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STUDY BACKGROUND

PATHAI

Morphological features of cancer cell nuclei are routinely used to assess disease severity and
prognosis, and prior work has linked cancer nuclear morphology to genomic alterations13. In
addition, the cellular composition of cancer-associated stroma (CAS) has been linked to

prognosis in several cancer types, including breast cancer=.

Quantitative analyses of 1) nuclear features of cancer cells and other tumor-resident cell types,
such as cancer-associated fibroblasts (CAFs), and 2) composition of CAS may reveal novel

biomarkers for prognosis and treatment response.

Here, we applied a nucleus detection and segmentation algorithm, a cell classification model,
and a stromal subdivision model to hematoxylin and eosin (H&E)-stained whole slide images
(WSIs) of breast cancer specimens, enabling the assessment of features related to nuclear

morphology and stromal composition.

METHODS

MODELS

Figure 3. Examples of
model performance in
breast cancer. A) H&E,
B) nuclear segmentation
and cell identification,
and C) stromal subtype
identification.
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CONCLUSIONS

: * The nuclear morphologies of breast cancer cells and CAFs reflect underlying
genomic and transcriptomic properties of the tumor and associate with patient
s e outcome.
¢ w  The histological appearance of the stroma differs between molecular subtypes of
| & '

_ breast cancer, and features associated with macrophages were associated with

ia outcome in patients with HER2+ disease.

 The application of digital pathology analysis of breast cancer histopathology slides
enables the integrative study of genomics, transcriptomics, tumor morphology, and
overall survival to support research into disease biology research and biomarker
discovery.
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RESULTS

Model Training and Deployment. Convolutional Neural Network models for
1) nucleus detection and segmentation and 2) cell classification (Figure 1)
were deployed on H&E-stained WSIs from The Cancer Genome Atlas
(TCGA) breast cancer dataset (primary surgical resections; N=890).
Separate models were trained to segment regions of stromal subtypes,
such as inflamed and fibroblastic stroma (Figure 2). Examples of model
output are shown in Figure 3.

Figure 1. Machine learning model training and deployment for nuclear
segmentation and cell classification.
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Exploratory analyses. Nuclear features (area, axis length, eccentricity,
color, and texture) were computed and aggregated across each slide to
summarize slide-level nuclear morphology for each cell type®. Next-
generation sequencing-based metrics of genomic instability (N=774) and
gene expression (N=868) were acquired for each case. Gene set
enrichment analysis was performed using the Molecular Signhatures
Database®. Spearman correlation was used to relate nuclear features to
genomic instability metrics, and linear regression was used to assess the
relationship between nuclear features and bulk gene expression. Stromal
features showing differences across breast cancer subtypes were
identified by Kruskal-Wallis analysis, followed by Mann-Whitney U test
between pairs of breast cancer subtypes. Multivariable Cox regression
with age and ordinal tumor stage as covariates was used to find
association between overall survival (OS) and nuclear features and
stromal features. All reported results were adjusted for false discovery rate
via the Benjamini-Hochberg procedure.
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All images are of H&E-stained specimens that were captured at 30X
magnification with the same pixel dimensions (484 x 484 pixels).
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Figure 4. Genomic instability is associated with variability in nuclear area.
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Variation in cancer cell nuclear
area, a quantitative metric related
to pathologist-assessed nuclear
pleomorphism, was calculated by
the standard deviation of the
nuclear area of cancer cells
across a WSI.
Standard deviation of nuclear
area was associated with two
metrics of genomic instability, A)
e aneuploidy score (r=0.448) and
10?_;0 — 0 B) homologous recombination
] Lymphocytes deficiency (HRD) score (r=0.382).
=00 PO = In contrast, the variability in CAF
and lymphocyte nuclear areas did
not correlate with either metric of
genomic instability (all r<0.1,
p>0.05).
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Figure 5. Nuclear morphology is related to gene expression.
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Nuclear HIFs were compared to RNAseqg-derived gene expression signatures for A)
cancer cells and B) CAFs.

Gene set enrichment analysis revealed associations between A) variation in cancer
cell nuclear area and the expression of cell cycle and proliferation pathway genes
and B) CAF nuclear size and the expression of gene sets involved in extracellular
matrix remodeling and degradation. Genes of interest representing cell
cycle/proliferation (CCNE1, MYBL2) and collagen regulation (RCN3’) are
highlighted; the top five significant pathways are shown.

Figure 6. Nuclear morphology associates with overall survival in breast cancer.
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Figure 7. Molecular subtypes of breast cancer show unique stromal compositions.
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Figure 8. Macrophage-related features associate with OS in HER2+
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 Examination of stromal features revealed an association between macrophages
and OS, specifically in HER2+ breast cancer (A). Further exploration revealed
that this phenomenon was driven by macrophages in mature stroma (B).
In HER2+ Dbreast cancer, elevated count proportion (C) and density of
macrophages in mature stroma (D) corresponded to improved OS (p=0.016 and
0.016, respectively).
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The relative area proportions of densely inflamed stroma, mature stroma, fibroblastic stroma,
immature stroma, and elastosis were assessed in the four molecular subtypes of breast cancer, as
well as non-cancerous tissue (NC) (A).

Patients with basal-like breast cancer show larger areas of densely inflamed stroma, compared to
patients with other subtypes of breast cancer (B).

Patients with basal-like breast cancer also show higher number (C) and density (D) of plasma cells
in densely inflamed stroma, compared to patients with other breast cancer subtypes.

Significance was calculated by Mann-Whitney U test: ***: p<1e-10, **: p<le-b, *: p<0.05
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