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Multi-protein spatial signatures in ductal carcinoma in situ
(DCIS) of breast
Sunil S. Badve 1, Sanghee Cho2, Yesim Gökmen-Polar1, Yunxia Sui2, Chrystal Chadwick2, Elizabeth McDonough2, Anup Sood2,
Marian Taylor3, Maria Zavodszky2, Puay Hoon Tan4, Michael Gerdes2, Adrian L. Harris 3 and Fiona Ginty2

BACKGROUND: There is limited knowledge about DCIS cellular composition and relationship with breast cancer events (BCE).
METHODS: Immunofluorescence multiplexing (MxIF) was used to image and quantify 32 cellular biomarkers in FFPE DCIS tissue
microarrays. Over 75,000 DCIS cells from 51 patients (median 9 years follow-up for non-BCE cases) were analysed for profiles
predictive of BCE. K-means clustering was used to evaluate cellular co-expression of epithelial markers with ER and HER2.
RESULTS: Only ER, PR and HER2 significantly correlated with BCE. Cluster analysis identified 6 distinct cell groups with different
levels of ER, Her2, cMET and SLC7A5. Clusters 1 and 3 were not significant. Clusters 2 and 4 (high ER/low HER2 and SLC7A5/mixed
cMET) significantly correlated with low BCE risk (P= 0.001 and P= 0.034), while cluster 6 (high HER2/low ER, cMET and SLC7A5)
correlated with increased risk (P= 0.018). Cluster 5 (similar to cluster 6, except high SLC7A5) trended towards significance
(P= 0.072). A continuous expression score (Escore) based on these 4 clusters predicted likelihood of BCE (AUC= 0.79, log-rank test
P= 5E–05; LOOCV AUC= 0.74, log-rank test P= 0.006).
CONCLUSION: Multiplexed spatial analysis of limited tissue is a novel method for biomarker analysis and predicting BCEs. Further
validation of Escore is needed in a larger cohort.
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BACKGROUND
The successful implementation of the breast screening program in
developed countries has resulted in the identification of a large
number of putative precursor lesions of invasive carcinoma. Ductal
carcinoma in situ (DCIS) is a non-obligate precursor lesion that is
managed aggressively. Most patients get treated with surgery
followed by post-operative radiation therapy. These therapies
have been documented to decrease the incidence of recurrence
and development of invasive cancer. In addition, the UK/ANZ DCIS
trial and the NSABP B-24 clinical trials further demonstrated a
significant reduction in frequency of DCIS recurrence by the
addition of endocrine therapy with resultant recurrence rates
below 10%.1–3

DCIS, if left untreated, will progress to invasive carcinoma in
only around 20–50% of patients.4–6 This has led to significant
concerns regarding overtreatment of patients. Currently, there are
many trials that are enrolling patients with DCIS for non-surgical
management based on histological features of DCIS. Low risk DCIS
cases are being enrolled in the LORIS trial in the United Kingdom,
LORD trial in Europe and LARRIKIN trial in Australia for non-surgical
management by active surveillance.7–9 This is similar to the
COMET (comparing operative to monitoring and endocrine
therapy for low risk DCIS) trial in the USA.10 Inclusion criteria of
the COMET Trial include women 40 years or older with screen-
detected calcification associated with histologically confirmed
low-grade (LG) or intermediate-grade (IG) DCIS. The LORIS Trial

and LORD Trial also study screen-detected calcification associated
with LG or IG DCIS. However, there are some differences in age of
eligibility, whether patients with bilateral or multicentric disease,
prior breast disease or mantle radiation can be enrolled. The
presence of comedo-necrosis is an important exclusion criterion in
some of these trials. These histological features are subjective and
there is poor inter-observer agreement due to intratumoural
heterogeneity.11–13 A recent survey of more than 30 international
recognised breast pathologists documented marked variability in
definition of comedo-necrosis.14 This subjectivity will significantly
impact patient enrolment and final study results. There is a clear
need for better understanding the biology of DCIS and the
pathways leading to (or associated with) progression.
A number of tools have been used for the prognostication of

DCIS. These include histological features, single marker, as well as
multi-marker panels for immunohistochemistry assays, in addition
to multiplex RT-qPCR for mRNAs. Analysis of the 12-year follow-up
data of the Eastern Cooperative Oncology Group (ECOG) E 5194
trial has confirmed the role of histological features (high grade) in
predicting likelihood of recurrence.15 This was also confirmed in
analysis of 57,222 DCIS cases from the SEER database by Sagara
et al.16 The expression of oestrogen and progesterone receptors
(ER and PR) is also associated with decreased risk of recurrence. In
contrast, proliferation markers such as Ki67 are associated with a
higher risk (reviewed in Groen et al.9). The Tlsty group has
analysed the expression of p16, COX2 and Ki67 to identify an IHC
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based predictor for the likelihood of recurrence.17 In a multi-
variable model, DCIS lesions that were p16+/COX2+/Ki67+ or
those detected by palpation were statistically significantly
associated with subsequent invasive cancer.17 Based on these
initial analyses, they have identified a panel of IHC biomarkers (PR,
HER2, Ki67, COX2, p16/INK4A, FOXA1 and SIAH2), which is
commercially available through Prelude’s CLIA-approved lab as
DCIS on RT™ (Decision score (DS)). In multivariable analysis, DS, but
not nuclear grade, correlated with the benefit of radiotherapy in
the SweDCIS cohort.18 In collaboration with Genomic Health Inc,
we have described a 12-gene signature for DCIS.19 This signature
is based on mRNA levels of progesterone (PgR), Glutathione
S-Transferase Mu 1 (GSTM1) and 5 proliferation genes (MKI67,
STK15, BIRC5, CCNB1, and MYBL2). This has been further validated
in independent studies, including the Toronto cohort.20 We have
also recently used multiplexed immunofluorescence imaging
(MxIF) to study the degree of protein heterogeneity in DCIS.13

This study documented marked heterogeneity at a single cell level
in DCIS. One of the limitations of the study was the lack of clinical
follow-up data, which limited understanding the impact of the
heterogeneity in DCIS.
The current exploratory study was designed to further under-

stand the impact of a large number of biomarkers previously
reported to be associated with second breast cancer event (BCE)
of DCIS using a cohort of well annotated DCIS cases with follow-up
data. These included ER, PR, HER2, Ki67, p53, COX2, and CD10
which have been well described in DCIS. We further investigated
the HER pathway by analysing EGFR, HER4 and PTEN. We also
investigated the role of cancer stem cells (ALDH1 and CD44v6),21

and proteins implicated in progression (p21, VEGFR2, cMET,
CDCP1, HTF9C/TRMT2A, and CEACAM5)22–26 and resistance to
therapy (ABCB1, ABCG2, MRP4, MRP5, SLC7A5).27–30 DAPI was
used to identify the nuclei and together with NaKATPase, pan-
cytokeratin and S6 used for epithelial cell segmentation. Multi-
plexed immunofluorescence and single cell analysis13,31 was used
to analyse the (co-) expression of these markers in a single FFPE
TMA sections.

METHODS
Clinical Cohort
IRB permissions were obtained from Oxford University (for the
entire study) and waiver of IRB from Indiana University. De-
identified DCIS cases were selected from the archives at Oxford
University/Radcliffe General Hospital. The selection criteria were as
follows: (1) they were excision specimens; (2) patients did not have
invasive (or microinvasive) cancer; (3) patients did not have any
prior therapy; (4) patients did not have prior history of breast
cancer. The patients were diagnosed between 1986 and 2004 and
selected on the basis of a long follow-up period, with a median of
8 years (range 1–17 years). This was to allow evaluation of the long
natural history of DCIS biology. An initial histopathological review
was performed to confirm the diagnosis of DCIS, which was
confirmed independently by two pathologists.
Of the 135 patients, 62 were excluded due to insufficient clinical

information or poor data quality, leaving 73 patients with follow-
up data. As will be described in the ‘Results’ section, a further 17
patients were not included in the analysis due to insufficient or no
DCIS in the sectioned tissue. The final number of patients was 51
(13 BCEs and 38 non-BCE). Demographic and treatment data are
summarised for all patients (N= 135) and the final group used for
outcome analysis (N= 51) in Supplementary Table 1.
Breast cancer screening was introduced into the UK in 1988, for

women aged between 50 and 70 years, so many of the younger
patients in this study presented symptomatically. Patients were
subsequently treated off-protocol with lumpectomy (80%) or
mastectomy (20%), adjuvant hormone therapy (56%), and
adjuvant radiotherapy (74%) and 16% had both radiotherapy

and endocrine therapy (Tamoxifen). None of the patients received
aromatase inhibitors.
After the review of H&Es, tissue microarrays were

constructed from 135 patients, 2 mm dimension, with 40 cores
per slide and 8 clinical slides total including 1 replicate, plus one
control array with a mix of breast cancer and DCIS cores. Patients
were primarily Caucasian, with age range of 34–75 (median age 55
years). The primary endpoint was any breast cancer event
including ipsilateral or contralateral breast events and in rare
cases metastases.

Multiplexed immunofluorescence imaging of DCIS TMAs
Multiplexed immunofluorescence iterative staining of the DCIS
TMAs was performed as previously described13,31 using the Cell
DIVE™ technology (Cytiva. Issaquah, WA). Briefly, slides were
rehydrated, underwent a two-step antigen retrieval and were
stained using a Leica Bond autostainer. After de-paraffinisation,
and antigen retrieval,31 the slides were incubated with antibodies
at manufacturer recommended concentrations for 1 h at room
temperature. All antibodies were validated per the protocol
described previously.13,31 Where possible, antibodies used in
a clinical IHC lab were included in the screenings. After selection,
each antibody was conjugated with either Cy3, Cy5 or Cy7 bis-
NHS-ester dyes using standard protocols as previously
described.31 Supplementary Table 2 shows the antibodies, clones
and conjugates used in the study.
All the sections underwent multiplexed staining for 32 markers

(staining for one marker (S6) was repeated due to poor staining in
the second round) using antibodies at concentrations as listed in
Supplementary Table 3. Briefly the 32 markers and staining rounds
were as follows: Round 1: CK5/6, Her4; Round 2: ABCG2, PTEN, S6;
Round 3: CD20, S6 (repeated), CKAE1; Round 4: PR, ER, NaKATPAse;
Round 5: CK19, ALDH1, PCK26; Round 6: CD4, cMET; Round 7:
CD44v6, HER2; Round 8: CDCP1, p53; Round 9: CK15, Cox2; Round
10: VEGFR2, ABCB1; Round 11: HTF9c, CD10; Round 12: MRP4,
SLC7A5; Round 13: EGFR, p21; Round 14: MRP5, CEACAM5; Round
15 Ki67 (note that in total, 6 background imaging rounds were
also included). Example stains and FOV for all markers are shown
in Supplementary Fig. 1. All biomarkers stained as expected and
were included in univariate analysis, however, staining for EGFR
was very weak in some cases and was excluded from later
analyses.

Image processing, single cell segmentation
Cells in the epithelial and stromal compartments were then
segmented using DAPI, pan-cytokeratin, S6, and NaKATPase, as
previously described.13,31 Several quality control steps were then
conducted, including visual review and manual scoring of tissue
quality and segmentation for every image. Images with poor
quality staining or too few cells or lacking DCIS histology were
excluded from data analysis. Also, additional cell filtering was
conducted on the segmented images using the following criteria:
(1) epithelial cells were required to have 1–2 number of nuclei; (2)
each sub-cellular compartment (nucleus, membrane, cytoplasm)
area had to have >10 pixels and <1500 pixels; and (3) cells in each
round of staining had to have excellent alignment with the first
round of staining (QC score= 1). For this, an automated QC score
was generated for every cell in each imaging round by correlating
baseline DAPI images with all corresponding DAPI images from
other multiplexing rounds. A perfect score of 1 indicated perfect
registration, no cell loss and no cell movement. A score of 0
indicated complete loss of that cell after baseline imaging.
Supplementary Table 4 provides details of all the QC steps and
the final number of cells that underwent statistical analysis. After
the QC steps, the data underwent exposure time correction, log2
transformation to handle the skewness of the marker intensities,
and normalisation to remove any slide batch effects. Additional
patient level filtering was also applied as shown in Fig. 1 to ensure
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a final dataset with complete clinical data. Median nuclear
intensity was used for ER, PR, p21, Ki67 and median intensity of
the whole cell for the remaining markers.

Statistical analysis
Correlation analysis was conducted for all biomarkers to
determine co-expression patterns. For univariate and multivariate
outcome analysis, the primary clinical endpoint was development
of a BCE. Benjamini–Hochberg procedure with a false discovery
rate 0.2 was applied to determine statistical significance of the
association with BCE. For outcome analysis, images with
insufficient DCIS content (%DCIS/(%DCIS+%Normal) <0.5), and
patients with less than 100 cells were excluded. Also, patients who
were reported as having non-BCE, but had a follow-up time less
than 3 years were excluded. Similarly, those who were reported as
having BCE, but ≥10 years were also excluded to remove the
possibility of a second primary.
In the first step of univariate analysis, violin plots of every

biomarker distribution in the BCE and non-BCE groups were
generated. Mean of the median cell intensities per marker were
used for patient level aggregation and t-test was used to evaluate
the mean differences between groups.
Unsupervised k-means clustering was applied with number of

group k= 2,…, 15 for all markers and subsets of markers. Extreme
values (1% on both tails) were capped and standardised with zero
mean and single standard deviation to remove unit effect of each
marker. Consensus clustering32 was used to determine the best
number of distinct clusters. Consensus clustering involves repeat-
ing k-means clustering in a subset of the data and measuring how
consistently the data separates into groups. PAC (proportion of
ambiguously clustered)33 and a visual check of the heatmap were
used to evaluate the cluster separation. Following cluster analysis,
the proportion of cells in each cluster, was determined for each
patient (patient cluster profile). The patient cluster profile was
evaluated in multivariate logistic regression models to determine
probability of BCE for a given patient cluster profile. Leave-one-out
cross validation was also performed to confirm the results. Log-
rank test and Kaplan–Meier plot were generated to evaluate the
effectiveness of the model.

RESULTS
Generation of a multi-step analyses workflow for the development
of a DCIS breast cancer event score using multiplexed cell analysis
data
As described in the ‘Methods’ section, the study cohort consisted
of 13 patients who had a breast cancer event (BCE) within 10 years
(median 2.5 years), and 38 patients who did not develop BCE
within 3–10 years (median 9 years) (Supplementary Table 1).
Survival analysis of the entire cohort compared to the study
cohort showed no difference in outcome (Supplementary Fig. 2).
To develop a risk score for DCIS cases from multiplexed tissue,

we developed a comprehensive multi-step data analyses and cell
filtering workflow, as shown in Supplementary Table 3. Briefly, of
the ~2 million cell-like objects (which included non-cell objects),
which were segmented using the previously described mem-
brane, cytoplasm and nuclear markers, 40% were classified as
potential epithelial cells based on their location within cytokeratin
positive tissue regions. After applying the filtering criteria
described in the method section, 131,568 nucleated epithelial
cells were used for clustering analysis. Of those, 74,913 cells with
matching clinical data were used for outcome analysis.
Clinical features such as patient age and menopause status and

histological features such as grade and comedonecrosis were not
associated with breast cancer events (BCE). Further, no difference
in treatment regimens were found between the non-BCE and BCE
groups (Fig. 2) and thus treatment was not included in the final
model.
Example images for all markers are shown in Supplementary

Fig. 1. Univariate correlation analysis plots between all markers,
irrespective of group, in Supplementary Fig. 3. To initially analyse
the association between marker expression and BCE, violin plots
were generated for each of the markers, shown in Supplementary
Fig. 4. In univariate analysis, higher HER2 and lower ER and PR
expression were associated with BCE (based on
Benjamini–Hochberg procedure with a false discovery rate 0.2).
EGFR was associated with BCE but was excluded from the analysis
due to overall poor and inconsistent staining quality. The
remainder of the markers that were not associated with BCE were
as follows: ABCB1, ABCG2, ALDH1, CDCP1, CD10, CD44v6,

~4 patients

~73 patients
338 FOV

131,568 cells

56 patients
187 FOV

84,157 cells

BCE
13 patients

36 FOV
14,229 cells

No BCE
38 patients

132 FOV
60,684 cells

Insufficient
clinical

information

BCE>10 yrs No BCE<3 yrs

Non-DClS or
<100

cells/patient

13 patients

Data set used in

k-means clustering

3 patients
(15 FOV, 7118 cells)

2 patients
(4 FOV, 2126 cells)

Fig. 1 A flow chart representing the total number of cells and fields of view (FOV) that were analysed and the filtering process that was
used for breast cancer events (BCE) analysis. The end result of this process led to the analysis of 51 patients (13 patients with BCEs and 38
without BCEs).
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CEACAM5, CK-15, CK-19, CK-56, CK-AE1, CK-PCK26, cMET, HER4,
HTF9C, MRP4, PTEN, MRP5, NaKATPase, p53, p21, S6, SLC7A5 and
VEGFR2. Notably, Ki67 and COX2 were not associated with BCEs
(P= 0.561 and P= 0.851, respectively).

K-Means clustering of cellular protein expression
Based on the initial univariate results, we conducted cell cluster
analysis with subsets of all epithelial biomarkers along with HER2
and ER to explore which biomarkers were co-expressed with this
clinical phenotype and significantly correlated with outcome (PR
was excluded as it was highly correlated with ER expression).
Although neither SLC7A5 nor cMET were independently corre-
lated with BCE in univariate analysis, when clustered along with ER
and HER2 positive cells they were consistently aligned. Using
consensus clustering of ER, HER2, SLC7A5 and cMET, 6 clusters
with varying levels of each marker were found to provide the best
separation.
Figure 3a shows the cluster distribution heatmap for all 6

clusters and a breakdown of cluster profiles for the BCE and non-
BCE groups is shown in the adjacent table. As shown in Fig. 3b,
cluster 2, characterised by higher expression of ER and lower
HER2, SLC7A5 and cMET, accounted for 17.6% of cells in the non-
BCE group and was strongly associated with lack of BCE (P=
0.001), compared to 3% of cluster 2 cells in the BCE group.
Similarly, cluster 4 (higher expression of ER and cMET, and lower
HER2 and SLC7A5) accounted for 16.5% of cells in the non-BCE
group and was also associated with lack of BCE (P= 0.034), vs
6.3% in the BCE group. Cluster 6 with higher expression of HER2,
lower SLC7A5, ER and cMET, accounted for 33% of cells in the BCE
group and was associated with high risk of BCE (P= 0.018), vs
11.4% of cells in the non-BCE group. Cluster 5, with both high
HER2 and SLC7A5, low-moderate cMET and low ER accounted for
24.5% of cells in the BCE group (vs. 8.5% in the non-BCE group),
associated with high risk of BCE (P= 0.072), but suggesting a
possible impact of SLC7A5 in determination of BCE. Example
images including virtual H&E, biomarker stains and associated
cluster plots for each cluster and combinations of clusters are
shown in Fig. 4a, b. Cluster 1, which had low expression for all 4
markers or Cluster 3, which had high SLC7A5 and low HER2 were
not significantly correlated with the outcome (P= 0.742 and 0.221,
respectively).

Development of logistic regression-based algorithm for predicting
risk of BCE using cell clusters (Escore)
In order to further assess the clinical utility of the cell clusters,
logistic regression analysis was performed using combinations of
clusters that were correlated with BCE (clusters 2+ 4 and clusters
5+ 6). The model gave an AUC of 0.79 (0.74 with leave-one-out
cross validation). This analysis was further converted into an

expression score of the likelihood of BCE, ‘Escore’, based on the
predicted probability of BCE from the logistic regression model
(Fig. 5a). Escore: 1.77*(%Clus5&6) − 2.78*(%Clus2&4) >13 was the
criteria for the high-risk BCE with sensitivity (TPR) of 77% and a
specificity (TNR) of 79%. The threshold was based on the predicted
probability of BCE being higher than the group BCE rate of 0.255
(13 divided by 51). Figure 5b shows the disease-free-interval
analysis using Kaplan–Meier plots for the two groups. As shown in
these plots, binary categorisation of the Escore results in clear
separation of the survival curves (P= 5E–05) with low scores being
associated with marked decrease in likelihood of BCE. In initial
validation using the leave-one-out cross validation, Escore
remained significantly associated with BCE (P= 0.006).
The cohort had 10 patients for whom data was available on

duplicate cores. Analysis of these cores showed consistent results;
none of the patients would have been re-classified based on these
additional cores. This suggests that even in this small cohort and
limited tissue sample availability, Escore was not affected by
heterogeneity; however, the sample size is too small for a
definitive conclusion. A recent database update resulted in the
reclassification of BCE status of 4 patients from non-BCE to BCE. As
these BCEs occurred 9.6–16.2 years after initial diagnosis, these
might be potentially new diseases. Two of these 4 patients were in
the low risk group, as determined by Escore.

DISCUSSION
Biological heterogeneity in cancer is well recognised,12 leading to
the understanding that not all cancers need to be treated
aggressively. In the case of invasive breast cancer, gene expression
assay-based trials such as the MINDACT (microarray in the
determination of adjuvant chemotherapy) and TAILORx (trial
assigning Individualised options for treatment Rx) have docu-
mented that a significant number of women can safely avoid
chemotherapy.34,35 Both assays were good at identifying classes of
patients that benefit from chemotherapy (high clinical and high
molecular risk groups) and that can safely avoid chemotherapy
(low clinical and low molecular risk groups).
Epidemiological studies have documented that overall survival

rates for DCIS are around 95% at 10 years.36 Therefore, it is natural
to seek to identify categories of patients for whom therapy can be
reduced. Additionally, there is great concern about ‘overdiagnosis’
and hence overtreatment screen detected DCIS.37 DCIS has been
traditionally treated with surgery followed by hormonal therapy
and or radiotherapy to the breast to prevent recurrence of DCIS or
development of invasive cancer. The current clinical trials (LORIS,
LORD and COMET) are enrolling patients on histological
features7,8,10; this in part due to lack of good molecular markers.
One of the major limitations of the immunohistochemical or
mRNA panels is the amount of tissue required for analysis. This is
particularly true in cases where important management decisions
are going to be made on tiny fragment of “tumour” tissue in
needle core biopsies. In an effort to minimise the tissue
requirements, we have used multiplex immunofluorescence (MxIF,
Cell Dive™) to identify cellular parameters associated with BCE.
The current study is based on analysis of a single section of the

tissue microarray (TMA) from patients with DCIS. This is a potential
limitation of the study in so far as DCIS is a heterogeneous disease
and a TMA core does not adequately represent the extent of
disease. This may also explain why data from at least 10 patients
could not be used in the final analysis due to absence of DCIS
lesions in the section. That being said, this is an exploratory study
on cell protein phenotypes and TMAs provide a convenient
approach to analyse a larger number of patients. Thirty-two
markers were analysed on a single paraffin section using 15
cycling rounds of staining and imaging. This is a major strength of
the study. However, the analysis also resulted in data loss due to
the requirement that field be composed almost entirely of DCIS

N

17Surg only

Surg + HT

Surg +RT

Surg + HT + RT

10 4

4

8

491237

4

6 2

6 23

14

Y

Fig. 2 Characteristics of the clinical cohort. Incidence of breast
cancer events (BCEs) in patients with hormone therapy (HT),
radiotherapy (RT), or surgery (Surg) alone or in combination. N-No
BCE, Y-Yes for BCE.
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cells. This criterion was used to reduce the impact of normal
(contaminating) epithelial elements and made it easier to analyse
the data as it did not require cell-level classification of the lesions.
Further improvement of the analysis algorithms, such as machine
learning based approaches for sub-regions of interest, would likely

reduce such losses. Further validation studies to confirm the
accuracy and reliability of this prognostic signature are necessary
and are being planned.
The association of grade with recurrence was non-significant.

However, it must be noted that grade was not significant in the

b
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Fig. 3 Contribution of cell clusters to BCE and non-BCE. a Heatmap depicting the results of the unsupervised k-means clustering. The use of
four markers (HER2, SLC7A5, ER, and cMET6) resulted in the identification of six clusters (1–6). Cluster 2 cells were enriched for ER positivity,
and cluster 4 shows ER and cMET positivity. HER2 expression was observed in both clusters 5 and 6. The likelihood of breast cancer events
(BCE) associated with each of the clusters is also shown. b Box plots showing the association of the clusters with likelihood of BCE. BCE
patients tended to have very little cluster 2 and 4 type cells and more of cluster 5 and 6 type cells. After k-means clustering is performed, the
proportion of each cell type (clusters) in each patient is calculated. Comparison of cluster profiles by BCE showed that cluster 2 and 4 cells
appeared more in non-BCE patients while cluster 5 and 6 appeared more in BCE patients.
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analysis of 108,196 patients from the SEER database in multi-
variate analysis.36 In univariate analysis, only ER, PR, and HER2
were associated with likelihood of BCE. This is consistent with prior
literature and suggests that the result observed herein can be
potentially generalisable. None of the other markers analysed,
including grade were associated with BCE. This may be due to
small sample size, and insufficient power to detect additional
prognostic role of features with a weaker influence on outcome.

The expression of both Ki67 and COX2, which in the context of
DCIS has been associated with proliferation,9 was not associated
with BCE. These results are in contrast to prior studies, where Ki67
and COX2 expression were associated with recurrence.18 Impor-
tantly, mRNAs of the proliferation related genes play an important
role in Oncotype Dx DCIS score.19 One possible explanation of
these differences is that we used an automated quantitation
method of signal intensity for all cells included in the analysis and
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Fig. 4 Continued.

Multi-protein spatial signatures in ductal carcinoma in situ (DCIS) of. . .
SS. Badve et al.

1155



our final unit of measurement for each cell was median
nuclear intensity. While all levels of nuclear intensity are
considered positive in the assessment of Ki67,38,39 we could
not apply a pathologist determined cut-off and unsupervised
analysis of biomarker intensities versus outcome was
conducted. Furthermore, Ki67 levels in DCIS are low and are not

‘thresholded’ in the DCIS score, in contrast to the 21-gene
recurrence score.19

Although the expression of SLC7A5 and cMET was not
significant in univariate analysis, cluster 4 with high expression
of cMET, moderate/high ER, low HER2 and SLC7A5 was associated
with low risk of BCE. However, cluster 5 and 6, with high HER2
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Fig. 4 Virtual H&E images for each example cluster, biomaker stains and cluster plot of the cells expressing those markers at different
levels of intensity. Ducts can either show dominant expression of a single cluster or mixed expression pattern of clusters.
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expression resulted in increased risk of BCE. Of note, cMET and
SLC7A5 have not been previously implicated in prognostication of
DCIS. In invasive cancer, cMET overexpression is seen in metastatic
tumours and the amino acid transporter SLC7A5 is a component
of the MammaStrat™ signature and more recently shown to be a
key therapeutic target in ER+ breast cancer.40 These data support
the relevance of cMET and SLC7A5 proteins in the biology of
breast cancer.
The combination of cluster-based expression scores of ER/HER2/

cMET and SLC7A5 markers contributed to development of the
Escore algorithm, which was significantly predictive of likelihood
of BCE (P= 0.00005). In preliminary validation using leave one out
cross-validation (LOOCV) method, Escore remained significant
(P= 0.006). In addition, analysis of duplicate cores from the same
patients resulted in similar Escores.

There are a number of limitations to the current study. The
analysis was based on retrospective cohort with negative margins
(margins status could not be reconfirmed). The analysis was also
based on ‘median cell intensity’ and ‘median nuclear intensity’ and
the cut-offs were not optimised in the current study. This could
have possibly caused lack of significant association of some
biomarkers, such as Ki67 and Cox2 with BCE. Lastly, the study is
exploratory in nature and the findings need further validation in
additional cohorts to understand the value of spatial multiplex
immunofluorescence analysis and utility of the Escore. However,
we believe that the analysis at single cell level provides
considerable strengths and the development of Escore is based
on the expression of biomarkers known to play important role in
breast cancer. It is important to note that the cohort used herein
was matched for treatment. There was no difference in treatment
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Fig. 5 Model performance for prediction of BCE and non-BCE. a Classification model was developed using logistic regression to predict BCE
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regimens between the BCE and non-BCE patients, who were split
approximately 50/50 for treatment and non-treatment regimens
(Fig. 2). Further analyses will include replication of the algorithm
using Cell Dive™ that necessitates use of multiple markers for cell
segmentation as well simpler methods using just the four markers
and cell-based analysis. Success in generating the Escore using
simple(r) IHC methods could result in rapid dissemination of the
results and their implementation in clinical practice.
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