INDENTIFICATION OF FUNCTIONAL CELL STATES

FIELD OF INVENTION

Embodiments relate to fields of cell assays, physiology and drug development. Embodiments additionally
relate to cytometry and to semi-automated and automated analysis of multi-parametric data, such as,
cytometry data.

GOVERNMENT FUNDING

No government funds were used in making the invention herein disclosed and claimed.

RELATED APPLICATIONS

This application claims priority of and incorporates herein in its entirety US Provisional Application
number 61 /927,247.

SUMMARY

In one aspect, there is provided a method for characterizing the effect of an agent on cells comprising: a)
contacting samples of a population of cells with a series of different concentrations of an agent; b)
measuring each of two or more phenotypic parameters in individual cells of the population for each
sample and for each exposure concentration; ¢) obtaining a distribution of measured values for the cells
for each parameter and each exposure; d) obtaining a distribution of measured values for the cells not
exposed to the compound; e) calculating dissimilarities between the distribution obtained in step d) and
each of the distributions obtained in step ¢); f) combining the calculated dissimilarities to form a
multiparametric response tensor; wherein the multiparametric response tensor is a fingerprint
characteristic of the effect of the agent on the cells which can be directly compared to other fingerprints
generated the same way.

DESCRIPTION
-1-

Phenotypie compound screening is an emerging technology for rapid assessment of
pharmaceutical compounds, in recent years, a number of techniques have been developed to characterize
phenotypic responses of cells to perturbants such as small molecules or biologies. The vast majority of
reported work has used traditional bulk biochemical assays, or single-ceil techniques based on high-
content screening (automated microscopy). For instance, see Abraham et al. ("High content screening
applied to large-scale cell biology." Trends Bioiechnol. 22, 15-22, 2004) and Giuliano et al. ("Advances
in High Content Screening for Drug Discovery." ASSAY Drug Dev. Technol. 1. 565-577, 2003), which
are incorporated by reference herein in parts pertinent thereto.

More recently, novel statistical methods have been implemented in the analysis of complex screening
datasets. These methods can provide a means to determine correlations between datasets. Simple
pathway-driven models for screening are described in Cong et al ("Method for using division arrested
cells in screening assays," EP 1581645), which is incorporated by reference herein in parts pertinent
thereto, Cong proposes studying signal transduction in growth-arrested cells and using such systems to
screen for agents that modulate the activity of cell surface receptors such as the B2 adrenergic receptors
(p2AR), a type of G-protein coupled receptor. Cong demonstrates that even in
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such growth arrested cells, treatment with isoproterenc! (100 pM) increases seoreted alkaline
phosphatase (SHAP) activity, which in turn establishes that growth arrested cells still have inﬂ‘iac’s
signal transduction pathways down to the transcriptional response, and enzyme reporier assays can he
carried oot using such systems.

A similar technique is provided by Hytopoulos et al. (“Methods for analysis of biological
dataset profiles.” US putent app. pub. No. 2007-0135997}, which is incorporated by reference herein
in parts pertinent thereto. Hytopoulos discloses methods for evaluating biological dataset profiles.
The dataseis comprising information for multiple ceflular parameters are compared and identified, A
typical dalaset comprises readouts from muitiple cellular parametors resulting from exposure of cells
to biological factors in the absence or pressnce of a candidate agent. For analysis of nuiltiple context-
defined systems, the cutput dats from multiple systems are concatenated. Howeaver, Hytopoulos does
not outline precise method steps for creating and forming the response profiles. Additionally,
Hytopoulos does not provide any working embodiments for practicing the methodelogy with a
bological specimen,

Berg et al. ("Function homology seresning.” US patent No. 8,467,970, which 15 incorporated
by reference herein in parts pertinent thereto, discloses methods for assessing functional homology
between drugs. The methods involve exposing cells fo drugs and assessing the effect of alering the
celtular environment by monitoring roultiple output parameters. Two different environments, such as
those with different compounds present in the environment, can be directly compared (o determine
similarities and differences. Based on these comparisons, the compounds can be characterized at a
functional level, allowing identification of the pathways and prediction of side effects of the
compounsds. Berg also discloses a representation of the measured dats in the form of a “biomap,”
which is & very simplified heatmap showing graphically alf the measured cellular parameters. Berg ig
related to roeasuring biclogical signaling pathways, rather than physiological responses to stress,

Friend et al. (“Methods of characterizing drug activities using consensus profiles.” U patent
N, 6,801,859}, which is incorporated by reference herein in parts pertinent theretn, disclose a
method for measuring biological response patterns, such as gene expression pattarns, in FESpONSES 10
ditferent drug treatments. The response profiles (curves), which are created by exposing bological
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system to varying concentration of drugs, may deseribe the biological response of cella to a particular
group or class of drugs. The response curves are approximated using models. The resultant data
ventors forming curves or profiles, or their parameirical models, can be corpared using various
measures of similarity. This comparison forms a distance matrix which can be subssquently used in a
hierarchical clustering algorithm to build a tree representing the simifarity of the profiles. However,
the profiles developed by Friend st al. are Himited to simple vestor-type and parametric mathematical
models.

Muoregver, protiling methods of the aforementioned applications to Berg ef sl, and Friend et
al. publications are limited and, in particular, do not provide for using distributions for developing
profiles of unknown candidate drugs.

Relatively Httle work in this area has been performed using flow cytometry, which allows for
singlo-vell analysis of cell states on large populations of cells. Seg, for instance, Edwards ot al.
{("Flow cytometry for high-throughput, high-content screening.” Curr. Opin, Chem. Biol, g, 192398,
2004, 2004); Oprea ot al. (“Associating Drugs, Targets and Clinical Quicomes into an Integrated
Network Affords a New Platform for Computer-Aided Drug Repurposing.” Mol Jaform. 30, 100
111, 2011 Robinson et al. (“High-throughput secondary screening at the single-vell level” 7 Lab,
Auterm. 1§, 85-98, 2013} and Skiar et sl. (“Flow cytometry for drug discovery, receptor pharmacology
and high throughput screening.” Curr. Opin, Pharmacol. 7, 527534, 2007, which are ncorporated
by reference herein in parts pertinent thereto,

However, the rocent availability of high-throughpot fuidic bandling systems for cytormelry
has made it feasible to process an entive 96- or 384-well plate within fow minutes, sampling several
thousand cells per well, making cytometry Increasingly attractive for high-thron ghput cell assays, The
reports describing the use of high-throughput flow cytometry typically focus on relatively simple
assays scquiring from 1o 5 different variables describing celhular phvsiclogy for the analyzed cella.
From a mathematical perspective, the dats coliected in these assays can be described as an array in
which the rows stors information about individual cells, and the columns describe the measured
quantity {e.g. Hght-scatter characteristics, fuorescence intensity signals, ste.). The measured foatures
can be suramarized by a variety of statistics. Most commonly, mean fluorescence intensity in 4 region
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of tuterest is used, After data reduction, the results of an experiment are repressnted by a vestor with
eloments being the values of the chosen summary statistios. I an experiment involves testing &
number of difterent concentrations of a drug, the final cutcome is a 2D array, with individual
colurons describing the response curves. Additional parameters {e.g. different tirses of drug
incubation) may be used to add additiona] dimensions to the array.

Traditionally, drug response curves are approximated by an 2 priori mathematical modal
{such s a sigmoidal log-normal curve, log-logistic curve, Gompertz curve, Weibull, ete) and the
measured drug response information is reduced to 4 fow parameters (or even a single parameter) that
describe the curves, The entive process produces a heavily abbreviated compound responss summary:
typically & “signature” comprising a number of BCSO values, that is, values representing a
concentration of a compound which induces a response halfway betwesn the baseline and maximum
after a specified exposure time,

Such approaches are subject to important inherent Umitations that cannot be alleviated aasily,
if at all. First, they assume the prior existence of a known proper mathematical model with an
appropriate parameterization describing the response of all the tested compounds. Second, they
presume that a single parameter (ECy) derived from a sigmoidal curve carvies all the necessary
information about the compound response patiern. And third, they analyze the responses manifested
by the measured parameters soparately, Le., in a oue-dimensional manner, The data analysiz and
feature extraction keading to formation of the response curves is also problematic,

Furthermore, traditionsl and well-ostablished cytometric data processing relies on a so-called
gating process, which involves manual separation of the populations of interest in order to compute
sisple statistical features of these populations (mean, median, coefficient of variance, gic. b This
gating can be highly subjective, and & is difficult to reproduce in an awmtomated sefting. Additionally,
the computed features are not scaled or standardized to reflect the rangs of possible biological
responses or the precision of the oytometry measuremenis.

Embodiments herein deseribed provide methods for overcoming the significant shorteomings
of current phenotypic sereening methods, in some embodiments, by employing a new methodology
for quantifying compound responses. Embodiments described herein provide s number of innovative

4



WO 2015/109003 PCT/US2015/011441

data acquisition and data provessing techniques, which allow meaningfol comparisons of
oultidimensional compound fingerprints without compromising information quality, and without a
prievi assumptions about responses.
i

A few of the many embaodiments encompassed By the present description are summarized in
the following nurebered paragraphs. The wumbered paragraphs are seifireferential. fn particular, the
phase “in accordance with any of the foregoing or the following” used in these paragraphs refers to
the other paragraphs. The phrase means, in the following paragraphs, embodiments herein disclosed
include both the subject matter deseribed in the individual paragraphs taken alone and the subiject
matter desoribed by the paragraphs taken in combination. In this regard, It is explicitly applicant's
purpose in setting forth the following paragraphs to describe various aspects and embodiments
particularly by the paragraphs taken alone or in any cnmbination. That is, the paragraphs are g
compact way of setting out and providing explicit writien description of all the embodiments
encompassed by them fndividuaily and in any combination with one another. Applicant specifically
reserves the right at any thme to claim any subject matter set out in any of the following paragraphs,
alome of together with iy other subject matter of any one or mors of the other paragraphs, ncluding
any combinstion of any values therein set forth, taken alone or in any combination with any other
value therein set forth. Should it be required, applicant specifically reserves the right io set forth all of
the combinations herein set forth in full in this apphication or in any secoeasor applications having
henefit of this apphication.

Methods and analvsis

Al. A method for charasterizing one or more cellular responsss to an agent, comprising:
exposing celf populations to a plurality of concentrations, ¢, of an agent;
measuring by cytornetry a phurality of physiclogical parameters p, of cells in the
popuiation at each concentration;
caloutating a set of distances between populations and controls for each parameter for
the cell population at sach concentration; and

compiling one or rore tensors for each compound from the caloulated distances; and
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compressing the tensors by tensor decomposition o vield an abbreviated compound

fingerpring in the frm of a vestor.

AZ. A method for comparing one or more celivlar responses {o an agent, comprising:

{A}  exposing frst cell populations to g plurality of concentrations of a first agent;

measuring by cviometry a plurality of physiological parameters, p, of cells in the population
at each concentration of said first agent;

compiling one of more tensors from the measurements, thereby describing said first agent;

compressing the tensors(s) via decomposition {o obtain an abbreviated compound fingerpring
in the form of a vector;

{8 exposing second populations of the cells to a second plurality of concentrations of a
second agent;

measuring by svtometry the plurglity of physiclogical parameters of cells in the population at
each concentration of said second agent;

compiling one or more fensors from the measurements, thereby describing said second agent;

compressing the fensors) via decomposition 1o obtain abbreviated compound fingerprint(s) in
a form of a vector, and

{3 caloulating a dissimilarify between the first and the second sbbreviated fingerprint to
determine the ditference between the response of the cells to the first and second agents.

A3, Amethod for determining one or more responses of cells to an agent, comprising:

measuring twe or more cell physiology responses for one or mors negative, ong oF more
positive controls and for one or more concentrations of a4 compound;

selecting subpopulations of cells for the conirols and the concentration series by mathematical
restriction thereby gating the cells in a particular cell eycle compartment and a particular
marphological class;

calenlating a dissunilarity between the distributions of cellular measurements for cach
pasitive and negative control and each of the concentrations;

charscierizing the response of the cells to the compound by the caloulated dissimilarity,
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Ad. A method according Yo any of the foregoing or the following, wherein the responsss
are caloulated using a mathematical roetric operating on distributions.

AS. A method in acoordance with any of the foregoing or the following, wherein the
measurements form a multi-dimensional data point cloud.

A6, A method in accordance with any of the foregoing or the fullowing, wherein changes
in multidimensional data point-clouds are caloulated as distances by any one or more of 4 Wasserstein
metric, 3 metric defined as g solution o the Kantorovich-Rubinstein fransportation problem, s
guadratic-form distance, a quadratic chi-distance, Kullback-Leibler divergence, a Jensen-Shannon
divergence, Kobmogorov metrie, 2 Csiszar e-divergence, a Burbea and Rao divergence, and Bregman
divergenoce,

AT, Awmethod sccording to sny of the foregoing or the following, wherein the value at 95-
pereentile of the paivwise distances within a group of controls is chosen as the Hmit of messurement
precision (Hmit of statistical significance}.

AR, A method according to any of the foregoing or the following, wherein a robust
measure of dissimilarity between group of positive contrals and a group of negative controls defines a
unit of dissimilarity between the responses.

A8, A method in accordance with suy of the foregoing or the following, comprising
quaniitating the changes in distribution of the measured multidimensional data point-clouds at g
phurality of different concentrations of the compound.

A18. A method in accordance with any of the foregoing or the following, further
eroploying dimensionality reduction by sunarizing features from a plurality of response iables
wherein every response vector is summarized by a number of derived guantities smalier than the
mimber of concentrations of said compound.

All. A method in accordance with any of the foregoing or the following, further
reprasenting a response o an agent by a multivway tensor comprising summarizing features,

A2, A method in accordance with any of the foregoing or the following, wherein tensors

calonlated for different agents are compared i cach other by computing a dissimilarity measure.
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Al3. A method in accordance with any of the foregoing or the following, wherein tensors
ave decomposed using one or more of Tucker decomposition, CANDECOMP, PARAFAD,
PARAFACE, INDBCAL, CANDELING, DEDICOM or PARATUCKZ decompositions.

Tensors and State Tensors

T8l A celiular response tensor in accordance with any of the foregoing or the following,
wherein the response tensor is gonerated from a dataset of measured values of a plurality of two or
more cell physiology parameters, wherein the response tensor quantifies a multiparametric and
muitifactorial celivlar phenotype.

T812. A celhular response tensor in accordance with any of the foregoing or the following
encoded in & tangible form so that it can be accessed, copled, used and/or refrieved in whole or in part
by a nser.

TH3. A cellular response tensor in accordance with any of the foregoing or the following,
wherein a responss tensor for a control dataset provides the basis for determining whether a test
dataset is different from 3 control or & profile dataset.

Controls

Ctrl. A method sceording o any of the foregoing or the following, whers positive control
cells are treated with one or more known compounds that trigger 8 maximal measurable offect on one
or maore of the measured cell physiology responses,

Ciel. A method according to any of the foregoing or the following, wherein the negative
controls are untreated cells, cells treated with buffer, cells treated with media, or cells treated with g
sham comspound

Ceyl. A method in accordance with any of the firegoing or the following, wherein the cell
state is 2 measwrement of growth phase of the cells, preferably, 2 measurement of cell division.

CeyZ. The method in accordance with any of the foregoing or the following, wherein the cell
state or cell eycle stage is detected via flow cytometry at single-cel] lsvel.

Ceyd. A method according to any of the foregoning or the following, where ong of the

physiological parameters is the cell cycle.
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Covd, A method acoording to any of the foregoing or the following, whersin one of the
physiological parameter is cells eyele compartment G1, 8, G2 and M.

Cevi. A method according to any of the foregoing or the following, wherein one of the cell
ovele compartments is G, S, and G2/M.

Coyd. A method aconrding to any of the foregoing or the following, wherein all of the
physiological responses are measured as a function of cell cvele compariment,

-
i
i

Cev?. A method in accordance with any of the foregoing or the following, wherein cel}
cyele phases are measured using floorsscence labels,

Cey8. A wmethod in accordance with any of the foregoing or the following, wherein cell
cyele phases are measured using one of more flucrescent DNA intercalating dves,

Cey®. A method in accordance with any of the foregoing or the following, wherein cell
cycle phases are measured using one or more of the fluorescent imtercalating dyss HOBCHST
3334202 (4-Ethoxyphenyl}-6-(4-methyl-1-piperazinyl- 1 H,3 H-2,5 bibenzimidazole), DRAQS™
{1,5-bis{[2-(dt-methyvlamine) ethyllamino -4, §-dibydroxyanthracens-8,10-dione), YO-PRO-1
FODIDE (Quinolnium, 4-(G3-methy 203 H-benzoxazolylidenemethyi 13-
{trimethylammoniojpropyl), dUODDE), DAPI (4, 6-diamidine-2-phenyiindole} and CYTRAK
ORANGE (derivative of 1.5-bis{[2-{di-methylamino} ethyijamino}-4, §- dihydronyvanthracene-9, (-
dione}.

Coylf. A method in acoordance with any of the foregoing or the following, wherein cells
cycle phases are meassured by immunolabelling of cell cycle-dependent proteins.

Ceyll, A method in sccordance with any of the foregoing or the following, wherein cell
cycle phases are measured by immunolabelling ove or more of cyclins A, cyelin B and oyclin B,

Ceyl2. A method in accordance with any of the foregoing or the following, wherein cell
cycle phases are measured by inununolabelling one or more phosphoryiated histone proteins,

Cevl3. A method in accordance with any of the foregoing or the following, wherein cell
cycle phases are using genetically encoded cefl-cycle dependent fluorochromes, ¢.5., hyper-
phosphorylsted Rb protein and cell cycle can be measured by flow oytomeiry {ses Juan ot al.
“Phosphorylation of retinoblastoma susceptibility gene profein assayed in individual ymphocyies

9



WO 2015/109003 PCT/US2015/011441

during their mitogenic stimulation,” Experimental Cell Res 239: 104-110, 1998, which is incorporated
by reference herein in parts pertinent thereto) and cyclin protein expression (or thelr phosphoryiation
status} can be moniiored using flow cytometry {see Darsynkiewicz et al. “Cytometry of cell cvele
regulatory proteins.” Chapter in: Progress in Cell Cvele Besearch 5;533-542, 20413, which is
incorporated by refsrence herein in parts pertinent therato),

Ceyl4. A method in accordance with any of the foregoing or the following, whereln cell
cyole phases are measured by expression of a genetically encoded fusion protein comprising a
naturally expressed oscillating protein Hnked to a fluorescent protein molety, e.g., call cycle arrest at
(52/0M {Cheng et al,, “Cell-cycle arvest at G2/M and proliforation inhibition by adenovirus-expressed
mitofusin-2 gene in human colorectal cancer coll lines,” Neoplasma 60, 620-626, 20133 regulation of
S-phase entry (MoeGowan et al, “Platelet-derived growth facior-4 regulates lung fibroblast 5-phase
entry through p27kipl and Fox(3a,” Respiratory Research, 14;68-81, 2013); or identification of five
proliferating cells using a cyelinB1-GFP fusion reporter {ses Klochendier et al., “A transgenic mouse
marking live replicating cells reveals in vivo transeriptional program of profiferation,” Developmensal
Cell, 16:681-691, 2012}, The disclosures in these publications are incorporated by reference herein in
parts pertinent thereto,

Coyls. A method in accordance with any of the foregoing or the following, wherein the cell
cvele 1s altered by an agent

Coyls. A method in accordance with any of the foregoing or the following, wherein the cell
cyele is altered by a variation in cell colturing method.

Coyl?, A method in accordanee with any of the foregoing or the following, wherein the cell
cycle is altered by changes in the levels of one or more of the following in the culhure medium:
glucose, essential and non-essential ansino acids, O, concentration, pH, galastose aad/or
glatamine/ghitamate.

Coyi8. The method n accordance with any of the foregoing or the following, farther
comprising detecting the cell state or cell cycle stage in a control population of cells exposed io a
phuality of chemicals or agents which are known fo perturb the stats of the cell cvele.

it
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Clsi. A method in accordance with any of the foregoing or the following, wherein the cells
are in vigre cultured cells,

A method in accordance with any of the foregoing or the following, wherein the cells are
biopsy cells.

Cis2. A method in accordance with any of the foregoing or the following, wherein the cells
are live cells.

Cla3. A method in accordance with any of the foregoing or the following, wherein the cells
are fixed colls,

Clsd. A method in accordance with any of the foregoing or the following, wherein the cells
are a cell Hne.

CisS. A method in accordance with any of the foregoing or the following, wherein the cells
characteristic of 3 naturally cocurring healthy cell type.

Clst. A method in accordance with any of the foregoing or the following, wherein the cells
are characteristic of a disease.

Cls7. A method in accordance with any of the foregoing or the following, wherein the cells
are characteristic of an inborn genetic disorder,

Cis8. A method in sccordance with any of the foregeing or the following, wherein the cells
are characteristic of g cancer.

Cis%. A method according to any of the foregoing or the following, wherein the cells arg
characteristic of 8 metabolic disorder.

Clsif, A method in accordance with any of the foregoing or the following, wherein the cells
are animal calls.

Cis1t, A method in accordance with any of the foregoing or the following, wherein the ¢ells
are mammalian cells,

ClsiZ. A method in accordance with any of the foregoing or the following, whersin the celis
are human cells.

Cis13, A metbod according o any of the foregoing or the following, wherein the cslls are
germ cells or stem cells, incloding, phiripotent stem cells,
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Clsid., A method in accordance with any of the foregoing or the following, wherein the cells
are soimgtic cells,

ClsiS. A method in aceordance with any of the foregoing or the following, wherein the cells
are stem cells.

Clsi6. A method in accordance with any of the foregoing or the following, whersin the cells
are embryonic stem cells.

Cisl7. A metbhod in accordance with any of the foregoing or the following, wherein the cells
are phuripotent stem cells.

Cls18. A method in sccordance with any of the foregoing or the following, wherein the celis
are induced phuripotent stem cells,

CislS. A method in accordance with any of the foregoing or the following, wherein the cells
are blast cells,

Clsl6. A method in accordance with any of the foregning or the following, wherein the cells
are differentiated cells.

Cls?l A method in sccordance with any of the foregoing or the following, wherein the cells
are terminally differentiated somatic cells.

Cis22. A method in accordance with any of the foregoing or the following, wherein the cells
are cardiomyocytes, hepatocyies, neurona or 2 combination thereof,

Clel} A method in accordance with any of the foregoing or the following, wherein the cells
are one of more of the following cells: primary cells, transformed cells, stem cells, insect cells, yeast
celis, preferably anchorage independent cells, such as, for example, human hematopoietic cell lings
{including, but not limited to, HL-60, K362, CCRF-CEM, Jurkat, THP-1, ete.); or anchorage-
dependent cell nes {including, but not limited to HT-29 {colon), T-24 (bladder}, 3KBR (breast), PC-
3 {prostate), et ).

Durl. A method in accordance with any of the foregoing ww the following, whersin cells are
exposed to an agent for 3 plurality of durations or various times, e.g., measuring time course {(kinatics)
for activation of signaling pathways o cells (see, e.g., Woost et al., “High-resolution kinetics of
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cyiokine signaling in human CD34/CD1T T positive cells in unfractionated bone marrow,” Blood, 117,
131-141, 2611, which is incorporated by reference herein in parts pertinent thereto). Embodiments
ivolving analysis of kineties is preferred over embodiments which do not requirs such analysis {see
Komblau ¢ al. “Dynamic single-celf network profiles in acute myelogenous leukemia are associated
with patient response to standard induction therapy,” Clin Cancer Res, 16;,3721-3733, 2010, which
does not teach kinstic analysis).

DurZ. A method in accordance with any of the foregoing or the following, wherein the cells
arc exposed to an agent for 0.1, 02,03, 64,05 06,07, 08,08, 1,.2,3, 4,5, 6,7, 8,9, 10, 12, 14,
15, 16, 18,20, 22,24, 26,28, 30, 35, 40, 44, 48, 52, 36, 60, 66, 72, 7% or more hours or any
combination thereof,

Concengration

Cacl, A method in accordance with any of the foregoing or the following, wherein a
phirality of two or more concentration series of an agent

Flurality (Number) of Samples

Pirl, A method in accordance with any of the foregoing or the following, comprising
wherein a plurality of samples are measured.

PE2. A method according to any of the foregoing or the following, comprising measuring
g plurality of samples disposed in wells of a multiwell plate.

Pir3. A method according to any of the foregoing or the following, comprising measuring a
phirality of samples disposed in wells of 96, 384, or 1536-well plate.

Basic instrumentation / methods

Insl. A method in aceordance with any of the foregoing or the following, wherein the
responses are measured by eytometry,

InsZ. A method in accordance with any of the foregoing or the following, wherein the
reaponses are measured by flow cylometry.

ins3. A methbod in accordance with any of the foregoing or the following, wherein

responses are measured by flow cytometry of Hyve cells
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insd, A method in accordance with any of the foregoing or the following, whersin
responses are measured by flow oytometry of fixed celis.

fns5. A method in accordance with any of the foregoing or the following, whersin
responses are measured by imaging of immobilized cells.

InsG. A method in accordance with any of the foregoing or the following, wherein
responses are measured by fluorimetry.

fns7. A method in sccordance with any of the foregoing or the following, whersin a
plurality of two or more response parameters is measored by a multichanne! sensor array.

Signal Processing

Sigl, & method in accordance with any of the foregoing or the following, comprising
decorrelating fluorescence signale via Unear unmixing of the acquired signals by multiplying the
vector of measured values by an inverse of the matrix containing in its colomns the spectra of the
employed fluorescent species; the sald matrix being normalized per column to 1

SigZ. A method in sceordance with any of the foregoing or the following, comprising
decorrelating fluorescence signals via linear unmining of the acquired signals by multiplving the
vector of measured values by an inverse of the mairix containing in its columns the specira of the
employed fucrescent species; the said mairix being normalized per diagonal to 1

dgents

Agtl. A method in sccordance with any of the foregoing or the following, wherein the cells
are exposed i a single compound.

Agil. A wmethod in accordance with auy of the foregoing or the following wherein the cells
are exposed 1o two or more compounds,

Agid. A method in accordance with any of the foregoing or the following wherein one or
more of the compounds stimulate a physiclogical response,

Agrd. A method in accordance with any of the foregoing or the followin g, wherein the agent
may be & genetic agent, e.g. exprassed coding sequence; or a chemical agent, e.g. drug candidate,

Physinlooica! Poarameters

MUFP
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MMP1. A method in accordance with any of the foregoing or the following, whersin
mitochondrial toxicly is measured.

MMPZ, A method n accordance with any of the foregoing or the féiic&wingﬁ wherein the fose
of mitochondrial membrane potential or integrity is measured.

MMP3. A method in accordance with any of the foregoing or the following, wherein loss of
mitochondrial membrane potential or integrity is measured using a fluorescent dve.

MMP4. A method in accordance with any of the foregning or the following, wherein loss of
mitochondrial membrane potential or ntegrity is measured using one or more of JC-1 (5,5',6,6-
tetrachlore-1,17.3,3tetraethylbenzimi- dazolylcarbocyanine IODIDE), JC9 (3,3 -dimethy1-p-
naphthosazolium I0DIDE, MITOPROBE™, Molecular Probes), JC-14 {s.g., derivative of JC-13,
DHOC23) (3,3 - diethyloxacarbocyanine IODIDE; MITOPROBE™, Molecular Probes), IHICI(5)
({1,1,3,3.3", ¥-hexamethylindodicarbo ~ cyanineg IODIDE; MITOPROBE™ Molecular Frobes),
MIFOTRACKER™ (Molecular Probes), ORANGE CMTMROS (chioromethyl-
dichlorodilyydrofhuorescein diacetate, MITOTRACKER™ ORANGE, Molecular Probes) and
CMXROS (1H 55,11 H, 15H-Xanthenof2,3,4-:5,6,7- ' |diguinolizin-1 8-tum, ¢-[4-
{chioromethylipheny1}-2,3,6.7,12,13,16,1 7-octahydro-, chloride, MITOTRACKER™™ RED,
Moleoolar Probes).

Lighs scattering

ESgh A method In accordance with any of the foregoing or the following, wherein a
physiolegical parameter of celi state is measured by light-scattering.

Lagl. A method in accordance with any of the foregoing or the following, wherein a
physiclogical parameter of cell state is measured by laser light-scattering,

Lig3. A method in accordance with any of the foregoing or the following, wherein a
physiclogival parameter of cell state is measured by quantifving the amount of laser light scattered
from individoal cell at two or more angles.

LSgd. A method in accordance with any of the foregoing or the following, wherein a

physiological parameter of ool state is measured by laser light-scatiering,
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LSg5. A method in sccordance with any of the foregeing or the following, whersin a
physiclogical parameter of cell state 18 measured by laser light-scattering., wherein the wavelength of
light emitted by the laser is within the range of any one or more of 403-408 nm, 483-493 nm,525-535
nm, 635-635 nm and 640-650 nm.

Celf Viability

Vial. A method in accordance with any of the foregoing or the following, whersin cell
viahility is measured.

YiaZ, A method in accordance with any of the foregoing or the following, wherein cell
membrane integrity is measured.

Viad. A method in sceordance with any of the foregoing or the following, wherein cell
viability is delermined my measuring membrane integrity,

Viad, A method in accordance with any of the foregoing or the following, wherein loss of
membrane integrity is detected using a dye,

Yia%. A method in accordance with any of the foregoing or the following, wherein loss of
membrane integrity is detected using a dye that enters ceils with damaged membranes characteristic
of dying or dead cells but does not enter cells with intact membranes characteristic of live cells.

Via6., A method in accordance with any of the foregoing or the following, wherein foss of
membrane integrity is detected using a dyve that enters cells with damaged membranes characteristic
of dving or dead cells but does not enter cells with intact membranes characteristic of live cells,
wherein the dye flucresces on binding to PINA,

Via7. A method in accordance with any of the foregoing or the fllowing, wherein loss of
membrane integrity is detected using ove or more of the following dyves: PROPIDIUM HODIDE,
3APE and 7-aminoactinonyyein L3

Via8. A method in accordanes with any of the foregoing or the following, wherein
merbrane integrity is measured using one of more dyes that cross intact cell membranes and
tfluorgscence upon interacting with intracellular enzymes and remain i the eytoplasm of live cells but

diffuse out of lacking an intact eytoplasmic membranes,
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¥iad. A method in sccordance with any of the foregoing or the following, wherein
membrane infegrity is measured using ong or more dyes that cross intact cell membranes and
fluorescence upon iteracting with intracelhdar enzymes and remain in the cyvioplasm of live cells but
diffuse out of cells lacking an intact cyioplasmic membrang, wherein the dyes are one or more of
fluorescein diacetate, CALCEIN AM, BCECF AM, carbonyeosin diacetate, CELLTRACKER™
GREEN CMEDA, Chloromethyl SNARF-1 acetate and OREGON GREEEN 488 carboxyHe acid
digoetate).

YViall. A method in accordance with any of the foregoing or the following, wherein viability
is measured by any one or more of Annexin YV, cleaved capases / caspase activation, including
phosphorylation and/or vuclesr famin degradation.

GLU, ROS, MAMP, CMP and Viability

GRCL A method in accordance with any of the foregoing or the following, wherein one or
more of the following physiclogical paramsiers is measured: glutathione concentration (“GLU™), fres
radicals andfor reactive oxygen species {"ROS”), mitochondrial membrane potential/permesbility
{"MMP™}, cytoplasmic oembrane permaeability, and cell viability,

DNA damage, Stress, Inflammation, Metabolism, dpotosis

DSH. A method in accordance with any of the foregoing or the following, wherein one or
more the following physiological parameters is measured: DNA damage; a stress response signating
pathway constituent; an inflammatory response pathway constifuent; a metabolic pathway regulatory
constituent or an apotosis pathway constituent.

DS12. A method in accordance with any of the foregoing or the following, wherein the
stress response signaling pathway constitoent SAPK is measured.

D513, A method in accordance with any of the foregoing or the following, wherein
the inflammatory responses signaling pathway constifuent NE-KB is measured,

BSi4. A methed in accordance with any of the foregoing or the following, wherein the
metabolic pathway regulatory constilusnt measured is a Hpid peraxidases, GSE3IR, and/or ribosomal

56 kinase.
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DSI5. A method in accordance with any of the foregoing or the following, whersin the
apootic pathway constituent measured is PI3K, AKT and/or 2 Bel-fanuly protein.

Reference Banks

Abkl. & method n accordance with any of the foregoing or the following, wherein the
known perturbing chemicals or exogenous molecular agents are further sub-grouped based on their
known effects,

Bbk2, A method in accordance with any of the foregoing or the following, further
commprising creating response iables comprising information about changes in cell viability,
mitochondrial toxicity, and at least cme additional physiological or phenotypic descriptor at every
smpoyed concentration of said compound computed for every stage of cell sycle defined by cell-
sycle dependent marksrs.

Rbk3. A method in accordanes with any of the foregoing or the following, wherein tensors
describing known compounds used o treat 8 particular diseass are grouped into a single defined class
or a phirality of defined classes and the compound tensors are used as a training set for a supervised
learning which classifies unknown or not previously characterized conpounds into said defined
classes.

Rbk4 A method in accordance with any of the foregoing or the following, wherein tensors
describing known compounds are grouped into classes on the basis of their off-target responses, such
as, side-gffects,

RibkS. The method in accordance with any of the forsgoing or the following, wherein feature
tensors are used Yo discover clusters of similar compound using vnsupsrvised learning.

Rbké. The methed in accordance with any of the foregoing or the following, wherein the
featurs tenaors arg vectorized.

Classification of Acent Action

Clsl. A method for classifying biologically active compounds in accordance with any
comprising detecting a plurality of celhidar features from a popudation of cells exposed to said
compounds, wherein szid features are correlated to morphological properties quantified
stnulfansousty by proportions of light scatter fntensity measured at two or more angles.
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Cis2. A method in accordance with any of the foregoing or the following, comprising
exposing a sulture of said population of cells to a plurality of compounds and detecting the
physiclogival response of said population of cells In the presence and absence of said compound.

Cled A method in accordance with any of the foregoing or the follewing, comprising
detecting the physiological response of individual cells sampled from said cultore

Clsd. A method in sccordance with any of the foregoing or the following, wherein the
physiological response is mitochondrial toxietty, which is quantitated in terms of Toss of
mitochondrial membrane potential or 4 loss of mitochondrial membrane bitegrity using one or more
fhuorescence labels selected from the group consisting of JC-1, JC-8, JC-16, IRGC2(3), DHCIE,
MITO TRACKIER® ORANGE CMTMROS, MITO TRACKER® RED CMXROS.

Cis3. A method in accordance with any of the foregoing or the following, wherein the
physiological response is overall cell viahility, which is quantitated in terms of loss of cellular
membrane integrity using one or more fluorescence labels,

Clst. A method in accordance with any of the foregoing or the following, wherein the
fluorescence labels are selected from groups consisting of

dyes which enter the cell interior resulting in & very bright fluorescence (e.g., propidiom
IODDE and 7-aminoactinomycin D),

dyes which cross membranes of imact cell membranes and produce fuorescent molecule
upon inferaction with intracelfular enzymes (e.g., fluorescein discetate, CALCEIN AM, BCECF AM,
carboxyeosin diacetate, CELLTRACKER™ GREEN OMFDA, Chioromethy! SNARF-] acetate,
OREGON GREENM 488 carboxylic acid diacetate).

Cls7. A method in accordance with any of the foregoing or the following, further
comprising detecting at least one additional physiclogical or phenotypic descriptor from the group
consisting of concentration of glutathione, presence of reactive oxygen species or free radicals,

Svstems

Sysl. A system for evaluating / comparing biological datasets, comprising a non-transitory
computer readable storage medium sioring a computer program that, when executed on 2 computer,
causes the computer to perform any of the foregoing or following methods.
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Sys2. A system for evaloating / comparing biological datasets, comprising a non-transitory
computer readable storage medinm storing a computer program that, when executed on a computer,
causes the computer to perform any of the foregoing or following reethods for characterizing one or
more cellufar responses o an agent, said method comprising:

measuring by cytometry a plurality of physiological parameters p, of cells in the population
which are exposed to a concentration, ¢, of said agent;

calculating a set of distances between populations and controls for each parameter for the cell
popuiation af each concentration; and

compiling a tensor or a set of tensors for vach compound (where the tensors contain
compound fingerprints}); and

compressing the tensors via tensor decomposition to yield an abbreviated compound
fingerprint in a form of 3 vector.

Bys3. A computer system for evaluating / comparing biological datasets, comprising, a non-
transitory compuler readable storage medium storing a computer program that, when execnted on a
computer, causes the computer to perform 2 method for characierizing one or more cellular responses
0 an agent, said method comprising:

{A} exposing first cell populations to a plurality of concenirations, ¢, of a first agent;

measuring by cytometry 2 plurality of physiological parameters p, of cells in the population at
each concentration of said first agent;

compiling one or more tensors from deseribing said first agens;

compressing the fingerprint tensors({s} via decomposition fo obiain abbreviated compound
fingerprint in g form of a vesion

(B} exposing second esll populstions to a second plurality of concentrations, ¢2, of a second
agent;

measuring by cytometry a plurality of physiclogical parameters p, of cells in the population at
gach concentration of said second agent;

compifing one or more tensors from describing said second agent;
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compressing the fingerprint tensors{s} via decomposition to obtain abbreviated compound
fingerpring in a form of g vector and

{C caiculating a disstmilarity between the fivst and the second abbreviated fingerprint to
determnine the difference between the response of the cells to the first and second agents.

sysd. A computer system for evaluating / comparing biclogical datasets, comprising, a non-
transitory computer readable storage mediam storing g computer program that, when execuisd on a
compuier, causes the computer fo perform a method for characterizing one or more cellular responses
o an agent, said method comprising:

measuring two or more cell physiology responses for one or more negative, one or more
pasitive controls and for one or more concentrations of a compound;

selecting subpopulation of cells for the controls and the concentration series by gating the
cells in a particular cell eycle compartments and a particular morphological class;

calculating a dissimilarity between the distributions of celhilar measurernents for each
positive and negative conirols and each of the concentrations;

therehy to determine the response of the cells fo the compound.

Datasets and Databases

Dbsl. A dataset comprising values for two or more cellular paramsiers

Dbs2. A dataset comprising measured values for meltiple cellular parameters for cells
exposed to bicdogical factors in the absence or presence of a candidate agent.

Dbs3. A database comprising compound fingerprint datasets in form of compound response
Tensors,

Bbed. A database of trusted profiles for the identification of test profiles, where the trusted
profile is a response tensor of an a priori known and well-characterized compound.

Dbsh.  Datasets may be control datasets, or test datasets, or profile datasets that reflect the
parameter changes of known agents. For analysis of multiple context-defined systems, the output data
from multiple systems may be concatenated.

Fingerpring

Fptl. A drug fingerprint comprising value of multiple cell response parameters.
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Fpi2, A drog fingerprint of a genus of compounds, comprising an averags of repeated
measurements of siate tensors,
Fpi2, A drug fingerprint of a genus of compounds, comprising vector or a matrix produced

by & tensor decomposition where said tensor contained measurements of multiple compounds,

- I -
BRIFF DESCRIPTION OF THE DRAWINGS

Varirus features and advantages of the smbodiments herein desoribed can be fuily
appreciated as the same becomes better understood when considered in light of the accompanying
drawings:

FIG, 1A shows cyiometric profiles of normal cells as described in Example 1. Colls were
specifically labeled to measure cellular/nuciear thiol levels, predoninantly ghutathione (GSH) lovels,
as measured with monobromobimane (MBER), Cells were stained using various fluorescence dyes, 4s
deseribed in Example 1. Cytoplasnie menmibrane permeability is measored with CALCEIN AM;
Reaciive Oxygen Species (RUS; related to mitochondrial function) is measured with MITOSOX
RED™, Cyvtoplasmic and nuclear membrane permeability (Iive/dead) is measured with
SYTOXRED™,

FIG. 1B shows the data of FIG. 1A in the form of a "radae” plot,

FIG. 2 i5 a set of plots of cells treated with 100 pM myxothiozol (an inhibitor of the
mitochondrial eviochrosne bel complex) analyzed as described in Example 2 for forward scatier (F5),
glutathione, CALCEIN AM, ROS and cell viability. Comparing Fig. 1A to FIG. 2 shows that
freatment with 100 pM myxothiozo! perburbs ovioplasmic and nuclear membrane permeability
{viability}.

FIG. 3 is a scatter plot of cells treated with 33 uM carbonyl cyanide-4-
{triftucromethosyphenvihydrazone “FCOPT, an iovophore mobile fon carrier that acts as an
uncoupling agent in the mitochondria} analyzed as described in Example 2 for forward scalter,
glutathione, CALCEIN AM, ROS and viability, Asrrows indicate g shift in the cellular parameter
compared to control population displayed in Figure 1A,
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Fi3. 44 is a scatter plot of cells treated with 100 pM fluoxetine (g selective serolonin
reuptake inhibitor) analyzed as deseribed in Example 2 for forward seatier, ghutathione, CALUEIN
AM, ROS and viability.

FIG. 4B s a set of multidimensional profiles of FIG. 2, FIG. 3, and FIG. 44, plotted along
foaur axes: one for the cells ireated with 100 pM myxothiozol {fop left), 33 uM FUCP (top right) or
106 pM fluoxetine (bottom cender).

FIG. 5 shows the results of a control analysis of cell eycle stages in Hve HL-60 cells using
YVYBRANVIOLET™ dye as described in Exaraple 3. Cell count is indicated on the vertical axis.
DMA content is indicated on the horizontal axis. The purple spike on the left indicates cells in G
phase. The broad pink area indicates cells iu S-phase. The cross haiched purple peak on the right
indicates cells m (32/M phase.

Fi{3. 6A 1s a graph showing mitochondrial membrane potential (MMP) of HL-50 cells
exposed to valinomycin, which causes rapid MMP de-polarization, as deseribed in Example 44,
Depolarization increases green and red fluorescence signals of the dve JC0-8, Both ved and ween
flureescence is significantly higher when the cells were exposed to the valinomyein, peaking at
approximately ~ 0.045 uM,

FIG. 6B is a graph showing JC-9 fluorescent in HLGG cells treated with the anthracyeline
sntileskemic drug idarubicin, an analog of davnorubicin, as describedin Example 4B, Idarubicin
inserts into DNA and prevents unwinding during DNA replication. Red fluorescence of JC-9 dye
begins 1o increase significantly at 123 pM idarubicin and continues to ncrease above that, Green
fluorescence does not increase.

Fi(3. 7 shows the results of cell cycle anabyess of fixed, permenbilized cells as described in
Example SA,

The upper left panc! shows a clear delineation of cells in G1, §, and G/2M stages of the cycle
by DNA staining {as described above for Figure 5},

The top right panel shows resulis for phosphorylated histone H3 (“P-H3") measured using an
P-H3 antibody eogugated to ALEXA FLUOR® 647 as a function of the cell cyele. IINA content
was measured as for the upper Jeff panel, The resulis show that P-H3 is expressed only in G2/M.
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The bottom two panels show results for Cyelin AZ measured using an anti-AZ antibody
conjugated to PE as g function of the cell cycle. DNA content was measured as for the upper lefl
panel, Cyelin A2 increases as cells progress through § and form two populations of differing Cyelin
AZ expression in G2/ML

The fower right panel shows resulis for Cyalin AZ versus those for P-H3 during cell
progression through late 8, to G2, 1o M.

By “gating” the subsequent anabysis on ondy these cell cyels populations (using DINA
contents, it is evident that P-H3 s first expressed in cells with the highest Cyclin AZ levels (G2
population), that P13 is maintained at high levels while Cyvelin A2 is degraded, and that P-H3 is then
“tast” {by de-phosphoryiation of the specific Serine residue that was phosphorylated vpon entry into
{32} as cells progress from mitosis (M} back into G1. In traditional flow oytometric analysis, these
seguences of changes in protein expression are established by careful manual “gating” (selecting)
different cell populations (based on DINA comtent} and subsequently analyzing the expression of
protein {or other targets defined by different antibody-conjugales).

Fi3. § shows an example of signal transduction pathways downstream of Toll-like recepior 4
{TLR4} found on peripheral bloed muonocytes, The representative inhibitors of PI3 kinase (PI3K) and
mitogen-associated protein kinase kinase (MAPKK) pathways are indicated by arrows.

FIG. 9 shows kivetics {in minutes) of signal transduction responses in human peripheral blood
monocytes to LP3 in absence (left panel) and in the presence of the PI3 kinase inhibiior G041, as
deseribed in Example 6.

(Graen - InBa; Red - P-ERK; Orange - P-Alky; Bloe - PA88,

Ag can be seen in the eft hand panel, LPS treatment activates the Ix kinase (resulls in the
protessomal degradation of IxBa — loss of green/ALEXA FLUOR® 488 fluorescence signal), and
activates {phosphorylates) ERK, Akt and 86 (individua! phosphoprateins detected by flow oviometry
using antibodies 1o P-ERK, P-Akt, and P-86 conjugated with ALEXA FLUGR® 647, PE, and Pacific
Bloe, respectively],

The right hand panel shows that in the presence of the P13 kinase inhibitor GDCOR41, P-Aks
is not phosphorylated, and the kinetics of ERK and 56 phosphorylation are delayed, compared (o the
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control cells freated with LPS alovne (left hand panel). | is further shown that PI3K inhibitinn has no
iropact on the proteasomal degradation of IxBa.

FIG. 10 shows the effect of exposing cells to GLEEVEC™ (imatinib, or 8TIS71), the details
of which are provided in Example 7. As can be seen from the figure, treatment of K562 calls for 30
min with 2 pM results in >95% inhibition of the phosphorylation of the downsiream STATS target,
Phosphorylated STATS acts as o transcriptional activator of several larget proteins, including Cyelin
2, and constitutive expression of Cyelin D maintains K362 cells in coll cyele.

As can be seen in the Figure, although the phosphoryiation of STATS is inhibited after 30 min
unatinib exposure {as demonsirated by a shift in the tolal population of cells that are P-Stat5 positive
from above the threshold ling to below the threshold line in GLEEVEC-treated cells), there is no
concomitant change in the cell cyele, as messured by DNA content {ses inset).

FIG. 11 provides an example in two dimensions and thres dimensions of a multbway MDS
visualization of response data showing that compounds which appear o be close togather in two
dimensions may actually be dixtant from one another when mapped in three or more dimensions.

FIG. 12 shows a drug fingerprint for the antiudiabsfsiic drug troglitazone, the details of which
are outlined in Example 8.

FI(i. 13 shows representative dendograms for visuslizing physiological similarities between
vartous drugs based on the ceflular phenotype {s.2., cellular and nuclesr membrane integrity or
presence of ROS) that is analyzed.

FHG. 14 shows an example of o multiway tensor representing a drug response fingerprint,

FEG. 15 shows 3 representative cloud evolution. The changes in the space defined by
dissimilarities between complex point-clouds form a complicated trajectory, which uiguely describes
the characteristics of the compound eliciting those changes.

FIG. 16 s « flowchart showing general process steps for carrying out cell physiology assays,

Fits. 17 is a flowchart showing steps in data analysis using tensor methods described herein,

FEG. 18 shows the 2-I scatterplots of the results of a simulated flow cytometry analysis of
cells that were {(A) exposed and {B) not exposed to g compound. (A) and (8} represernt positive and
negative controls for the agent, respectively. FL1 and FLZ are fluorescent siguals 1 and 2.
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FIG. 19 shows the 2-1 scatterplots of the resulis of a simulated flow cytometry analysis of ten
samples exposed {0 inoreasing concentrations of a biological agent, as deseribed in in Example 9.
Each sample contains 5,000 cells. The concentrations were inoreased from A to §. The number of
cells in in the positive control-dike clusier decreased from 4,208 in A 10 2% in 1. FLI and FL2 are
fluorescent signals.

FIG. 20 provides two graphs of the responss carves for the simulsted flow cytometry analysis
deseribed in Bxample 8 and Pigure 18, (A} shows the results for cach sample as a function of the
mumber of cells in the positive-like control cluster. (B} shows the same resulis for each sample g8 a
function of the percent of cells in the positive-like control chuster.

FIG. 21 shows the four distances caleulsted for cach sample o provide a dissimilarity
messure, as described in Example 9. (1) The distance between the sample and the negative control for
parameter one. {2} The distance between the sample and the positive control for parameter 1. {3)
The distance between the sample and the negative control for parameter two. (4) The distance
between the sample and the positive control for parameter 2.

FIG. 22 shows response curves for the simulation described in Example 9 derived by polvadic
tensor decomposition., The results were centered by subtracting the mean of the vector and dividing
by the standard deviation. The results are expressed as a z-facior, and shown in the graph on the left.
The graph on the right shows the results normalized to the difference between the negative and
positive conlrols; te., in which the difference between the negative and positive controls is defined as
unity {one} and the results are scaled to this difference.

FYG. 23 is a graph fuor the results of the simulation deseribed in Example 9 expressed
conventionally in percentage of cells in the negative control-like cluster along the vertical axis and
expressed in terms of distance/dissimilarity along the horizontal axis. Distance/dissimilarity was
calculated for the same results using positive and negative controls as illusivated in Figore 18 as
described in Example 9.

FIG. 24 shows the 2-D3 scatterplots of the results of flow cyiometry analyses of ten samples
exposed to incressing concentrations of a valinomycin as described in in Example 98, The ratic of
Rad (vertical axis) and green (horizontal axis) fluorescence of JC9 were measured (o determine
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mitochondrial membrane potential. ¥Valinomycin concentration inoreased from A {lowest
concentration) to § (highest concentration),

FIG. 25 shows dissimilarity response curves for the valinomycin analysis {circles) desoribed
in Example 98 and Hostrated in Figare 24, and for idarubicin (dismonds) snd acetaminophen
{iriangles) data obtained the same way. Disstmilarities were caloulsted as described in the example
and iflustrated in Figure 21, The graph on the left shows dissimilarity as function of sample nomber.
The graph on the right shows dissimilarity as a function of concentration.

-1 -

Hihestrative embodiments of the present tnvention provide sutomated, observer-independent,
robust, reproducible, and generic methoeds to coliset, compile, represent, and mine complex
population based information, particularly, for instance, cytometry-based information, as for example
for quantifyving and comparing phystological responses of cells exposed to chemical compounds, such
s drugs. Varioos embodiments provide methods for characterizes responses by response tensors,
{lustrative embodiments provide for the use of various statistical measures of distances between
distributions iy one or more dimensions, and measares of dissimilarity betwesn response vectors
grouped nto mwiltiway tensors, In various embodiments the differences in cells responses fo two {or
more) chemical compounds is characterized as the difference between two response tensors
{“Ningerprints™) that represent said compounds. Embodiments provide methods for generating said
fingerprinis, and methods to manipulate, process, store, classify and use them,

in varicus embodiments herein described, for example, bivlogical datasets are analyzed 1o
determine matches between them, often between test datasets and control, or between test datasets and
profile datasets. Comparisons may be made between two or more datasets, where a typical dataset
comprises readouts from multiple cellular parameters, such as those resulting from exposure of cells
tos biological factors in the absence or presence of a candidate agent, where the agent may be, for
instance, a genetic agent, ¢.g., expressed coding sequensce; or 2 chemical agent, e.g. drug candidate; or
an environmental toxin. In various embodiments, measurerments are performed using cviometry, e.g.,

flow cyiometry.

Cyiometry

3
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Methods of the various embodiments described herein are suitable for analysis of complex
multi-parametric data on individual cells in cell populations, as determingd by cytometry, Cyiometric
instruments and techniques, sununarized herein (e.g., flow cylometry and imaging eytometry) allow
for the simubtaneous measurernent of multiple infrinsic features {e.g., light scatier, cell volume, etc.)
or derived features {e.g., flucrescence, absorption, ete.) of individeal cells. Light scatter and
fluorescence represent the most commonly utilived measurements for current cytiwoeiric applications,
Fluorescence measurernents can be performed either using oither “intrinsic” flucrophores natursily
present in cells {such as, for example, porphyrins, flavins, Hpofuscing, NADPH), flucrophores
genetically enginesred for specific sxpression {e.g., GFP, REP, etg.), or fluorescent reporters which
target specific epitopes o struchires in or on various cell types (2.z., fluorophore conjugated
antibodies, sptamers, phage display, or peptides, or reporters that are converted from non-fluorescent
o fhuorescent stales by specific enzymes i or on cels),

Cytometric technigues useful in ambodiments hereln deseribod utilize living cells {e.g., using
probes which report cell on aspects of cell “physiclogy”, such as, for example, mitochondrial
membrane potential, ROS, glutathione content, or 3 combination thereof). Cytometric technigues
useful in some ernbodiments additionally employ cells that are fixed and permsabilized to allow
transport of fluorophores, conjugaied reporters, etc., into the cyioplasm and/or the nucleus.

{Feneral Methods for Celhular Assavs Using Flow Cyiometry

{ieneral methods useful for cytometry in accordance with various aspects and embodirsents
hergin described are desoribed below and set out in generalized flowehart in Figure 16

Crdture of dnchorage Independent Cells

Cells and methods suitable for activity assays and analysis by flow cytometry that are well
knowsn and routinely employed in the art can be emploved in carrying oul embaodiments of inventions
described herein,

Cells for assays may be oblained from commercial or other sources. Cells derived from
hurmnan cancer can be used, such as those from leukemias (e.g., HL-60 cells currently used in cell
phiysiology assayy, which grow unattached to the culture vessel, Cells generally can be stored in
tiguid nitrogen in accordance with standard cell methods. Frozen cells are rapidly thawed in a 37 dey

‘?"t
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{ water bath, and cultured in stattonary Hasks in pre-warmed fresh tissue culture medinm in a 37 deg
 tissue culture incubator. Tissue culture media typically is repiaced daily for the first 2-4 days in
cubture, to dibte out the DMSO cels are frozen in.

Umee growth is setablished in stationary flasks (cell mumber and viability is monitored using a
Yi-cedl™ gell counter), aliquots of cells can be removed for freezer storage {(these early passage cells
are only used for backep}. In addition, these cells can be used to establish roller bottle coultures
needed to have sufficient cell mumbers for plate assavs. Cells growing in flasks are placed in roller
bottles at relatively high cell conventration (~10° cells per ml in 200 m} fresh tissue colture medium)
and coltured in a tissue culture incubator. Initially, roller bottle cultures typically are fed by addition
of fresh tissue colture mediom. Once growth is established, cells are removed as needed 1o maintain
cells at 2 concentration of 0.5-1.5 % 16° viable cells/ mal. Many cell types adapt (o roller bottle enltures
stowly, and nesd weeks to sucsessfully adapt {0 these types of cultures. Successtul roller bottle
adaptation is evidenced by confinuous high viability (~95%) and consistent growth rates {measured
using doubling time). When successfully adapted, stocks of cells are frozen {n 50 mi sterile tubes
containing sufficient cells o inftiate one new roller bottle culture} in orer 1o maintain cells used for
assays at a similar low passage number {details below). Cells maintained in roller hoitles are
harvested for assay plates, centrifuged. and resuspended in fresh tissue culbure media at appropriate
cell concentration for the assay to be performed (cell nomber and viability measured and recorded for
each harvest),

As indicsted above, roller bottle adapted cells can be frozen for fiture use, 1o maintain similar
fow passage number cells for all plate assays. Roller bottle cell cultures can be maintained for one
month before switching to a new ot of low passage frozen cells. During the month of routine use,
one tube of frozen cells typically is thawed and re-established to roller bottle culfure. Once
suceessiully adapled to roller bottle culture (a8 above) the newest lot of cells usually is first evaluated
for assay performanee (see “Cross-Over” siudies, below), before this fot of cells is used in plate
assays. Establishing frozen cells to roller bottle culture and testing routinely takes 10 to 21 days.

Cells generally are routinely tested at multiple steps in the culture process for mycoplasma
contarnination. These include initial flask cuitures, roller bottle adapted cells, and each tube of frozen
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cells (tested before each “Cross-Over” study). Myeoplasms testing can be provided by an exiernsl,
certified testing company, tvpically using a PUR-based assay.

Compound Storage and Compound Assay Preparations

Test compounds are generally obtained as 18 mM stocks in DMBO deposited in 96-well
plaies. Compound plates are stored sealed at room temperature in the dark. For compound assays,
stock sohutions are dileted (5 to 10 step compound dilutions in DMSC) and deposited into assay plates
using a Hyuid handling system. All dilutions and compound deposition into assay plates are
performed the same day as the assay is performed. The final volume of compound deposited into
each well s 2 uyl, giving a final concentration of 1% DMBG after the addition of celis.

Reproducibility of assays should be assessed osing test compounds. A set of 16 compounds
that have well documenied impacts on specific cel physiological measurements have been used o
test the reproducibility of cell physinlogy assavs. These compounds are stored, as above, ag 10 mb
gasgy sohitions in DMSO in 96-well plates. For “Cross-Over” studies, 16 compound set are used to
compare the physinlogical responses of the newly thawed and rofler bottle adapted cells with current
lots of production cells.

Cell Physivlogy Assays

For cell physiology assays it can be convenient to use 2 sets of 384 well plates to measure the
impact of compounds on ten or more cellular response parameters. For both sets of plates, compound
difutions are first deposited into wells, and then 1 X 10% assay cells are added to each well, as shown
i step 2602, Compounds are routinely run with duplicate compound dibition sets on the same plats;
at the start of a study for an ndividual client, duplicate plates are ran for the first 16 to 32 compounds,
in srder to measure reproducibility of responses. After thorough mixing, plates are sealed {using an
/20, permeant seal} and placed into 2 37 deg € tissue culture noubstor for varying periods of time
{typically 4 hrs}, as shown in step 2604, Plates are then centrifiged in step 2606, half the supernatant
fluid is removed, and replaced by the same volume of the appropriate dye mix (for plate A, the dve
mix may include Monchromobimane, Caleein AM, MioSox™, and Sytox Red™; fiy plate B, the dye
mix may nclude Vybrant Vielet™ (live cell cyclel, JC-9 (mitochondrial membrane potential), and
Sytox Red™), followed by mixing, as shown in step 2608, Plates are returned fo the tissue culture
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ineubator for about 15 (plate A) or 30 (plate B} minutes in step 2610, followed by a mix, and
immediately ron on the flow cytometer in step 26172,

The data from positive and negative control wells on each row are used to caloulate the
responses as described in greater detail herein. The positive control compounds used for plate & and
B are different, and are designed to provide g unique “signatore”™ (“finger print”} in the cell responses
measured in plate A or B, using the disclosed embodiments.

High Throughpws Flow Cviometry

In a variety of sesays the flow cylometer is set up using a standard procedure on each day that
plates are assayed. Set up inchudes flow instrument QA/QC using fluorescent beads which are used to
set each detector (PMT) to a standardized target. Hach well of 2 384 well plate is then sequentiafly
sarpled using 8 6 second sip time, followed by a 1 sscond air bubble between samples. The sample
stream flows through the flow cylometer in & continuous fashion, sampling & complete plate in 20 to
34 minutes {plates A and B, respectively).

The tlow cytometry data file (for one plaie) is subsequently processed by the disclosed
erabodiments to identify individual well dats (using some interaction and human intervention), and s
then stored on a server as the list mode data (LMD) for each well from a single plate.

QA analysis of each plate

Both plates (A and B) contain negative controls (unireated samples), and positive controls
{sample treated with 2 mixture of S0 uM FOCP plus 50 uM Myxathiazol for plate &, or 25uM FOCP
for plate B). The dissimilarity between positive controls and negative controls does not defing in this
assay the possible range of responses. However, it defines a unit of response. Duuring the thoe of
analysis of an entive plate, the dissimilarity botween positive and negative controls may change owing
to deteriorating physiological conditions in the plate (change in tempersture, Oy, gic). This is why a
certain minimum level of dissimilarity for every pair of controls is expected, For each positive snd
negative control within 2 single row, the disclosed embodiments determine the OF distance betwesn
ihe positive and negative populations for each dve response individuaily. The disclosed embodiments

then plot the change in OF distance from the beginning {row A} to the end of the plate (row F).
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Fxperiments desoribed berein generally have been carried out in accordance with the
foregning procedures.

Cvtometer Instruwmentation

Current flow cviometry instruments are equipped with nubtiple lasers and multiple separate
fluorescence detectors that can simultancously guantitate many fluorescence signals plus infrinsic
optical features originating from individaal cells. Thus, cytometric techniques and instruments such as
those illustratively described below allow measurement of thousands to millions of cells in 2 sample.
The resultant exiremely large data sets present 2 significant challenge o the presently-employed
cytometry data processing and visualization methods. These challenges are handled effsctively by
methods described herein.

Modern cytometers typically are designed for simaltansously detecting several ditferent
signals from a sample. A varioty of sytoaneters are available conmmercially that can be used in
accordance with methods desoribed herein. A typical instruments includes a flow cell, one or mors
tasers that illuminate the flow cells through a focusing lens, a detector or hight passing through the
fiow cell, a detector for forward scatterad light, several dichroic mirror - detector arrangemants io
measure light of specific wavelengths, tvpically to detect fluorescence. A wide varisty of other
instrumentation offen is incorporated in commercial instrurnents.

I typical operations, the laser {or lasers) ilhuminates the flow cell and the cells (or other
sample) flowing through it. The volume illuminated by the laser is reforred to as the interrogation
point. Flow cells are made of glass, guartz and plastic, as well as other material. Although lasers are
the most cornon source of Hght in evtometers, other Hght sources can also be used. Almost all
cytometers can detect and measure a variety of parameter of forward scatiered and back scatlered
Hight, and several wavelength of flucrescence emission as well. Detectors in these instruments arg
guite sensitive and easily quantify Hght scattering and fluorescence from individeal cells very short
perinds of time, Signals form the detectors typically are digitized and analyzed by computations!
methods 1o determine a wide variety of sample properties. There are many toxts available on flow
cytometry methods that can be used n accordance with various aspects and embodiments of the
inventions herein described. (e useful reference in this regard is Practical Flow Cytometry, 4th
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Fdition, Howard M. Shapiro, Wiley, New York (2003 ISBN: 978-0-471-41125-3, which is herein
incorporated by reference particularly in paris pertinent to cytometry and celf analysis as may be used
in gceordance with the methods herein described.

Snectral unmixing of flow oviomeiric sienals

Since the signals emitied by the functional flucrescence labels are measured by a series of
detectors in a cytometry system {flow- or image-based), the detection systems are prone to spectral
cross-talk, As a result, the inlensities of individual fluorochromes cannot be measured divectly fo the
exclusion of other flucrachromes. In order to minimize or eliminate noise due 1o speciral cross-talk,
all of the collected signals can be modeled or processed as Hnear mixtores. The signal mixture for
cach measured celf is decomposed into approximations of individoal signal intensities by finding a
minimal deviance between the measured resulis and approximated compositions which are formed by
muhtiplying the estimator of the unmixed signal with the mixing matrix. The mixing matrix {also
called “spiliover malrix™} describes the n-band spproximation of fluorescence spectra of the
individual labels {where n is the number of detectors employed in the systeny). An application of 2
mitnimization algorithm allows to find the best estimation of the sigual composition. This estimation
provides information about the sbundances of different labels. In the simplest case, if the
measurement error is assumed 1o be Gaussian, the unmixing process may be performed using ordinary
feast-sqoares {CLS) minimization.

Variance siabifization

Yariance stabilization (V&) is a process designed to simplify exploratory date analysis or lo
allow use of data-analvsis techniques that make assumptions about dats homoskedasticity for more
complex, often noisy, heteroskedastic data sets (1.2, random variables in the sequence have different
finite variance). VS has been routinely widely applied to various biological measurement systema
based on fluorescence. It is an important tood for analysis of microarrays.

In the context of flow cyviometry and in microarray analysis, log transformation has
raditionally been used. However, modern approaches, for example, in the context of microarray
analysis are known, For example, ses Rocke ot sl {Approximate variance-stabilizing transformations
for gene-sxpression microarray data.” Rivinformatics, 19, 966572, 2003) and Huber et al. "Variance
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stabtlization applied to microsrray dats calibration and to the quantification of differential
expression.” Bloinformarics, 18, §96-5104, 2002} Huber describes the use of 2 hvperbolic arcaine
function in variance siabilization. Tn the context of flow eviomeiric data analysis, Moore et al.
{“Automatic clustering of flow cytometry data with density-based merging,” Ady Bioinformatics,
26097 vses logical transformation. Bagwell (“Hypertog-a flexible log-like transform for negative,
zero, and positive valued data.” Cviomefry 4, 64(11:34-42, 2005} describes the use of hyperlog
transformation in the analysis of cutput from flow cytometers.

In an embodiment of the present invention, in contrast, hyperbolic arsine technigue

{generalized logarithm) with an empirically found parameter is used in variance stabilization.

glog{xi=asmh{x) = ﬁkﬁsg{ rhyxt 4l )
glog(x,a.b,¢) = asinh{ax +5)+¢

omparisons

Certain embodiments described herein provide methods involving 2 comparing step, wherein
the disiribation of the unmixed signal intensities is compared 1o the distribution of the unmixed
signals originating from conirols or other test data. Depending on the comparison method applied, the
distributions may be first nopualized by dividing every distribution by is integral,

The comparing step may volve compilation of response tensors containing information
ahout dissimilaritios botween cellular populations such as before and afier treatment. The
dissimilarities are computed as distances between signal distributions of the treated population of
cells, untreated populations (“negative” or “no effect” controls}, and populations treated with a
mixture of perturbants designed to maximize the observable physiclogiesl response (“positive” or
“maximum effect” controls).

In order to standardize the result and render it unaffected by experimental variabifity, the
measured dissimilarity can be eapressed in units equal to mean dissimilarity betwesn posiiive and
negative controls.

Yarious measures of dissimilarity or distance can be applied, inchiding (but not Emited to);

Wassersiein meirie, quadratic-form distance (OFD), quadratic chi-distance, Kolmogoroy metric,
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{symmetrized) Kuliback-Letbler divergence, eic. In the preferred implementation, the methods and
algorithms of the instant invention use Wasserstein metric or quadratic chi-distance,

In fHustrative methods below, the abundance distributions are typically compared in one
dimension. However, soms fabels are encoded by two related signals {for instance, JC-1, the
mitochondrial mermbrane potential labsl that emits fluorescence in two separate channels). In this
case, 1 2-13 dissimilarity measure between distributions is vomputed. Finally, it may be preferable to
compute 2-0 or 3-D dissimilarity measures by utilizing multidimensional distributions based on
morphotogy-related measurements (obtained via light scatter) and an abundance {computed from the
fluorescence signal). A varlety of distances or dissimilarity measures, assuming that they are casily
generalizable to multiple dimensions, may be used. For instance, routine methods based on the
Wasserstein metric or the OFD may be used in this context, but not the Kolmogorov metric.

A representative equation for comparison of populations is provided below (see, Pele et al,
“The Quadratic-Chi Histogram Distance Family.” Compuder Vision -ECCV 2010, Lecture Notes in
Computer Science. Springer Berlin Heldelberg, pp. T49-767; Daniilidis, K., Maragos, P, Paragios, M.

{Edsy:

OF(xv)= *\f; TN (d/&d ! } , 31

_{x-¥)
Z
z={x+y)4)

(i—jy

E

max

d

A{zsjj =h-

wherein ¥ and ¥ are distributions of interest, and A is a positive-semidefinite dissimilarity
matrix.

Analvsis of oyiometry dta using lensors

Cytometric multi-parametric data can be expressed as tensors and the comparisons between
controls sud tested samples can be described by compound fingerprint tensors, A tensor is a
multidimensional array and can be considered as a generalization of 2 matrix, A first-order {or one-
way} tensor is 3 vector, a second-order (two-way) tensor is a matrix, Tensors of order three {thres-

way} ot higher are called higher-order tensors.

Lay
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Biological measurements performed in a single-coli system individually for every eell ina
population form a distribution. A distance bebween a distribution of measurements performed on cells
exposed to & presence of s compound, and a distribution of measurenients performed on cells not
exposed to the compound can be expressed by a single nurnber (scalar value). The colls may be
exposed to a number of different drug concentrations, and a biological measurement can be performed
for each of these exposure levels. Such an experiment produces a series of values that can be
expressed as a vector {e.g., & one-way fensor). I mubliple biological parameters are measured, the
results van be arranged in & bwo-way tensor {or a matrix), in which every column contains a different
meastired parameter and every row describes a different concentration of the compound,

This arvangement of data can be expanded further. If we atternpt {0 messure the distances
between the distributions of measurements obtained from treated cells and a distribution of
maasurements collected from population of cells exposed to another compound, we can group the
results into another matrix. For instance, it may be beneficial to measure dissimilarity between celis
treated with one compound and another group of cells treated with a different and well characterized
compound that creates an easy to observe effect serving as a positive control.

The two matrices (two way tensors) put together produce a three-way tensor. The
dimensionality of this three-way tensor is 7, =2, x4, where 4, is the number of concentrations, £ is the
number of measured biological parameters, and 1 is the number of messured dissimilarities/distances
{typically two: positive control distance measurement, and 3 negative control distance reasurement),
Therefore, for a tensor A representing the biclogical measurement, the element (i,,k), denoted by
describes a distance between measurements of parameter / obtained from a cell population exposed io
a compound al concentration 7, and a contred cell population &,

A column {iber of tensor A, denoted as 2 contains g whole series of distances between
measurements of parameter 7 performed for a series of tested samples and 2 control £, 1£ 10
concentrations of 3 compound are tested, the cohumn fiber 8. will be a 10-¢lement vector, A frontal
slice of the tensor A denoted A 4, forms a matrix which describes the distances measured to k-control.

A latoral shive & Is a matrix showing measurements of distances for parameter /.
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The tensor & can be further expanded o accound for nultiple snvironments, cell cultures or
phases of cell cyole. Theretore, multiple repeats of the measurements, multiple phases of cefl eyele in
which the measurements are performed, and so forth, can be stored in a compound fingerprint tensor.

In fact, any multidimensional screening experiment can be represented as a p™-order lensor

AR oy instance, one may group the data from multiple experiments in a four-way tensor
with a dimensionality fi«f, «FxJ,, where I is the number of unigue measured cmmpounds, In this
setting a slice &y contains dissimilarities between tested samples containing compound Jand a
control £, computed for parameter /. If four repests of a compound / were measured, the resuliant Ay
shive is a matrix of ten rows {concentrations), and four columns (repeats}.

The tensor representation of the compound measurements can be used to define a number of
sompound-related metrics and operators, suck as a compound similarity/dissimilarity, compound
fingerprint, compressed compound fingerprint, compound normalization, etc. The arrangement of the
phenotypic soreening data in a tensor format enables the forreutation of unique insights regarding
compound characteristios through analysis of compound response similarities. This is impossible
when the information regarding the compounds is represented simply as data vectors. Specifically, the
techniques described below would be mpossible to implement if compounds were deseribed only
using scalar values (such as traditionally utilized 1T, value),

The foregoing analysis can be stuted in general terms in the form of the following egeation
and operations herein referred to as

General Tensor Analysis of Population Data
Cieneral Method and Equations - §

in the first step a pair of distances between the positive controls (€,) and the negative control

(€, is computed for every marginal histogram . These distances are kept as references for further

wae and rescaling:

; .

fn‘;’} = D(CS“,G‘;""’ j whesew € {1,..., 5t

The distance function D can be a quadratic form distance, a Wasserstein distance, a quadratie-

2 ° . 1 . .
¥ distance or any other distance operating on veciors representing histograms.
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Foltowing this operation a series of distances for the blological samples are calculated in an analogons
fashion. Distances are computed for every pair made of s control & and a biological sample in the

series of concentration {84, 8, ..., 8, where § denotes the concentration of 3 tested compound,

dcwzg(cm g
w) o

A

The resultant values form a multidimensional array or p®-order tensor A RYY ™ The size
and the dimensionality of the tensor depend on the number of controls, the number of wiilized one-
dimensional histograms, and the number of biclogical conditions at which the measurements were
conducted,

A coluran fiber of tensor 4, denoted as &y, 15 a vector which contains a series of distances
between measurements of a biologieal parameter summarized by marginal histogram w performed for

a series of tested samples and g control &
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& frontal stice of the tensor A denoted ay,.,, forms a matrix which describes the distances for

bisfogical parameter y, where the measarement involves al] controls,
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A lateral slice A, is a matrix showing measurements of distances for multiple biological

parameters, where the measurement was performed using just a single control &,
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Therefore, the tensor A can be expressed as:

IK 4,1 - &E'K,,,,U’p}
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The biological measurerments may be further normalized by dividing every d" by the

corresponding f’:;” resulting in a normalized tensor of distances:

T
]

b= P
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ot
.
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The same analysis can be carried out for a variety of conditions, reselting in a series of
normalized tensors of distances.

A tensor A obtained from a serles of messurements forms a unigue compound fingerpring, as
it contaios all the phenotypic characteristios of a tested compound. This tensor A can be
“compressed” using a low-rank tensor approximation techniques such as polvadic tensor
desomposition or other methods. See Kolda and Bader, “Tensor decompositions and applicatinns,”
SLAM Rev. 51, 453, 2009, which is incorporated by reference in parts pertinent thereto.

Tensor decompuosition factorizes a tensor into a sum of component rank-one tensors, A tensor
Aa RV by definition is rank one if it can be expressed as the outer product of & vestors:
AegPog@anog?

The goal of a vanonical polyadic (CP) decomposition is finding an approximation of tensor A

denoted A, which satisfies the following criteria;
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~

- A

. whers &= A AY

Tensors can be decomposed using other techniques as well. For instance Tucker

decomposition decomposes a fensor 10 a core tensor multiphied by a matrix along each mode:

A GiMY MO, MW :zv;"

H=lpy=i

The various methods for tensor decomposition allow us to approximate a complicated

multidimensional compound fingerprint with a “compressed,” abbreviated version. This goal can be

accomplished by removing the part of a decomposition, which dogs not condribute significantly o

tensor rebuilding accuracy.

The sxample below ilustrates the point. Assume that & is 2 three-way tensor containing a8

compound’s information. The front slices of tensor A, dencted 4., and A, are:

T e Ta G e

L et ik et Sy

095 Lk A b O
R¥id

P

e b

P

P24
P
o

. 1
%

W7

£

Stice A Slice &
After performing CP decomposition we oblain the following vectors:

[-0.1348, -0.2698, -0.4048, -0.5398, -0.6737]
a,{;‘ [0.2366, 0.4133, -0.7798, 6.4011, -0.0657]
' ={-0.2663, -0.5347, -0.802]
"=[0.1966, 1.8447, 0.4979]
={0.6691, 0.7431]
" ={-0.2609, -0.9796]
729803, 4, = 0.559113¢

Fi

Ay =3
The original tensor may be rebuilt from this result following the CF model:
A=iaV s + 480 aaValY

After rebuilding the approxinated tevsor A contains the fofiowing values:
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Shice & Slice A,
However, the tensor A can be rebuill using only vectors a; rather than a and a;. Although the

resultant approximation has a higher error, it still captuores most of the information represent by A:

A=RalogMoal”

As demonsirated above, the tensor A can be approximaisd using only a; veciors. ike
resuliant gcourasy is sufficient, the decomposition effectively compresses tensor A approxinmately 6-

fold - i takes 60 numbers to encade the original tensor but only 11 numbers to encode the

SR IR

compressed tensor A tvectors 25, 2%, @ and value of 1), The decomposed form of the tensor can be
further used for tensor-to-tensor comparison, as well as an nput for supervised machine learning
methods, such as, for example, 10 support vector machine learning,

it should be noted that simple CP decomposition and the more complex Tucker
decompaosition, although most commonly used for expressing the conmtent of tensor-arranged
information in a simpler, easier-to comprehend form, are not the only wethods useful in decomposing
tensors. Gther tensor decomposition methods can be also used with the soreening data, as long as the
organization of the datasets follows an acceptable convention,

Moreover, as mentioned above, tensor decomposition can be applied to higher-order tensors.
in this case the multiple measurements performed for multiple compounds will be decomposed along
the modes of a tensor, revealing the crucial differences between compounds. Also, multiple repeats of

the same tesied compound can be used, effectively leading to computation of a synthetic “averaged”

compound fingerprint which can then be comparsd to other fingerprinis.
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Automated vating baved on morpholory

An embodiment provides for the use of model driven avtomatic gating (although, the use of
gating algorithms is optional). Hereln, state-of-art tochnigues of mixiure modeling with or without
proprictary additions may be added to the algorithm. The system may rely ow an iterative approach to
improve efficiency of the assay.

in an embodiment, the gating technigue comprises 3 skew-normal probability distributions
representing “live cells,” “dying cells,” and “dead colls” (debris). Depending on the data, an existing
{e.g., old validated) model may be used or a new generated based on the controls. For example, it is
possible to proceed by caleulating the total log-likelihood (LL) for sach mixture model. Specific
models for which LL i higher are then retained for future use.

Compound divsimilority

Compound dissimilarity roeasurements can be performed after decomposition of an individual
compound fingerprint, following a decomposition of a result tensor in which all the compounds {aad
all the measurement repeats) are stoved, or divectly using the full, “uncompressed” version of the
tingerprinds. If the comparison involves decomposed tensors, the problem is essentially reduced o
cornparison of vectors,

However, as mentioned above, the compound flngerprint tensors can be also compared
direcily. In this case the dissimilarity betwesn compound tensors is expressed as a vector storing
dissimilarities (distances) between mode-1 fibers 8, of the compound tensor A. Since the fibers A
store information about responses of cell cultures exposed io increasing concentrations of the tested
compounds, the values form a series, which can be viewed as a polygonal curve, Consequently, the
tensor-otiented artangement of data allows us to utilize distances between diserete curves (veotors).

One of such distances is the discrete Fréchet distance, which is defined as the minimal length
of 2 leash necessary for the dog and the handler i move from the starting points of the two carves
describing their paths to the sndpoints, provided that both dog and the handler can saly move
forward, although they can control their spead. Since the fibers can be viewed as polygonal curves, in
this setting both the dog and the handler can only stop at vertices of the curves and each of them can
either stay at their curvent vertex or jump 1o the next one while walking. See Aronov et al,, “Fréchet
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Dhistance for Curves,” Revisited, in: Azar, Y., Erlebach, T. (Eds.), digorithms — ES4 2008, Leciure
Notes in Computer Scignce, Springer Berlin Heidelberg, pp. 32-63, 2006, which is incorporated by
refersnce herein in paris pertinent thereto.

A conceplually similar distance measore 1s dyvnamic tune warping distance, which measures
distance between two polygonal curves by warping them in a non-linear fashion in order to find the
hest alignment. The cost of performing the slignment is defined as the distance value. See Borndt and
Clifford, “Using dynamic tme warping to find patterns in fime series,” 444794 Workshop on
Knowledge Discovery in Databases, pp. 359-370, 1994, which is incorporated by reference herein in
parts pertinent thereto,

Therefore 3 general case we can express the dissimilarity between two compound

fingerprints (fonsors) & and B ax:

W= DA B =dla,b,],

where 3 15 the dissimilarity between compound tonsors & and B, 4 is the distance function comparing
mode-1 ftbers of each of the tensors (such as Fréchet distance or dynamic time-warping distance), and
w is the distance vector. For a three-way tensor produced by experiments invelving a 19-dose
response curve, four parameters and positive and negative controls, the vector w would have 3 length
of &. Every slernsnt of the vector would be computed as a cuwrve-distance between corresponding
fibars of tensors A and B

Granhical representaions of compound dissimifarities

Similarities/dissimilaritics butween compounds can be demonstrated graphically using
various methods depending on the function used to evaluate the dissimilarity, An example is
Hlustrated Figure 11, If an abbreviated compound fingerprint can be expressed as & vector afier a
decomposition {formed by multiple concatenated vectors), then one may apply an o priori chosen
distance between vectors, or rain a distance function using metric learning methods, See Weinberger
and Saul, “IHstance metric learning for large margin nearest neighbor classification,” J. Mach. Learn.

Res, 10, 207-244, 2009, which is incorporated by reference herein in parts pertinent thereto, The final
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result can be visualived using multidimensional scaling (MDE), hierarchical chustering, or manifold
learning methods.

¥ decomposition/compression is not used, the visualization of similarities between
compounds reguires an approach utiliving vectors of dissimilarities, rather than scalar measures of
dissimilarity, One such method is multi-mode MDS algorithm utifizing stress majorization. Ses
Leoww and Mair, “Multidimensional Scaling Using Majorization: SMACOFE,” R J 3o Softw. 31, 1~
36, 2009, which is incorporated by reference herein in parts pertinent thereto,

Uitihzing the formed dissimilarity matrices by multioway molti-dismensional scaling
technigues place the measured compound signatures in a space defining inler-compound similarity,
See, Groenen ot al. {“The majorization approach to multidimensional scaling for Minkowski
distances.” J. Classif. 12, 3-18, 1993}, which is incorporated by reference herein, The compounds
tncalized close in the resublant space will be deemed “similar” in the sense of the desaribed process,
and the compound located far away will be considered “dissimilar.”

Comparisen of distridutions using wmultivle cellidar subsets

The control versus tested sample dissimilarity can be computed employing all the measured
instances {cells) or caloulated separately for cach fimctionally defined subset of the cellular
population. For instance, one may define two morphologically distinot subsets of cells on the basis of
the meazored Hght scatfer. by this setting the two celbidar subsets may be compared to the controls
separately, What follows is that the nuwber of comparisons s dependent o the number of formed
subsets, For instance, if five functional labels are designated to demonstrate five different aspects of
cell physiclogy, and ong chooses fo compare the treated owtcome to untreated outcome for sach of the
morphologically different cell populations, one can prodiuwe up to 20 different distances {5 {abels x 2
condrols x 2 cellular subsets).

Since the conceniration of the perturbant resulting in the desired physiclogical effect cannot
be ascertained a priord, 3 function deseribing the gradual increase of the effect with the perburbant
conceniration can be used to indicate properties of the perturbant, the measurement being performed
with several concentrations of a drug. Theretore, for the scenario outlined above assuming the use of
1 concentrations, the final data set would comprise 200 values (8 labels x 2 controla x 2
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subpopuiations x 10 concentrations). The moeasured values are not independent; therefore they are
treated for further processing as a multboway tensor. For instance, if only one type of control is used
{e.g., a “positive” control), the data set would form a three-way tensor with the dimensions of 5x 10 x
2. FIG. 14 shows an example of a multiway tensor representing a drug response fingerprint.

e of g multi-dimenyionad fecture snace

fa an embodiment of the present invention, the evolution of & point-cloud in a
multidimensional feature space can be computed by directly computing distances between
disiributions. Examples of point elouds that evobve in a multi-dimensional feature space include, but
are not funtted to, for example, variables such as drug concentration, incubation time, ete. The
changes in evolution of the cloud in the space defined by dissimilarities between complex point-
clouds form a complicated trajectory, which uniguely describes the characteristics of the compomd
eliciting those changes.

A representative cloud evolation is shown in FIG. 15,

Compuarispn of distribudions ysing cell-cvcle information

I ernbadiments, fingerprint Yensors are created for each of the clusters or cellular subsets
defined by cell-cycle-dependent labels. Tn this setling, the assessment of cell-cyele phases is
performed stmultansously with other measurements such as by quantifying the intensity of
fluorescence labels intercalating into DNA (such as HOBCHST 33342, DRAQS, YO-PROA
IODIDE, DAPL, CYTRAK ORANGE), by quantifying the presence of immunolabeled proteins
aasociated with the cell cyele (e.g., eyelins, phospharyiated histone proteins, ete.), or by measuring the
signal of genetically encoded fluorochromes linked to celi-cyole phases, In the simplest case, these
techniques allow one lo detesrnine three compartments of the cell cycle, leading to g formation of g §
x 1% 3 result tensor {or more complex tensors, depanding on the number of additional labels). This
is llustrated in Example 54,

Unsupervised and supervised classification

Embodiments provide classification methods, wherein subsequent analvses are parformed
using multiple approaches. These analytical technigues may be implemented depending on the
preterved final ropresentation or visualization of the results. For instance, in the unsupervised setiing
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the distance tensor can be processed by a roulti-mode mulitdimensiona! SMACOF (Scaling by
MdAjorizing a CUmplicated Function} algorithm or other suitable mathematical technigue for scaling,
After apphication of the MDS method the drug fingerprints will be placed onto a 2-D plane or oo
any other n-dimensional surface (o.g., sphere} defined by the researchers. This allows easy
interpretation and visealization of the data sets, which form 2 “map” upon MSD projection.

In the supervised framework, the fingerprints representing compounds belonging to various
groups defined by function, response type, chemival structure, etc,, are used to create g training Hbrary
with multiple classes, The raining lbrary can subsequently be used to traln a classifier (such as a
neural-network classifier, support-vector maching, or another type of machine-learning system) that
will categorize previously unknown fingerprints info classes defined by known compounds.

By extension, related embodiments of the prosent invention provide methods for assessing the
effects of unknown perurbants (not known a priovi to impact MMP) to determine if they have a
differential impact on MMP (and other cell physiology measurements, e.g., SYTOX ™ RED low
versus high cells} in different cell cyuie phases, Therefore, for every tested compeund, thers is
provided s multi-way measurement tensor {compound signature) which comprises cell cyele-rolated
state tensor as one of the dimensions in which the cell state is evaluated.

The following is a representative method for comparing different perturbants using the
systems and the algorithms of the instant invention:

First, for each fluorescence channel {for example, separately for live celis and dying cells), a
distance matrix between all compounds is created using the above-described technique. For example,
the distance can be the dynamic time warping distanoe (diw) between response curves. Subsequently a
mulii-way miti-dimensional sealing (MR} is used to combine several matrices into a Euclidean
space. Then the MDS for one group of matrices containing only MMP data (CALUEIN, 3YTOX™
and another group with only permeability data (MBBR, MITOSOX™) may be caloulated. The
varions physinfogical similarities between the compeounds may be visushized with the help of known
mapping and closiering techniques, .., dendograms or graph visualization {e.g., creating
intermediary nodes and exporting the data to any one of a varisty of externsl visuslization software
packages. Furthermore, supervised approach using one or mere classifiers may also be cmployed.
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Cell cvcle

Embodiments herein described allow measurements of coordinated protein {or other marker)
expression in populations of colls as a function of vell eyele (e.g. G1, §, G2ZM), and to determine cell-
cycle-dependent effects of the test compounds, Multi-parametric analysis may thus be conducted by
analyzing the effect of each perturbant at different concentrations and/or tirne points fo investigats the
effect of said compounds on the various celhular parameters {e.g., milochondrial membrane potential,
nuclear or eyvtoplasmic roembrane permeability, ROS, cell death or apoptosis).

An example of cell-cyele dependent analysis is based on the measurement of Cyclin AZ
expression o normal (unperturbed) cells. Herein, the possible “states” include Cyelin AZ negative,
Cyelin A2 low and Cyelin A2 high. Similarly, for phospho-hisione 3 (P-H3), which is a second
marker in celb-cvele analysis, the possible “states” include “negative” and “positive”™. These two cell-
cyvele markers may also be analyzed in combination, thus vislding nine different possible
combinations {“states™). It is not shways nocessary o investigate all possible “states” because all the
staies may not exist in normal biological space {sparss matrix).

Aceordingly, depending on the cell cycle state a partionlar cell is in, differential perturbations
caused by drugs or compounds of interest can be tnvestigated by popolating cells in discrete (normal)
matrix cloments. As an example, drugs which block normal progression from mitosis back into G1,
which cause gquantitative changes in “normal” malrix populations (1.2, accumulation of cells into
“late” (normal} cell cycle compartments {e.g. G2 and M)} and/or deplete cells in the G1 phase, can be
analyzed in concert using Cyelin 42 and/or P-H3 staining. Stmilarly, 2 drug which prevents
separation of daughter nuclet would be expected to show a different quantitstive fingerprint paitern
compared {o 8 drog which arvests cells in S-phase (e.g. a drug which inhibits new DNA synthesis).
Accordingly, compounds which cause cells to appear in differont matrix slements not only creates a
unigque signature, bt also the specific matrix element that is occupled could provide nformation
regarding the mechanism of drug action. For example, expression of Cyelin A2 in G1 and or M can be
the result of a protessome inhibitor preventing normal Cyclin A2 degradation,

Mudtinte cell type assov syséem
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tn an embodiment, the present invention provides for methods for assaying celiular states
using a phuality of celi types, e.g., two or more cell lines { from tissue culiore) in a single assay. Une
advantage of this approach is it allows anslyses of DNA dumagefresponses, An additional advanmage
ic that it sliows studies of both constitutive and inducible signaling pathways in the same assay (using
oue cell ine with constitutive exprossion and another that can activaie the seme pathway using an
appropriate agouist). Using two {or more) cell Hnes simultanecusly, it will be possible to cover
multiple signaling pathways in one assay.

For example, using human myeloid cell Hines {derived from patients with myeloid leukemis),
one cell line responsive to LPS will activate NF-xB and PI3 Kinase pathways, while another
responsive to TNF-u will activate multiple MAP kingse pathways; in both cases, upstream (Ix kinage
for NF-xB) and downstream (P-56 for ERK and mTOR for PI3K) can be evaluated. In additon, these
assays can nclude DNA damage/response markers, as indicated above. The responding celf ling in
cell mixtures can be identified using either DNA content (seme cefl lines gre diploid; others are
ansuploid with different sboormal DNA content), or binfogical characteristics {oell surface markers),
or cells can be “barcoded” (G, Nolan et al.y. Finally, signaling assays can include cell cyele analysis
{e.g. DNA content) to allow correlation of signal transduction pathway responaes with cell physiology
in response 1o the same drugs.

EXAMPLES

The following examples are provided by way of ilustration only by means of varices
particular embodiments and are in no way exhanstive or exclusive.

GENERAL METHODOLOGY OF THE FOLLOWING EXAMPLES

Tissue cultures

Human Hssue culture cells were obiained from Sigma-Aldrich (81 Louis, MO, USAj as frozen
stock. Cell lines are thawed and initially placed into static culture, followed by continuous culture in
1L robler hottles, in RPMI 1640/1 0% FBS/Glut (/- §.5-2 sl Y Penn/Strep. Cells for in vire screening
assays were maintained in Jog phase growth under highly standardized conditions (input and harvest
cell density, viability, et}

Frepavation of Cell Fhysivlogy Assay Plates 1o ond 1
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Cells were deposited into 384 well plates (1 X 18° cells in 40 ul tissue culture media} and
serial ditations of test compounds {or vebicle in the case of controle) were deposited in individual
wells using standard robotic techaigues, Compound deposition and dilution was performed by
BIOMEK FX {5 or 10 step dilutions from 100 to 0.005 pM). Dilutions were prepared from stock
solutions of compounds dissolved initially in 100% DMSO. Final volume deposited into each well is
2 pl of each eompound dilution {(compounds are in a final concentration of 1% DMSO).

After incubation in a tissue culture incubator (5% CO) at 37°C) for varying periods of time {typically
4 bours), plates were centrifuged at room termperature, followed by removal of 26 ! supernatant floid,
After vibration of the plate to re-suspend cefls, a dye mix (Plate 1a Monobromobimane, CALCEIN
AM, MITOSOX™ and SYTOBOX™ RED; plate 16 VYBRANVIOLET™ Live Cefl Cycle dye, J0-
9, and SYTOSOX™ RED) was added in a total volome of 20 pl, followed by an additional mixing
step. Plates were refurned o the tissue culture incubator {5% CG 1t 37 °C) for an additional 15 min
{ptate 18} or 30 min {plate 11}, bllowed by immediate analysis using the HYPERCYT-CY AN,
Preparation of Cell Cycle or Cell Signaling Assay Plates 2 and 3

Cells were deposited onto dilutions of test compounds deposited into individual wells of 96
well plates, as indicated sbove. Following incubstion in a tissue culture incubator (3% COy at 37 %0
for 30 mimutes 1o 12 hr, the cells were pelleted by centrifugation, the supernatant was removed, the
celle were re-suspended by vibration in the remaining supernatant fluid, and 50 ul of fixative (1.2%
formaldehyde in PBS)Y was added. Foliowing 15 min incubsation {at 37 °C7}, cells were pelieted by
centrifugation, supernatant removed, and the cells were suspended by vibrating the plate.

Cell were permeabilized by adding 150 1l cold sbsolute methanol, followed by incubation at
4 °C for 15 minutes. Permeabilized cefls were contrifuged, supernaiant removed, and cells were
washed three times with cold (4 °C) PBR containing 4% FBS. Following the final wash, cells were
centrifuged,, the supernalant was removed, and cells were re-suspended in an antibody cockeail ¢total
volume 20 ul} appropriate for that experiment.

For IINA content/eell cycle analysis, cells were resuspended {following washes o remove
unbound antibody conjugates) in PBS/FBS containing DAPI (] pg/mb), followed by analysis using the
HYPERCYT-CYAN™
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HYPERCYT-CVAN High Throughput Flow Cytomeiry

Each well of the 384-well plate was sampled with a 6 second sip time, plus | second delay
betwaen wells, rosulting in a total read thme for each plate of approximately 45 minutes, Data was
acquired using 8 CY AN™ flow cytometer, with the HYPERCYT™ software used to compile files for
each well on an individual plate using an FCS format. Data for cach plate was subsequently analyzed
for several guality assurance parameters (total number of events per well, pumbers of events
assosigted with morphologically normal events, number of dead cells), as deseribed below,

Example 1 Normal Cells

Flow cytometric snalyses of inteinsic cell properties (forward light scaiter and light scattered
orthogonal to the laser beam) and fluorescence signals derived frovs the dyes Hsted in Table 1 was
carried out for plates la and Ih.

Table 1 List of dyes used in Plates 1a and 1b with physiclogic targets

Dyve | Plate - Physiclogic Response

Monohromobimane s Cellularmuclear —SH (predominantly Glutathione (GSH)

{(MBBR}

CALCEIN AM ta | Cyioplasmic rmembrane permeability

MITOSOX RED™ s Reactive Ouygen Species (related to mitochondrial
fanction}

‘ SYTOXRED™ igand 1b | Cyvtoplasmic and muclear menhrane permeability

{live/deady

YYBRANVIOLET™ ik Celloyele roeasurernent including visble cells

JC-8 o ib “Mitochondrial membrane potential {MMP)

™ MOLECULAR PROBES/INVITROGEN

The resulis are shown in the scatter plot in FIG. 14, As seen in the plot, Hght scatter alone
aHows the identification of cells having “normal” morphology. Cells in this figure are not treated with
any drog, and the majority of cells (here, greater than $5% of all events) show “normal” marphology.

Cells shown in this figure were also treated with & dye mixtore of Table 1 as follows:
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{1} Monshromobimane (MBBR) to measure intracefinlar ghutathione (GSH) content, as
deseribed previously in Cossarizea et al. ("Simubancous analysis of reactive oxygen species and
reduced glutathione content in Hving cells by polychromatic flow sytometry.” Nat. Profoc. 4, 1790~
1797, 2009, Kosower et al. (“Bimane fluorescent iabels: labeling of normal hurnan red cells vader
physiological conditions.” Froc. Neail Acad Sci. U5 4. 76, Y382-3386, 1979); Radkowsky et al.
{“Bimanes. 17, (Ha’loaﬂkyhul,5=diazabicyci0{3QS,U}c}cmdieﬂedicnes {(halo-9, 1(-dioxabimanes):
reactivity ioward the wripeptide thiol, ghitathions”J Am. Chem. Soc. 108, 45274531, 1986}

(23 CALCEIN AM to measure cyioplasmic membrane integrity, as described in Tvnitski-
Stecle et al. (“High-throughput flow cytometry o detect selective inhibltors of ARCBI, ABCCL, and
ABCGY transporters.” dssay Drug Dev. Technol. 6, 263276, 2008}, CALCEIN AM isa
nonfluorescent compound that passes through the cytoplasmic membrane, and in living cells, the
sompound is converted into 3 strongly green fluorescent compeund which cannot pass through the
sytoplasniic membrane; if cells subsequently toose cvioplasmic membrane integrity, the fuorescent
compound leaves the cell by passive diffusion;

{3} RITOSOX™ RED to messare intracelliular reactive oxygen species, as described in
Fielonka ot al. (“Detection of 2-hydroxyethidium in cellular systerns: a unique marker product of
superoxide and hydrosthidine.” Nat, Frotece. 3, 811, 2008 MITOSOX ™ RED i a compound that
can diffise into viable cells and reasts with superoxide anjon specles, particudarly products of
mitochondrial respiration; conditions such as cell stress can cause mitochondria io respond
{sometimes rapidly) by increasing respiration and/or release superoxide anions; and

{3 SYTORRED™ to measure cell viabitity (Joss of nuclear membrane infegrity).
SYTORXRED™ is 2 high-affinity DNA stain that can only pass through the cytoplasmic and nuclear
membranes of eolls which have fost the integrity of both membranss; thus, brighily fhiorescent cells
are dead,

Based on the specific perhurbation, cells can lose {or in soms cases gain} intracellnlar GSH,
resulting in a loss {or gain} of tluorescence signal.

The parameter tensors for the cloud plot population of normal cells were caleulated and are

depicted or deseribed graphically in FIG, 1B,
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Example 2: Cells treated with myzothiazel, FUCY and finoxetine

Cells were treated with a perturbant (e.g., myxothizzol, FCCP and fluoxeting) and analyzed as
described n Hxample 1.

The effects of exposing cells to 100 uM myxothiazo!l are shown in FIG. 1. Treatment of the
cells with myxothiazol resulted in a significant change in coll marphology (upper left panel), decrease
in O5H and CALCEIN AM (upper middle and right panels), and an increase in ROS and
SYTOXRED™ (lower panels) in the majority of cefls {dark bhue in all panels). Bach of theas
responses is viseally different from the patiern for each dye i “normal” cells, as shown in FIG, 1A,

Exposing cells to 33 pM FOCP elicited a ditforent response curve, which s shown i FIG. 3.
The results demonstraie yet another pattern, distinet from the “normal” pattern and frore the patiern
for 100 pM myxothiazol, A distinet popuiation of cells with “normal rorphology” is present afier
treatment with FOOP (green cells in upper lefd panel); these same cells are oolored green i gl panels,
and a3 shown, with normal GSH and CALCEN AM levels (upper center and right panels), and intact
nuciear and eytoplasmic membranes, a3 determined by lack of SYTOX™ Red uptake (Jower right
panel}. However, the cells treated with FCCE have increased ROS (an indicator of mitochondrial
stress; ower left pansty. In addition, there is a distinet population of cells showing altered
morphotogy, reduced GSH, increased CALCEIN, increased ROS and higher SYTOXRED™ (shown
in all panels in FYG. 3 as cells colored Hight blue) compared to cells with “normal morpholegy,”

Yet ancther response patiern is shown in FIG, 4A for cells exposed to 100 pM Huoxetine,
Approximately 30% of the cells have lost “normal morphology”, show reduced GSH, reduced
CALCEIN AM, increased ROS and significantly higher levels of 8¥YT OXRED™ (dark blue cells in
all panels in FIG. 4A), A distinet “signature” of this response is the pattern seen in the SYTOXRED™
histogram {fower right} — all the cells with high SYTOXRED™ content show a dys uptake that is
reading out the IINA content {cell cycle) of the parent HE-60 cell line, indicating that within this
treatment period, cells are dylng throughout the cell cycle, and have not yet degraded their DNA (a

normal hallmark of apoptotic cells).
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4 set of multidimensional profiles of FIG. 2, FIG. 3, and FIG. 44 are plotied along four axes
in FIG. 4B: one for the cells treated with 100 pM myxothiozol {top left), 33 pM FCCP (top right} or
100 uM fluoxetine (bottom center).

Example 3: Cell-vycle

Measurements identical to those described in Example 2 above were made using a second
combination of dyes:

{1y YYBRANVIOLET™ to measure colf gyele tn bive cells;

{2} JC-9 1o roeasure nitnchondrial membrane potential (MMPY, and

{3 SYTOXRED™ (as described herein above).

The sell oyl measurement of untreated cells, showing distinet populations of cells in G1. 8,
and G2M phases of the cell cycle, is depicted graphically in FH3. 5. A first population constituting
the sharp, tall peak on the left of the graph is cells in G1. The flat middle portion of the graph arises
from colls in 3 phase. The peak on the right of the graph is produced by vells in GA/M.

The cel sycle compartments shown here are identical 1o those measured in fixed HL-80 cells,
demonstrating equivalency of Hve cell staining with “conventional” approaches using eell fixation to
aliow DNA hinding dyes access to nuclear DNA, as described below.

Example 4A: Effect of valinomycin

The measurement of mitochondrial membrane potential (MMP) with JC-% was performed
with two independent fluoreascence channels (groon and red fluorescence signals), as changes i MMP
cause aggregation of the dys, with different fluorescence emission by the aggregated versus non-
aggregatc& dye molecules, As shown in FIG. 64, both red and green flucrescence initially increase in
response 1o increasing valinomycin concentration, with s peak green floovescence at ~ 0.05 pM
valinomycin, At higher valinomycin concentrations, red fluorescence increases, with the red/green
flyorescence ratio increasing, A unique aspect of this assay is that it correlates changes in MMP (JC-
4y and cell death {SYTOXRED™) with the phasss of the celf cyele (G1, §, and G2M}.

Example 4B: Effect of idavubicin

An identical study to the one described before was conducied with exposing HL60 celis
exposed to 1.23 pM idarubicin, an analog of daunorobicin which inserts into DNA and prevents it
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from wrwinding during TNA replication and arrests el division. As shown in FIG, 6B, the red
fluorescence of JO-9 dve is significanily higher in cells treated with idarubicin than untreated control
cells (first two data points on the left indicate control eedls).

Example 3: Analysiz of fixed celiz

Studies have established that mitochondria underge significant structural changes during
different phases of the normal cell cycle. See Barni ot al. (“Static cytofluorometry and fuorescence
morphology of mitochondria and DNA m profiferating fibroblasts.” Biotech. Histochem. Off. Pubi,
Biol. Stain Comm, 71, 56-70, 1996}, Margineanty et al. (“Cell cycle dependent morphology changes
and associated mitochondrial DNA Mitechandrion 1, 425435, 20023, Schieks ot al. (“Coordination
of mitochondrial hicenergetics with G1 phase cell cycle progression.” Cell Cycle 7, V7821787, 2008}
and Sweet et af. (“Changes in mitochondrial mass, membrane potential, and collular adenosine
triphosphste content during the cell sycle of human teukemic (HL-60) cells.” J. Cefl, Physiol. 184,
91-06, 1999}, which are incorporaied by reference hereln in their entivety. Limited data suggests
differences in mitochondrial potential {A%m) in G1 versus SHG2M populations {Schigke et al,, Celf
Cyele 7, 1782-1787, 2008}, howsver, there are no published reports that correlate changes in MMP
and cell cycle phases on the single-cell level, Morgover, there are no studies which investigaie the
differential offects of different chemical compounds, e.g., compounds known to change MM?, at
different phases of the cell cycle. In the twe illusirative embodiments described below, analysis of cell
cyele (Example SA} and signal transduction {Example 5B was conducted using fixed cells,

Example 54: Analysie of cell eyele using fixed cells

Cell eyele phases can be measured in living cells using DMNA binding dyes that can pass
through the cytoplasmic and nuclesr membranes (.8, Y YBERANYIOLET™, a8 shown in FHG. 5}
However, this approach is sometimes problematic. Sonwe TINA binding dyes are transported out of
viable cells by cytoplasmic membrane “pumps” that remove potentially toxic compounds {e.g., F-
ghycoprotein rransporters commondy found on cancer cells and stem-like celis). An additional problem
is that the intact cytoplssrnic and nuclear membranes block access 1o internal profeins by antibody-
contugaies for fluoreseence flow cylometry. To overcome these limitations, cells were fixed and

permeabilized, using a combination of chemical fixatives, which prevent degradation of cellular

L]
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proteins, lipids, carbohydrates as well as celhilar siructure. Following fixation, cytoplasmic and
nuclear membranes are permeabilized using routine detergents, which process allows probe molecules
{¢.g. antibody-conjugates} to access intracelialar compartments,

Hruman chronie myelogenous leukernia K-562 cells {derived from s CMLE lne) were fixed and
permeabilized using known techniques {e.g., formaldehyde fixation followed by permeabilization
using methanol at minus 20°C). These fixed cells are suitable for simultansous measurement of DNA
content {cell cyele) and intraceliolar and intranuclear proteins. See, for example, Pollice ot al.
{“Sequential paraformaldehyde and methanol fixation for simultanenus How cytometric analysis of
DNA, cell surface proteins, and intracelinlar proteins.” Cyromerry 13, 432444, 1992}, which is
incorporated by reference in paris pertinent thereto. Following washing, fixed and permeabilized cells
ware incubated with one or mors fluorophore-antibody conjugates, then washed o remove unbound
antibodies, and analyzed by flow cytometry.

As shown 1 FIG. 7, cell cvele analysis, as indivated by DNA content, showed similar pattern
of G1, 8, and G2M populations {upper loft panel) as shown for viable eell oyele staining in FIG. 5.

The same celis were also stained with an antibody to Cyelin A2 {eomjugated to PE) and with
an antibody to the phosphorvlated form of histone H3 protein (P-H3), conjugated to ALEXA
FLUGR® 647, Analysis of cell cysle versus P-H3 {upper right histogram) shows that the
phosphoryiated form of histone H3 protein is only expressed in the G2M population; asalysis of cell
cvele versus Cyclin AZ protein expression (ower loft histogram) shows a more complex pattern of
increasing levels of Cvehn A2 during the progression through S, and two populations of Cyclin A2
expresston in G2M.

The biology of expression of Cyelin AZ in unperturbed cells is well characterized, and after
reaching peak levels of expression during G2, Cyclin A2 is rapidly degraded on entry ioto mitosis
(M} As shown in the lowser right panel, analysis of the expression of Cyclin AZ versus P-H3 reveals a
more complex patiern of the expression of these two proteins during progression through late §, (o
{32, to M. By “gating” the subsequent analysis on only these cell cyole populations (using DNA
content), it is evident that P-H3 is fivst expressed in cells with the highest Cyelin A2 lovels (G2
population), that P13 is maintained at high levels while Cyclin A2 is degraded, and that P-H3 is then
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“lost™ (by de-phosphorylation of the specific Serine residue that was phosphorylated upon entry info
{32} as cells progress from mitosis (M) back into G 1. In traditional flow cytometric analysis, these
sequences of changes in protein expression are establisbed by careful manual “gating” (selecting)
different cell populations (based on DMNA content) and subseqoently analyzing the expression of
protein {or other targets defined by different antibody-conjugates.

Example 6: Signal trassduction

Signal Transduction pathways regulate multiple cell fate pathways, including cell division
{protiferstion), cell death {apnptosis, anoikis), and cell differentiation. In general, signaling acls
through cyioplasmic receptors that activate downsiream pathways after binding of a specific ligand
recognized by the receptor. The halbmark of signalivg pathways is a cascade of protein modifications
{frequently phosphorylation of sering, or threonine, or tyrosing residues, though signaling can include
other protein modifications, including methyiation, scetylation, ubiguination, SUMOviation).

in phosphorylation, the most commonly studied signal transduction events af present, the
activation of the cell surface receptor by lis cognale ligand generates a kinase activity in the receptor.
This active kinase then phosphorylates specific amino acid residues on iis downstream pariner,
wsually generating a Kinase activity. This cascade generally continues uniil the terninal kinase
translocates o the nucleus, where it binds to specific transcription activation shes on DNA. In
addition, many signaling pathrways act “laterally” to activale or inhibit other signaling pathways (e.g.
activated P13 kinase can activate MAP kinase pathways, in addition to the downstream Ake> mTOR>
ribosomal 56 kinase> 86> proteln synthesis pathway),

An example of signal transduction pathways downstream of Toll-like receptor 4 (TLRS)
found on peripheral blood monocytes §s shown in FIG. 8. In contrast to most surface receptor-ligand
interactions, in this highly unusual response, binding of the cognate ligand, lipopolysaccharide (LPS),
to TERA activates multiple signal transduction pathways, including all three MAT (mitogen activated
protein} Kinases (ERK, p38 and SAP/INK MAP kinases), FI3 kinase, and the NF-xB pathway.

All of these patirways have been monitored using flow cyiometry in peripheral blond
monocytes. As above {for monitoring of proteins associated with cell oyclel, cells can be fixed and
permeabitized in order to allow intracellular {and nuclear) acoess for fluorophore-antibody conjugates.
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Herein, specitic dyes that maitor coll membrane permeability {marker for cell death),
nuclear membrane permeability {marker for cell death), signal transduction pathways tmplicated in
DMNA damage (phospho-Histone H2A, phospho-A TM/ATR, phospho-pS3), signal ransduction
pathways implicated in inflammation {e.g., NF-kB}, signal transduction via the MAP kinase pathways
(ERE, SAP/INK, p38), signal transduction via the P13 Kinase pathway {(Akt, GSK3B, RS6K, 86,
garly apoptoiis pathways {e.g., annexin V), mid apoptotic pathways {¢.2., cleaved caspase), late
apoptotic pathways {a.g., PARP/DNA fragmentation), ete. may be emploved.

The resulls of a representative experiment measuring the kinetics of four signaling pathways
simuitanecusly using flow cytometry are presented in FIG. 9. Here, humnan whole blood was %reated
with LPS in presencs {experimental sample) or sbsence {conirol sample) of the PI3 kinass inhibitor
G094, The cells were fixed and permeabitized in accordance with the methods previously
published in Shankey et al. (“Whole blood fixation and permeabilization protocs! with red blood osil
tysis tor flow eviometry of intraceliular phosphorylsted epitopes in leukocyte subpopulations.”
Cytometry 674:4-17, 2005} and stained with CDI4-PECYT {io identify monocytes in the cell mixture
in normal White Blood Cells), plus antibodiss to TwBe (conjugated to ALEX AFLUOR™4EE), P-ERK
{conjugated to ALEXAFLUGR™GAT), B-Akt (conjugated to PE), and P-86 {conjugated to Pacific
Blue).

As shown in FIG. 9, LPS treatment activated the Ik Kinase, resulting in the proteasomal
degradation of IxBa and Joss of green/ ALEXA FLUOR® 482 fluorescence signal. LPS treatment also
activated ERK, Akt and 56 {(as assayed by phosphoryiation of downstream effectors). In the presence
of the P13 kinase inhibitor GDUO941 (right panel), P-Akt was not phosphorviated, and the kinetics of
ERK and 56 phosphorylation were delayed (compared to the cells treated with LPS alone). PI3K

inhibition also had no impact on the proteasomal degradation of IxBa. The results shown here

demonsirate:
{1} Reproducible kinetics of responses in 8 normal cell population
{1 Tnteractions within (horizontaly pathways (P-ERK activates P-98 in monooytes — {3}

56 is not activated by AKL, as seen in other non-hematopoietic cells)
{43 The use of well “mapped” inhibitors to study pathways.
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Esample 7: Tissue culiure sampies

in order to provide 3 more readily available and reproducible cell system { and to avoid the
probiems seen with existing methods), experiroental systoms hased on Hesus culture cell lines may be
utilized to monitor the mpact of drogs on signaling pathways,

Flow cytometric methods using desue culture cells have been routinely used for investigating
the effects of drugs, for examyle, inhibitors of Bor/Abt kinase that are useful in the therapy of chrownic
myeloid leukemia (CML). CML is associated with the Philadelphia chromosome, a genetic
translocation that fuses the Abll gene on chromosome 9 with part of the BCR gene on chromosoms
22, The resulting fusion protein conlaing 3 receptor tyrosine kinase that constitutively activates several
downstream signaling pathways, including P-STATS, P-Crkl, P-mTOR, and F-HEF, The Abt kinase is
the target of several therapeutics currently used clinically, including fmatind (GLEEVECT™),
stiletingb, and dasatinib. These compounds act by inhibiting the tyrosine kinase activity at the receptor
tevel, and also concomitantly inhibit s} downsiream signaling pathways.

A a representative mode! of CML, human K562 cell line, which expresses the Bor/Abl
fusion protein and constitutively phosphorylates the downstream STATS target {Cytonmetry S44; 75-
88, 2603}, was used in the following vxperiment. As shown in FIG, 10, treatment of K362 cells for 30
myin with 2 pM GLEEVEC™ (matindb, or STI571) results in >93% inhibition of the phosphorylation
of the downstream STATS target. Also, s shown in FIG. 10, alhough the phosphorylation of STATS
is inhibited after 30 min imatinih exposure, there is no change in the cell cycle, as measured by DNA
content,

Phosphorylated STATS (P-STATS) acts as a transcriptional activator of several target
proteins, including Cyelin D Constitutive expression of Cyelin B {induced By P-STATS) maintaing
K562 cells in cell cycle. it was found that exposure fo Imatinib for 24 hr decreases S-phase {asa
marker of coll peoliferation) by ~50%, and further exposure 1o imatinib for an additional 24 by
decreases S-phase by an additional 58-70% {data not shown}.

Example 8: Effect of troglitarone

Cetls were treated with troglitazone, followed by incubation with the various Huoresoencs
dyes (CALCETY AM, MBBR, MITOSOX™ and CYTOSOX™). For sach non-control well, the

58



WO 2015/109003 PCT/US2015/011441

guadratic chi-distance distance to positive and negative control templates (for each fluorescence
channel) was calculated and normalized with the sesling factor. The normatired data are reorganized
inte tensors, and the distance from positive and negative control templates are caleulated. The
sindilarities of the trioglitazone tensor 1o another compound tensor can be computed using known
technigues by comparing the fiber columma of the tensors using dynamic time warping distance {see,
(iorgine ef al. “Computing and Yisualizing Dynamic Time Warping Alignments in K The dow
Package.” Jowrnal of Siavistical Sofiware, 3T}, 124, 2009). Dissimilarities or distances to all other
compounds can be caloulated this way.

Results are shown in FIG. 12,

Example $: Automated Derivation of Cellular MMP Hesponses Without Gating

wMeasurements of mitochondrial membrane potential are often performed in flow cytometry
using mitochondrial sensors such as J0-1 and JC-9. These chemical species are dyes that exhibit
petential-dependent accumulation in mitochondria, indicated by a fluorescence emission shift from
green part of the visible light spectrure (~525 um for JC-1) 10 red (~590 nm for JC-1). Therefore,
physiological changes in mitochondria are indicated by shift in intensity ration between the fwo
observed bands of fluorescence,

in cytametry, the detection of global {population-wide) change in MMP is typically measured
by gating (selecting) the subpopulations of cells characterized by mostly low- and high- level of
MMP. This requites manual data processing, or use of various clustering algorithms, which stiempt to
identify the relevant subpopulations of cells. When the subpopulations are identified, it is possible to
create MMP response curves, which Htusirate functions linking increasing compound concentrations
and corresponding change in MMP,

These functions {ourves) are typically created using percentage of cells in s speeific gate (o8
a gate delingating “high MMP” population} as a prowy providing information regarding responss of a
cell population (o & compound exposure, Therefore, the response curves characterize the biochemical
compounds of interest and can be used to further group the compounds jnto clustoers, to mine the
compound characteristics from databases of chemical compounds, or to prediet the compounds
functionality.
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Although gating is typically used in the described applications, Bernas et al. demonstrated
that it is feasible to determine differences between populations of cells in flow cytometry samples
without it, by computing a robust dissimilarity metric (distance) between the distributions describing
these populations (Bernas et al. (2008): Quadratic form: A robust metric for quantitative comparison
of flow cytometric histograms; Cytometry & 734, 715-724. dol: 10.1002/cv1t0.2.20586). The metric
proposed by Bernas (guadratic-form distance) can operaie in one- or higher number dimensions.
Rajwa el al. teaches 2 method to compute these distances and use them in the context of guantifying
differences between biologieal samples in flow eytometry (Rajwa et al. (201 1): Quantification of
differences between messured values and statistical validation based on the differences, 1S Patent
Application Publication No. US20110066385 Al. Robinson et al. teaches a method to compute
response curves and derive accompanying parameters of these curves, such as 1050, asymptotes, ete.
by utilizing distance functions (Robinson et al. (2013 Gate-fres flow cytometry data analysis, U8
Patent Application Publication N, US20130226469 A1), Tn this disclosure Robinson computes
distances between a series of saroples and a control. The used control could be g positive control, or a
negative control. The disclosure demonstrates computing dissimilarities for individual channels of
fluorescence.

Axn application of the methods disclosed by the references above would produce four
complementary response curves: one sncoding the dissimilarity between the series of samples and g
positive control for the first measured band of fluorescence, & second one encoding the dissimilarity
between the samples and the negative control in the same band, and two more curves constructad
analogously for the second measured band. Although it is self-evident that the four response curves
taken together contain the information similar to the information derived using the traditional
approach utilizing percentages of cells in the identified chuster, i is not clear how the derived curves
could be used in place of the single response carve, which bas a well-established wtility jv biological
compound analysis and medicinal chemistry.

Therefore, the disclosures cited above cannot be applied to the MMP case, even though they

provide a practical solution to many other flow cytometry measurements,
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in general, it can be said that the prior art dogs vot include z methed of computing a single
response curve for samples in which information about biological response is enooded in more than
one dimension, and the use of both positive corirol and negative control is reguired. Bernase! et al,
mentions the fact that the proposed distance function s scalable to mutiparameter (moltidimensional)
cyiometry, the authors do not disclose a practically applicable implementation or a demonstration of 3
muliidimensional case. Robinson et al. teach that mulliple comparisons between samples in a series
and a conirol can be arranged in a series Jeading o 8 response curve sinular 10 a response curve
sxtracied from manual data gating. However, Robinson & a. are silent on the use of the disclosed
method in two dimensional case such as measurements of JC-, JC-9, JC-10 and other ratiometric dyes.
Thiz disclosure teaches the derivation of response curves using distance functions for the MMP
measurements and other measurements in which two or more types controls are used, and the
biological samples are characlerized by two or more measurements.

The method described below is capable of deriving a single response curve containing all the
information necessary lo determine the characteristics of the response exhibited by the biclogical
compound of interest when acting on the population of cells,

The method tnvolves the application of distance functions to marginal histograms {one-
dimensional histograms} formed by flow cyiometry measurements,

{4} I Silico Simulation

A method that uses an application of g distance function to marginal histograms {one-
dimensional listograms) formed by flow eytometry measurements in accordance with embodiments
herein disclosed in illustrated in the following ix sifico example.

Figore 19 illustrates a computer simuolation of ten flow eytometry samples exposed to an
imeressing concentration of an agent influencing mitochondrial membrane potential. Figure 18 shows
negative and positive controls, The change in the number and percentage of cells belonging to the
cluster of cells defined by the negative control s lustrated in Figure 20, Pane! A shows response

curves as a function of number of cells. B shows response carves as a fanction of per cent of celis.
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First, a pair of distances between the positive control (C,) and the negative control (C;) is
computed. The twe distances are defined for FL1 marginal histograms {Chy, and FL2 marginal
histograms (C"). These distances are references for further use and rescaling:

F=DCLO

£=pct
where § is the number fndicating the sample in a dilution series, and roman numerals (4, I} indicate
the channs! number. The equation shows a two-dimensional case (bwo marginal histograms};
therefore, only twe roman nurmerals are used. The distance function D can be a quadratic form
distance, a Wasserstsin distance, a quadratic-X” distance or any other distance operating on vectors
representing bistograms.

Following this operation a series of distances for the biological samples are caleulated in an
analogous fashion, Distances are computed for every pair of the positive control and a biclogical
sample in the series (S 8y ..0s 1), 88 well as the negative control the samples (Ses Figure 213

dor = DCLEY
oy = DL
&= D8
& ;p; == 13 {Ciip,Sni)

The resultant values form an array. The size and the dimensionality of the srray depend on

the nunber of controls, and the number of uiilized one-dimensional histograms as explained furtber.

In the MMP case, two oonirols are used, and two fluorescence channels are measured,
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The array of measurements {iwo malrices shown above) can be also viewed as & three-way

tensor. The dimensionality of this three-way tensor s Lixhxls, where I is the mumber of tested
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consentrations {typically 18), I, is the number of measured responses (in the case of JC-like labels —
two), and I; is the number of measured dissimilarities/distances {typically two: positive conirol
distance measurement, and a negative control distance measarement). Therefiwe, for a tensor &
representing the biological measurement, the slement (7, 7, &), denoted by oy, describes & distance
hetween measurements of parameter § obtained from a cell population exposed to 2 compound at
concentration {, and a controd cell population &.

in the third step, following the arrangement of data in the tensor A, tensor decomposition is
performed. The goal of tensor decomposition is formation low-rank tensors, which contain all or
most information of the higher order tensor. In the demonatrated example, the utilized decomposition
is the polyadic tensor decomposition {CP}. The tensor & s decomposed into two decomposed in two
ERsors.

The objective of the CP decomposition is finding an approximation of tensor & denoted A,

which satisfies the following criferia

i . " e 3 5 £ 0h, BB
F“f"%lf"’“ﬁ‘ﬁr whaera hﬂﬁi-‘rﬁ,‘mﬁ-@;_ﬁ‘mﬁi@i]‘i"g‘:az SRy vEy

where © denctes outer product.

The first vector bullding the first tensor A, (henceforth denoted A, for simplification) a”
{henceforth denoted 4} deseribes the overali change in responee exhibited by the series of the
biological samples over the rested eoncentration of compounds Figure 124). The 1, vector can be
further characterized by fitting a pre-conceived model of response (such 3s log-logistic, Gompertz,
Weibull, Cedergreen-Ritz-Streibig, Brain-Cousens, eic) (Cedergreen st al., 2005, Meddings et al,,
19893, The example of such fitting is shown in Figure 228,

in all the in silico simulated samples shown in Figure 19 the total number of cells iz 5000,
The number of cells in the “positive control” ~tike chster shown in Figures in Figure 194 to Figure
19 is 4909, 4753, 4409, 3650, 2478, 1370, SB1, 234, 87, and 29, respectively. As mentioned before,
the information about the change can be also visualized as 8 percentage of cells in the cluster, orasa
ditferonce between the percentage of cells in the cluster and the percentage of cells belonging fo the

cluster in the negative conirol. In the demonstrated example these percentages are 98.18, 85.06,

63



WO 2015/109003 PCT/US2015/011441

88,18, 73, 49.56, 274, 11.62, 4.68, 1.74, and .58 for the samples from A to § (Figure 19),
respectively. In all the case a sigmoidal shape characterizes the plotied function.

The response curve computed by polyadic tensor decomposition {curve described by vector
8y} is demoustrated in Figure 224, The curve retains the sigmoidal characteristics providing the same
information ahout functional dependence between concentration {encoded by sammple number) and 8
relative level of response. The curve can be re-scaled using distances between controds. Following
the rescaling the dissimilarity of 1 is equal to the dissimilarity between negative and positive control.
The plot presenting correspondence between the responss curves derived using the traditionsl
methodology, and the described method is provided in Figure 13,

(B) Anslvsis of Cell Responses to Valinomycin and Two Other Agents

The g-)mcf:ciure described above was performed on real flow cytometry data. Results are
displayed in Figures 24 and 25. The data was obtained using the methods desoribed herein above.

Figure 24 shows a series of flow eytometry plots demonstrating the change in cell populations
exposed to valinomyein. Figare 25A provides a response curves derived from the flow cytometry
data. Tn addition o valinomyein in Figore 24, additionally samples exposed to idarubicin and
acetomiphen were used, The unit of dissirailarity in Figure 254 Is the difference between positive
and negative control, where the positive control is a sample treated with FCCP at a concentration of
23pm,

The computed response data can be also used to fit 8 defined sigmoidal-curve model. For
insianes, a log-logistic four-parameter model fitted into the provided examples, represent the
approximated fusctional dependence between concentration and sample response in Figure 5B,

From the carsful consideration of the foregoing description in light of the references cited
hevein, one skilled in the art can ascerlain the charscteristios of inventions and embodiments herein
describe and will be cnabled thereby o undertake & wide a variety of changes and modificalions
thereof without departing from the spirit and scope thereof,

All publications and patents cited sbove are incorporated herein by reference. in their

entireties, particularty as to paris pertinent to the foregoing discussion thereot.
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What is claimed is:

I, A method for characterizing the effect of an agent on ceils comprising:

a) contacting samples of a population of cells with a series of different concentrations of an agent;

b) measuring each of two or more phenotypic parameters in individual cells of the population for each.
sample and for each exposure concentration;

¢) obtaining a distribution of nlea_;urcd values for the cells for each paramster and each exposure;

" d) obtf-iliriih'g.a &is&ibuti-oﬁ of measured values for the cells nﬁt e-:xposlad fo the B "compdun:i;

¢) calculating dissimilarities between the distribution obtained in step d} and each of the distributions
obtained in step c);,

f) combining the calculated dissimilarities fo form a multiparametric response tensor;

wherein the multiparametric response tensor is a fingerprint characteristic of the effect of the agent on

‘the cells which can be directly compared to other fingerprints generated the same way.

2. A method according to claim 1, wherein the methoed is used to generate and store fingerprints.

3. A method according to claim 1, wherein themethod is used to make comparisons of
fingerprints,

4, A method according to claim 3, wherein the comparisons are used to predict in vivo effects.

5. A method according to any one of the preceding claims, wherein the phenotypic parameters are

measured in the individual celis by cell cytometry.

6. A method according to any one of the preceding claims, wherein the phenotypic parametors
include any two or more of cell viability, cell cycle stage, mitochondrial membrane integrity, mitochondrial
toxicity, glutathione concentration, reactive oxygen species, reducing species, cytoplasmic membrane
permeability, DNA damage, a stress response marker, an inflammatory response marker, an apotosis marker and
a lipid peroxidase,

7. A method according to any one of the preceding claims, wherein the phenofypic parameters
include any one or more of NF«B, caspase, ERK, SAPK, P13K, AKT, a Bel-1 family protein, p38, ATM

GSk3B and ribosomal 86 kinase.
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8. A method according to any onc of the preceding claims, wherein one of the phenotypic
parameters is cell cycle,

9. A method according to claim according to any one of the preceding claims, whetein each
population of cells is functionally labeled with a plurality of fluorescence dyes and the phenotypic parameters
are detected and quantitated in terms of spectral emission signal(s) that are generated when said populations of
labeled cells are subjected to cytometric analysis.

10 The method according to any one of the preceding claims, wherein a phenotypic parameter is
cell cycle and it is quantitated in terms of any one or more of tﬁe HOECHST 33342, DRAQS, YO-PRO-1
IODIDE, DAPI, CYTRAK ORANGE, cyclin or phosphorylated histone protein.
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z ﬁfs\%

Axis 1: Cell morphology
Axis 20 Funcrional fluorescence label
Axis 3 Perturbant concentration

HiG. 14

Dissimilarity between distribution
of fluorescence signals indicating
physiological response X, from
cells of morphology tvpe ¥, at a
concentration level Z, and a
relevant control.

Dissimilarity between
distributions of fluorescence
signals indicating physiclogical
response X, from cells of
morphology type ¥, at a
concentration level Z, and 3
retevant control,
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The changes in the space defined by dissimilarities
hetween complex point-clouds form a complicated
trajectory, which uniquely describes the
characteristics of the compound eliciting those
changes.

FiG. 15
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Cell Physiology Assay
Tissue Culture Compound Plates
Frozen Cell Stock {Commercial Compound Plates (Storage)
Sources) : ;
W
Flask Cultures
g‘\jﬁaﬁer Botile Cultures {Back-up) Compound Deposition onto Assay Plates

niond

Celi Har\iest/Séwp for Assay

Plates

S

{Biomelk)

Y

Assay Plates
Deposit cells onto to compound formatied assay plates

incubale {4 to 7 hrs) @ 37° C in tissue culture incubalor
Centrifuge cells, remove supemate

Add dye mix to all wells (Biomek)

Incubate for 15-30 min @ 37° C in tissue culture incubator

CellularAnalyses
Flow Cytometry (HyperCyt/Cyan)
Data Acquisition/Storage
Analysis
a. Manual well data analysis (Kaluza)
b, Automated/Semi-Automaled Analysis
. QAQC analysis
ii. Response Curves
i, Clustering (non-supervised)

FIG. 16
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TREAT CELLS
Negative control, Concentration series, Positive control

LABEL CELLS

CYTOMETRY

TNITIAL DATA REDUCTION

Seatterpiot, Calonlate differences, Normalize {0 controls,

GENERATE PINGERPRINT TENSOR

REPEAT FOR OTHER CON@’O’UNES &/OR CELLS

COMPARE TEMNSORS

IDENTIEY COMPOUND ACTIONS

by similarity of fingerprint tensor to other fingerprint tonsors

ESTABLISH DATABAES
Fingerprint fensor 133
Compound classification DB - based on fingerprint analysis
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