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Spectral Flow Cytometry is amazing!!!

4 Capable of resolving remarkably similar
fluorophores — increased number of
markers per panel compared to
conventional flow cytometry (CFC)

U Allows for rapid acquisition of millions of
events in a few minutes — typically
greater number of acquired cells per
sample compared to mass cytometry (MC)

4 Spectral Flow Cytometry (SFC) datasets
have an unique combination of width and
depth compared to preceding technologies
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Spectral Flow Cytometry is amazing!!!

~ Able to efficiently acquire greater number
of cells — more thorough profiling of rare
cell subsets

>~ Build one panel, evaluate multiple cell
types — invaluable for studies with

limited biospecimen

> Expand our knowledge about immune
system heterogeneity
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Trade-off: Increasing analytical complexity

2 If you are only interested in a single
population of cells — analysis process
remains essentially unchanged (manual
gating with a few more gates)

@ If your goal is to characterize all cell &
populations that may be present — 2 QZ_ it
@ the breadth and depth of the datasets = ¢
complicate the analysis & e
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Complex Datasets: Combinatorially Exponential Clusters

CD7+

CD7-
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O If for a given marker in your panel, you split the
cells into positive and negative populations

O And this splitting process was repeated for every
marker in your panel

O And at the end, we grouped cells that only
expressed the same markers

° “Groups” per p anel — 2Number of Fluorophores
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Complex Datasets: Combinatorially Exponential Clusters

CD7+

CD7-
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CD7- CD3+ CDS8 +

CD7- CD3+ CDS8 -

CD7-CD3- CD8+

CD7- CD3- CD8-

O If for a given marker in your panel, you split the
cells into positive and negative populations

O And this splitting process was repeated for every
marker in your panel

O And at the end, we grouped cells that only
expressed the same markers

* 9-color CFC panel - 512 groups at most
* 40-color SFC panel - 1.1e+12 groups (trillion)

* 60-color SFC panel - 1.2e+18 groups (quintillion)
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What even is a quintillion?

If I were to manually check for every combination...

60-color SFC panel - 1.2e+18 groups (quintillion)

(@]

1 gate, every 10 seconds — 6 groups/minute

(@]

60 minutes in an hour — 360 groups/hour
° Awake 16 hours a day — 5760 groups/day

° 365 days per year —» 2,102,400 groups/year
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What even is a quintillion?

If I were to manually check for every combination...

60-color SFC panel - 1.2e+18 groups (quintillion)

(@]

1 gate, every 10 seconds — 6 groups/minute

(@]

60 minutes in an hour — 360 groups/hour
° Awake 16 hours a day — 5760 groups/day

° 365 days per year —» 2,102,400 groups/year

....Not even close....
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Continuously since the Big Bang

60-color SFC panel — 1.2e+18 groups (quintillion)

(@]

365 days per year — 2,102,400 groups/year
Invent a time-machine, become immortal
13.8 billion years — 2.9e+16 groups/reality

(@]

(@)
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Continuously since the Big Bang

* 60-color SFC panel — 1.2e+18 groups (quintillion)

° 365 days per year —» 2,102,400 groups/year

° Invent a time-machine, become immortal
° 13.8 billion years — 2.9e+16 groups/reality

° So we need ~ 50 immortal researchers working
continuously since the Big Bang just to check all
group combinations for a single 60-fluorophore
panel .fcs file
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Continuously since the Big Bang

* 60-color SFC panel — 1.2e+18 groups (quintillion)

° 365 days per year —» 2,102,400 groups/year

° Invent a time-machine, become immortal
° 13.8 billion years — 2.9e+16 groups/reality

° So we need ~ 50 immortal researchers working
continuously since the Big Bang just to check all
group combinations for a single 60-fluorophore
panel .fcs file

1 file down, 99 more to go!
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Alternative: Unsupervised Analysis (Algorithms)

° Consequently, if the goal is to characterize all cell
populations present, some form of unsupervised
(algorithm) or semi-supervised analytical

approaches will be needed

° Clustering — FlowSOM, Phenograph, Xshift, etc.

° Dimensionality visualization — opt-SNE, UMAP,
PaCMAP, Phate, etc.

° Automated Gating — openCyto, flowMagic,

ElasticGate, etc.
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The challenge for unsupervised approaches
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The challenge for unsupervised approaches
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The challenge for unsupervised approaches
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The challenge for unsupervised approaches
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Many algorithmic tools often struggle with SFC data’s quirks

6.2.1 7.2.1
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Full biological discovery potential often out of reach

"Best I cando is
8 metaclusters.”

° For most spectral flow cytometry
datasets, only a handful of cell
populations end up being
analyzed by any method
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My PhD’s focus: HIV-exposed Uninfected Infants

o O
. % o
Antiretrovirals Combinatorial
Effect

& @
-Q: o ol Fetal maternal Interface

Maternal Virus/
Viral Proteins
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Our Malawian Cohort
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Study Timeline

- . Infant PBMC
Maternal Enrollment Infant Enrollment Immunizations Infant PBMC & HIV Test
: [} i
Yo y
: | : | | : >
ool - 10 14 4 9
1st ANC Visit: Birth Weeks Weeks Weeks Weeks Months Months

> 20 weeks gestational age
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32-Fluorophore Spectral Flow Cytometry Panel

UVl
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vG9 PE-Vio 770 HLA-DR (REABDS) |
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o[ Al Fvor6a7 | ] (o1 14) Resuspend 15) Refrigerate 16) Acquisition
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RS _
R6 Zombie NIR L/D
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ersona Gol: No cell left behind

Repeated 3 AM thoughts

 What makes spectral flow cytometry
data amazing is both the depth and
the breadth

4 How to fully profile the entirety of
the acquired dataset, not just a single
cell population of interest

e ) "’ P e T | e
i . . - ey 3
. @00
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Previously looked at unconventional T cells

Main differences this time around:

:" frontiers | Frontiers in Immunology 22 August

10 3385/ firmmu 20251628145

O Shifting from 50%-50% FlowJo
— Eard Blood innataliiica — R to increasingly more R

[m
(=]

Icell Fespolses i neonates U Targeted re-writes in Rust to

I o Ve born to healthy women and
Er woworr women livitg with HIV speed up original R code
- - . -. - 4r|l|:jt*:li?1:': i i rl y 1 e Javid Rach’, Hao-Ting Hsu®, Nginache Nampota-Nkomba™",
= ;. I o s e oo e | Building around reproducibility
e Laura Cioetto Mazzabo®, Riccardo Manganelli®,
Paper ceairo@itv.umaryland.edu \."L1||—~ ’O f_%'_lci’T-.'.-'alc: , Frankl ":”-:j IJ:%': ; . from the Start (not aS an after
13 May 2025 Marcelo B. Sztein”, Miriam K. Laufer®, Kirsten E. Lyke™

27 June 2025 - ) A
S and Cristiana Cairo
22 August 2025
), Heu H . amgpota-MNkomba n

L Improved Bioconductor
interoperability

. @O0
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Semi-supervised Pipeline

¥

1) Achisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing

(OLS, TRU-OLS, AutoSpectral)

O _4

4) File Checks

(PeacoQC, Flow Al, etc)

i i

5) Clean Up Gates

(FlowJo or flowWorkspace)

6) Initial Gates

(openCyto or flowMagic)

7) FlowJo .wsp

(CytoML Docker)

ST
100% —fe

m%$$
0% § . §
HU HEU-lo HEU-hi

8) Major subset
Outputs

9) Subset Export

R

10) Returnto R

(flowWorkspace)

Coereba

11) Coereba

12) Normalization
(CytoNorm or CyCombine)

13) Clustering

(FlowSOM)

14) Dimensionality

Visualization
(UMAP or PaCMAP)

lterating by Experiment

J Bioconductor

Summarized
Experiment

Coereba

A

15) Coereba

Iterating by Cell Subset
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Pipeline: Acquisition

= U Acquired day of staining on a 5-Laser
1) Acquisition
(Cytek Aurora 5L) CytEk AUFOFa

‘ d Instrument flushed with 10% Contrad
2) Unm”ng AT and Water for 20 minutes pre-use UMGCCC FCSR Plots for our

(Luciernaga)

,,,,,,,,,,,,,,,,,,,,,,,,,, InstrumentQC 5L, Aurora
i | U Instrument passed by both the

B UMGCCC FCSR and Cytek’s QC
S ambdng s criteria immediately before acquisition

& « e

4) File Checks

(PeacoQC, Flow Al, etc)

Historical Data Dashboard
5L Aurora How-To-Set-Up

lterating by Experiment

UNIVERSITY of MARYLAND ‘M
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=
1) Acquisition of

QC bead samples
(Cytek Aurora 5L)

2) Imported
automatically to R
(flowWorkspace)

1000

Side light scatter (S5C)

H a2 B @
e B H =2 =82

il
3) Apply and check
gates (openCyto)

Automated Daily Processing

4) Extract data
(Luciernaga)

L---

5) Calculate MFI
and %RCV for the
beads

FC3

6) Retrieve recorded
Gain and Laser data

from the keywords

7) Update Website
(Quarto)

¥,

GitHub

8) Transfer data to
GitHub

-CEY

9) Retrieve
longitudinal data

Behind-the-scenes:

9 Using R (and increasingly Rust) to
process the .fcs files

2 Automated transfer to GitHub via
Windows Task Scheduler

9 Our Quarto Website gets updated

twice daily via a GitHub action
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Instrument Quality Control Dashboard

2= UMGCC FCSS  Home Levey-Jennings Plots ~  Historical ~ Help Download Data Other ~ © Q
@ Please see left-sidebar for definitions x
¢ a
Dashboard data last updated 3L aL sL cs History Instruments
on 2026-06-05
Definitions: a o
Gain %RCV Date 3L 4L 5L CS
Pass: All gains within 100%
baseline and all RCVs <6% for 3L 4L Detector Value Status Value  Status 2026-06-05 E NA NA IEES
all detectors.
DaS h board QC Status: QC Status: FSC 477 meEEEl 157 MR 2026-06-04 E NA R
Caution: All gains within 100%
baseline, but at least one Pass Pass SSC 270 NEEE 363 ML PUPYBCMOEY Pass Pass Pass Pass
detector had a RCV above the
>6% cutoff. Instrument S8 128 53 2026-06-02 N
remains usable but resolution - -
VAl 312 Pass 1.03 Pass _06- . ;
E for fluorophores on the failed 2026-06-01 P e s
detector may decrease. V2 331 1.18 plopl Ml l Pass Pass Pass Pass
-! Fail: E|ther§ gain exceeded V3 407 1.29 2026-05-28 W = 5 TR
100% baseline, or RCVs
exceeded 6% for at least one 5L cs V4 249 1.41 2026-05-27 NA
" indicator detector. Significant
variation and batch effects QC Status: QC Status: V5 322 141 PP Pass Pass Pass Pass
may occcur.
Pass Pass V6 282 Pass 1.49 Pass 2026-05-22 NA
For additional information, | I v I — v

navigate to the Help page. v

H OW-TO University of Maryland, Baltimore

Built with Quarto. How? Find Out

B ©



Instrument Quality Control Dashboard

04

wwen (JMGCC FCSS  Home  Levey-Jennings Plots ~  Historical ~ Help Download Data Other + € Q

i

@ Please see left-sidebar for definitions Cytek Aurora 3L e

| Cytek Aurora 4L
Dashboard data for the Cytek<
Aurora 5L last updated on
2026-06-01 Yellow Cytek Aurora CS YellowGreen Red Scatter YellowGreen Red Scatter

UltraV cytek Aurora 5L UltraViolet Violet Blue UltraViolet Violet Blue

Note: Cytek QC Bead Lots Laserk IserScaling LaserPower LaserDelay LaserScaling LaserPower LaserDelay LaserScaling

BD FACSCantol Il
were switched on 12-06-2024.
MFI change on this date was BD LSR I Uv1-Gain Uv1-% rcv
expected.

Timepoint 15001
— After

BD FACSAria Il
First Column: MFI Median
Fluorescent Intensity (MFI)
values for QC beads acquired WSS Etane 1400
Before and After QC.
Measures stability over time.
Second Column: Gain Gain 2e+05+ [ 1300
(Voltage) values set for
instrument after QC. Changes
over time reflective of laser 1200
health. Third Colum: RCV 1e+05+
Percentage change of Robust
Coefficient Variation (RCV) 11004
after QC. Higher values reflect

3e+05 -

10.04

7.54

MFI
Gain
%rcy

5.0

2.59

decreased resolution between 0e+004 e ®
positive and negative for that
detector.

Jul 2025 Oct 2025 Jan 2026 Apr 2026 Jul 2025 Oct 2025 Jan 2026 Apr 2026 Jul 2025 Oct 2025 Jan 2026 Apr 2026

For additional information Uv2-A UV2-Gain uv2-% rcv

T |

https://umgccfess.github.io/InstrumentQC/Aurora5SL.html# e o deid Timepoint

400 —i
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Pipeline: Evaluating Unmixing Controls

+* New unmixing controls acquired with
each experiment.
Jeushion “* Extra specimen cells acquired as
additional unstained controls

N 1 Unmixing Controls are screened for

2) Unmixing Controls suitability for unmixing

LU (= 1 Single-colors: Tandem degradation,

AU = and autofluorescence contamination
3) Unmixing 1 Unstained(s): Presence of multiple-

(OF5 TRUOLS, Adtospecta) autofluorescences in lymphocyte gate

Luciernaga Luciernaga
o . Vignette
. J Flagged unmixing controls are
‘f?,eaFc!,LeQ Lk replaced with equivalents from

adjacent experimental date

lterating by Experiment

. @O0
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Luciernaga: Individual Cell Normalized Signatures

=

| J' 1 f'\\ (/ b\\
i \‘ 3;‘ | _J | \J \/&«M FCS

Enumerate and

iciérnaga

Identify detector Normalize individual

: ) cell fluorescent exgﬁ;g:? (i]e;!{s ;tle1at
with brightest signatures f 'gﬂ u
MFI for each cell ,_ bl
R1-A W B Ssseseee
---------------- —_— e ——
V7-A :
using Checks for tandem
Group cells with local maxima degradation
shared peak -
detectors i “

.® LN @

Group cells with

Autofluorescence

Subtract Out shared peaks & Isolation
Autofluorescence heights
_ ‘ @ (L) ©
] o
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Automated tools for screening unmixing controls

1.00 4 “
| || APC-
| , || Fire 810

i 0.25 -
O-Oo_é,)

eeeeeeeee

Autofluorescence Isolation

Normalized Values

Residual Autofluorescence

=
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Identifying degrading fluorophores

Fluorophores in good shape — one predominant
normalized signature within the unmixing control

raw .fcs file

* When the fluorophore degrades, noticeable increase
in variant signatures, making up substantial
proportion of all cells in the unmixing control

* Automated screening all acquired unmixing controls
from campus users during off-hours

=
UNIVERSITY of MARYLAND
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Normalized Value

1.00

0.75 4

©
Ul
o

0.254

0.004"

@O0



Isolating additional autofluorescence signatures

) - ~ This approach also works to isolate variant
- autofluorescence signatures from unstained
L controls
jijzi;jj:ﬁ * Unlike other approaches, the isolated cells share
normalized signatures, only differing in terms of
brightness

> Return directly as an .fcs file containing just cells
with same signature for use as an autofluorescent
tag in SpectroFlo

=
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Residual autofluorescence in dim cell single-color controls

D) . 2
> “As bright or brighter” |

ity

(N
Normalized Values

* Dim antigen-fluorophore e
combinations acquired as cell w
single-color controls often have
residual autofluorescence
contribution to their signature

> Identifying and switching these
dim cell single-color controls to

PE-A = PD1
=
PE-A :: PO

bead single-color controls ;
significantly improved unmixing s
for Our paHEIS o’ Sn Bl ;i: A CD;US o Spark Blue 574-A:: CD3
= Signature with Signature without
UNIVERSITY of MARYLAND

(] ST residual AF residual AF
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1) Acquisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing

(OLS, TRU-OLS, AutoSpectral)
T

4) File Checks

(PeacoQC, Flow Al, etc)

lterating by Experiment

UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

Pipeline: Unmixing

Unmixing Method Agnostic

Unmixing in SpectroFlo (with modified

single-color and unstained inputs via TRU-OLS TRU-OLS
Luciernaga) Walkthrough
Unmixing in R E
- OLS (Luciernaga using Rust)
- TRU-OLS (via Julia wrapper) :-._i'.l r
- AutoSpectral

AutoSpectral Autospectral

Walk-through

©00]
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1) Acquisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Lucierinaga)

3) Unmixing

(OLS, TRU-OLS, AutoSpectral)

4) File Checks

(PeacoQC, Flow Al, etc)

lterating by Experiment

UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

Pipeline: File Checks

B :
PeacoQC
Vignette
m|r it [
O
1 Checking for fluidic or laser-related FlowAl
issues in the unmixed files Vignette
» R: PeacoQC or FlowAl
» Rust: PeacoQC (thanks James!)
PeacoQC
in Rust @ © O



Pipeline: Manual and Automated Gating

- EyRE B

1) Acquisition | |5) Clean Up Gates : B
)(Cyteﬂ&urora 5L) ()FlowJo or ﬂow\!\rg)rkspace) E ||
tlowGate flowGate
Walkthrough
2) Unmixing Controls | | 6) Initial Gates
(Lucierfiaga) (openCyto or flowMagic)

i ' Doublets, Debris, Dead cell
% cleanup (in R or FlowJo)

e DRSS ] m Automated Gating for openCyto
o | — major cell subsets Walk-through
SET Efﬂ (openCyto or flowMagic) [=] #ar 3%, [m]
4) File Checks e

(PeacoQC, Flow Al, etc)

8) Major subset | (1 A]] qutomated gate
Outputs . . .
placements visualized via

Ol

lterating by Experiment export to a .pdf ﬂowMagic flowMagic

= @) ©
| UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

/



Pipeline: Save to FlowJo v10 .wsp

1) Acquisition
(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing

(OLS, TRU-OLS, AutoSpectral)

o

4) File Checks

(PeacoQC, Flow Al, etc)

5) Clean Up Gates

(FlowJo or flowWorkspace)

(]

W - Gedd - @oED

ot} oy

6) Initial Gates

(openCyto or flowMagic)

%

7) FlowJo .wsp

(CytoML Docker)

100%

8) Major subset
Outputs

U Everything is saved to a
FlowJo v10 .wsp, via
CytoML

U Any automated gates that
need adjustment get
corrected

-

L Major cell subset statistics
exported and analyzed

-

Iterating by Experiment

—
|

UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

/

=

FlowJo to R R to FlowJo

Data for Statistics

Walkthrough ‘@ ® © \




E |
e - I?n‘e

1) Acquisition
(Cytek Aurora 5L)

5) Clean Up Gates

(FlowJo or flowWorkspace)

9) Subset Export

' Cell subset of

Pipeline: Iterating through cell subsets

2) Unmixing Controls 6) Initial Gates 10) Returnto R . Subset EXpOFt GatlngSEtS
(Luciernaga) (openCyto or flowMagic) (flowWorkspace) lntere St Walkthrough Walkthrough
and - exported out as
HEEEE ;_
d’ A own .fcs
3) Unmixing 7) I(:IowJo .v)vsp , All cell
(OLS, TRU-OLS, AutoSpectral) CytoML Docker 1 1) Coel’eba
subset .fcs
G N ig_ o files brought
JE EF J Bioconductor into R

4) File Checks

(PeacoQC, Flow Al, etc)

8) Major subset
Outputs

Summarized
Experiment

Coereba
Vignette

Iterating by Experiment Iterating by Cell Subset

= @) ©
| UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

/



Pipeline: Coereba

E |
e - I?n‘e

1) Acquisition
(Cytek Aurora 5L)

(OLS, TRU-OLS, AutoSpectral)

o

4) File Checks

(PeacoQC, Flow Al, etc)

5) Clean Up Gates

(FlowJo or flowWorkspace)

(CytoML Docker)

0o
00% —aR
i,
sow] o ok !
==
H
0%
HU HEU-lo HEU-hi

8) Major subset
Outputs

9) Subset Export

11) Coereba

- Bioconductor

Summarized
Experiment

2) Unmixing Controls | | 6) Initial Gates 10) Return to R Subset Export GatingSets
(Luciernaga) (openCyto or flowMagic) (lowWorkspace) D CoeFEba WalkthFOllgh Walkthrough
I-= Coereba
EEEEE r é '
3) Unmixing 7) FlowJo .wsp ;

Coereba
Vignette

Iterating by Cell Subset

lterating by Experiment

= @) ©
| UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE
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Coereba

Grouping cells that share every marker

R
[}
. . o . : 0%
° ° o
0O o o 0 00,
o oo 0 0o © o°°°°° o°°°°o °
(o] 0 0 o o 0o o o
Q00 o |°00, 000 | i
O |0, 0% | odees | i
0 ° 0 o o . oo
0 @00g | “orc00, e
o p e
All Cellsina Major Cell In a single cluster, In a single cluster, Every cell it's own
Single Cluster Types not all markers are all markers are shared cluster.
shared by individual cells. by individual cells.
. e ————
Severely under-clustered Untitled
I Severely over-clustered

-A\ ) ©
| I UNIVERSITY of MARYLAND @
SCHOOL OF MEDICINE

/
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Coereba

UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

Coereba

Side light scatter (SSC)

1) Load into R

(flowWorkspace)

Fluorophore

2) Calculate
Splitpoints

200+

3) Visualize, ™

5) Shiny App
adjustments

a, 100+ D=

4) Gate Constraints

FCS

7) CoerebalD

J Bioconductor

8) Summarized
Experiment

 Comp-BV570-A D16

6) Splitpoints
updated

.

i

I iy
i 4 “"i '

- -

4.
& e L --

o

q.wl"i._. e R

9) Visualize

e 2 -
Mo d oM cld

™ i__w '=l?'

@O0



Coereba

Initial automated gate, with ability to adjust

N

(&)

o
1

N

o

o
1

4 Initial gates for designated

¥

-

I

<

o

~

N [

2 1507 b markers calculated via
b 1007 | % el eERETE openCyto (mindensity)
Q

g 100 15IO 260

o C -BUV661-A Vd2 12

2 omp 4 Ability to update gate_range
T 2507 constraints

< 200-

~

N .

S 1501 : 4 Launch a Shiny app and
g 007 | designate interactively
£ 100 150 200

o

Comp-RB780-A CXCRS

)

UNIVERSITY of MARYLAND @

SCHOOL OF MEDICINE

S~



"= CoerebalD column gets added to the .fcs file

' @ R CD7+ CD3+ CD8+
@ O

CD7+CD3+ | ~p74 cD3+ CDS-

O S
O CD7+ CD3- CD8+

CD7+ |CD7+CD3-

PEVio770pos APCneg AlexaFluor647neg | APCR700neg | APCFire750neg | APCFire810neg

CD7+ CD3- CD8-

O

CD7-CD3+ CD8 +

O| ® | e

PEVio770pos APCneg AlexaFluor647neg | APCR700neg | APCFire750neg | APCFire810neg

PEVio770pos || APCpos AlexaFluor647neg | APCR700neg | APCFire750pos | APCFire810neg

PEVio770pos APCneg AlexaFluor647pos | APCR700neg | APCFire/50neg | APCFire810pos CD7-CD3+ |cp7-CD3+ CDS -
CD7-
. CD7- CD3- CD8+
CD7- CD3- .
CD7- CD3- CD8-

-A\ ) ©
| UNIVERSITY of MARYLAND

SCHOOL OF MEDICINE
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Pipeline: Summarized Experiment

1) Acquisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing

(OLS, TRU-OLS, AutoSpectral)

O 4

4) File Checks

(PeacoQC, Flow Al, etc)

5) Clean Up Gates

(FlowJo or flowWorkspace)

6) Initial Gates

(openCyto or flowMagic)

7) FlowJo .wsp

(CytoML Docker)

oos
100% ]
. EiE % $
0% ) i )
HU HEU-lo HEU-hi

8) Major subset
Outputs

9) Subset Export

10) Returnto R

(lowWorkspace)

Coereba

11) Coereba

, Bioconductor

Summarized
Experiment

1 Data stored in a
Summarized
Experiment

U Interoperability
with Bioconductor
statistics packages

-

Iterating by Experiment Ite

SCHOOL OF MEDICINE

m~ ) ©
| I UNIVERSITY of MARYLAND

/



Summarized Experiment

T
: I
I M s
.i 8| O Permits rapid re-aggregation of
g ' E the terminal nodes for re-
(mmmmm===-- - P evaluation
I Samples : .
\__(Columns) - S :
""""" colData(se) O Ties in with downstream

_ Bioconductor statistics packages

1
I
|
7

J Portable. Don't like how we

m | aggregated groups of cells? File
§ | Is small enough to store in the
R R I PO R same data repository as .fcs files

for subsequent re-analysis.

Features

(
I
[
[

. U Filterable by metadata or node.
|

- Nodes only in HEU-hi?
rowRanges(se) 1 metadata(se) ) S 5
rowData(se) metadata(se)$modelFormula - Nodes unique to one individual”

assays(se)

subsetByOverlaps(se, roi) assay(se, n = 2)

assay(subsetByOverlaps(se, roi))

-~ @) ©
| UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE
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Selectively re-aggregate in seconds

@
0 00

0 Q0 o
0.9%g

@

o
o

oo
[+]
°o°
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0000
0o ©°
o o
°°°00o0
] °°°0
0 09,9.°% 0°° 0 o
o © 0 0,9 © o
0 0 g o VO [+]
°00 0000
° Dt o o
09 ©,% 0 0 "7 ©
000000
0o © ©° o °
0 °_ o
°°°oo
0° 0 o
[+]
o v _©
(]
0

All Cellsin a Major Cell In a single cluster, In a single cluster, Every cell it's own
Single Cluster Types not all markers are all markers are shared cluster.
shared by individual cells. by individual cells.
Severely under-clustered Untitled
Severely over-clustered

UNIVERSITY of MARYLAND

SCHOOL OF MEDICINE
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Coereba Retrieval of marker expressions

1.004 manses ]
0.75+
-
0.50 1 4
o0
0.25 4
b
0.00 1 Ereo-alite
e T T T T T T T T T T T T T T T T
cD8 cCD4 CD26 CCRBE CcD161 CD56 MNKG2D cD16 CD27 CD45RA CDe2L CcCD127 CCR4 CDZ5 PD1 CD38

Ly % HHFge
n
a
(=]
8 N
0.75 4 . ”
o
[ ] -
a
0.50
o
0.254 oo
[=]
0.00 4 2Easee ] %m
cD8 CD4 CD26 CCR6 CD161 CDS56 NKG2D CDI16 CD27 CD45RA CD62L CD127  CCR4 CD25 PD1 CD38

. @O0
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peline: Normalization

1) Acquisition
(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing

(OLS, TRU-OLS, AutoSpectral)

T

4) File Checks

(PeacoQC, Flow Al, etc)

5) Clean Up Gates

(FlowJo or flowWorkspace)

|

W9 - (beads) - Englets)

6) Initial Gates

(openCyto or flowMagic)
|

%

7) FlowJo .wsp

(CytoML Docker)

100%
50%

oos
[
o
H
HU HEUdo  HEU-hi

0%

8) Major subset
Outputs

Iterating by Experiment

UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

: f—
FCS -

9) Subset Export 12) Normalization

(CytoNorm or CyCombine)
R ;'l.
10) Returnto R

13) Clustering

(flowWorkspace) (FlowSOM)
o) G
Coereba J s
A 1.8 4
L5

: 14) Dimensionality

Visualization
11 ) Coereba (UMAP or PaCMAP)

- Bioconductor

Summarized

\ 15) Coereba
Experiment

Iterating by Cell Subset

CytoNorm
Vignettes

[m] i [m]

CyCombine CyCombine

Vignettes

©00]



Pipeline: Clustering

g

.- ! i 3 . i o . ..“
» T, . g - i 7-:": -

5) Clean Up Gates 9) Subset Export 1@?@;?325&23 :

(FlowJo or flowWorkspace)

1) Acquisition

(Cytek Aurora 5L)

' 2 -
@ S G

2) Unmixing Controls 6) Initial Gates i
) (Lucier(ﬁ:laga) (o)penCyto or flowMagic) L OZﬂsv?vEﬂ!QcZ)o R 1 3) (Cﬂllds’s‘:)thﬁrlng FIOWS OM FIOWS OM
- of e Vignettes
EEE Coereba S "
EEEED | e
3) Unmixing 7) FlowJo .wsp - 1) Clmeris el
(OLS, TRU-OLS, AutoSpectral) (CytoML Docker) 1 1) Coereba xllwsALlljaollga%ugg

50% E;@EI % E%El 7 Coereba
o - Bioconductor
4) File Checks - ;:@
(PeacoQC, Flow Al, etc) . . 7
8) Major subset Summarized 15) Coereba
Outputs Experiment

Iterating by Cell Subset

lterating by Experiment
B0

UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

=
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Pipeline: Dimensionality Visualization

1) Acquisition
(Cytek Aurora 5L)

(Luciernaga)

3) Unmixing

(OLS, TRU-OLS, AutoSpectral)

T

4) File Checks

(PeacoQC, Flow Al, etc)

2) Unmixing Controls

5) Clean Up Gates

(FlowJo or flowWorkspace)

|

W9 - (beads) - Englets)

6) Initial Gates

(openCyto or flowMagic)

%

7) FlowJo .wsp

(CytoML Docker)

oos
[
o
B =
H
HU HEUdo  HEU-hi

8) Major subset
Outputs

100%
50%
0%

9) SUbset Export (CytoNorm or CyCombine)

10) Returnto R

(lowWorkspace)
Coereba

é—?i 3
A7\
P /s

!

11) Coereba

12) Normalization

=

13) Clustering

(FlowSOM)

14) Dimensionality

Visualization
(UMAP or PaCMAP)

o)

Iterating by Experiment

UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

- Bioconductor

Summarized
Experiment

15) Coereba

Iterating by Cell Subset

UMAP

PaCMAP
Wrapper

©00]



Ability to contrast unsupervised methods vs.

=

l

A)

Control
PaCMAP 2

PD1hi

PaCMAP 1

C)

- 1SNE_ 2

8

PHATE_2

“manual” ground-truth

Cluster

PD1hi V&2

CD8 Vo2

CD4 Vé2

'PHATE 1

DN V2

V&2
T1 7
] MAITs

1

PMA-ionomycin
PaCMAP_2

UMAP_2

PaCMAP_1

UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

" UMAP 1

PHATE_2

T17 Vo2

NKTs

MAITs

Ungated

PHATE_ 1

@O0
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i

2

Control
PaCMAP 2

Vé2
PD1hi

" PaCMAP 1

1) Gate

UNIVERSITY of MARYLAND

SCHOOL OF MEDICINE

Retrieving and re-enumerating

2) Retrieve manual-
annotated gates

PEVio770pos APCneg AlexaFluor647neg | APCR700neg | APCFire750neg | APCFire810neg
PEVio770pos APCneg AlexaFluor647neg | APCR700neg | APCFire750neg | APCFire810neg
PEVio770pos APCpos AlexaFluor647neg | APCR700neg | APCFire750pos | APCFire810neg
PEVio770pos APCneg AlexaFluor647pos | APCR700neg | APCFire750neg | APCFire810pos
3) Re-enumerate
and plot

1.004 E—

0.75

050 J.8 )

o254

cDs  Cba (D26 CCR6  CDI61 (D56 NKG2D CDI6 (D27 CD4sRA CDe2L  CDi27  CCR4 (D25  PD1 (D38

©00]



For each island, re-aggregate cells from each donor

1.00 4

0.75

0.50 4

0.25 4

0.00 - ° o o - o

cb7 cD3 cb4 cDs cD26 cCre D56 cDi16 CD45RA Cpé2L cp27 cCr7 cpi27 cD25 PD1 cp38

1.00 gp g . raEaiiniehe
o

i T e

0.754

0.50 4

0.00 1 a oo m 0 Cxguo CADetetese

cb7 cD3 cb4 cDs cD26 cCre cpiet NKG2D D56 cDi16 CD45RA Cpé2L cp27 cpi27 CXCR3 cCra cD25 PD1 cp38

1.00 4 @g‘% n:n?v:w.
° .

0.75

0.50 4 o

0.25 4

0.00 - o o e e

cb7 cD3 cb4 cDs cD26 cCre cp27 CXCR3 cCra cD25 PD1 cp38

DN T cells

=
| | UNIVERSITY of MARYLAND

SCHOOL OF MEDICINE
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Cord blood T cells - Baseline

Marker 1 2 3 4 5 6 7 8
CcD7
CD3
VD2
Va7.2
Va24jJa18 - - . - - R -
CcD8
CD4
CD26
CCR6
CD161
NKG2D
CD56
CD16

CcDh62L -/+

CD27
CD45RA
CD127
CD25
CCR4

R
PD1 -/+ + = & & & - -
CD4 T cells

=
l" UNIVERSITY of MARYLAND
| SCHOOL OF MEDICINE

Marker 1 2 3 4 5] 6 7 8 9 10 11
cD7
CcD3
VD2
Va7.2

Va24ja18

* - =

CDS8 T cells

Marker
CcD7
CcD3
VD2
Va7.2
Va24ja18
CcD8
Cb4
CD26
CCR6
CD161
NKG2D
CD56
CD16
CcD62L
CcD27
CD45RA
Cb127
CD25
CCR4
PD1
CD38

1 2 3 4

DN T cells




CD4-CD8- Cord blood T cell subsets driving observed IFNY increases

Marker ]

vD2 -
Va7.2 -
Vvaz4ja18 -
cbhs -
CcDh4 -

cD26
CCR6
cD161
NKG2D
cD56
cb16
cD62L
cD27
CD45RA
cD127
cbD25
CCR4
PD1
cD38
CD69
TNFa
IFNy

CD107a -

CcD7
CD3

=
| | UNIVERSITY of MARYLAND
Al SCHOOL OF MEDICINE

DN_PMA _ptype_Island2

100% -

50% -

0% +

0.03
o ®
o ®
HU HEU-lo HEU-hi
CCR6

100% -

50% -

0%

HEU-lo

HEU-hi

Matefﬂ'a"' iral Load:
yery High

L

HIV+ Mother
Knew HIV Status (w*)
Starled ART @

HIV+ Mother
Unaware HIV Status a

Started ART

befare ! during
conception pregnancy
Fetal Fetal
Exposure: ure;
Low Viral High Viral
High ART Some ART
HIV-exposed HIV-exposed
uninfected Infant uninfected Infant
(HEU-lo) (HEU-hi)
‘e | AntiretroV
'ﬂ%f ;;WMUmmd
gipetrovira!
gﬂ«:la:l: Extend
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Conventional Cord blood T cell subsets also show changes in CD62L

Marker 1 2

VD2
Va7.2
Va24Ja18
cDs

=

l

UNIVERSITYof MARYLAND
SCHOOL OF MEDICINE

= =
€08 100% -

CD4_Ctrl_ptype_6

0.07
] 0.07
50% - E
5 3
0% -
HU HEU-lo HEU-hi
CD4_Ctrl_ptype_5
100% - 0.06
5006 Eﬁ

0%

HU HELIJ—Io HEl'J—hi
One-way Anova

CDhe62L
0.06 :
100% + I—|O06
50%

0%
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Functional and Iterative: plenty for everyone to dislike :)

Well your unsupervised
clusters are merging cell
types that are unrelated

UNIVERSITY of MARYLAND

S

OOOOOOO MEDICINE

Those manual gate
adjustments are not
reproducible

That's a skill issue, try
adding another meta-cluster

RunawaylLabBook.com

Fun off-label uses thus far:

4 Contrasting where “manually-
gated” cells end up vs. our
unsupervised methods
(normalization, clustering, etc.)

1 Added benefit of looking-at-the-
forest: Easy to identify badly
cryopreserved specimens where
cell populations were lost




Are our high-dimensional analysis problems fixed?

1 SIX MONTHS LATER:
OUR FIELD HAS BEEN STRUGGLE NO MORE!
STRUGGLING WITH THIS T'M HERE. TO SOLVE. WOL, THIS PROBLEM
PROBLEM FOR YEARS. T JITH ALGORITHMS! 15 REHLLY HARD.

‘T

UNIVERSITYof MARYLAND @ @
OOOOOOOOOOOOOOOO
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UNIVERSITY of MARYLAND
SCHOOL OF MEDICINE

Semi-supervised Pipeline

¥

1) Achisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing

(OLS, TRU-OLS, AutoSpectral)

O _4

4) File Checks

(PeacoQC, Flow Al, etc)

i i

5) Clean Up Gates

(FlowJo or flowWorkspace)

6) Initial Gates

(openCyto or flowMagic)

7) FlowJo .wsp

(CytoML Docker)

ST
100% —fe

m%$$
0% § . §
HU HEU-lo HEU-hi

8) Major subset
Outputs

9) Subset Export

R

10) Returnto R

(flowWorkspace)

Coereba

11) Coereba

12) Normalization
(CytoNorm or CyCombine)

13) Clustering

(FlowSOM)

14) Dimensionality

Visualization
(UMAP or PaCMAP)

lterating by Experiment

J Bioconductor

Summarized
Experiment

Coereba

A

15) Coereba

Iterating by Cell Subset

@O0



What good is any tool if the community is not able to use it?

2 Few resources to learn Cytometry
in R to begin with

2 Those that exist aimed at those
with intermediate-advanced R
skills, not beginners

2 Know-how concentrated at a few
institutions

9 Most self-learning attempts end
in frustration

=
UNIVERSITY of MARYLAND

([t MELES
\



Cytometry in R: A free weekly course for flow cytometrist
with no-to-little coding experience

CYTOMETRY INR
: UNIVERSITY of MARYLAND Flow Cytometry
MARLENE AND STEWART GREENEBAUM
Shared Resource “

COMPREHENSIVE CANCER CEN

A COURSE FOR BEGINNERS

Website P ﬁ T J

=
UNIVERSITY of MARYLAND

([t MELES
\



YouTube

> UMGCCC FCSR

f = (@CytometrylnR - 848 subscribers » 21 videos

| %&J‘ «#8  University of Maryland Greenebaum Comprehensive Cancer Center Flow Cytometry ...more

¥
\_é; 3o y  umgcecfoergithub.ie/CytometryinR

L subscribed +

Live Playlists Posts - Three live_StreamS a WeEk
= e - _ (accommodating different
. 11- Data for Statistics timezones and Schedules)

CYTOMETRY IH

A COURSE FOR BECIMNERS

PhD Dissertation Defense - Dd l:h i Cytometry in R - Data for Statistics - Week #11 %3 i Cytometry in R - D ing and C: - : D Re C O rdin g S aVail ab 1 e

Scheduled for 6/17/26, 12200 PM 101 views - Streamed 3 weeks ago Week #10v3
129 views + Streamed 1 month ago

o immediately after

09 - It's Raining Functions! 08 - Manual and Automated Gating

gl 23, 3006

cYTOMETRY IN €

crronsTE il C 9 Best of the weekly livestreams

Cﬁi.‘.l_l'.n.ell')f‘i-l'lfv- SyﬂcingLFﬁJllhg, and Copying : CymTa.try II-1 R.- I_t's Rainll‘ig Functions! - Cytometry in R - Manual and Automated Gatl - :I:I : adde d to the playli St, CUtting
down on editing

A COURSE FOR BEGIMNERS

226 views « Streamed 1 month ago

07- A.pp.l-s.ring Transformations 06 - Visualizing with ggplot2 05 - Gating Sets

CYTOMETRY Ill . CYTOMETRY IN

A COURSE FOR BECINMERE A COURSE FOR BEGIHNIRS

PRR—— (’ :

A COURSE FOR BEGIMNERS

Cytometry in R - Applying Transformations - Week #07 :  Cytometry in R - Visualizing with ggplot2 - Week #06v2 : Cytometry in R - Gating Sets - Week #05 v2

SCHOOL OF MEDICINE

ﬂz 228 views » Streamed 2 months ago 253 views « Streamed 2 months ago )
| * UNIVERSTTY S NFARY LAND @ @ @
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Website

Existing Discussions Homeworks B ) Q

__\--Cytometry fsz About Schedule Course Announcements

Resources

@ See Course tab for Course Materials, see YouTube tab for livestream recordings X

@ Created with Quarto, hosted via  EepassaCn e

Getting Started
Intro tg R SFC_cytoset <- load cytoset from fcs(fcs_files, Background
truncate_max_range = FALSE, transformation = FALSE) Wwalk Through

. v
Glt I I l Ib a e S UNEInstaling R packages SFC_GatingSet <- GatingSet(SFC_cytoset) Setup
d 02 - File Paths
Manual - flowGate

03 - Inside a .FCS file SFC_Parameters <- colnames(SFC_GatingSet) Polygon
04 - Intro to Tidyverse FluorophoresOnly <- SFC_Parameters|[!stringr::str_detect(SFC_Parame Rectangle
05 - Gating Sets
06 - Visualizing With ggplot2 Biexponential <- flowjo_biexp_trans(channelRange=4096, maxValue=2¢ span
07 - Applying pos=4.5, neg=2, widthBasis=-500) Quadrant

D C Ode Code Out uts Screenshots Transformations MyBiexTransform <- transformerList(Fluorophoresonly, Biexponential Redraw Gate

) 9 08 - Ways to Gate transform(SFC_GatingSet, MyBiexTransform) Saving Gates

09 - It's Raining Functions! 1 » Rapid Gate Deployment.

d 1 t 3 Cytometry Core > . ) visualizing Gates
al I e x p al la 10' lS Beyond the Sandbox A GatingsSet with 6 samples Summary
The World is your Oyster K

Y Y And now, let's apply the GatingTable scheme. As we create and click done, ALomated.;.apencyta
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Half-way through this passion project
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Biology is (fortunately) not just math

* 29-color SFC panel
— 536 million (theory)

When actually exploring our
panels dimensional space
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