wo 20207208571 A1 |0 0000 YOO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 0 OO0 OO 0 0 O O A0 00

International Bureau % (10) International Publication Number

WO 2020/208571 Al

(43) International Publication Date
15 October 2020 (15.10.2020) WIRPOIPCT

(51) International Patent Classification: (72) Inventors: LAURINAVICIUS, Arvydas; Zalesos st. 12,
GO6T 7/13 (2017.01) GO6T 7/194 (2017.01) LT-15140 Verbiskiu village (LT). RASMUSSON, Al-
GO6T 7/136 (2017.01) lan; V. Nageviciaus st. 3-8, LT-08237 Vilnius (LT).

NESTARENKAITE, Ausrine; Rinktines st. 19-101,

(21) International Application Number: LT-09202 Vilnius (LT). ZILENAITE, Dovile; E. Andrio-

PCT/IB2020/053396 lio st. 31A, LT-25128 Vilnius (LT). AUGULIS, Renaldas;
(22) International Filing Date: A. Kojelaviciaus st. 12, LT-11100 Vilnius (LT).
09 April 2020 (09.04.2020) 74y Agent: PETNIUNAITE, Jurga; A. Gostauto 40B, Vilnius
(25) Filing Language: Lithuanian (LT).
(26) Publication Language: English  (81) Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,

(30) Priority Data: AO, AT, AU, AZ, BA, BB, BG, BH. BN, BR. BW, BY. BZ.

LT2019 509 09 April 2019 (09.04.2019) LT CA. CH. CL. CN. CO. CR. CU. CZ. DE. DJ. DK, DM. DO.
(71) Applicant: VILNIUS UNIVERSITY [LT/LT]; Univer- DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
siteto st. 3, 01513 Vilnius (LT). HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

KR,KW,KZ, LA, LC,LK,LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

(54) Title: AUTOMATED TUMOUR-STROMA INTERFACE ZONE DETECTION FOR ANTI-TUMOUR RESPONSE ASSESS-
MENT BY IMMUNOGRADIENT INDICATORS

Figure §

(57) Abstract: We present a new method to automatically sample the tumour/stroma interface zone (IZ) from microscopy image analy-
sis data. It first delineates the tumour edge using a set of explicit rules in grid-subsampled tissue areas; then the IZ of controlled width
is sampled and ranked by the distance from the edge to compute TIL density profiles across the [Z. From this data, a set of novel
Immunogradient indicators are computed to reflect TIL "gravitation" towards the tumour. We applied the method on CD8 immuno-
histochemistry images of surgically excised breast and colorectal cancers to predict overall patient survival. In both patient cohorts,
we found strong and independent prognostic value of the Immunogradient indicators, outperforming methods currently available. We
conclude that data-driven, automated, human operator-independent [Z sampling enables precise spatial immmune response measurement

[Continued on next page]



WO 2020/20857 1 A |10} 00P 00 000000 O 0

OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
— of'inventorship (Rule 4.17(iv))

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

— in black and white; the international application as filed

contained color or greyscale and is available for download
Jrom PATENTSCOPE

in the tumour/host interaction frontline for prediction of disease and therapy outcomes.



WO 2020/208571 PCT/1IB2020/053396
1

Automated Tumour-Stroma Interface Zone Detection for Anti-Tumour

Response Assessment by Immunogradient Indicators

Field of invention

This invention relates to a method of Tumour-Stroma interface zone detection from
immunogradient indicators in cancer patients, that can be used to determine the prognosis of

patient survival.
Background of the invention

One of the most prominent discoveries in modern genetics — analysis of the whole human
genome sequence — has made it possible to determine specific genetic mutations associated
with cancer. This has led to the definition of cancer as a cell disease caused by genetic
mutations [1, 2]. Although genetic mechanisms explain many aspects of tumour progression,
many hallmarks of cancer, including host immune and inflammatory response, angiogenesis,
and metabolic disarrangements evolve in the context of tumour microenvironment (TME) [3].
In particular, a major driving force of local tumour-host tissue interactions are inflammatory
and immune cell infiltrates. Solid tumours are infiltrated by both innate immunity cells
(natural killer cells, macrophages, neutrophils, phagocytes) and adaptive immunity cells (T
lymphocytes, B lymphocytes, and dendritic cells) [4]. Recently, discoveries of the
mechanisms by which cancer cells inhibit host anti-tumour immune response and new
immuno-modulating therapies have shifted focus towards search for anti-tumour immune

response components and biomarkers [5, 6].

Tumour-infiltrating lymphocytes (TIL) and their distributions within TME compartments
have been reported as potential prognostic and predictive biomarkers in various types of
cancer. Studies in clinical and experimental settings have revealed the prognostic role of
CD3+, CD4+, CD8+, and FOXP3+ TIL in many types of solid human tumours such as
melanoma, colorectal, breast, lung, bladder, prostate, renal, and hepatocellular carcinomas [5,
7-10]. Since TILs are represented by several subsets of T and B cells with complex
interactions and roles, their assessment in the TME requires taking both functional and spatial
aspects into account to understand their roles as major components of anti-tumour response
[11]. A comprehensive study of colorectal cancer (CRC) immunome by Galon et al. [12],
based on digital image analysis (DIA) of immunohistochemistry (IHC) slides, revealed that
the densities of CD3+ and CD8+ TIL in the centre of the tumour and the invasive margin
(IM) correlate with the outcome of the disease. This discovery led to a clinically validated

Immunoscore® indicator, found to be superior to the conventional tumour, node, and



WO 2020/208571 PCT/1IB2020/053396
2

metastasis (TNM) staging system [13]. Recent studies have demonstrated prognostic and
predictive value of high TIL infiltration in triple-negative and human epidermal growth factor
receptor 2 positive breast cancer BC [14, 15]. Intratumoural T cells are considered an
important cornerstone in the emerging concept of Immunogram — a comprehensive evaluation

of a patient’s anti-tumour response guiding immunotherapies in various cancers [16-18].

At the core of any method aiming to obtain a better understanding of tumour immune
contexture, is the task of quantifying the individual immune cell subtypes and their location
relative to the tumour cells [8, 19, 20]. The enumeration of immune cells in the TME does not
only imply accurate detection of the tumour and stroma regions but also a need for a clear and
reproducible delineation of the IM [8]. Regardless of whether visual or DIA methods for
outlining the IM are applied, the definitions of the IM remain rather ambiguous. An early
description of the IM configuration was proposed by Jass [21] in 1986, who studied
histomorphological prognostic indicators in rectal carcinoma and defined two different
configurations of the IM — expansive (or pushing) and infiltrative. A pushing IM is identified
visually when a clear delineation of the tumour and host tissue is possible during examination
of the histologic slide. Tumours with an infiltrative IM configuration have a relatively
irregular growth pattern where it is difficult to delineate host tissue from tumour cell
aggregates [21, 22]. Many other studies used the IM definition by Galon et al. [23] - 1mm
wide area around “the border separating the host tissue from malignant glands”. However, it
does not provide an explicit definition of “the border”; it actually requires an expert’s
judgement to manually draw it. This remains a source of bias as it leads to inter- and intra-
observer variance in tumours with irregular and highly infiltrative growth patterns, and it
surely decreases the capacity of analysis, even if other analysis steps are automated.
Consequently, the informative power and clinical utility of TIL and other TME-context assays
may be underachieved. Recently, Harder et al. [24] also applied a fissue phenomics approach
to search for image-based biomarkers in their study of prostate cancer recurrence prediction.
In particular, their DIA step utilized morphologic operations to automatically delineate
tumour gland/stroma areas and subsequently sample the tumour border as a region reaching
equally far to both tumour and stroma regions. Another recent study [25] proposed a data-
driven methodology to discover immune contexture biomarkers; however, it included a

manual step of tumour area delineation.

In this study, we present a novel set of Immunogradient indicators based on a new method for
automated grid-based extraction of the tumour-stroma interface zone (IZ). The method first

identifies the tumour edge (TE) using a set of explicit rules based on IHC DIA data.
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Subsequently, the IZ is extracted and ranked by the distance around the TE to allow
computing TIL density profiles across the IZ. The indicators, which express the “toward-
tumour gradient”, were found to strongly predict overall survival (OS) of hormone receptor-

positive BC and CRC patients.
Short description of the invention

The output of the system is a set of scores calculated from the Immunogradient indicators and

the scores indicate the survival time for a patient.

The input to the system for calculating the Immunogradient indicators is 1) information about
which type of tissue or tissue slide region each pixel belongs to, and ii) a set of coordinates

and a type for each cell identified within the tissue.

To obtain both types of input data, a sample from the cancer tissue may, for example, be
obtained after surgical removal of the cancerous tissue. A sample from the cancerous tissue is
then sliced into very thin slices which are then subjected to immunostaining, e.g.
immunohistochemistry or immunofluorescence. The slice thickness and exact type of
immunostaining will depend on cancer tissue type, but for example for breast and colon
cancer, it could be done by mounting 3 pum thick formalin fixed paraffin-embedded tissue
sections of tumours on positively charged slides, and staining them with antibodies against
cytotoxic T cell marker CD8 and counterstaining with haematoxylin. A digital image of the
stained tissue sample is then produced, for instance, by brightfield microscopy at x20
objective magnification. This also could be applied to other types of cancer for example, lung,
renal, hepatocellular cancer, melanoma. Furthermore, the method can be applied for non-
tumour pathology to measure spatial aspects of biomarkers in any 1Z; for example, similar
approach can be utilized to obtain inflammatory cell and fibrosis density profiles in the liver
lobule/portal tract interfaces to measure the disease activity and chronicity in hepatitis and

liver cirrhosis.

The pixel-wise classification of the input may be produced by external digital image analysis
tools and passed along as either a new digital image with the same image characteristics (size,
resolution, pixel size) but where each pixel denotes tissue class instead of the colour acquired
by microscopy. Any finite number of pixel classes may be input to the system; these could be
tumour tissue, stroma tissue, necrosis tissue, artefacts (like tissue folds, knife marks, mounting
medium (glue)). For instance, the HALO software (version 2.2.1870; Indica Labs, Corrales,
New Mexico, United States) includes a neural network classifier which may be trained to

identify cancer-specific tissues like tumour, stroma and lymphoid follicles and artefacts and
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whole slide image regions like necrosis, tissue folds and where no tissue resides, the

microscopy glass slide itself.

External DIA tools may also be used to identify the second part of the input, the coordinates

and types of cells of interest in the acquired digital image.

To calculate the interface zone, i.e. the region where two or more tissue classes interact, the
system first identifies a narrow interaction "edge", which is then later expanded to an interface
zone. Of particular interest for cancer prediction is the interface between tumour and stroma
for which the method will first find a "tumour edge”, which is then subsequently expanded

into a tumour/stroma interface zone.

The first step is to sub-sample the pixel-classification by a grid consisting of equally sized
grid elements arranged so that they cover the entire region without intersecting any other grid
element. This, so-called regular grid, may have grid elements consisting of squares,
rectangles, hexagons or any other polygon shape which fulfils the above. Of preference for
the interface zone extractions are hexagons due to their optimal representation of changes in

all directions.

Inside each grid element a set of data variables is collected. This set includes, but is not
limited to, area fractions for all pixel classes in the grid element and also counts of how many
cells are contained with the grid element for each cell type identified within the tissue. Area
fractions are calculated by summing total area of each class within the grid element, either in
pixels or by a squared distance unit, and dividing by the area of the grid element given in
corresponding units. For example, for cancer, there will preferably be three area fractions,
tumour, stroma and a background with all other pixel classes accumulated. All area fractions
are between 0 and 1 and inside each grid element, the sum of all area fractions is 1. From the
cell counts and area fractions cell densities can be calculated for each grid element; densities
by any combination of cell types and area types are possible. For the extraction of the
tumour/stroma interface zone, the set of data variables should include the area fractions of
each tissue class of interest together with a single area fraction for a common background

class of the remaining pixel/tissue classes.

With the area fractions as a basis, the method proceeds to extract the "interface edge" by
incorporating two types of information: i) abrupt changes in area fractions across the grid
elements and ii) invasive areas where the contents of the classes of interest are of similar
density. To identify abrupt changes, the method calculates the norm of the geometric gradient
of tissue class areas for each hexagon. The norm of the geometric gradient simply calculates

all changes in each tissue class; it does not distinguish between changes caused by different
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tissue classes in neighbouring grid elements. For example, the norm of the gradient calculates
all changes in tumour area, it does not distinguish between, tumour/stroma changes and
tumour/background changes. This is important since the tumour/stroma interface zone should
not depend on tumour/background changes. To separate the norm of the gradient, the method
considers each derivative along the grid element axes separately and calculates a weighting
term for the derivatives of tumour area based on relative changes in other tissue classes along
these axes. Considering the example with tumour, stroma and background classes and their
derivatives along the x-axis, the tumour area derivative is weighted by the absolute derivative
of stroma divided by the sum of absolute derivative of stroma and absolute derivative of
background. Likewise, the tumour area derivative along the remaining grid element axes are
weighted by the absolute derivate of background divided by the sum of absolute derivative of
stroma and absolute derivative of background. This separates the tumour area derivative into
one part weighted by relative stroma changes and one part which is weighted by the total
background changes. This is done for all grid element axes and thus, the norm of the gradient
can be separated into the norm of two weighted gradients; one which is the vector of tumour
derivatives weighted by stroma and one which is tumour area weighted by background. All
three gradients are important to correctly extract the tumour edge and classify the remaining

grid elements into tissue classes and interface elements.

For example, for extraction of the tumour-stroma interface zone, this is done by the following

steps listed in preferred order:

1. If the norm of the tumour gradient is larger than a preferred threshold, the grid element is
deemed to contain abrupt changes; or "being on an edge".

a. The abrupt changes captured by the norm of the tumour gradient contain changes
contributed by all tissue classes adjacent to the tumour. However, it is important to
distinguish which tissue classes, since for the TE, only the abrupt changes between
tumour/stroma should contribute to the tumour edge; changes between
tumour/background must be ignored in further analysis. The exact pair of adjacent
tissue classes which "caused" the abrupt changes can be determined by a suitable
comparison of the norm of the weighted gradients, for instance maximum. If the
largest norm is contributed by the tumour-weighted-by-stroma-gradient, the grid
element is deemed part of the tumour edge; otherwise it is henceforth ignored.

2. Grid elements not on an abrupt edge are re-classified as belonging to a particular tissue
class by some measure on the area fractions, for instance, since all area fractions in a grid

element sum to 1, the maximum is a preferred measure.
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3. Grid elements reclassified into one of the classes of interest, e.g. tumour and stroma, are
tested for belonging to the invasive part of the tumour edge by checking if their area
fractions within the grid element are of similar magnitude. For example, grid elements
with similar tumour and stroma area can be decided if the absolute difference between the
tumour and stroma area fractions is smaller than a preferred threshold. If so, the grid

element is deemed to be part of the TE.

Performing steps 1, 2 and 3 for all grid elements will yield a grid where each element is
reclassified into either a tissue class, belonging to the TE or being part of an interface not of
interest. For instance, each element in a grid overlaid on a digital image of cancer tissue may
be reclassified into tumour tissue, stroma tissue, background, TE (consisting of both
tumour/stroma changes) or tumour/background "edge" elements which are not of interest for
the interface extraction. The above-mentioned steps can be applied for non-tumour pathology,

for example, to extract an edge between normal and/or non-neoplastic epithelium and stroma.

Regarding the size of the grid elements, it can in theory be chosen to be a small as a single
pixel or so large that only a single grid element covers the region of interest. If one chooses
grid elements width size similar to the image pixels, the interface zone extraction can only
take pixel-level features into account (e.g. not invasive regions as in step 3 above), and,
conversely, choosing a very large grid element size will not reveal the changes across the
specimen with a resolution for a viable TE (e.g. step 1 above). Thus, the grid element size will
vary according to application and the preferred size will maximize the information detail
extracted for any component used to extract the TE. For the tumour/stroma interface zone
extraction in cancer, a hexagonal grid with side length of 65 pm was preferred as it enables
incorporating both abrupt changes, tissue classification and invasive regions according to

steps 1, 2 and 3 above, respectively.

Subsequent to extracting the TE, the method then augments each grid element with the
shortest distance the element is from the TE. This has the effect of ranking the grid elements
within each tissue class according to the distance from the TE. Finally, the interface zone is
extracted by filtering out grid elements further away from the central TE by some preferred
threshold. For instance, one may choose to only keep hexagonal elements closer than 5
hexagons to the TE. Of note is that if some tissue class contain "thin" regions, only the

available tissue contributes to the IZ; no neighbouring tissue is forced to be part of the IZ.

An important property of this step is that within the IZ, each choice of rank for each tissue

class, e.g. rank 1 in tissue class 2, will contain a set of grid elements. Thus, an entire
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distribution for each data variable is available for each tissue-rank combination. These
distributions could be compared by either statistical testing or by summarizing key features,

for instance by mean and standard deviation.

In particular, when considering a pair of tissue classes for which the IZ has been extracted, the
ranking can be achieved by negating the distance for one class. For example, in cases where
the tumour-stroma interface is of interest, the distances for the stroma could be negated.
Summarizing each grid element data variable for each rank makes it possible to investigate
how cells and/or cell densities distribute across a "collective" profile between rank -4 in

stroma across the TE located at rank 0 and through the tumour ranking from 1 to 4.

After extracting the interface zone, ranking according to the distance from the TE and
summarizing data variables in each rank-tissue combination, it is possible to calculate
indicators of the profiles across the IZ. Many types of indicators are possible, but for the
cancer example with extracted tumour/stroma interface zone, two indicators proved to be

strong predictors of the patient’s overall survival.

Centre of Mass (CM): originates from physics and calculates the exact coordinate (by rank)
where one would need to support the IZ profile to have it remain in perfect balance. If not, the
profile will tilt towards either the stroma aspect or the tumour aspect of the IZ. The
calculation is simply summing each rank quantity multiplied by its rank value and dividing by

total sum of rank quantities.

ImmunoDrop (ID): is simply the ratio between rank quantities in rank -1 and 1. As such this is
also a measure of whether the rank quantity tends toward tumour or stroma, but at a much

narrower interval.

The CM and ID are preferred for the cancer example as they capture the
properties/differences in CDS8 density profiles for individual cancer cases. Other indicators
may prove optimal for other cancers. This is evident in factor analysis for both BC and CRC
cohorts. Subsequently, the individual cases may be stratified by their individual values of the
CM and/or ID as primary variables and/or their corresponding factor scores from the factor
analysis. Furthermore, the 1Z profile indicators may be aggregated by summary statistics of
the data variable distributions in the IZ grid elements, to further enhance the statistical power
of the method. For instance, for the cancer example, an aggregated IZ CD8 factor score
computed as the sum of two factors representing CD8 density level and CD8 density
“gradient towards tumour” provided the strongest predictions of overall patient survival in

both BC and CRC. A benefit over existing methods is that the Immunogradient indicators
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enables cancer patient cohort stratification using only a single immunostain (CD8) compared

to a requirement of at least double immunostaining.

Another benefit was demonstrated by the discovery of a time-dependent prognostic effect in
the hormone receptor positive BC patient cohort was revealed with only the IZ gradient-type
indicators, but not in the stratification by the CD8+ cell mean density on tumour aspect of the
IZ. This finding proves the principle that the Immunogradient indicators have advantages over
existing methods of measuring anti-tumour immune response in pathology slides. The specific
names for the indicators can be modified depending on the context of the assay, which can be

aimed at tasks other than tissue immune response assessment.

Brief description of figures

Figure 1. Whole slide image of CRC tissue CD8 IHC sample converted to black and
white. It shows an example of a digital image of a tissue section extracted from a sample of

colorectal cancer, then stained histochemically before acquisition by light microscopy.

Figure 2. CRC tissue image classified per pixel by external tool. The black and white
patterns illustrate 5 different tissue classes and how the results of pixel-wise tissue
classification by external DIA tools can be passed along as an image where tissue classes are

represented by different intensities.

Figure 3. Classifier image overlaid with grid for subsampling. Insert shows hexagonal grid
elements overlaying background, tumour and stroma and illustrates how a regular grid is
overlaid on the classifier image in a randomly sampled position. In the example given, the

grid elements are regular hexagons with side length of 65 pm.

Figure 4. Accumulation of area fractions of tumour, stroma and background in each
grid element. Lighter elements consist mostly of stroma, dark elements mostly of background
and intermediate grey levels depict predominantly stroma. It shows how the area fractions of
the tissue classed have been accumulated into a subset of classes. Only tumour and stroma are

kept, and the remaining classes are collected into a combined background class.

Figure 5. Tumoral changes within the grid by edge detection depicted by the dark grid
elements. It shows the changes in tumour tissue across the grid calculated by the norm of the

geometric gradient of the tumour area fractions.

Figure 6. The results of splitting the changes in tumour into components of

tumour/stroma changes and tumour/background changes. Tumour changes separated into
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tumour/stroma (intermediate grey) and tumour/background contributions (dark intensities).
The dark tumour/background edges do not form part of the tumour/stroma edge and will be

ignored in after interface zone extraction.

Figure 7. The results of classifying the hexagons into tissue types and Tumour Edge
(TE). Grid elements reclassified to be tumour edge (TE, brightest grid elements), stroma (2nd
brightest elements), tumour (2nd darkest elements), background (darkest) or

tumour/background contribution (middle intensity).

Figure 8. The results of calculating the shortest distance to the extracted TE for each

hexagon. Hexagonal distance to TE (white). Each intensity level shows on distance value.

Figure 9. Interface Zone of width 9. TE is comprised of the brightest grid elements; the
lighter intensities reflect tumour aspect of IZ and darker intensities show stroma aspect.
Completely dark grid elements are not part of the IZ. It is obtained by combining the tissue

class of the grid elements with its rank according to distance to TE.
Figure 10. CD8+ density profiles for BC and CRC cohorts.

Figure 11. Examples of interface zone CD8 cell density profiles for individual BC and
CRC cases. Different grey level intensities correspond to different grid element classes after

clustering in centre column.

Figure 12. Factor plots revealing same pattern in both CRC and BC cohorts. Factors 1
and 2 resulting from factor analyses of density profile indicators for both BC and CRC

cohorts.

Figure 13. Kaplan-Maier plots for survival prediction by the density profile indicators.

Detailed description of the invention

The procedure for staining and imaging by microscopy was done by mounting 3 pm thick
FFPE tissue sections of BC and CRC tumours on positively charged slides (other appropriate
microscopy slides can be used), IHC was performed by Roche Ventana BenchMark ULTRA
automated slide stainer (Ventana Medical Systems, Tucson, Arizona, USA). Antibodies
against cytotoxic T cell marker CD8 (clone C8/144B, DAKO; antibody dilution 1:400) was
used followed by ultraView Universal DAB Detection kit (Ventana Medical Systems, Tucson,
Arizona, USA). The sections were counterstained with Mayer’s haematoxylin. The IHC slides
were digitized at x20 objective magnification (0.5 um resolution) using a ScanScope XT Slide

Scanner (Leica Aperio Technologies, Vista, CA, USA) (Figure 1). The method can be
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accomplished on any manual or automated IHC, immunofluorescence, or other microscopy
staining and imaging technique that produces data on cancer tissue compartments and

biomarker of interest, positioned within the spatial context of the tissue section.

Figure 2 shows a digital image which, for each pixel, indicates by colour value which tissue
class each pixel in Figure 1 belongs to. This information forms the first of two inputs to the
interface zone extraction method and Figure 2 illustrates how it can be passed to the interface
extraction in the form of a digital image, but any representation of tissue class per pixel, e.g. a
list of region coordinate values with class type, will do. The method of classification itself is
not the concern of the interface zone extraction; it may be performed by existing DIA tools.
The example in Figure 2 was performed using DIA software HALO (version 2.2.1870; Indica
Labs, Corrales, New Mexico, United States). Cancer-specific HALO Al tissue classifiers were
trained to segment tumour, stroma and background (consisting of necrosis, artefacts, and
glass) and tumour, stroma, lymphoid follicles, necrosis and background (consisting of glass

and artefacts) in BC and CRC, respectively.

The second input to the method is a list of coordinates of the cell/particles of interest, in any
digital representation, e.g. text file, spreadsheet or database etc. For the BC and CRC cohorts
HALOQO’s Multiplex IHC algorithm was used to detect and extract coordinates of CD8 positive

cells. The data was read from a database.

Figure 3 illustrates how the pixel-wise tissue classification is sub-sampled using a regular grid
on which the tumour edge and interface zone is then extracted. Specifically, the automated
pixel-wise classification result in Figure 2 of the tissue obtained by automated DIA was
overlaid by a regular grid with random starting position. The grid element may be squares,
rectangle, hexagons or any polygon which allow full covering of the region of interest.
Preferably, a hexagonal grid should be applied as it is optimal in representing changes in all
directions. The size of the grid elements should be chosen small enough to capture the
interface zone changes, but large enough to capture area of infiltrative regions. In Figure 3 a
hexagonal grid with hexagon side length of 65 um is overlaid in a random position to
subsample the DIA results. The type and size of the grid can be fine-tuned for specific tissue,

pathology, biomarker expression level and distribution pattern.

Figure 4 shows a set of area fraction data variables collected. In general, a set V of data
variables is collected inside each grid element. For the interface zone extraction, the variables
should include both areas of different tissue classes and counts of segmented cells supplied as
second part of the input. For robustness to varying hexagon size, area fractions for each region

class are collected inside the grid elements instead of absolute areas.
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Regardless of how many region classes were identified by the pixel-wise classifier, only three
area fractions are of interest here: tumour area fraction f, stroma area fraction s and
background area fraction 4 combined from the remaining classes extracted by DIA. For any
hexagon h, the lookup of data variable v € V is denoted as v(h); tumour area fraction is t(h),
or simply t when h is unambiguous. Figure 4 illustrates the hexagonal area fractions (¢, s, b)

as red, green and blue, respectively.

Figure 5 shows the abrupt changes area calculated for a single tissue class, here the tumour
class. The change in any v € V across the hexagonal grid is calculated by the commonly
applied geometrical norm |V,(h)|. To calculate this, derivatives along all grid element axis,
e.g. the three hexagonal axes (x, y, z); dy denotes derivative along axis x (at implicit hexagon
h) for variable v; so d& is the change of tumour area fraction along axis x. Total change can be
calculated by the norm of the gradient. Thus, the total change in tumour area fraction used for

interface extraction is (again omitting h):

V.| = J(d;)z +(d5)? + (d)2

Many numerical methods exist for calculating the gradient, and for hexagonal grids some
methods utilize a linear combination between derivatives to optimize for computation speed.
This may be adequate, but preferably all derivatives should contribute to the gradient to
maximize the level of detail extracted. In Figure 5, the normalised gradient, denoted (V,) €

[0; 1], is overlaid on the tissue it illustrates how it captures all changes of tumour.

Figure 6 illustrates the separation of change in tumour into pairs of tumour/stroma and
tumour/background changes. For the extraction of the IZ only the tumour area changes due to
neighbouring stroma regions are of interest, not changes where tumour is adjacent to
background. Thus, the changes in tumour |V,| are separated into pairs of tumour and possible
grid neighbours, a tumour/stroma part and a tumour/background part. This is done by
weighting the derivatives of tumour with the relative changes in stroma and background: dy is
weighted by relative changes in s and b

ldzl . ldil and db|

g dal g gt . ld?
Yiwe|dl| T 1d3| +|dE] pre T

Siedldl| % 1dil + |2

sdatc = datc

The rationale is that if, across some hexagon, the amount of background area changes very
little, any change in tumour area can be interpreted as being “caused” by change in stroma

area and vice versa. Note that (d% + ,dt = df, which ensures that no information is lost or
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added; it is merely separated. The separation weights are similar along y and z, and thus total

change |V,| can be separated by s and b:
|Vt| = |V§ + Vlt’l

The separation of tumour changes into tumour/stroma and tumour/background changes is

illustrated in Figure 6 using |Vi| = \/(Sdfc)2+(sd§,)2+(sd§)2 as green and |VZ|=

\/(bdfc)z + (bdf,)z + (,d%)? as blue.

Figure 7 shows the grid after all grid elements have been reclassified as belonging to either a
tissue class or the Tumour Edge making up the border between the region classes of interest.
Specifically, the figure shows stroma hexagons in green, tumour in red, back ground in blue
and the Tumour Edge separating tumour and stroma as yellow. The classification of grid
elements can be done by existing classification/clustering machine learning methods, but for
only a few regions, it may be preferable to manually set clustering thresholds. To consistently
group the hexagons into tumour, stroma, background, TE and tumour/background interface,
the normalised gradient, denoted (V,,) € [0; 1], is used as a probability for whether a hexagon
should be part of the tumour edge TE. Thus, the grid elements are classified by the following

steps:

1. Abrupt changes in the tumour area fraction are identified by testing if (V,) > 0.5.

a. For all hexagons where this is the case, the maximum of (V§) and (V) will
subsequently determine if the hexagon is part of the TE or tumour/background
interface, respectively.

2. Grid elements that do not have abrupt changes as decided by step la, are grouped into
region tissue classes, here tumour, stroma or background by the maximum of area

fractions of 7, s, and b since the area fraction will always sum to 1 in each grid element:
t+ s+ b =1 wheret,sand b € [0;1].

3. Lastly, the invasive regions of the TW are identified in hexagons classified as either
tumour or stroma in step 2 which have near-equal area fractions of tumour and stroma.
For instance, tumour and stroma hexagons (by step 2) for which [t —s| < 0.25 are
deemed to have similar amount of tumour and stroma and to be part of the invasive areas

of the TE.

The example shows the method adapted to tumour-stroma interface zone in cancer. In general,

any preferable threshold can be applied to the norm of the gradient for any tissue class to
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determine if a grid element is on an edge for that particular class. Depending on biology and
purpose, one may choose to keep edges of individual tissue classes, or optionally separate the
edge into contribution by neighbouring tissue classes. Likewise, the addition of invasive areas
is optional, as is the priority of the chosen criteria for including grid elements in the central

edge (tumour edge for cancer).

In Figure 8, using a simple hexagonal distance transform, each hexagon’s shortest distance to
the extracted Tumour Edge shown in yellow is computed. The figure shows the distances in
the hexagonal grid using a random intensity for each distance value. One has the choice
between several distance measures, e.g. Euclidean, but for the example with hexagonal grid

elements the distance measures in grid elements proved sufficient.

Figure 9 illustrates the completed interface zone with central TumourEdge in yellow and
adjacent tumour aspect in red and adjacent stroma aspect in green. To identify the tumour and
stroma aspects of the 1Z, ranks are established using the distances calculated and illustrated in

In Figure 8, for any hexagon h,

if class(h) = tumour, rank = distance
if class(h) = stroma, rank = —distance
k(h) &
rank(h) if class(h) =TE, rank =0
otherwise, ignore h

The extracted TE has rank 0, inside the tumour the rank is simply the positive distance from
TE and in stroma it is the negative distance. The remaining tissue classes (background and

T/B) are not included in further analyses.

The IZ, now consisting of TE with adjacent tumour and stroma tissue can be defined for
different choices of width. Here IZ, denotes IZ consisting of rank interval [— EJ ; E”, where

[] is rounding to nearest integer towards 0. Similarly, it is possible to define different widths
of the central TE by ranks: TE = TE; consisting of 7y and TE3 consisting of ranks [-1;1] etc.
may be relevant for different applications and cancer types. Unless otherwise mentioned, TE

will refer to TE;.

Figure 10 shows how information about cell densities within and across the IZ can be
computed by transforming/summarizing the hexagonal data values for each rank into rank
quantities. The rank quantities form a collective interface profile which reveals how cell
densities (and other features) vary inside and across the IZ. Figure 10 shows boxplots of the
CD8+ density profiles for both BC and CRC cohorts and Figure 11 shows the TE and CD8+

density profiles for the individual cases.
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The interface zone profiles express the properties of directional variance (gradient) from
stroma to tumour aspect. Several indicators of cell density variance within and across the IZ
were tested for statistical power to predict OS of the patients. Two cell density indicators were

found most powerful:

Centre of mass (CM):

where 7; indexes all ranks in the 1Z, e.g. r; € [—4; 4] for IZo, and q(7;) denotes choice of rank
quantity, e.g. mean of CD8+ cell density. The CM calculates a coordinate along the horizontal
axis under which one would have to support the profile for it to remain in perfect horizontal
balance. Conversely, it can be understood as a measure of which part of the interface a

biomarker gravitates (or has a positive gradient) towards.

Immunodrop (ID):

(@) = 10y

This indicator represents abrupt change in cell density in the immediate vicinity of the TE
calculated as the ratio of the quantities in ranks -1 and 1. Since an abrupt drop was frequently
observed for CD8+ cell density, the indicator was named Immunodrop. Depending on a
particular biology reflected by a specific biomarker, this indicator may reflect corresponding
abrupt changes of other tissue properties (e.g., angiogenesis, fibrosis, proliferation) across the

IZ.

Figure 11 illustrates CDS cell density profiles for individual cases from both the BC and the
CRC patient cohorts. The CM and ID proved to be very good indicators as they capture the
properties/differences in CD8 density profiles in the individual cancer cases. Other indicators

may prove optimal for other cancers.

Figure 12 shows the results of factor analysis for both the BC and CRC patient cohorts. Not
only are the CM and ID indicators included, the IZ profile indicators may be aggregated by
summary statistics of the data variable distributions in the IZ grid elements, to further enhance
the statistical power of the method. From the figure it is evident that the set of
Immunogradient indicators can by factor analysis be separated into two orthogonally
independent factors. In particular, factor 1 can be seen as representing “CD8 Density Level”

and factor 2 represent “CD8 gradient towards tumour” for both BC and CRC cohorts.
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Figure 13 shows how the individual cases may subsequent to the factor analysis procedure be
stratified by their individual values of the CM and/or ID as primary variables and/or their
corresponding factor scores from the factor analysis. Subfigures (g, h) illustrate a particularly
good separation by an aggregated factor value computed as the sum of the “CD8 Density”

factor and the “CD8 gradient” factor in both patient cohorts.

In particular, a previously unknown time-dependent effect was discovered in the prognostic
stratification of the BC patients (Figure 12(g)): more than 92% of the patients were alive after
5 years from surgery in both groups; however, the OS curves split sharply at this infliction
point to end at 87% and 55% OS probability after 10 years in patients with high and low
Aggregated IZ CD8+ response factor scores, respectively. Of note, this time-dependent effect
is revealed only with the gradient-type indicators (Figure 12 (c, e, g)), but not in the
stratification by the CD8+ cell mean density on tumour aspect of the IZ (Figure 12 (a)). This
finding emphasises the prognostic power of the Immunogradient indicators, obtained from a
surgical excision sample and stained for a single CD8+ IHC, to predict long-term prognosis of
patients with this relatively well-managed disease. Furthermore, it implies that anti-tumour
immune response properties, that potentially determine the long-term outcome of the disease,
are encoded in the TME and captured by the Immunogradient assay. A biologic interpretation
of this phenomenon leads to the hypothesis that the individual immune response properties are
established in the early stages of BC and are critical to reach full recovery without remaining

dormant cancer cells under standard therapies.

In this particular study, the method was validated for prognostic value in two independent
cancer patient cohorts with comparable performance and similar findings. The same method
can be applied to predict other study endpoints such as disease-free survival, therapy
outcomes, both in clinical and experimental settings. In non-tumour pathology, for example
inflammatory interface profiles in hepatitis can be correlated to biochemical features of the

disease activity or any other study endpoints.
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CLAIMS

1. An automated method for assessment of cell density and biomarker expressions in

tumour/host interface zone characterised in that it comprises the following steps:

a) grid-based subsampling of digital image analysis data of one or more microscopy
images of tissue sections stained by antibodies binding specifically to antigens (markers)

expressed by immune cells and other cells,

b) tumour edge detection by combining tissue content and neighbourhood properties of
subsampled image analysis data to sample the tumour edge (TE) independent of tumour

growth pattern,

¢) spatial ranking of sub-sampled tissue sections according to tissue content and distance to

the sampled tumour edge,
d) extraction of interface zone of variable width,

e) quantification of cell density and biomarker expression profiles and their variance across

the interface zone to generate gradient-type indicators such as centre of mass,

f) optionally, aggregating the quantity and gradient indicators to achieve added informative

value for specific analysis tasks.

2. A method according to claim 1 used for prediction of cancer patient survival.

3. A method according to claim 2 wherein the cancer is selected from colorectal cancer, breast

cancer, lung cancer, renal cancer, or melanoma.

4. A method according to any claims 1 to 3 used for prediction of therapeutical outcomes.
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