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Abstract

Purpose: Identifying cancers with high PI3K pathway activity is critical for treatment selection
and eligibility into clinical trials of PI3K inhibitors. Assessments of tumor signaling pathway
activity need to consider intratumoral heterogeneity and multiple regulatory nodes.

Methods: We established a novel, mechanistically informed approach to assessing tumor
signaling pathways by quantifying single cell-level multiplex immunofluorescence using custom
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algorithms. In a proof-of-concept study, we stained archival formalin-fixed, paraffin-embedded
(FFPE) tissue from patients with primary prostate cancer in two prospective cohort studies, the
Health Professionals Follow-up Study and the Physicians’ Health Study. PTEN, stathmin, and
phospho-S6 were quantified on 14 tissue microarrays as indicators of PI3K activation to derive
cell-level PI3K scores.

Results: In 1,001 men, 988,254 tumor cells were assessed (median, 743 per tumor; interquartile
range, 290 to 1377). PI3K scores were higher in tumors with PTEN loss scored by a pathologist,
higher Gleason grade, and a new, validated bulk PI3K transcriptional signature. Unsupervised
machine-learning approaches resulted in similar clustering. Within-tumor heterogeneity in cell-
level PI3K scores was high. During long-term follow-up (median, 15.3 years), rates of progression
to metastases and death from prostate cancer were twice as high in the highest quartile of PI3K
activation compared to the lowest quartile (hazard ratio, 2.04; 95% confidence interval, 1.13 to
3.68).

Conclusion: Our novel pathway-focused approach to quantifying single cell-level
immunofluorescence in FFPE tissue identifies prostate tumors with PI3K pathway activation that
are more aggressive and may respond to pathway inhibitors.

Keywords
pathway activation; single-cell; PI3K; multiplex immunofluorescence

Introduction

Identifying tumors with activation of oncogenic signaling pathways is challenging because
of the complexity of pathway regulation, downstream effectors, and genomic aberrations
that result in functional activation of a pathway. The feasibility of assessing pathway
activation in single cells, for example on a transcriptional level, has been amply
demonstrated (1). However, biomarker assessments of tissue from cancer patients continue
to rely on bulk assessments, and single-cell approaches are typically not integrated into
scalable workflows that preserve spatial information—/.¢., the histological structure of the
tissue. Being able to leverage single cell-level information on pathway activation in cancer
tissue obtained in routine clinical workflows holds the promise to more accurately identify
patients whose tumors have activation of oncogenic signaling pathways and who might thus
have greater benefit from therapeutic interventions targeting these pathways.

A prime example is the phosphoinositide 3-kinase (PI3K) pathway. This key oncogenic
signaling pathway is activated in most cancers and drives malignant progression through
various downstream mechanisms, including Akt/mammalian target of rapamycin (mTOR)
signaling (2,3). More reliably identifying cancers with activation of the PI3K pathway would
be paramount for the successful clinical use of PI3K pathway inhibitors. The promise of
such a targeted therapy approach has been demonstrated in patients with advanced breast
cancer who were eligible for a phase 3 trial if their tumors had a P/IK3CA mutation.
Treatment with PI3Ka-specific inhibitor prolonged progression-free survival (4). Trials that
did not select tumors for PI3K alterations, such as most trials including patients with
advanced prostate cancer, demonstrated little activity (5-8). Using an immunohistochemical
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assessment of PTEN protein expression across the entire tumor as a surrogate of PI3K
pathway activation (9,10), a phase 2 trial suggested higher activity of an Akt inhibitor in
tumors with PTEN loss than in those with intact PTEN (11). However, it may not be
sufficient to define PI3K pathway activation by assessing solely PTEN protein expression
with its intrinsically heterogeneous expression patterns, by assessing only DNA-level PI13K
pathway alterations (12), or by assessing transcriptional output of just a single downstream
node such as FOXO (13).

A more comprehensive assessment of PI3K activity, and of other signaling pathways, should
ideally use protein-level information and account both for alternative mechanisms of
pathway activation (14) and for between-cell heterogeneity within a tumor from subclonal
pathway activation (15). Using the PI3K pathway in prostate cancer as a proof of concept,
we piloted and validated a novel approach for determining pathway activation in tumors by
quantifying multiple nodes of the pathway activation at a single-cell level using multiplex
immunofluorescence (Fig. 1A). We defined a mechanistically informed tumor-level measure
of PI3K activation that we applied to archival tissue from two prospective cohort studies of
patients with prostate cancer and long-term follow-up for clinically meaningful outcomes.

Patient cohorts

Men included in this study were diagnosed with non-metastatic prostate cancer during
prospective follow-up of two well-defined cohort studies of participants across the United
States, the Health Professionals Follow-up Study (HPFS) and the Physicians’ Health Study
(PHS). The HPFS is an ongoing cohort study that enrolled 51,529 male health professionals
from all 50 U.S. states who were 40-75 years old at baseline in 1986 (16). Participants have
been reporting detailed lifestyle, dietary, and medical information through biennial
questionnaires. The PHS | and 11 were randomized-controlled trials of aspirin and vitamin
supplements for cancer and cardiovascular prevention, enrolling 29,071 male physicians
who were 40-84 years old at baseline in 1982 (17,18). Participants were followed as a
prospective cohort after discontinuation of randomized treatment assignments.

New cancer diagnoses reported by the medical professionals in both cohorts were verified
and patients were prospectively followed through detailed biennial questionnaires, contact to
treating physicians, systematic review of medical records (including for development of
metastases), and detailed ascertainment of death causes (19). The clinical outcome was
lethal disease (metastases or prostate cancer-specific death).

The research, conducted in accordance with the U.S. Common Rule, was approved by
institutional review boards at Harvard T.H. Chan School of Public Health and Partners
Healthcare and those of participating registries as required. All participants provided written
informed consent.

Tumor specimens, tissue microarrays, and biomarkers

Within the prostate cancer cohorts in HPFS and PHS, a tumor biorepository was developed.
Archival formalin-fixed paraffin-embedded tissue from cancer diagnosis was retrieved from
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treating hospitals and centrally reviewed by genitourinary pathologists, including
standardized Gleason grading (20). Tissue microarrays (TMAS) were constructed from three
or more 0.6 mm cores of the primary tumor nodule or the nodule with the highest Gleason
grade.

TMASs were used for assessment of the PI3K markers PTEN, pS6, and stathmin.
Downstream of Akt, a phosphoprotein difficult to assess in archival samples, the ribosomal
protein S6 (pS6) is activated via mTOR. pS6 is responsive to PI3K inhibition (21,22).
Stathmin is a microtubule-regulating phosphoprotein regulated by PI3K inhibitors (23). We
previously validated individual assessments of pS6 and stathmin in archival prostate cancer
tissue (14).

Using regular immunohistochemistry, we also used a genomically validated core-level
assessment of PTEN loss (9,24), an activator of PI3K signaling (25). Whole-transcriptome
expression profiling was performed on a subset of cases using the Affymetrix GeneChip
Human Gene 1.0 ST array (Gene Expression Omnibus: GSE62872) (26).

Multiplex immunofluorescence

For fluorescence immunohistochemistry, a multiplexed tyramide signal amplification
method was performed on 4-um sections of the TMAs. Slides were deparaffinized using
xylene, a graded ethanol series, 10% neutral buffered formalin for 10 minutes, and washing
with distilled water and Tris-buffered saline/polysorbate 5 min thrice each. For antigen
retrieval, the tissue was microwaved in citrate buffer at full power for 45 sec and at 20%
power for 15 min, followed by washing. Next, the tissue was blocked using protein block
(X9090, Dako) and the primary antibody (Supplementary Table 1) was applied for 30 min,
followed by washing. The secondary polymer horseradish peroxidase-bound antibody
against the primary species was applied for 10 min, followed by washing. Finally, the
fluorescent dye-coupled tyramide signal amplification reagents (Perkin Elmer) were applied
for 10 min, resulting in stable covalent bounds, followed by washing. The steps of antigen
retrieval and blocking were repeated before staining each additional marker. Single-staining
slides were included in each antibody cycle as controls.

Development of mechanistically informed PI3K activation scores

TMAS were scanned using a Vectra slide scanner (version 2.0.8, PerkinElmer). InForm
software (version 2.1.1, PerkinElmer) was used to unmix signals and analyze the spectral
images. Each single stained control slide was imaged to create spectral controls for
generating the spectral library. Cores without tumor tissue were excluded based on review of
adjacent sections of the same TMAs. To separate epithelial cells from stromal cells, a
histology-based machine-learning image segmentation algorithm for tissue and cells
provided in the software was trained on representative areas by a pathologist. The resulting
segmentation masks were iteratively reviewed for quality and manually edited for further
accuracy.

Further analyses were performed using custom algorithms. Analyses of PI3K activation
were restricted to cytoplasmic intensity values on tumor cells. Tumors with fewer than 10
tumor cells across all cores were not included. Cell type data were merged with
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immunofluorescence data at the same coordinates, allowing for +2 pixels of imprecision
between coordinates of cell type and immunofluorescence; tumor cores had a diameter of
>1000 pixels.

To reduce batch effects, cell-level immunofluorescence intensities were quantile-normalized
across TMAs (27). To give equal weight to all three markers (PTEN, pS6, and stathmin),
intensities were transformed into 33 ranks (/.e., each marker for each cell was assigned an
intensity from 0 to 33). Cell-level PI3K scores were generated by summing rank-normalized
pS6 and stathmin values and subtracting PTEN values, given that PTEN inhibits the PI3K
pathway. This summary score is conceptually consistent with our previous approach to
assessing PI3K activation using tumor-level averages (14). Scaling to a normal (Gaussian)
distribution instead of using ranks had similar results but gave extreme values undue
influence. Tumor-level scores of PI3K activation were defined as the median of cell-level
P13K scores across cells on all tumor cores of one tumor (7.e., one patient). For comparison,
we formulated a modified tumor-level H-score based on grouping cell-level scores into
quartiles across all tumors: A= 100 - X(quartiles indices — 1) / cell count; range, 0-300.

Intratumoral heterogeneity in PI3K scores was defined as the proportion of cells within each
tumor that did not belong to the quartile of PI3K scores that the tumor was assigned to based
on its median PI13K score. For comparison, Shannon’s entropy of quartiles of cell-level PI3K
scores was calculated using a maximum likelihood estimator. Spatial clustering of similar
P13K scores within individual cores was assessed using Moran’s /based on Euclidean
distances and Getis—Ord global G (28,29), with cells in clusters required to have pairwise
distances of less than ~5% of the core span. Spatial analyses used pixel-level cell positions,
avoiding grid-based artifacts of lattice-based analyses. To assess whether a small subset of
cells with high PI3K scores was sufficient for associations with transcriptomic measures and
with lethal disease, the tumor-level score was defined as the median of the up to 100 cells
with the highest cell-level PI13K scores, rather than the median of all cells since some tumors
had fewer than 100 tumor cells. Methods for unsupervised machine learning-based analyses
are described in the Supplementary Text.

Validation of PI3K scores using indicators of PI3K pathway activation on bulk tumors

Validity of PI3K scores was assessed by comparing scores with a core-level PTEN
immunohistochemistry (as above) and with transcriptomic signatures of PI3K activation. A
signature of PI3K activation specific to primary prostate cancer was developed using The
Cancer Genome Atlas (TCGA) (30), restricted to genes that had sufficient variance in the
Affymetrix array. Among TCGA tumors with high-quality mRNA (7 =333), genes
associated with PTEN copy number loss or mutations in PIK3CA, PIK3CB, or PTEN
(ordinal), based on modeling /og(RNA expression) using linear regression while adjusting
for TMPRSS2:ERG fusion status (binary) (31) and Gleason grade (categorical).

For comparison, as a signature of PI3K inhibition, we used the top 100 genes from a
published signature developed in Connectivity Map, which compares treating a library of
cell lines with PI3K inhibitors (wortmannin, LY-294002) to treating them with other small
molecule inhibitors (32). We also used a transcriptome signature of PTEN protein loss in
breast cancer (33). For all three signatures, summary scores were built as mas-0-menos
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scores based on normalized expression levels, subtracting sums of genes known to be
downregulated in PI3K-activated tumors from sums of upregulated genes (34).

PI3K scores and lethal disease over long-term follow-up

Results

To assess the strength of association between P13K scores and rates of lethal disease, Cox
regression for time to lethal disease was performed, using time since cancer diagnosis as the
timescale. Scores were analyzed both using restricted cubic spline models with four knots to
assess for non-linear associations (35) and using categorization in quartiles. Scaled
Schoenfeld residuals did not suggest non-proportional hazards. Absolute differences in
survival were estimated using restricted mean survival times (36). Effect measure
modification on the multiplicative scale by Gleason grade (14), heterogeneity, and spatial
autocorrelation/clustering of PI3K scores was assessed using likelihood ratio tests.

Patients, tumors, and cell types

To assess PI3K activity on a single-cell level in archival tumor tissue, we developed a
scalable workflow (Fig. 1B-E). Prostate cancer tissue from 1001 men was analyzed on 14
tissue microarrays (TMAS). Median age at prostate cancer diagnosis was 66 years
(interquartile range [IQR], 62 to 70 years; Table 1). Most men had clinically localized
disease (cT1/T2, 96%) at diagnosis.

With tissue image segmentation, we detected a median of 3376 cells in each tumor (IQR,
1951 to 4426; total, 3.4 million) when combining all available 0.6-mm cores per tumor
(median number of cores per tumor, 3; IQR, 2-3). Of these cells, a median of 743 cells per
tumor were alpha-methylacyl-CoA racemase (AMACR)-positive epithelial cells (tumor
cells; 1QR, 290 to 1377; total, 988,254), 512 were AMACR-negative epithelial cells (benign
epithelial cells; IQR, 262 to 941), and 1598 were non-epithelial cells (e.g., stroma; IQR,
1009 to 2269; Fig. 2A).

Validation of mechanistically informed PI3K activation scores

To assess PI3K pathway activation comprehensively at the tumor level, we calculated
mechanistically informed PI3K activation scores that considered protein expression of pS6,
stathmin, and PTEN (Fig. 1A) (14). Cell-level immunofluorescence intensities for PTEN,
stathmin, and pS6 were corrected for batch effects across TMAs, rank-normalized, and
summarized in cell-level PI3K scores. Higher pS6 and stathmin values contributed positively
and higher PTEN values contributed negatively to our main measure of PI3K activity, the
cell-level P13K score, which could vary from 1 (lowest) to 100 points (highest). Tumor-level
scores of PI3K activation were defined as the median of cell-level PI3K scores across cells
on all tumor cores from the same tumor (/.e., one patient); scores were highly correlated
with modified H-scores (Fig. S1).

We compared cell-level PI3K scores against other, independently generated indicators of
PI3K activity derived from bulk assessments of the tumor. As expected, we observed strong
differences in tumor-level PI3K scores between tumors with present vs. absent PTEN
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expression based on eye-scored immunohistochemical PTEN staining (Fig. 2B). Tumors
scored by expert pathologists as “PTEN null,” /.e., those with PTEN loss in all cores (n=
133), had 15.0 point-higher tumor-level PI13K scores (95% ClI, 12.4 to 17.6) than those with
PTEN present in all cores (1= 625); tumors scored as “heterogeneous loss,” 7.e. PTEN loss
in just some cores (n7=84), had 5.6 points higher tumor-level PI3K scores (95% Cl, 2.4 to
8.7; Fig. 2A).

Importantly, there was no strong association between PTEN status by eye-scoring and our
tumor-level PI3K scores that were based on pS6 and stathmin but not on cell-level PTEN
(Fig. 2C), suggesting that PTEN alone may not fully identify downstream activation of PI3K
signaling, as indicated by high pS6 and stathmin.

As additional measure of PI13K activation, we assessed transcriptional consequences of PI3K
activation. First, we used the TCGA to derive a transcriptional signature of PI3K activation,
consisting of transcripts specific to tumors with DNA-level alterations that are known to
result in PI3K activation in prostate cancer, and we validated this signature in tumors from
HPFS/PHS (Table S2; Supplementary Text). Applying this new PI13K transcriptomic
signature, we found that tumors in the highest quartile of the tumor-level PI3K score had
higher transcriptional scores than tumors in the lowest quartile (Fig. 2D). Second,
complementing this transcriptional signature of PI3K activation, we used a transcriptional
signature of PI3K /nhibition. This signature, derived from comparing cell lines treated with
P13K inhibitors versus other small molecules (32) (Supplementary Text), also tended to
differ between tumors with low and high tumor-level PI3K scores (Fig. S2G). Taken
together, these observations support the validity of the immunofluorescence-based PI13K
scores. However, the observed associations between measures derived from cell-level
measurements and the bulk transcriptional measures were modest, highlighting the potential
importance of obtaining cell-level data. Tumors with higher Gleason grades had higher
tumor-level PI3K scores (Fig. 2E), consistent with the association between PTEN loss and
higher tumor dedifferentiation (24). Tumor-level PI3K scores, however, were not associated
with the tumor proliferation index Ki-67 (Fig. S3A).

PI3K scores and lethal disease over long-term follow-up

To assess how PI3K activation is related to lethal prostate cancer, we followed the 1,101
patients for up to 28 years after cancer diagnosis (median, 15.3 years). During the 14,785
person-years of follow up for metastasis-free survival, 87 lethal events occurred (metastases
or death from prostate cancer). Patients with the highest 25% of tumor-level PI13K scores
(highest quartile) had rates of lethal disease twice as high as those in the lowest 25% of
scores (unadjusted hazard ratio [HR], 2.04; 95% CI, 1.13 to 3.68; Fig. 3A; Table 2), an
association that was only modestly attenuated after adjusting for age at cancer diagnosis and
Gleason grade. Over a 20-year period after cancer diagnosis, patients in the highest quartile
had a 10-months shorter time to metastases or death from prostate cancer than those in the
lowest quartile (95% CI, 2 to 19 months). There was no strong evidence that the association
between PI3K scores and lethal disease differed by Gleason scores (finteraction 0-33; Table
2).
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Individually, tumor-level PTEN levels were associated with lethal disease (Table S3).
Tumor-level pS6 levels were not associated with lethal disease (Table S3), including when
allowing for non-linear associations (Fig. S4B), and the association of tumor-level stathmin
levels and lethal disease was unclear (Table S3). Consequently, a two-marker PI3K score
consisting of PTEN and stathmin levels without pS6 was strongly associated with lethal
disease (Table S3; Fig. S4C). Interestingly, this two-marker tumor-level PI13K score, when
compared with the same indicators from bulk tumor assessments, had similar associations
with these other indicators of PI3K pathway activation as the main (three-marker) PI3K
score (Fig. S4D-F). The two-marker score remained associated with lethal disease when
adjusting for Gleason grade and PTEN scoring from classic immunohistochemistry (HR,
2.59; 95% ClI, 1.19 to 5.65; Table S3, Fig. S4C), while the main (three-marker) tumor-level
P13K score did not (HR, 1.27; 95% CI, 0.61 to 2.64; Table 2). Taken together, these results
suggest that combining cell-level PTEN and stathmin data from multiplex
immunofluorescence, but not pS6, incrementally adds to prognostication of lethal disease
beyond tumor-level PTEN immunohistochemistry.

Single-cell PI3K scores as a window into intratumoral heterogeneity in pathway activation

Thus far, the above tumor-level PI13K scores were used to obtain a single estimate of PI3K
activity per tumor. However, since this does not consider intratumoral heterogeneity, we next
asked what proportion of cells in a tumor were misclassified when just considering the
median as the tumor-level summary. Having grouped tumor-level medians in four quartiles,
in half of all tumors, at least 48% of cells belonged to a different quartile than the tumor as a
whole based on its median value (median heterogeneity, 48%; IQR, 31% to 58%; Fig. 4A).
This measure of intratumoral heterogeneity was correlated with Shannon’s entropy (Fig.
S5A). As expected, “extreme” tumors with either very low or very high tumor-level PI3K
scores were those with little heterogeneity and thus uniformly extreme cell-level scores (Fig.
4B). Likewise, tumors eye-scored as “PTEN null” by immunohistochemistry had less
heterogeneity (Fig. S5B). Heterogeneity increased slightly with the number of tumor cells
(Fig. S5C).

We next assessed where cells with high cell-level PI3K scores were located in relation to
their peers. We expected that tumors with higher tumor-level PI3K scores would show more
clustering of PI3K-activated cells and more spatial autocorrelation. While larger tumors with
more tumor cells showed more clustering (Fig. S5G), cells with high scores were no more
likely to cluster together in tumors with high tumor-level PI13K scores than in those with low
tumor-level PI3K scores (Fig. S5F). Moreover, in tumors with higher tumor-level PI3K
scores, neighboring tumor cells tended to have more dissimilar PI3K scores, as reflected by
a more negative Moran’s /for spatial autocorrelation. This association was robust to
adjusting for the number of tumor cells per tumor and for Gleason grade and appeared
strongest in tumors with little heterogeneity (Fig. S5H). Likewise, cell-level PI3K scores as
well as cell-level PTEN expression levels were also more dissimilar in tumors eye-scored as
PTEN-null than in tumors eye-scored as PTEN-intact (Fig. S51-J). Whether clustering or
spatial autocorrelation modified how tumor-level PI3K scores were associated with
progression to lethal disease was unclear (Table S3). Together, our observations suggest that
tumors with higher tumor-level PI3K scores had less variation in how high tumor-level PI3K
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scores were across the tumor. At the same time, they had more dissimilarity in cell-level
PI3K scores between spatially adjacent cells.

PI3K activation scores derived through machine learning

We asked whether unsupervised machine learning approaches would reveal PI13K activity
overlooked by analysis that assigned equal weights to the three markers. Results from these
unsupervised analyses supported the validity of the mechanistically informed PI3K score.
One factor from principal components analysis, explaining 36% of the variance in biomarker
levels, was strongly correlated with our tumor-level PI3K score (Fig. 4C, D; S6). Results
from a big-data implementation of A-medoids clustering were also consistent with our
mechanistically informed scores, yet potentially less reproducible between patient cohorts
(Fig. 4E, S7; Table S4; Supplementary Text).

Discussion

In this study, we developed and tested an approach to assessing activity of the PI3K pathway
based on single cell-level data. We performed proof of concept studies in human prostate
cancer using archival prostate cancer tissue from prospective cohort studies with long-term
follow-up for clinically relevant outcomes. Our results demonstrate the validity of PI3K
activation scores, suggest more nuanced associations with regulators of the PI3K pathway
than when assessing PTEN alone, further support PI3K pathway activation as a feature of
tumors with poor prognosis, and provide a window into intratumoral heterogeneity in PI3K
signaling. Our results also underscore that a mechanistically grounded, interpretable
approach to assessing activation of tumor signaling pathways compares favorably to solely
data-driven approaches. This biomarker set should be tested for predicting susceptibility to
PI3K inhibition in clinical trials and may be suitable for studying etiologic questions, such
as quantifying the impact of IGF-1 (37) and of statins (38) on the risk of PI3K-activated
prostate cancer. Our approach may also allow for assessing tumor signaling pathways in
patient tissue more generally.

Identifying cancers with activation of the PI3K pathway is paramount for the successful
clinical use of PI3K pathway inhibitors, as demonstrated in advanced breast cancer (4).
Unlike in breast cancer, where PIK3CA mutations are common, a different approach to
quantifying P13K activation is required in prostate cancer with its much higher prevalence of
PTEN deletions and the different impact of the PI3Kp isoform (3,39). With stathmin and
pS6, we selected protein biomarkers not in an effort to capture all potential other pathway
regulators besides PTEN, but rather to obtain a reliable reflection of downstream activation.
Unsurprisingly, bulk tumor assessments of PTEN predicted pS6 and stathmin levels
inadequately, suggesting that its sole use as an indicator of PI3K pathway activation may be
an oversimplification.

Assessment of tumor signaling pathways in patient tissues may be facilitated by single cell-
based analyses. While the feasibility of multiplex immunofluorescence is clear (40),
analytical approaches to leverage their full potential in large-cohort and clinical settings have
lagged. A simple quantification approach could use pathology software to obtain
immunofluorescence intensity as a tumor-level average, as we did in the past using classic
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immunohistochemistry for PI3K markers (14), or even to impose cut-offs for “high” and
“low” (41,42), and then cross-classify each tumor based on multiple binary markers. Such an
approach may be useful when cell populations are truly characterized by binary presence or
absence of protein expression, such as subsets of immune cells defined by their surface
proteins (43). Importantly, we used unprocessed numeric immunofluorescence intensity data
and developed custom algorithms for quantifications and visualizations, with several
benefits. First, this approach allowed us to systematically address batch effects between
TMASs, a key issue in biomarker studies (44). Second, averaging or classifying each marker
on a tumor level upfront, with tremendous information loss, to some extent defeats the
purpose of obtaining cell-level data. We instead first calculated PI3K activity scores for each
cell based on its individual markers. Doing so allowed us to identify PI3K activation more
precisely as the co-occurrence of low PTEN, high pS6, and high stathmin within a cell. The
high degree of heterogeneity in PI3K scores within tumors underlines that true cell-level
values would have been misclassified by combining tumor averages upfront. At least on a
protein level, there was considerable heterogeneity in PI3K activation, an observation that is
consistent with notable heterogeneity in PTEN protein expression (10,24). Third, with cell-
level PI3K scores at hand, we found that a relatively small subpopulation of cells with high
P13K score was sufficient to identify tumors with different bulk indicators of PI3K signaling
and different prognosis. Perhaps counterintuitively, in tumors with high median PI3K scores,
tumor cells with high values did not cluster together. Instead, they were more likely to be
surrounded by cells with dissimilar PI3K scores, suggesting yet another dimension of
intratumoral heterogeneity.

Alternative approaches to analyzing high-dimensional immunofluorescence data may
include unsupervised machine learning-based methods (45,46). When applying such
techniques, we found striking similarities between one of the principal components and our
mechanistically informed PI3K scores. Unsupervised clustering also identified two groups
of tumors with similar characteristics as based on mechanistically informed PI3K scores. As
our study included patients from two independent prospective cohort studies, we tested the
robustness of clustering by performing it independently in each cohort. Cluster coordinates
were considerably different between cohorts. Even though tissues from both cohorts had
been processed in parallel, the measurements include cohort-specific variation. This
observation raises the question how well such highly parametrized classifications would be
reproducible in independent populations and different laboratory setups. Our approach is
mechanistically informed, so we conjecture it may be more robust, as it was in our study,
and warrants validation in other tumor types.

A central challenge for defining PI3K activation is the absence of a gold standard. To what
extent scores developed here are indicative of PI3K activation as well as predictive of
response to PI3K inhibitors will need additional lines of evidence, such as assessments of
our PI3K scores in pre- and post-treatment cancer tissue from clinical trials of PI3K
inhibitors. Among patients with primary prostate tumors, PTEN loss is well-known to be
associated with higher rates of metastases and death from prostate cancer (10,24,47). In
contrast, data in advanced prostate cancer are not indicative of strong associations (12,48).
Importantly, finding a similarly strong association between PI3K scores and prognasis as
between PTEN status and prognosis does not mean that both perform similarly in indicating
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sensitivity to PI3K inhibition. Similar considerations apply to the two-marker PI3K score
consisting of PTEN and stathmin only. Furthermore, validation efforts presented here are
limited in that they mainly reflect PTEN copy number loss only, as one would expect in
prostate cancer, and they are all based on bulk assessments of the tumor for PTEN and
transcriptome signatures. Relying on TMAs, which were constructed using the highest-grade
tumor nodule, potentially underestimated intratumoral heterogeneity.

A number of additional challenges are inherent to multiplex immunofluorescence. One
concern is that antigens may be washed out with each additional staining step; however, this
effect would be uniform across cores on all TMAs and may be less of a concern with a
relatively small number of markers. Moreover, numeric values from immunofluorescence
imaging are relative rather than absolute, which allows for comparisons within a study
population, but makes it difficult to define reference values for routine use. Finally, we relied
on the prostate cancer cell marker AMACR, whose expression can be lost in a subset of
tumor cells (49), and on standard pathology software to identify cell positions and
distinguish tumor cells from benign epithelium and stroma. Some of the heterogeneity in
PI13K scores in tumor cells is likely due to misclassification of cell types.

In summary, we developed a novel measure of PI3K pathway activation in cancer and
demonstrated feasibility in cohorts of men with prostate cancer. Our method: (a) only
required routine archival FFPE specimens, (b) assessed three markers that mechanistically
reflect PI3K pathway activation, (c) captured activation on a protein single-cell level, (d) was
validated against external measures, and (e) was applied to tumors from two prospective
cohort studies with long-term follow-up. Our analytical framework allows for quantification
of single-cell data with spatial resolution from large-scale tumor biorepositories. Testing the
PI13K score as a predictive biomarker should proceed using tissue from clinical trials of PI3K
inhibitors as a next step. More generally, similar approaches that undertake multiplex protein
quantification on a single cell-level in tumor samples from well-defined study populations
should lead to insights into tumor etiology and progression. Methodological innovation to
optimize quantification approaches is needed.
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Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

The PI3K pathway is activated in a large proportion of solid cancers, including prostate
cancer. Loss of its inhibitor PTEN is associated with higher risk of lethal prostate cancer.
However, clinical trials of PI3K/AKkt inhibitors have had mixed results in prostate cancer,
possibly because patients were not selected for PI3K activation. In this study, we
developed and validated a new methodology for the assessment of PI3K pathway activity
in prostate cancer that (1) only required routine archival FFPE specimens, (2) assessed
three markers that mechanistically reflect PI3K pathway activation, (3) captured
activation on a single-cell level, (4) was validated against external measures, and (5) was
applied to tumors from two prospective cohort studies with long-term follow-up. This
scalable measure of PI3K activation should be explored as a predictive biomarker in
clinical trials of PI3K inhibitors.
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Figure 1. Methods overview and virtual tissue microarrays for visualization of multiplex
immunofluorescence results.

(A) An overview of the PI3K pathway, PTEN, stathmin, and phospho-S6 (pS6).

(B) Design of the prospective prostate cancer cohorts within the Health Professionals
Follow-up Study (HPFS) and the Physicians’ Health Study (PHS).

(C)Example raw images from immunofluorescence imaging for PTEN, stathmin, and pS6 as
markers of PI3K pathway activity and of AMACR for tumor masking, all from the same
tumor core, as well as a fused image of all fluorescence channels.

(D)Hematoxylin—eosin appearance of the core highlighted from the virtual tissue microarray
in (E).

(E)Virtual tissue microarray, an algorithm-based reconstruction of the multiplex
immunofluorescence data. Cell type assignments from histology-based machine learning
(round, epithelial cells; crosses, non-epithelial cells) and tumor cell recognition based on
AMACR (colored, tumor cells; gray, non-tumor cells). Cell colors of tumor cells indicate
PI3K activity scores.
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Figure 2. Cell countsand construct validity of the PI 3K scores.
(A) Distribution of cell counts per tumor by cell type: tumor epithelial cells (yellow), non-

tumor epithelial cells (gray), and non-epithelial cells (blue), from all cores of each patient.
(B) Tumor-level PTEN status based on a genomically validated immunohistochemistry and
P13K scores.

(C)Tumor-level PTEN status and immunofluorescence scores consisting of pS6 and
stathmin.

(D) PI3K scores and the newly developed prostate cancer PISBK/PTEN signature.
(E)Gleason grade and PI3K scores.

In panels B-E, individual data points are shown, with boxes indicating interquartile ranges
and the central line the median. Whiskers extend 1.5 interquartile ranges beyond the inner
quartiles. In B-G and F-H, color encodes the number of tumor cells per tumor from blue
(low) to yellow (high).
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Figure 3. PI3K activation and lethal prostate cancer.
(A) Kaplan-Meier plot for PI3K scores in quartiles and time from cancer diagnosis to lethal

disease. For adjusted estimates, see Table 2.

(B) Upper panel: PI3K scores (x axis), modelled continuously using restricted cubic splines,
and hazard ratios for lethal disease () axis). The solid line with gray 95% CI bands is from
an unadjusted model; the dotted line with blue 95% CI bands is from a model adjusted for
tumor-level PTEN status by immunohistochemistry. The reference value (hazard ratio, 1) is
set to the 25t percentile of the PI3K score, a value of 40. Lower panel: Distribution of PI3K
scores, according to tumor-level PTEN status by immunohistochemistry.
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Figure 4. Intratumoral heterogeneity and machine learning.
(A) Within-tumor heterogeneity. The heterogeneity is expressed as the proportion of cells

that do not belong into the quartile of cell-level PI3K scores that each tumor is assigned to
based on its median. Left inset: An example core with low heterogeneity. Right inset: An
example core with high heterogeneity, including areas of low PI3K activity (blue) and high
PI3K activity (red/yellow).

(B) PI3K scores and within-tumor heterogeneity. Color encodes the number of tumor cells.
(C) Loading plot from principal components analysis. Both principal components explain
similar proportions of the variance, and the second principal component is positively loaded
with stathmin and pS6 and negative loaded with PTEN, corresponding to the subject matter-
informed approach of defining the PI3K score.

(D) Subject matter-based PI3K scores (x axis) and a machine learning-based score (principal
component 2, yaxis).

(E)Unsupervised clustering of cell-level PTEN, pS6, and stathmin values based on &
medoids, resulting in 5 clusters, indicated by different colors, visualized here along axes of a
two-dimensional #SNE dissimilarity decomposition.
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Characteristics of patients and tumors from the prospective prostate cancer cohorts within the Health

Table 1.

Page 20

Professionals Follow-up Study (HPFS) and the Physicians’ Health Study (PHS), 1982-2009, by quartiles of

the PI3K score.

By quartiles of PI3K score

Overall 1 (Lowest) 2 3 4 (Highest)
n 1001 263 259 237 242
PI3K score 52 (40, 61) 33(28,37) 47 (44, 50) 57 (55, 59) 69 (65, 73)
Score of top 50 cells 66 (57, 75) 52 (40, 60) 63 (59, 68) 70 (64, 75) 80 (74, 84)
Heter ogeneity (%) 48 (31, 58) 35 (22, 49) 59 (52, 67) 55 (47, 62) 31 (18, 44)
Cohort
HPFS 679 (68%) 176 (67%) 179 (69%) 152 (64%) 172 (71%)
PHS 322 (32%) 87 (33%) 80 (31%) 85 (36%) 70 (29%)
Ageat cancer diagnosis 66.0 65.9 65.0 66.0 66.0
(62.0, 69.5) (62.0, 70.0) (61.0, 69.0) (63.0, 69.7) (62.3, 69.7)
Year of cancer diagnosis
1982-1989 65 (6%) 18 (7%) 12 (5%) 13 (5%) 22 (9%)
1990-1993 215 (21%) 57 (22%) 59 (23%) 50 (21%) 49 (20%)
1994-2000 412 (41%) 107 (41%) 101 (39%) 104 (44%) 100 (41%)
2001-2009 309 (31%) 81 (31%) 87 (34%) 70 (30%) 71 (29%)
cTNM
TUT2 942 (96%) 247 (97%) 246 (95%) 225 (96%) 224 (95%)
T3 30 (3%) 7 (3%) 9 (3%) 6 (3%) 8 (3%)
T4/IN1 8 (1%) 1 (0%) 3 (1%) 2 (1%) 2 (1%)
Unknown 18 8 1 3 6
pTNM
pT2 661 (71%) 171 (71%) 186 (74%) 151 (69%) 153 (67%)
pT3/T3a 178 (19%) 42 (18%) 46 (18%) 44 (20%) 46 (20%)
pT3b 64 (7%) 20 (8%) 11 (4%) 13 (6%) 20 (9%)
pT4/N1 33 (4%) 7 (3%) 7 (3%) 10 (5%) 9 (4%)
Unknown'Z 65 23 9 19 14
Gleason score
6 173 (17%) 49 (19%) 52 (20%) 41 (17%) 31 (13%)
3+4 370 (37%) 99 (38%) 108 (42%) 78 (33%) 85 (35%)
4+3 245 (24%) 64 (24%) 60 (23%) 60 (25%) 61 (25%)
8 82 (8%) 15 (6%) 12 (5%) 26 (11%) 29 (12%)
9-10 131 (13%) 36 (14%) 27 (10%) 32 (14%) 36 (15%)
PSA at diagnosisz [mg/di] 7(5, 10) 7(5, 10) 7 (5, 10) 6 (5, 10) 6 (4, 10)
Unknown 89 24 19 16 30
Tumor cell count per tumor 743 (290, 1377) 740 (271, 1344) 972 (400, 1536) 667 (254, 1371) 670 (211, 1334)

PTEN by immunohistochemistry
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By quartiles of PI3K score
Overall 1 (Lowest) 2 3 4 (Highest)
Intact 625 (74%) 204 (91%) 179 (80%) 137 (70%) 105 (53%)
Heterogeneous loss 84 (10%) 14 (6%) 25 (11%) 22 (11%) 23 (12%)
Complete loss 133 (16%) 6 (3%) 19 (9%) 37 (19%) 71 (36%)
Unknown 159 39 36 41 43

All data are given as median (interquartile range) or as count (percent).

1 -
Includes transurethral resection of the prostate.

2 . .
Prostate-specific antigen.
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PI13K score and lethal prostate cancer over long-term follow-up, Health Professionals Follow-up Study (HPFS)

Table 2.

and the Physicians’ Health Study (PHS), 1982-2016.

Quartileof PI3K score 1% lowest 2nd 3rd 4 highest
Absolute estimates
Person-time [years] 3,880 3,957 3,435 3,513
Lethal events 17 16 23 31
Rate [(1,000- - year)™] 4.4 4.0 6.7 8.8

RMSTJ (95% ClI) [years]

19.1 (18.7-19.5)

19.2 (18.8-19.6)

18.7 (18.2-19.3)

18.3 (17.7-18.9)

Hazard ratio (95% CI)

HPFS and PHS combined

Unadjusted
+ age, grade3

3
+ age, grade, PTEN

+ age, grade, PTEN, stage‘?

1 (ref)
1(ref)

1(ref.)

1 (ref.)

0.93 (0.47-1.84)
1.12 (0.57-2.23)

0.99 (0.47-2.10)

1.13 (0.53-2.42)

1.54 (0.82-2.88)
1.56 (0.83-2.94)

1.22 (0.58-2.57)

1.50 (0.70-3.19)

2.04 (1.13-3.68)
1.85 (1.02-3.35)

1.27 (0.61-2.64)

1.51 (0.70-3.25)

Per 10 pointsz

1.26 (1.07-1.48)
1.20 (0.02-1.41)

1.08 (0.88-1.32)

1.13 (0.92-1.39)

By cohort3
HPFS
PHS

1 (ref.)
1 (ref.)

1.05 (0.46-2.39)
0.70 (0.20-2.46)

1.54 (0.70-3.39)
1.54 (0.55-4.33)

1.55 (0.73-3.32)
3.17 (1.22-8.25)

1.15 (0.94-1.41)
1.49(1.12-1.98)

By Gleason grade3
Low, scores 6-7

High, scores 8-10

1(ref.)
1 (ref)

0.69 (0.28-1.71)
1.80 (0.62-5.18)

0.87 (0.35-2.18)
2.46 (0.96-6.35)

1.19 (0.52-2.75)
3.06 (1.23-7.62)

1.06 (0.83-1.35)
1.34 (1.07-1.68)

Restricted mean survival time (RMST) over the first 20 years of follow-up for metastasis-free survival, unadjusted.

2 o . . . .
Per 10-point increase in PI3K scores, from models using quartile medians as the exposure.

3Covariate coding: age at cancer diagnosis (linear); Gleason grade (categorical: 5-6; 3+4; 4+3; 8; 9-10); pathological stage (categorical: T1/T2;

T3; T4/N1; missing); PTEN status by immunohistochemistry (binary). Stratified models are otherwise unadjusted.
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