 0T0T T 12 ssoL,

(1000°0>d)
eydye [ Jojoey d[qronpur
-erxody pue (910'0=d)
s1kooydwA| Sunenjyur
Jowmn) asudp (640'0=d)
Aantsod £9-1 “(¢h0'0=d)
Aanesau ¥d ((200'0=d)
AANRSOU Y YIm PARIOOSSE
st uorssardxa [ewons ysiy
(#00°0=d) uoissaidxa
eyde-141H Y81 “(€00'0=d)
Ayanesou ¥d (1000=d)
Aanesou ¥ (100°0=d)
1SOI0JU OPAWOd ‘(0 0=d)
apeIs Y31y “(20'0=d) SIDA
onewo)dwAs y)m pajeroosse

st uorssardxa [ewons ySiyg
(1000°0>d)
uorssaxdxa eydye-141H ySiy
(#00°0=d) Ananisod 2IHH
“(1000°0> d) Ananesou
¥d ‘(10000 > )Knanesou
A4 (1000°0 > d)stso109u
opawod ‘(10000 > d)3peis
Teajonu Y3ty “(#00°0=d)
a3e 1opJO (1M PaJBIDOSSE

s1 uorssaidxa [[o0 Jowmn ySiyg

(200'0=d)
eydieA1H YS1 “(1000°0> d)
Kanisod 2YH “(110°0=d)
Ananedou ¥d “(100°0=d)
Aanesou ¥4 (900°0=d)
apeid Y31y yIm pajeIoosse

s1 uorssardxa [[o0 Jown) ySiH
(ZH0'0=d) uoissaxdxo
eyd[eA1H uS1y pue (100°0=d)
Ananisod 2YHH (900°0=d)
Aranesau ¥d “(1000°0> d)
Ananedou ¥g (120°0=d)
opeis ySiy ym pajeroosse

s1 uorssardxo 190 Jowm ySryg

(1000°0>d)
11T 10Moys Jo
10301paid yuapuadapur

ue st uorssaidxo ySry

QOUALINDAT

)M PAJRIDOSSE JON

(#00°0=d) 20ULINAI
[eoo] resorerisdr yim
Pajeroosse st uorssardxo

1195 Jowny yStyg

(10000=d)
49T Jouoys
I PIJRIOOSSE ST

uorssaidxa yS.1D 1oyStH

(€E10°0=d)

syuaoned SO 21nd

10] [¥T 19MO0YS IIm
Pajeroosse st uorssaidxo

1195 10w ystyg

(1000°0>d)
SIDQ 1uadElpE 01
paredwod D] ur

uorssardxa [ewons

10ySiy Apuesyrusisy

(10000>d)

SIOQ Yuddelpe

03 paredwos D]

u1 uorssaIdxs [ewons

10ySiy Apuesyrusig

(881°0=d) SI[9d
SIDA 1uddelpe pue S[[ed
Jown) D] UaIMIdq

QOUAIRYIP uOISsaIdXd ON

(10000>d)

SI199 S1DQ Judde(pe Yy
03 paredwod s[[a0 Jown)
[ ur uorssardxa

10ySiy Apuesyrusis

(1000°0>d)

S[[99 SID 1uddelpe 01
paredwod s[a0 Jowm)
Dd] ut uorssardxa

19431y Apuroyrudig

(10000>d)

S1D@ 2and 03 paredwod
SIDQ poxTw ut
uorssa1dxa [ewons

10yS1y Apuesyrusig

(1000°0>d) onssn
S10Q 2ind 01 pareduwod
onssy S[OQ poxIw

ur uorssa1dxa [ewons

10ySiy Apuesyrusig

(£00°0=4d) sased
S10d 2ind 03 paredwod

uorssa1dxa [[25 Jown)

paxiw jo uontodoxd

10yS1y ApueoyruSig

#0'0=d) sosed

S10@ 2and 03 paredwod
uorssaidxa Y3y moys
$358D SID paxIwt

Jo uonodoxd xoySiy

(1000°0>d)

amd 0} paredwod

ASLD Jo uorssardxa

1195 10wy ysiy

pamoys sased SIDA
paxtut drow APuLdyIusIS

sise[qoIqy

SIDQ ut uorssaidxa Y31y

s[[e0 Jown) SIOA
ur _.-O_wmmuﬁxw paseardu]

ASLD
1199 Jown) Y31y pey

sased ST 2ind Jo %67

$)52[qOIqY

ur uorssaxdxe mo|

S[[09
[erpoypids ur uorssardxo

Jure) 10 9ANESON

S[[09
reryiida ur uorssardxa

Jurey 10 9ANEIIN

S[[99
Terpoypida ur uorssardxo

Jurey 10 9ATIRSON

10} uaSe[[0d Jo jusuodwo)

Surpopowar INDH
sI1se[qoIqy ur [ [ [10D

S1SB[qOIqY.
ut (ZVHpd) T nunqns
v 9Se[AX0IpAY-H-1AJ01d

Suropowax

DA 10j owikzug

S[[05 Towm)

ut (ZVHpd) T ungns
'V 9se[AX0IpAY-{-[K[01d

Surpopowar

NDA 10j dwkzug

uonexdyioxd o0

‘sisoydode 03 ooue)sIsar

‘Burpepowal NDF ut
paAjoaut aseurajoxd

QULIDS [BWOSOSAT  S[[29 Jown) ur 7 uisdoyie)

uonepeisop INDF
ur paAjoAur aseurajord

QuIISAd [RWOSOSAT  S[[a0 Jowm) ut A uisdayie)

DUIIYY

$3IN)EJJ [EIUI[D Y)IM UONRIIOSSY

ADUILINIAX

PIM UONBIOSS Y

SID{ SNOUOIYIULS
0) paxedwod DI

ur uorssaxdxyy

anssn ST paxiw
pue dand ur uoissaxdxy

anssn
[euLiou 0j paxeduod

SID ut uoissaxdxy

anssy

[euLIou Uy uoISsaAdXy

(S)wstueyIw [edrdojorg JINIRIAI

(ponunuoo) g sjqey

pringer

a's



101-131

Journal of Mammary Gland Biology and Neoplasia (2022) 27

116

7 unqns v ose[AX0IPAY-p-[K[01d ZVHFd v wisdoyqie) VSO ‘A uisdoye)
ASID ‘7 10)dooar 10joe] Yimoi13 [ewroprde uewiny gy FH ‘103deoa1 uaonsy ¥ ‘UONISURI} [RWAYOUSSAUW 0) [eT[oyiidyg 44 ‘NS Ul BWOUIDIRD [€10N( S7)( ‘TeAIIUT 991 9OUIINIAI [0 [y T

[€6] ¥10T T8 30 UV

[S6]
LT0T ‘T 12 UapIooAuAIN(

[¥6] L10 'Te 10 10des

@00=d)

9z1s pue dpeis 10y
pisnipe uaypy
(900'0=4d) uoissarSoid
10 90ULLINDAI pue
uorssardxa ggan

yS1y usamiaq

UONeIOOSSE JUBOYIUSIS

BJEP JUALINIAL ON

BIEP QOUSLINDAI ON
(1000=d)

SOOUALINIAI [[E I0f

LIYT 1910y YIm

(T10°0=d) Anamsod ¥4 pajRIoOSSE s1 uorssaidxa

odar ur
1199 Terayydookw oN

odqr ut
S[199 [erpaydooAw oN

odr ut

s[199 [ereyidookw oN
(1000°0>d)
S[199 SID( Juddelpe 0}
paredwod s[[ao Jown)

I ut uorssaidxa

(100°0>d) ssed SIDA
and o1 paredwoo ggan
Jo uorssardxa aanisod
pamoys sased SIDA
paxtw jo uontodod

10yS1y Apueoyrusis v

V ugg Aue ssaxdxo

JOU PIP UOTSEAUTOIITUI

Y stow SIHA
woly S99 [erydook A

(100'0=d) onssn
SI10q 21nd 01 paredwod
anssn SO paxiu ut
paonpar Apueoyrusis
sem uoIssardxo gJINIA
(1000°0> ) S[129 Joum
S10d 2and 03 paredwod
S99 Jowm S[DA
paxiw ut uoissardxo

onssn
[ewIou ur uorssaidxo
9%() 01 pareduwod
9gan Jo uoissardxo
TereypidaoAw pamoys
sased SID( opels
-Y31y-uou Jo %7

pue opei3 431y Jo %69

uorssaidxa y

uyalg Jo ssof JuedyIusIs

pamoys anssn SIOA
(1000°0> d) 9pess
431y pue (10°0> o)
opeId areIpawIaIul Inq
‘[ewriou 0) uoissardxo
Te[ruits pamoys SIOA
opeIs mo[ wory

S[[09 TerEyIdaokA

SAINIA 10J 2anesou

arom ‘Ajoandadsar

SIOd paxtw pue SIDA
amd jo 918 pue 9y

S[[99

S[100 [ereyIdaoku surajoxd Furjopowax

ur uorssardxa aaneSoN DA 10§ 101do0ay

s[199 [erpyidookwr - Burfopowar WO Nqryut

ur uorssardxe ySryg 0] 10)IQIYUI 9SB3)0I]
S[[0d
TerjoyidooAur ur vjaq
-4D L seye[narumop
pue £11anoe Sunowoid
Jown 6NN sesoddo
yIgM 8dININ

aarssarddns Jowng,

S[100 [eroyrdookur

ur uorssaidxo yStH

(109 ferjayido Surepowar WOH

S[100 [eroyIdookur

ur ggan uriSoug

S[[99

TerfoydooAw ur v uylg

S[[22

Teroyidookuw ut gJININ

[66] 6102 ‘T 32 ssoL, M PIIRIDOSSE ST UOISSAIAXd MOT 1195 1owny ysrty 10yS1y Apuesyrusis 10yS1y Apuedyrusig SIOQ ut uorssaidxa Y31y ur uorssa1dxa oAnesoN  10J uage[[od jo jusuodwo) S[[90 Jown) Ul [V [1T0D
SID SNOUOIYIULS anssy
DULINIAI 0 paxedwod DL anssy SID PIxIu [eurIou 0} paseduiod anssy

UIJNY

$9IN)EIJ [BIIUI[D )IM UONRIIOSSY 1M UONRIIOSSY

ul uorssaxdxyy

pue aand ur uorssaxdxyy

SIDA Ul uorssaxdxy

[ewriou uy uoissaxdxy  (S)wisiueyddu [ednSojorg

JIIMIBA

(ponunuoo) g sjqey

pringer

Qs



Journal of Mammary Gland Biology and Neoplasia (2022) 27:101-131

117

Fig.3 Microenvironment
changes accompanying ductal
carcinoma in situ progression.
Changes to the microenviron-
ment as normal tissue becomes
progressively more neoplastic,
along the ductal carcinoma

in situ to invasive ductal carci-
noma continuum. Development
of fully confined “pure ductal
carcinoma in situ” lesions are
accompanied by measurable
changes to the microenviron-
ment, including myoepithelial
and stromal alterations and
increased immune infiltrate.
These changes are progressively
more distorted in “mixed ductal
carcinoma in situ” lesions
adjacent to invasive ductal car-
cinoma. Finally, development
of invasive ductal carcinoma is
accompanied by total loss of the
myoepithelium, further stromal
alterations and an immunosup-
pressive immune phenotype.
Drawing created with BioRen-
der.com.

Normal epithelial cell

Neoplastic epithelial cell

Regulatory T cel

B cell/

Macrophage
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v
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changes to the tumor cells and other neighboring cell types
during the invasive transition may hold prognostic potential
for predicting whether future DCIS patients are at high or
low risk of invasive progression.

Immune Populations in DCIS

Immune modulation is a critical hallmark of tumor progres-
sion, although until recently, breast cancer has largely been
considered an immunologically silent cancer. That is, the
immune infiltrate in breast tumor microenvironments was
not used to classify the tumor or guide patient treatment.
However, recent evidence proves that breast cancer can be
highly immunogenic, containing immune cells from both
the innate and adaptive immune system [101]. Immune cells
within the breast cancer microenvironment shape tumor pro-
gression and treatment response, and can be stratified into
two classes: immunostimulatory and immunosuppressive
[101]. Immunostimulatory immune cells such as M1 mac-
rophages, lymphocytes and natural killer (NK) cells play
critical roles in tumor cell elimination whereas immunosup-
pressive immune cells such as myeloid derived suppressor
cells (MDSCs), M2 macrophages, T regulatory cells (Tregs)
and PD-L1+immune cells inhibit the tumor suppressing
functions of immunostimulatory immune cells, leading to
tumor progression [101]. This section will discuss immune
infiltrate changes that occur in the continuum of normal to
DCIS to IDC breast tissue, including the associations that
immune cell infiltrates have with clinicopathologic features
and outcome in DCIS patients.

Immune Changes in DCIS and IDC Tissue

The progression from normal to neoplastic breast tissue is
accompanied by quantitative, compositional, and pheno-
typic changes to the immune cell infiltrate. Immunogenic-
ity progressively increases as normal breast tissue becomes
more neoplastic (Fig. 3). There is considerably more known
about the immune environment of IDC than DCIS, how-
ever a few studies have sought to document the changes
that occur in the transition from normal to DCIS to IDC
tissue. There is a significantly higher proportion of CD3+ T
cells, CD20 + B cells, macrophages and Tregs [102, 103]
in DCIS tissue compared to adjacent normal tissue, while
IDC tissue contains a significantly higher proportion of all
T cells (helper, cytotoxic and regulatory), macrophages, B
cells and PD-L1+immune cells compared to adjacent DCIS
tissue [102-104]. While helper T cells are more abundant
than CD8+ cytotoxic T cells in DCIS tissue [85, 104-106],
cytotoxic T cells are more abundant than helper T cells
in IDC tissue [104], suggesting a more immune activated

@ Springer

environment in IDC. Breast cancer cells can also stimulate
the recruitment and differentiation of myeloid progenitor
cells into MDSC:s to facilitate immune evasion. Tumor cells
have been reported to produce a range of soluble factors
to attract and differentiate this immature immune subset,
including granulocyte and macrophage colony stimulat-
ing factors (G-CSF and M-CSF), interleukin 6 and TGF-1
[107]. MDSCs accumulate aberrantly in cancers, diverting
myeloid progenitors away from their normal differentia-
tion pathway to dendritic cells, macrophages and granulo-
cytes, towards a pathological state, suppressing CD8+ T
cell function by the production of reactive oxygen species,
and expression of the enzymes ARGI and inducible nitric
oxide synthase (iNOS) [108, 109] and promoting metastasis
and osteolysis [107]. There is limited information about the
relative abundance of MDSCs in DCIS compared to IDC.
However, a murine model of breast cancer progression dem-
onstrated increasing numbers of this immunosuppressive
cell population with increasing tumor burden, and this was
correlated with a decrease in CD8+ T cells [110], suggesting
their increasing presence in DCIS could promote progres-
sion to invasive disease.

The immune infiltrate of DCIS tissue is predominantly
seen in the stroma and is less concentrated in the trans-
formed ducts themselves. Recent reports suggest that early
immune evasion by the DCIS cells is likely aided by an
intact myoepithelium, where one study reported that DCIS
regions with disturbed myoepithelial cell phenotypes display
T cell infiltrations within the duct whereas in areas with
normal myoepithelial cell phenotypes the T cells remain
in the surrounding stroma [92]. A recent spatial profiling
study of the tumor microenvironment of DCIS from patients
who remained free of invasive disease compared to tumors
from patients who had developed subsequent IDC found that
myoepithelial disruption was greater in cases that did not
progress [111]. In that study, analysis of spatial relationships
within the tumor microenvironment suggested that this dis-
ruption was associated with increased numbers of immune
cells, cancer-associated fibroblasts and collagen remodeling,
which combined to protect against future invasive relapse.
However, the study did not report a difference in the immune
cell type composition between progressors and non-progres-
sors, and it remains to be seen whether the elevated immune
presence associated with myoepithelial disruption was a
consequence of or contributor to that phenotype. In contrast
to this, in a study of malignant progression that employed a
HER?2 over-expressing mouse mammary tumor virus model,
CD206+ /Tie2+ macrophages were observed to be increas-
ingly present during the transition from normal ducts to
in situ malignancy and invasive disease and contributed to
cancer dissemination [112]. Depletion of macrophages dur-
ing the premalignant stage of tumor development reduced
subsequent dissemination, suggesting a direct causal role of
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the macrophages in promoting invasion and metastasis. Gene
analysis performed by one group found that DCIS and IDC
tissue were significantly more enriched for genes relating to
NK cells than normal breast tissue, although they found no
significant difference between DCIS and IDC tissue [85].
Overall, consistent evidence has demonstrated an increased
immune cell presence in neoplastic breast tissue compared
to normal tissue [85, 102—104].

Clinical Significance of Inmune Infiltrate
in DCIS

An increased immune presence in DCIS tissue is associ-
ated with poor prognostic features including high grade,
hormone receptor negativity, HER?2 positivity and comedo
necrosis, suggesting that more aggressive tumors trigger a
more intense immune response than less aggressive tumors
(Table 6) [84, 85, 104, 113—-119]. Moreover, a stromal
increase in any T cell subset, PD-L1+immune cells, B cells
and macrophages, is independently associated with aggres-
sive clinical features [84, 85, 104, 113—-119]. These trends
are reflected in a correlation between immune cell content
and DCIS molecular subtype. A 1488 patient study reported
that the highest tumor infiltrating lymphocyte density was
observed in HER2 + DCIS, followed by triple negative,
luminal B/HER2+ and finally Luminal A/B [120]. Immune
infiltrates are reportedly higher in mixed DCIS lesions
compared to pure DCIS lesions (Table 6) [105, 114, 119]
suggesting an increased immune response contributes to,
or is perhaps predictive of, progression of DCIS to inva-
sive disease. Similarly, a high abundance of immune cells
in DCIS has been associated with an increased risk of local
recurrence in a number of studies (Table 6) [84, 105, 114,
119]. Unsurprisingly, a high abundance of Tregs in DCIS tis-
sue is associated with an increased risk of recurrence [104,
114, 121] and invasive progression [104, 114]. Studies also
reported that mixed DCIS lesions contained significantly
higher proportions of cytotoxic T cells compared to pure
lesions, although this observation is likely confounded by
the presence of Tregs and PD-L1+immune cells which act
to inhibit the tumor suppressing action of cytotoxic T cells
(Table 6). It is likely that a higher level of infiltration of
cytotoxic T cells alone would be associated with a lower
risk of DCIS progression, given the anti-tumorigenic roles
these cells play, and consistent with two separate studies that
reported that low cytotoxic T cell infiltrates are associated
with a high risk of recurrence (Table 6) [113, 115]. There is
limited information on the specific macrophage populations
in DCIS. Three studies have examined macrophage levels
in DCIS (Table 6) and although higher macrophage levels
were associated with higher grade, more aggressive disease,
none distinguished macrophage subtypes, so whether the M1

@ Springer

or M2 type was preferentially elevated was not explored.
The presence of MDSCs is another factor to consider when
assessing the clinical significance of T cell infiltrates in
DCIS, given their known role in promoting immune evasion
by inducing T cell dysfunction and secreting immunosup-
pressive IL-10 [108]. To date, just one study has consid-
ered MDSCs in DCIS, but found no association between
the presence of MDSCs and the fraction of activated T cells
and suggested other mechanisms underlie the inactivated
T cell infiltrate [85]. Further research into the role that
MDSCs may play in promoting DCIS progression would
benefit the field. In conclusion, an elevated immune pres-
ence, particularly an increase in Tregs or other immunosup-
pressive cells, in the DCIS microenvironment, is associated
with poor patient outcome. These observations highlight the
potential utility of predicting DCIS outcome using immune
markers. However, for now, with limited studies available
and considerable discordance between them, there is no
consensus on the prognostic significance of immune cell
quantity, composition, or location in DCIS tissue. Moreover,
the consensus approach to clinical assessment of immune
infiltrate requires evaluation of fixed tissue sections that are
only available after surgical excision of the lesion [122]. It is
possible that similar assessment could be conducted on core
biopsy specimens, since research studies have achieved suffi-
cient coverage using similarly small lesion areas from tissue
microarrays [105]. However, further investigation would be
required to demonstrate the robustness of such assessment to
support clinical decisions. Further investigation into how the
complex interactions between DCIS cells and the immune
infiltrate contribute to DCIS outcome is warranted.

Conclusion

Although non-invasive, DCIS may progress to invasive dis-
ease if left untreated. Since there is no accurate means of
predicting which patients’ DCIS will progress to invasive
disease, every patient is presently considered to have the
same risk of progression. Clinically, this means patients are
treated with surgery, radiotherapy and in some cases endo-
crine therapy. The current management of DCIS patients
undoubtedly mitigates the risk of recurrence and progres-
sion. However, considering that up to 60% of untreated cases
will never progress to IDC and will instead remain indolent,
there is substantial overtreatment of DCIS patients. The co-
morbidities, toxicities, mental and financial impacts from
the widespread overtreatment of DCIS patients motivates
the identification of prognostic biomarkers that can distin-
guish between low and high-risk patients. Patients identified
as having a high risk of invasive progression would benefit
from extra medical intervention, including radiotherapy and
systemic treatment, whereas those identified as having a low
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risk may require minimal treatment such as surgery alone or
active surveillance. To identify predictive markers, the tran-
sition from DCIS to invasive ductal carcinoma needs to be
better understood. There is increasing evidence for the criti-
cal role the microenvironment plays in tumor progression
across all cancers. Such information can assist in classifying
tumors and predicting treatment response. For DCIS, the
limited mutational difference between in situ and invasive
tumor cells, suggests it is likely that other cell types gov-
ern the transition. While the tumor cells themselves largely
remain the same, stromal and immune cells are phenotypi-
cally different in DCIS and IDC tissue. Furthermore, some
of the phenotypic abnormalities in these cells are evident
to a greater extent in DCIS tissue that has invasive counter-
parts. Perhaps early expression changes can predict disease
outcome. Future investigation involving larger cohorts com-
bined with long-term follow up may generate noteworthy
observations that could assist in creating a prognostic tool
to accurately predict the fate of DCIS tumor cells. Such a
tool would be implemented at the time of DCIS diagnosis
and would optimize individual patient therapy, reducing the
incidence of overtreatment. It is clear that the clinical value
of the information embodied in the DCIS microenvironment
has been under-exploited to-date and that implementation of
a whole-tissue strategy to guide treatment has the potential
to substantially improve personalized management of DCIS.
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