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* Why single cell resolution flow cytometry (FCM)
 History of single cell analysis

* Present approaches for high parameter cell analysis
» Essentials of fluorescence-based FCM

 Historical development of full spectrum FCM

» System performance evaluation (full spectrum vs. dye specific)
 Selected applications

* Alook into the future of high parameter FCM
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Single Cell Cytometry vs. Bulk Analysis

Intensity Histogram for Single Particles  Intensity per Sample
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Cell by cell intensity analysis detects
population heterogeneity.



Single Cell Genomics

Number of Cells
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Single cell analysis reveals
heterogeneity, which is
masked by averaging,
when analyzing groups of
cells.
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Technical advancements in polychromatic flow cytometry combined with
an increased understanding of T cell biology have precipitated a number
of flow-cytometry-based approaches, that interrogate T cell function.

... the integrated complexity of the immune system mandates that part of
the evaluation of Tcell therapy focus on the impact that treatment has on
the broader immune system. Although this relatively new concept has not
yet been broadly implemented in clinical trials, one approach that has
'been implemented with some success has been to evaluate systemic
cytokine levels in patients during treatment. ... this strategy has revealed
that engineered T cell activation and antitumor activity result in broad and
potent cytokine-driven effects... the hypothesis-agnostic interrogation of
cytokines in these trials unexpectedly identified IL-6 as a major cytokine
induced by CAR therapy: As a result of this observation, the anti-IL-6
receptor antagonist antibody tocilizumab was successfully deployed to
mitigate the observed cytokine-induced toxicity, a treatment now being

applied more systematically to counteract cytokine-release syndrome.
(Maus MV et al. in Ann.Rev.Immunol.,2014, 32:189, Adoptive Immunotherapy)

Carl June, developer of CAR_T cancer therapy



The Beginnings of Single Cell Analysis

*1665 — English physicist, Robert Hooke used a
microscope lens to observe “pores” in cork

*1674 — Anton van Leeuwenhoek built a simple
microscope with only one lens to examine blood
cells

1872 — Ernst Abbe calculated the maximum
resolution in microscopes

*1971 — Intel launches 4-hit 4004




First Fluorescence Based Instruments

1968 1st fluorescence-based flow
cytometry device (ICP 11) by Prof.
GOhde from the University of Mlnster,
Germany, and first commercialized In
1968/69 by German developer and
manufacturer Partec through Phywe
AG in Gottingen. g

1971 Cytoﬂuorograph Ortho
1973 PAS 8000, Partec

1974 15t FACS instrument, BD
1977 Epics Instrument,Coulter




Multi-beam Flow Cytometers

Howard M. Shapiro - 1973-76
Shapiro and the Block instruments designed a series of multiveam flow cytometers that did differentials and multiple fluorescence

excitation and emission

From Beckman-Coulter website 2013



Technology Developments For
Changes in Cytometry
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Technology Development History
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Flow Cytometry Features

Single cell resolution analysis with

High analysis rates to ~10° particles sec™

High sensitivity (single molecule sensitivity by fluorescence)
Wide dynamic range (103 to 10’ cells mL™1)

High precision fluorescence measurement (1%cv)
Many simultaneous measurements

Viable cells can be by sorted (e.g. for culture)

Good ease-of-use




Approaches for Multi-parameter

Single Cell Analysis

NA barcodes as labels for sequencing

agueous droplets in oil
multiwell plates

High speed flow stream

multiparameter MS
conventional dye specific fluorescence
full spectrum fluorescence
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Seqguence Barcodes

Single-Cell Protein Profiling
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MS for Flow Cytometry
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Flow Cytometry with Fluorescence Detection

Linear PMT Array Octagon PMT Array Photomultiplier Tube
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Basic Data Processing

\oltage pulses from detectors

Listmode data after
pulse processing and A/D
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“Droplet-based” Sorting
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Historical Development of Full
Spectrum Flow Cytometry

Reference ‘ Approach Comments
Wade et al 1979(Wade et al.. 1979) Grating spectrograph and silicon Measured average spectra of many celis
intensified detector

Steen and Stokke, 1086(Steen and Stokke, 1986)

Grating monochromometer and
PMT

Measured average intensity at 10 nm intervals

Buican, 1900(Buican, 1990)

Fourier transform FC

Gauci et al, 1996(Gauct et al., 1996) Prism and intensified photodiode | Measured spectra of single cells and microspheres
array
Fuller and Sweedler. 1996(Fuller and Sweedler, 1996) Grating spectrograph and CCD Measured spectra of single microspheres an liposomes

Asbury et al _1006(Asbury et al.. 1996)

Scanning monochromometer and
PMT

Constructed population average spectra from many single cells, single
wavelength measurements

2012(Nolan and Sebba, 2011)

Dubelaar et al. 1999(Dubelaar et al., 1999) Grating spectrograph and a 7 pixel | Used 3 of 7 detector elements to measure light scatter and two colors of
hybrid PMT fluorescence

Isailovic et al. 2005(Isailovic et al., 2005) Grating and ICCD camera Measured spectra of bacterial cells in a capillary flow system

Robinson et al. 2005(Robinson et al., 2005);Gregori et al | Prism or grating and multianode Measured spectra of fluorescence-stained cells, PCA analysis

2012(Grégori et al., 2011) PMT

Goddard et al. 2006(Goddard et al.. 2006) Grating and CCD Measured spectra from single beads and cells

Watson et al. 2008(Watson et al.. 2008); Nolan et al, Imaging spectrograph and CCD Measured fluorescence and SERS spectra from individual beads and cells,

PCA and linear unmixing analysis

Cytek Biosciences

Parallel advances in optics, electronics, computing, and reagents
created the present superior tool for life science work.



Full Spectrum Analysis 1979
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Fic. 1. Arrangement of FCM and vidicon systems (top view). The
discriminator, logic gate, and gate generator were used only on the
Lawrence Berkeley Lab system.
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Spectra from Single Particles using

Diffraction Grating
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Sensitivity Reducing Factors

https://pbs.twimg.con/media/
EWHoc2gXkAAUGIh jpg
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Light background
Spectral overlap
Electronic noise
Photon shot noise

Unbound dye
Non-specific binding



Instrument Evaluation Br, Qr

Qr is a systems efficiency for photon detection

Negative
Population

Br is a measure of the photon
background in the detector

Unbound antibody : _, Scatter from the flow
or fluorochrome : cell and ambient light.

", «  —— Raman scatter

Spectral overlap ——— ———— . Cel

on acell . autofluorescence

BD Biosciences
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» Good resolution

» Poor resolution
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Full Spectrum Optics
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Measurement data transformation
(dye-specific vs. full spectrum)

To obtain meaningful data for the researcher the multiple light
Intensities are converted to fluorophore masses per particle.

FTC  PE | _
| \ ) (R ¥
‘o ,ﬁ -:;3,; %:‘?5-!"&”.
ﬁ; FITC into PE spillover oe [ W _‘ -
S — T,
‘ o =
« Each fluorochrome is detected in ONE channel + Each fluorochrome is detected in ALL channels
« Detector # = Fluor # + Detector # > Fluor #
+ Single stained controls establish spillover + Single stained controls establish reference signature

» Compensation mathematically subtracts the amount of light « Unmixing determines which combination of reference
contribution from non-primary colors into the primary detector controls best fits the signature of the multicolor sample

« A compensation matrix is calculated: n x n (square matrix) + An unmixing matrix is calculated: n x channel number

Cytek Biosciences



Limit of Detection

Table 3. Comparison of background (B), Q value, and detection
limit (DL) of standard filter setting and multispectral filter setting
for QSC microspheres stained with CD4 FITC or CD4 PE
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BD Biosciences website

Full spectrum analysis generally collects more photons and as a
result a lower limit of detection for fluorescence is achieved.



Resolving Spectrally Similar Dyes

Spectrum Viewer

f Resolution of co-expressed markers
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Resolving Spectrally Similar Dyes

Peak Emission Spectrum Resolution of Co-Expressed Markers
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Figure 4. The peck emission spectra of the dyes Qdol 705 and BV711 highly overlap and cannot be used together on a conventional flow cytometer (a).
However, these two dyes have distinct signatures, and because of this, they can be used in combination with full-spectrum cytometry (b). This means these dyes

can be used in combination to identify cell populations of interest such as T cells and non-T cells that co-express CD8 and CD56 (c). The new technology can fully
resolve cells that express one or both markers ot different levels.

Ming Yan 2017



Autofluorescence

Mouse Lung Samples

No Autofluorescence Extracted

- 0}‘ 01 '
| 2 -1 " u]' ity A3
Unstained |'T z = g-,f S gﬂ
splenocytes | R ‘ | | w
) q “ |
. ‘L'J"‘.'"l v o ;1'3"' - T LT:T‘ e R )
BV510 P PECy7
Autofluorescence Extracted
Unstained T
lung cells ‘I “ 1 3
g . ~ L4 01
3 g
E - ’ t -'-I B - - - .
1 ‘ :, . 9 N
‘,_;_.?d; ey L,,_‘ . o gl LT"' Y o @

8vs10 PE PE ;7
‘_ _ Courtesy of Michele Black, Cell Analysis Facility University of Washington =~ /=

Hela human cells were transformed with a CRISPR-Cas9 target vector carrying an mCherry reporter
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Immune Cell Profile with 35 fluorophors

Cytek Biosciences



Autofluorescence of EVs
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Conclusion

After more than 30 years of flow cytometry and work
In academic institutions, several full spectrum
systems have become available commercially. This
provides new capabilities for discoveries in biology,
higher quality in monitoring of biotechnological
processes, and better patient care through clinical
diagnostics and cellular therapy. Advanced software
IS making the technology directly accessible to the
biological and medical researcher. This value has
already been demonstrated by creating new insights
rapidly into the virus immune system interaction in
the present pandemic.



Thoughts About the Future
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Droplet-based Integrated Bio-Assay
System Technology
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Automatable Sample Preparation

Microfluidic system for leukocyte isolation and automated
staining and cell washing (deterministic lateral displacement)

a Fluid Flow s

also:

* acoustic focusing

« microfluidic filters

* Inertial flow

* magnetic nanoparticles
* high density particles
 dielectropheresis
 optical traps

Bumping Mode

Davis JA et al (2006) PNAS 103: 14779ff
Morton KJ et al (2008) Lab on a Chip 8: 1448ff
3. Cyto 2012 poster, Liping Yu et al,

4. Sturm JC et al. (2014) Interface Focus 4: 1-9



Flow Sorting based on Morphology
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In-vivo Flow Cytometry
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Automated Data Analysis

tube 1 tube 2 tube 3
input
size: 3x36 v v y v
4x4 conv, 32 | 4x4 conv, 32 4x4 conv, 32
7 ¥ L §
3x3conv,48 | | 3x3conv, 48 3x3 conv, 48
¥ v ¥
2x2 conv, 64 2x2 conv, 64 | 2x2 conv, 64
output
SRR global max pool global max pool global max pool
output
size: 3x1 A v A
concatenation
output
size: 1x196
Zhao M et al.(2020) fully connected 64
DOI; 10.1002/ v
cyto.a.24159

 Algorithms for fully
automated analysis

 Applications of artificial
Intelligence technologies
Incorporating biological and
medical knowledge

« Even more advanced displays



Rare Cell Analysis

it |

Ag-specific T-cells 4 |
Ag-specific B-cells o] | K, . |

106 105 control
Cel IS Gross HJ et al, Cytometry 14 (1993) 519-526
Circulati ng endothelial Gross HJ et al, PNAS 92 (1995) 537-541
cells o .
. Limit of Detection
Fetal cells in maternal
blood Routine >0.2%

Optimized instrument >0.01%

Optimized system >1 0’



Spectra

400 LPs with single-mode emission at different wavelengths (~1 nm bins)
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Laser Particles as Labels
for Cell Analysis
Kwok S.J.J. et al (2019)
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