Supplementary Material
Page 1 of 8

Supplementary Material for Circulating Tumor Cell Phenotypic Heterogeneity Informs Clinical Decisions between Androgen Receptor Signaling Inhibitors and Taxanes in Metastatic Prostate Cancer
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Supplementary Methods

Pleomorphism Index: An Alternative Analytical Pipeline for Measuring CTC Phenotypic Heterogeneity
In pathology, the term pleomorphism is used to describe variability in the size, shape, and staining of cells within a sample. We performed a variance of variance analysis (Supplemental Figure 3) to identify key features that contributed the most variation in size, shape, and staining of CTCs within patient blood samples across the CTC contributing cohort. The same raw digital pathology features (Supplemental Figure 3A) utilized in the Shannon index were employed. First, the coefficient of variation (variance / mean) was calculated per digital pathology feature across the CTCs within each patient sample. Then, the variance of the aforementioned coefficients of variation was calculated across all samples in the clinical association cohort. Four features captured upwards of 85% of the variation in intra-sample CTC phenotypes across the cohort. The coefficients of variation of these four features was summed together to create the Pleomorphism index (Supplemental Figure 3B). Because calculating variance requires the presence of more than one CTC, a value of zero was assigned to a sample if zero or one CTCs were present. All values were multiplied by a constant to normalize differences in the absolute numerical range of the Pleomorphism index relative to the Shannon index and facilitate easier biomarker comparisons. 
Similar to analyzing entropy with Shannon index, we evaluated if the degree of CTC phenotypic variance measured with the Pleomorphism index within a sample had differential associations with overall survival (OS) for patients going onto targeted ARSI therapy or taxane chemotherapy (Supplemental Figure 4A-C). We also evaluated if the relationship between CTC feature variance (Pleomorphism index), OS, and therapy class remained significant in the context of multivariate Cox PH models correcting for potential imbalances between the pre-ARSI and pre-taxane patient samples (Supplemental Figure 4D-E). 
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Supplemental Figure 1: Hypothesis: Pre-therapy CTC Phenotypic Heterogeneity Associates with Differential Outcomes on Pathway-Specific Hormonal Therapeutics and Non-Pathway-Specific Chemotherapy. Shown is a representation of the central hypothesis. It has been proposed that (A) patients with disseminated but relatively non-heterogeneous disease would have strong responses to an appropriately targeted agent, (B) while those with heterogeneous disease would not. Conversely, a non-pathway-specific agent would have anti-tumor effects in patients with relatively (C) low or (D) high intra-patient heterogeneity. 
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Supplemental Figure 2: Principal Component Analysis and k-selection for Unsupervised Clustering of CTCs for Phenotypic Subtype Classification. Principle components of (A) z-score transformed raw data from all 9225 CTCs in the CTC Contributing Cohort. Arrow indicates 6th principle component, associated with 85% total variance of data. (B) Plotted reduction in within-group sum of squares by increasing k clusters. Arrow indicates chosen “elbow” of flat-lined rate of decrease in within-group sum of squares, at k = 15. 
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Supplemental Figure 3: Correlations between Shannon index and Other Pre-therapy Features. Matrices comparing Shannon index to continuous and categorical pre-clinical features with scatter plots and box and whisker plots, respectively. Boxes represent the inter-quartile range. 
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Supplemental Figure 4: Multivariate Analyses of Sub-cohort with Shannon index Greater Than 0. Individual covariates were tested for additive power to predict overall survival using a Cox proportional hazards (PH) model for a subset of the cohort with a Shannon index greater than 0 (n = 112). (A) The resulting p-values, hazard ratios, and 95% confidence intervals. (B) The interaction of therapy and heterogeneity integrated into the multivariate Cox PH model. The forest plot shows hazard ratios and 95% confidence intervals.
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Supplemental Figure 5: CTC and Clinical Association Analysis Overview. Shown are schematics for (A) CTC detection and digital pathology analysis on single cells, as well as generation of patient-level quantification of phenotypic heterogeneity by (B) Pleomorphism index. 
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Supplemental Figure 6: The Degree of Inter-Sample Pleomorphism index is Related to Overall Survival of ARSI, but not Taxanes. (A) The relationship between degree of heterogeneity (Pleomorphism index, x-axis) and overall survival (y-axis) is shown, along with nonparametric kernel estimates of median survival. Colors represent treatment received after pre-therapy draw. “O” = patient alive at last observation, “X” = patient died at time indicated. Overall Survival is alternately visualized with Kaplan-Meier plots from patients starting (B) ARSI and (C) Taxanes with survival curves dichotomized with the survival crossover point from (A), indicated with an arrow. Individual covariates were tested for additive power to predict overall survival using a Cox proportional hazards (PH) model. (D) The resulting p-values, hazard ratios, and 95% confidence intervals. (E) The interaction of therapy and heterogeneity integrated into the multivariate Cox PH model. The forest plot shows hazard ratios and 95% confidence intervals.
image4.png
40

0

20

00009}

T
o000¢ 1

0000z} 0ODODV 00008 00009

sa1enbs Jo Wwns sdnoib Ui

oo00%

10

Number of Clusters.




image5.png
fio

§

00

Shannon Index (no urits)

Shannon Index (no urits)

s

o

5

00

. g e
.
bLT A
0 e e
H $ .
H M )
o
in&
o0

20

Shannon ndex (o

Shannon Index (no urits)

Shannon ndex (o

——es ® mam e
256 102 o5 5o r2s02080
Lo Psa
‘ * |
Sis —
fio
s
00
ot Presert _ present wa e
Viers Metasiases Line of therapy




image6.png
(A)

B)

Multivariable Cox Proportional Hazard Analysis of Predictors of Overall Survival

Effect

Pvalue HR [95%CI]

Line of Therapy (factor)

0.985 | 0.997(0.721-1.38)

PSA Pre-Therapy (continuous, log2 + 1)

0353 1.05(0.945-1.19)

LDH Pre-Therapy (continuous, log2 = 1)

0.00925 | 1.95(1.17-3.21)

Alkaline Phosphatase Pre-Therapy (continuous, log2 + 1)

0.423 1.10(0.867-1.41)

Hemaoglobin Pre-Therapy (continuous)

0.0642 | 0.831(0.684—1.01)

CTC/mL Pre-Therapy (continuous, log2 + 1)

0.00535| 1.40(1.10-1.76)

Shannon Index Pre-Therapy (continuous)

0336 | 0.286(0.0897—0.908)

Therapy (ARSI vs. Taxane]

0.0497 | 0.178(0.0317-0.998)

Interaction : Shannon Index (continuous) & Therapy (ARSI vs.
Taxane)

0.00671 [ 4.32(1.50-12.5)

Treatment-Specific Hazards of Death (Overall Survival)

—
FavorsARSI | Favors Taxanes

All Samples =
1
Heterogeneity :
N E—
& Therapy 1
, T T T T J
0.015625 0.0625 0.25 1 4 16
Hazard Ratio (95% ClI)
Heterogeneity : Therapy Interaction: Multivariable Cox PH Model
Comparison Hazard Ratio (95% CI)
i Therapy (ARSI vs. Taxane) 0.178(0.0317-0.998)
Heterogeneity o e ]
Status & Thera nteraction : Shannon Index (continuous) N —
G &Therapy (ARSI vs. Taxane) A(E=123)





image7.png
(A) CTC Identification and Digital Patholo|

Feature Extraction Single-Cell Features

] CK cRatla (1 rotein expreseion) || s—

AR cRatio (protein expression) || m— Example CTC Feature: Nuclear Area
Nuclear Sofdity —

Cytoplasmic Solidity | eemmm— i . 2
B suoerrermmanon B cusmne GQSQW,«, N BRHERTaRY p— High nucleararea: 201.3 um
P " Nuclear / Cytoplasmic Ratio Composite -
i vy Nucleoli = ™ . - ;
LEiE CK Speckles £
R Nuclear Speckles
: Digital Nuclear Circularity

@ vomsmmssacreonmoon B swocrcosmu e — Nuclear Area
PEEIERACE, cTCs Tytoplasric A (u

. Nuclear Corvex Area (un
Segmented: Cytoplasmic Convex Area (ur)

DAPI, CK & Nuclear Major Axis (urm)
AR channels Cytaplasrmic Major Axis (ur)

Nuclear Minor Axis (urn)

CTC in cluster status
CK Pasitivity (analytical)

(B) Single-CellFeatures Analysis of variance of the variance Pleomorphismindex Association of CTC Heterogeneityto
of features in all CTCs within each calculated from features with Patient Outcome

“ E_ sample in CTC Contributing Cohort highest variance for Clinical High het ity Lowhet iy
H Kl Association Cohort igh heterogenei ow heterogenei
Pleomorphism © Featwe? Featwred Featured example:highvariance  example:low variance
Index: ~ E Feawel  Feaure?  Feaurss  Feaure ofkey features ofkey features
Cell Feature S | [ [
. ™ =
Heterogeneity = E _ E E » — —
. [} - =
Analysis C E E E o E E
3 E E E =




image8.png
Medan Survival (Months)

Overall Survival by Pleomorphism Index and Therapy Class

D)

B)

Survival Probabillty

%o . Multivariable Cox Proportional Hazard Analysis of Predictors of Overall Survival
° Effect Povalue HR [95% CI]
4 . Line of Therapy (factor) 0316 | 117(0.860-1.60)
. » PSA Pre-Therapy (continuous, log2 + 1) 0779 | 102(0.900-115)
. LDH Pre-Therapy [continuous, log2 + 1) 0.000481 | 1.97(1.34-2.89)
4 Lo Alkaline Phosphatase Pre-Therapy (continuous log2 + 1) | 0122 | 122(0.948-157)
; Hemoglobin Pre-Therapy (continuous) 0.0156_|0.794(0.658-0.957]
CTC/mL Pre-Therapy (continuous, log2 = 1) 00853 | 1.22(0.973-1.52)
I x o Xy Pleomorphism Index Pre-Therapy (continuous) 0199 | 0.527(0.198-1.40)
§ o ob “a‘ o K Therapy (ARSI vs. Taxane) 0307 | 0.607(0.232—1.58)
s " x ol . 2 Interaction : Pleomorphism Index (continuous) &
J¢ : ¢ ° Therapy (ARSI vs. Taxane) QoD 2B ED=C)
00 o5 0 5 20
Pleomorphism Index (no units)
Overall Survival: 2nd Line Pre-ARS! Samples (C) Overall Survival: 2nds Line Pre.-Taxane Samples (E) Treatment-Specific Hazards of Death (Overall Survival)
St Posmoriston = Pasmarshnmeich S s P
. FavorsARSI ,  Favors Taxanes
All Samples RS S
H Heterogeneity I =
0s0- £ o & Therapy 1
H T T T T T 1
H 025 05 1 2 4 8
028 ozs-
Hazard Ratio (95% Cl)
o00- om0
° 6w e m W% ° »® Heterogeneity : Therapy Interaction: Multivariable Cox PH Model
Honths sundval Comparison Hazard Ratio (95% CI)
o sutol o 700 - -
"‘"‘5:2:&,‘3‘;:!:{‘..’.‘,..&’. Yeos ™) B aluo (Logrank. Maximal - 084575 ey Therapy (ARSI vs. Taxane) 0.607 (0.232 —1.58)
Number atrisk by tme Number atrisk by tme Status & Therapy Interaction : Pleomorphism Index ATEED=Gr]
R T A ot | T (continuous) & Therapy (ARSI vs. Taxane)
L e e e e Bmz oz ow s 3 1 0
] s 72 w2 %% s s oo 2w % %
Moaths Survwal onths Suvol





image1.png
Pathway-Specific Targeted Therapy

~ Minimaltoxicity P
A) | cres 0
/ \ Anti-@
. Less heterogeneous:

\ targetedther

very effective

cTCs

Anti-@

More heterogeneous
{ targeted therapy {
/ not effective ¢/

Chemotherapy
More toxicity
(@)

cTCs vl

cTCs

Anti-All

More heterogeneous
chemotherapy {
effective J




image2.png




image3.png




