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Areas of discussion

* Hyperspectral Cytometry
* Multiangle light scatter cytometry

» Advanced classification approaches
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« Used by NASA in the LandSAT program.

« Many applications in biology and medicine.

« Started at Purdue University in the 1960’s by Professor
David Landgrebe
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Basic imaging...
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Greyscale _ Multispectral
Color image image

Image
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Color composition is a mixture of spectral
bands
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Proc. SPIE Vol. 4056, p. 50-64, Wavelet Applications VII
Harold H. Szu, Martin Vetterli; William J. Campbell, James R

Buss, Ed.
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Absorption Example

- Dutch Boy paint cards PURDUE

* Colors difficult to distinguish by visual inspection UNIVERSITY
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Multispectral Cytometry. Why?
|dentification of multiple spectrally
overlapping stains (multiplexing)
Spectral barcoding

Spectral un-mixing (multiple stains in a single
particle)

|dentification of intrinsic (auto) fluorescence

Allows “intelligent systems” approach to
classification
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Optical Design of a basic flow cytometer
PMT 5
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Sample

Dichroic

FiI

Flow chamber

Laser

Bandpass
Filters

Sensor
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Polychromatic Cytometry
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Spectral Overlap makes for very complex analysis

Intensity

400 nm
Fluorescence Wavelength
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Multispectral Cytometry
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32 Channel Pulse

Excitation | IS
Describes the
Entire spectrum

Scatter
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Spectrum becomes a r@
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A 32 Ch PMT detector

Intensity

600 nm 700 nm 800 nm

Fluorescence Wavelength

500 nm
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32 PMTs collecting 10-15nm bands
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Intensity

400 nm 500nm 600 nm 700 nm 800 nm
Fluorescence Wavelength
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32 channels

500 nm 600 nm 700 nm 800 nm
Fluorescence Wavelength

PURDUE

UNIVER




{

i

Discivery Park

e 4 YV er

Purdu;%ﬁfflersn

Bindley Bioscience Center

32 channels

Intensity

500 nm | 600 nm 700 nm 800 nm
Fluorescence Wavelength
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Nanocrystals/Micro-Dots multiplexed systems

Code:1210111

—_——1

AM « New probes

' * Potentially 1000’s of
combinations

[l Addmo « Sensitive, long lived, less
bleaching

o Difficult to make

« Will require some
advanced classification
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Classification
algorithms

[t will happen here.
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Multispectral
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46 parameter cytometer

« 32 channel PM array

* 6 channels of regular PMTs
« 1 PMT for side scatter 46 measurements
« 5 detectors for forward scatter per cell

* 1 channel for boxcar (pulse width)
» Time (microsecond resolution)
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These CAN now be resolved
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Except using advanced
Classification tools like PCA
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Dye 1: bis-(1,3-dibutylbarbituric acid)trimethine oxonol, DiIBAC,(3) Before After

Dye 2: 3,3'-dihexyloxacarbocyanine iodide, DiOC(3)

. Green .
. Green .

Unmixed
Q D10C¢(3)
And bis-oxonol

Spectral “unmixing” "

FITC filter block TN\
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5-(and-6)-carboxy-2",7 " -dichlorofluorescein diacetate (CDCFA)
5(6)-carboxy-4',5"-dimethylfluorescein (CDMFA)

5-sulfofluorescein diacetate (SFDA)

Cell Tracker Green - 5-chloromethylfluorescein diacetate (CTG)
5-(and-6)-carboxy-2",7 " -dichlorofluorescein diacetate, succinimidyl ester (DCF)
bis-(1,3-dibutylbarbituric acid)trimethine oxonol (DiBAC4(3))
3,3'-dipentyloxacarbocyanine iodide (DiOCs(3))

3,3'-dihexyloxacarbocyanine iodide (DiOC¢(3))

Rhodamine 110

Spectral plots
515-535 nm
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Scatter Plot
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Confusion matrix

5-(and-6)-carboxy-2",7 "-dichlorofluorescein diacetate (CDCFA)
5(6)-carboxy-4',5'-dimethylfluorescein (CDMFA)
5-sulfofluorescein diacetate (SFDA)
5-(and-6)-carboxy-2",7 " -dichlorofluorescein diacetate, succinimidyl

1.

2.

3.

4,
ester (DCF)

5.

6.

7.

8.

9. Rhodamine 110

CDCFA

CDCFA 87.92%
CDMFA 0.24%
SFDA 0.04%
CTG 5.44%
DCF 0.00%
DiBAC43 3.72%
DiOC,(3) 4.12%
DiOC,(3)  1.92%
RH110 0.00%

PUCL

CDMFA
0.00%

97.76%
0.00%
0.00%
0.00%
0.20%
0.28%
0.12%
0.00%

SFDA
0.76%

0.52%
94.36%
5.04%
0.00%
0.04%
0.56%
0.76%
0.08%

CTG
2.72%

0.04%
4.88%
86.44%
0.00%
0.40%
1.92%
1.72%
0.36%

Cell Tracker Green - 5-chloromethylfluorescein diacetate (CTG)
bis-(1,3-dibutylbarbituric acid)trimethine oxonol (DiBAC,(3))
3,3'-dipentyloxacarbocyanine iodide (DiOCs5(3))
3,3'-dihexyloxacarbocyanine iodide (DiOC,(3))

DCF
0.00%

0.00%
0.00%
0.00%
100.00%
0.00%
0.00%
0.00%
0.00%

DiBAC43 DiOC4(3) DiOC,(3)

6.04%
0.00%
0.00%
0.20%
0.00%
92.76%
1.32%
1.24%
0.00%

1.92%
0.16%
0.00%
0.80%
0.00%
0.96%
77.60%
17.72%
0.00%

RH110
0.64% 0.00%
0.88% 0.40%
0.72% 0.00%
2.04% 0.04%
0.00% 0.00%
1.92% 0.00%
14.20% 0.00%
76.52% 0.00%
0.20% 99.36%
PURDUE

UNIVERSITY
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Characteristic
Spectra

Conventional
RGB Image

N Spectrally
1 ) segmented Image

Wavelength (nm)
High spectral resolution increases utility of spectrally responsive indicator dyes

P u C L Slide from Dr. Richard Levenson, CRi, Inc.,35B Cabot Rd.,Woburn, MA 01801, www.cri-inc.com PURDUE
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Analysis of complex samples (mixed nanocrystals)
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Spectral Distribution of labeled lymphocytes

CDA45FITC CD4PE

FITC_SSCI00V_Gate_t PE_SSCI00V_Gate 1

PCA

“PCA

CD8ECD

£CD_SSCI00_Gete_1

CD3CY5

Y5 _SSCa00V_Gete 1

PCA

pc2

FITC_SSCI00Y _G4 1_1 Everts: 6110 _1 Events : 5769

Average Spectra Average Spectra
(s00-750 nm) ventiosos

Note: the full (32
point) spectrum of
every cell in the
analysis 1s performed

_1 Events: 6279

Average Spectra
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(CD19-Cy3
not displayed)
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PCA with 5 colors and at least 2 scatter analysis on a 32 color system
Each panel represents PCA analysis of different components
Note the mix of blue & brown cells here Now the blue cells are separated
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Example: 5 color cell labeling
Traditional views of 2P dotplots but colors are derived from PCA populations
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PCA (Correlation) on all the

= parameters :32channels +
A blood sample E SSC+ FS(sum)+ RingB+
incubated with : % RingC+ RingD+ RingE,
-CD45 FITC © 3 3
-CD4 PE E o
-CD8 ECD ) _
-CD3 PC5 = PCA (Correlation,
is analyzed both with N Hyperspher.ncal) on all the
™M parameters : 32channels +
the 32PMT and the SSC+ FS(sum)+ RingB+

on both data.
Lymphocytes are
gated out from SSC

vs FS. : A PCA (Correlation) on
. - 4channels+SSC+ FS(sum)+
RingB+ RingC+ RingD+
RingE,

PC1 PC1

PCA (Correlation,
Hyperspherical) on
4channels+SSC+ FS(sum)+
RingB+ RingC+ RingD+
RingE,

]
3!
>
(O]
©
&
=
o
©

PUCL

cytometry laboratories




Discitvery Park

‘F;urduM Bindley Bioscience Center
How do we bring clinical problems to the table?

Lymphocytes
/ | \ %

NK cells T cells B cells |
CDI6TCD56—
CD16TCD56TCDEH Chs=Enss
CDI6 CD56TCDS-
CDI6CD56"
aff TcR ¥d TcR*
CD4* CDS8* Vol+ <V¥9+ Va2t <W9+
DN DP L Ve~
CDSICD4 e s Classification
‘ CDSUICD4~ DN bp ‘
——
CD45RA+ CD45SRA~
c;)‘szv CD62L~ CD62L* CD62L~ |
s CD57- Th2 CD11abr CD11abr
CDS7" CD11alo CD11alo
Perforin' ~CT1,

From Roederer et al

Enrico Lugli et al, Universita di Modena e Reggio Emilia
(Group of Andrea Cossarizza, University of Modena)
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Time Interval Gating for Analysis of Cell Function
Using Flow Cytometry"

Gary Durack?, Gretchen Lawler, Steve Kelley, Kathy Ragheb, R.A. Roth, P. Ganey, and
J. Paul Robinson

Purdue University Cytometry Laboratories and Department of Veterinary Physiology and Pharmacology (G.D.,
G.L., SK., KR, J.P.R.) Purdue University, West Lafayette, IN, 47907 and Department of Pharmacology and
Toxicology (R.A.R., P.G.), Michigan State University, E.Lansing, MI
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An Innovation in Flow Cytometry Data Collection and
Analysis Producing a Correlated Multiple Sample
Analysis in a Single File®

J. Paul Robinson,” Gary Durack, and Steve Kelley

Purdue University Cytometry Laboratories and Department of Veterinary Physiology and Pharmacology,
Purdue University, West Lafayette, Indiana 47907
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Flow Cytometry

[Real Time Analysis]
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FITC

THE PHENOCRAM

COMPOSITE QUADSTATS

2¢ Scat

Tube ID
LM
s
+ 4]
.
|
! CDEFGH
AB K
1 |
1024 ° 1024
Tube ID

Is@i a0 _ED4/000
1 = .‘s 1 2
-t
:
o Q :rt
- >
- -
. w3
3 n
| O
3 a "
“lk o {
Ty mf‘hrmu rrmm
«1 iene

L™

|}
o |
e 2 g
- - -
o w L
R l.
-
3 3 4 E 3
-l . -l
b4 TR T T LILALL
1000 .1 1900 ad 1eee .1 1000
PE PE
{7 - B CO14,CDES 201 1a03e COI I3
1 2
2 s 1 2 = 1 2
-
L
4 24 g
= & 3 w
R p 3
B SE——— T u
= 4 E 4 .
¥ 3 3 a4 3 a -
- - |8 - . ( gl
T T T L TINr Ty T T “ryrmyoTn
.1 1000 . 1000 .1 1000 -1 1008
PE
Coa/c0a0
&

Fic. 2. Histograms available from the inittal real time analysis
usng the TIP system. These histograms are available immediately
after the last tabe is ran ca the cytometer. The first histogram is a
two-parameter light scatter hi howing the baned light
scatter from all tubes. The lymphocyte gating region (x) wns used for
all gating Each individual tube can be dsplayed if pecessary. The
second 3+ & one-parameter histogram showing the TIP. Each tube is
represented by & #pike on the x axis These spikes are sequentially
gatod to produce each of the 11 following two-parsmetar histagrams.
Each hiategram 82 titled with the phenotypee cambination for that
tube. PE conjugates sro designatod before FITC conjugates in the
figure. This |5 termed the guadstat ion
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Automated analysis
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[Luminex

100 Color-codes =
100 Simultaneous Tests

Using this method, over 100 distinct
microsphere sets can be created.




[Luminex

AMAL [ A[A
AMAL [ A[A
AMA L [ AA

LA LT AAL W L ALA
LA L L AAW 0 L AA
LA L AW L AA
LAAWL L L ALAW LA
AL LA ALA
A L AAL A
LA L AAL A

LA U

LA U

LAl I




[Luminex

ALl e Ll
ALl Ll
Al T
ALl e Ll
N
LAl bl
INTENNYENN
AW (L L ALA [ AA
AAW 0 [ AJAL [ AA

ALA L (0 [ ACA L W[

ALA UL CATAE W[ AA
ACACU DL LA [ AA
ACA UL CATAE [ AA
ACACU DL LA [ AA
ACA (I CATA [ ALA
AAL | AAD A
ALACUC W [ APA | A
AAC [ ATAL 0| A[A
AALL (0 [ ATAW 0| A[A

ACA U L ATA T W[

HHH

IO S N T VW

N O VR T VR T
Ll bl bl bl Tl e e
7 T R T
LAl
RN
AA (0 [ A[AW [ A[A
ALAW | ATAW | A[A

N O VR T VR T Y

ALA W [ ATA [




New Mexico Molecular Libraries
Screening Center

Larry A. Sklar, PhD

Regents Professor of Pathology
and Distinguished Professor of Pharmacy
Director of Basic Research, UNM Cancer Center
Director, New Mexico Molecular Libraries Screening Center
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Sampling probe
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Flow Cytometry for Intracellular Staining

Gary Nolan Lab

Drug Action,
Perturbations,
Induced Signaling

Fix Permeabilize Stain
' n— ' - N> ' ' '
‘ Antibodies
(Fluorophore-conjugated)
. . Light Scatter
Signaling <mmmm  Cell Type  <mmmm Pfoperties

Thorough development of fixation protocols for
cell lines and whole-blood (immediately
out of patient).

1. State specific antibodies: phospho-
specific antibodies and others
Adopting entirely new fluorophores....
Generation of efficient conjugation,
purification, and testing protocols.

@ N

Laser

Analyze

gfg

p38 MAPK
JNK, cJun

AKT, PIP2, PIP3,
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STATs, SRC NF-kE .p65
CREB, cJUN, IKKa Caveolin
p53 515, 520 s37, $392 Paxillin
Pyk2, Shc, Fak, Src FLT3
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Slp76, Zap70, Syk, Lat, Vay,
Lck, PLCy
Beta-integrins

>80 specificities



Mapping Altered Signaling in Every Tumor Sample Cell
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Advanced approaches to modeling
based on single cell data - Nolan Lab

* Question: can you predict a signaling network based on network
connectivity knowledge from single cell analysis?

SCIENCE VOL 308 22 AP.RIL 2005., 523 .
Causal Protein-Signaling

Networks Derived from
Multiparameter Single-Cell Data

Karen Sachs,’* Omar Perez,** Dana Pe'er,>*
Douglas A. Lauffenburger,'{ Garry P. Nolan®}

Machine learning was applied for the automated derivation of causal influ-
ences in cellular signaling networks. This derivation relied on the simultaneous
measurement of multiple phosphorylated protein and phospholipid components
in thousands of individual primary human immune system cells. Perturbing these
cells with molecular interventions drove the ordering of connections between
pathway components, wherein Bayesian network computational methods auto-
matically elucidated most of the traditionally reported signaling relationships
and predicted novel interpathway network causalities, which we verified ex-
perimentally. Reconstruction of network models from physiologically relevant
primary single cells might be applied to understanding native-state tissue signal-

P l l C L ing biology, complex drug actions, and dysfunctional signaling in diseased cells.

cytometry laboratories
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PUrduMit | ' Bioscience Center

>2000 scatter patterns from
cultures of 108 Listeria strains
were measured and analyzed

69 — L. monocytogenes
C 16 - L. innocua
12 - L. ivanovif
5 - L. seeligeri
3 - L. welshimeri

3 - L. grayi

Schematic representation of the laser scatterometer used to perform analysis of
PU C L bacterial colonies. A — 635-nm diode laser, B — Petri dish containing bacterial P[SISRDUE
colonies, C — CCD camera, D — Petri-dish holder, and E — detection screen. UNIVERSITY
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Bindley Bioscience Center

Bacteria Rapid Detection using Optical Scattering
Technology (BARDOT) — the new system

BARDOT (Bacteria Rapid
Detection using Optical
Scattering Technology)
designed by Hirleman group.
Broaden the library of scatter
images for additional bacterial
colonies (Bhunia group)

New technology for features
extraction (Rajwa/Robinson

group)
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L. monocytogenes ATCC19113 L. innocua F4248 L. ivanovii ATCC19119

L. seeligeri LA 15 L. welshimeri ATCC35897 L. grayi LM37 PURDUE
Purdue UnivérSity Pateft Pending
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L. welshimeri ATCC35897 L. innocua V58 L. ivanovi ATCC19119

L. ivanovi SE98 L. monocytogenes ATCC19113 L. monocytogenes V7

PUCL PURDUE

UNIVERSITY
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Bindley Bioscience Center

Image analysis using 2D radial Zernike polynomials

Frits Zernike
The Nobel Prize in Physics 1953

The Zernike polynomials are a set of
orthogonal polynomials that arise in
the expansion of a wavefront function
for optical systems with circular
pupils. They were introduced by F.
Zernike in 1934: Zernike, F.
"Beugungstheorie des
Schneidenverfahrens und seiner
verbesserten Form, der
Phasenkontrastmethode.” Physica 1,
689-704, 1934.

PUCL

A“c.

Graphical representation of radial Zernike polynomials Z,, ;, in 2D
(image size 128 x 128 pixels), and their magnitudes: A - real part
Lo, B - imaginary part Z,, 4; C - magnitude Z,, 4; D - real part Z,5 5;
E - imaginary part Z;; 5; F - magnitude Z,3 5. The larger the n-|m|
difference, the more oscillations are present in the shape. Features
used in this study are the magnitudes of Zernike polynomials. One
may note that the values of the magnitudes do not change when

arbitrary rotations are applied. PURDUE

" UNIVERSITY




E. coliK12

Based on scatter patterns, we can identify everything we
have attempted so far. All of the organisms of interest have
been pathogens — mostly food borne in nature

Escherichia coli

E. coliO157:H7 EDL933

Pattern Il

coli0157:H7 K1

E. coli0157:H7 G458




Salmonella

Sal. Enteritidis

Salmonella Agona PT28
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Hierarchical clustering based on Zernike moment invariants

5
{ o |
CFFFFFFFFFFFF

— ~— I\ AN AN U\ U\ J
' gl h'd Y Y
, o . L.mono- ionovii L. seeligeri
L. grayi L. seeligeri L. welshimeri cytogenes ' g

Hierarchical clustering of bacterial scatter patterns. Symbols represent six different strains of Listeria belonging
to six species: m L. grayiLM37, o L. seeligeri LA15, r L. welshimeri ATCC35897, ¢ L. monocytogenes ATCC19113,

+ L. innocua F4248, L. ivanoviiV199. Numbers represent identified clusters of patterns. Note that identified
clusters coincide with the groups of colonies from different strains.

PUCL PURDUE
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Adding advanced light scatter to traditional systems
Optics for forward scatter

Bindley Bioscience Center
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Laser

180 beam

: chénnel
Scatter from a particle / cylindrical flow
channel interactive system

M. Venkatapathi, G. Grégori, K. Ragheb, J. P. Robinson, E. D. Hirleman, “Measurement
and Analysis of Angle-resolved Scatter from Small Particles in a Cylindrical

PU/C L Microchannel”, Applied Optics, Vol. 45, No. 10, pp. 2222-2232, (2006). PURDUE

UNIVERSITY

cytometry laboratories
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Advanced Detection System

Sample in
¥ Sheath

Proprietary Optical Head

Piezoelectric from Beckman-Coulter

— crystal oscillator

Sheath 1n

Light scattered at different angles by each
Particle particle,and collected at different angles (rings).

I\
LA
A  Scatter Sensor /

Laser
beam
Flow cell/ «— Channel 0 Rings of Flbers
PUCL e o PURDUE
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all blue is equivalent to forward angle scatter

PUCL

cytometry laboratories

1023

[

AML cells were spiked into normal whole blood. FALS (standard forward scatter) versus SS (side scatter) is
unremarkable. CD45 vs SS indicates a larger than expected population of Mono-myelocytic cells. FOA clearly
resolves AML cell population (lower left panel). Gating on this population demonstrates light scatter (FALS vs SS)

rsnt

Traditional FALS vs SS(EDZ3

r 3

Specific angle “e”

characteristic of Monocytes and Granulocytes.

Side scatter

ALL-BLUE

1023

108

107 10

1023

Side scatter

These are identified
entirely from the
special scatter
profile

mage from:
http://www.thecrookstoncollection.com/v/di
seased/neoplasms/myeloid/acute/AML-
zoom.jpg.html

Ring e =angle e
All blue =combined rings

PURDUE
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Some advanced analysis in laser

Scanning Cytometry

PURDUE
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Development and Valldatlon of the LSC
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LSC image comblnlng
fluorescence and forward
scatter

Kamentsky

Slide kindly supplied by Elena Holden, Compucyte



Next Generation

Untreated
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Phantom
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Imaging C

-induced apoptosis
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v _ morphology P27 in Prostate Tissue
: ' ic Research
iCys® Research Research
Imaging Cytometer Pathology

Slide kindly supplied by Elena Holden, Compucyte
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Enhanced Scatter — what does it offer?

* Very low cost — plenty of signal
« Each type of cell, or organelle, has a unique scatter characteristic

« By adding in multiple scatter tools in regular flow cytometers, we can
probably discriminate many different cells in populations that just

“look broad”

» Morphologically modified cells may be identified more easily

« Advanced scatter properties in imaging are also very powerful signals
that are not frequently used

« Combining scatter, fluorescence and imaging techniques opens new
opportunities in cellular and tissue imaging

PUCL PURDUE
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Conclusions

« Cytometry has many different implementations across many fields
of science

« Hyperspectral analysis may fundamentally change the current
concepts for detection in cell analysis

« Spectral cytometry may be a far better alternative for specific
applications requiring advanced classification such as diagnostics

« Spectral cytometry can separate probes of very similar emission
and also extract autofluorescence

« Multiplexing of systems creates opportunities for using functional
outputs

« High throughput systems are possible at the single cell level

« Regardless of the technology, advanced modeling and
classification tools are going to play much more importance in
cytomics

PURDUE

UNIVER
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