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Spectral Flow Cytometry 1s amazing!!!

U Increasing number of fluorophores

L 'We can acquire millions of cells in a
few minutes

+* Characterization of rare subsets

“ Expand our knowledge about human
Immune system heterogeneity

¢ Invaluable for studies with limited
biospecimen

e :
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Increasing analytical complexity

o If you are interested only in a
single population of cells, the
analysis process remains
essentially unchanged.

= a If your goal is to characterize all

/A cell populations that may be
/Z' A ‘;/ present, the breadth and depth
= y complicate the analysis.
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Complex Datasets, Combinatorially Exponential Clusters

- If every marker in your panel split into
positive and negative populations

- And you repeated this splitting process
for every marker

- And grouped cells that shared the same
expressed markers
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Complex Datasets, Combinatorially Exponential Clusters

- If every marker in your panel split into
positive and negative populations

- And you repeated this splitting process
for every marker

- And grouped cells that shared the same

expressed markers O
_ 2/\NumberOﬂ\/Iarkers

e 9-color CFC panel: 512 groups at most
e 40-color SFC panel: 1.1e+12 clusters at most (trillion)
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« 60-color SFC panel: 1.2e+18 clusters at most (quintillion)
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The challenge for unsupervised approaches
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My PhD’s focus: HIV-exposed Uninfected Infants

Maternal Virus/
Viral Proteins

Fetal-maternal Interface
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Combinatorial
Effect
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Our Malawian Cohort

HIV- Mother

@

Fetal

Exposure:
No Virus

No ART

HIV-unexposed
uninfected Infant

(HU)

Knew HIV Status @

Started ART @
before
conception

.

?

iral Load:
Maternal Vira

Very High
5 B P
- | Load: Sl ¥ e
ma\\hra\ %ﬁm
Matﬁndetectab\z g Ay
HIV+ Mother HIV+ Mother

Unaware HIV Status °

Started ART ‘%
during
pregnancy

Fetal Fetal

Exposure: Exposure:

Low Viral High Viral

High ART Some ART

HIV-exposed HIV-exposed

uninfected Infant uninfected Infant

(HEU-Io) (HEU-hi)

trovira

";"‘(%D) Fetal AT it




Study Timeline

B _ Infant PBMC
Maternal Enrollment Infant Enrollment Immunizations Infant PBMC & HIV Test
: i i
A/ /,,éf W ¢ ‘]
: | —+— 1 —>
1st ANC Visit: Birth 14 9
> 20 weeks gestational age Maternal CD4 Viral Load WEAE RS e O LI Months
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32-Fluorophore Spectral Flow Cytometry Panel

(236A/E7)

(0323)




Thaw &
Rest

Antigen
Incubation

Flow
Cytometry
Staining

14) Resuspend 15) Refrigerate 16) Acq
in 0.4% PFA

Flow Cytometry

o A s S L s
S= == PE i
133 =
i g 6 hr
1) Thaw 2) Count 3) Rest
KY 'a// " =N
> =3 A
9. ekl B

4) Aliquot by 5) Add antigens

- 6) Incubate
condition  (PPD, SEB, Ctrl)

: o~
(i IS A N
@. > P &

9) Pellet 10) Viability 11) Surface
stain antibodies

e

at 4*C

uisition
Cytek Aurora 5L

7) Add Golgi
Transport
Inhibitors

=
12) Fix &
permeabilize

X 9 hr
8) Incubate

9 .Z/‘

' Ry -

13) Intracellular
antibodies
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Repeated 3 AM thoughts

(d What makes spectral flow cytometry

data amazing 1s both the depth and
the breadth

1 How to fully profile the entirety of
the acquired dataset, not just single
cell population of interest
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Previously looked at unconventional T cells

Main differences this time around:

[ - Original Research
frontiers | Frontiers in Immunolo 22 August 2025
- g

1033859/ irmmu 2025 1628145

1 Shifting from 50%-50% FlowJo

— R to increasingly more R
® chack for e Cord blood innate-like gty

oven Access T cell responses in neonates

born to healthy women and ] Targeted re-writes in Rust to
‘ women livitg with HIV ..
speed up original R code

arina Ravens, David Rach’, Hao-Ting Hsu?, Nginache Nampota-Nkomba**,

Hannover Medical Schoal, Gerrmany . R i . .
Godfrey Mvula®, Felix A. Mkandawire”, Osward M. Nyirenda",

Hirsten E_ Lyke Bernadette Hritzo®, Francesca Boldrin®, Giulia Degiacomi®,

Cristiana Caire - Laura Cioetto Mazzabo~, Riccardo Manganelli~, D B 'ld' d d 'b * 1 *
ceairo@ihv.umaryland edu Andrea G. Buchwald”, Franklin R. Toapanta®, u1 lng aroun repr0 u01 1 1ty

13 May 2025 Marcelo B. Sztein®, Miriam K. Laufer®, Kirsten E. Lyke®

and Cristiana Cairo*> from the start (not as an after
thought)

O Improved Bioconductor

interoperability
‘@ ® © |




Pipeline: Acquisition

1 Acquired day of staining on a 5-Laser
(Cytek Aurora 5L) Cytek AUI'OI'&

1) Acquisition

O Instrument flushed with 10% Contrad
and Water for 20 minutes pre-use UMGCCC FCSR

Plots for our

InstrumentQC 5L Aurora
 Instrument passed by both the

UMGCCC FCSR and Cytek’s QC
(OLS??RHQQ%L?EQM,) criteria immediately before acquisition

O g

4) File Checks

(PeacoQC, Flow Al, etc)

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

©00]
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Pipeline: Evaluating Unmixing Controls

% New unmixing controls acquired with
| each experiment.
by il + Extra specimen cells acquired as
additional unstained controls

0 Unmixing Controls are screened for

2) Unmixing Controls suitability for unmixing

T = O Single-colors: Tandem degradation,
and autofluorescence contamination

3) Unmixing O Unstained(s): Presence of multiple-
(015 TRUOLS Adospeers) autofluorescences in lymphocyte gate

Luciernaga Luciernaga
O N Vignette
. O Flagged unmixing controls are
Llelnes replaced with equivalents from

adjacent experimental date

lterating by Experiment
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Luciernaga: Individual Cell Normalized Signatures

|
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so0g | 1"
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| \ \
YR
| \ .

|dentify detector
with brightest
MFI for each cell

R1-A

V7-A

Group cells with
shared peak
detectors

Subtract Out
Autofluorescence

AU\

Normalize individual
cell fluorescent
signatures

|

|dentify peaks
using
local maxima

Group cells with
shared peaks &
heights

FCS

Enumerate and
export out cells that
share signature
as .fcs files

Checks for tandem
degradation

g
-
b4
&
i

Autofluorescence
Isolation
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Detectors
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Pipeline: Unmixing

1) Acquisition

(Cytek Aurora 5L)

/

¢ Unmixing Method Agnostic

) UG Controls 0 Unmixing in SpectroFlo (with modified

(Luciernaga)

single-color and unstained inputs via TRU-OLS TRU-OLS
Luciernaga) Walkthrough
3) Unmixing O Unmixing in R
s TREoLS Asespene) - OLS (Luciernaga using Rust) E E
o - - TRU-OLS (via Julia wrapper) :'.,r-'r
- AutoSpectral
bl Chee [w]
AutoSpectral AutoSpectral
lterating by Experiment Walk-through
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=)

2) Unmixing Controls

)

1) Acquisition

(Cytek Aurora 5L)

(Luciernaga)

3) Unmixing
(OLS, TRU-OLS, AutoSpectral)

O g

4) File Checks

(PeacoQC, Flow Al, etc)

lterating by Experiment

Pipeline: File Checks

ar
i

 Checking for fluidic or laser-related

PeacoQC
Vignette

FlowAl

issues in the unmixed files Vignette

» R:PeacoQC or FlowAl
» Rust: PeacoQC (thanks James!)

PeacoQC
in Rust SHORS



Pipeline: Manual and Automated Gating

5

1) Acquisition

(Cytek Aurora 5L)

3) Unmixing
(OLS, TRU-OLS, AutoSpectral)

T

4) File Checks

(PeacoQC, Flow Al, etc)

5) Clean Up Gates

(FlowJo or flowWorkspace)

-

fool) —— @onDebr® — Geads) - Einglels -

6) Initial Gates

(openCyto or flowMagic)

%

7) FlowJo .wsp

(CytoML Docker)

00% oy
9
50% 8 F ]
= e .
3
HU fEU-lo HEU-hi

8) Major subset
Outputs

O Doublets, Debris, Dead cell
cleanup (in R or FlowJo)

L Automated Gating for
major cell subsets
(openCyto or flowMagic)

O All automated gate
placements visualized via

lterating by Experiment

export to a .pdf

Op 10

[=]

flowGate

flowMagic

I'_"w- .
B

flowGate
Walkthrough

(] - ﬂ:f:}" " :
openCyto
Walk-through

flowMagic
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Pipe

1) Acquisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing
(OLS, TRU-OLS, AutoSpectral)

i

4) File Checks

(PeacoQC, Flow Al, etc)

5) Clean Up Gates

(FlowJo or flowWorkspace)

100f) > GonDebri®> —— (Geads) - @inglets

6) Initial Gates

(openCyto or flowMagic)

7) FlowJo .wsp

(CytoML Docker)

00
00% o,
50% g, =&
= |
i
HU HEU-o HEU-hi

8) Major subset
Outputs

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

 Any automated gates that
need adjustment get
corrected

-

d Major cell subset statistics
exported and analyzed

-

Iterating by Experiment

ne: Save to FlowJo v10 .wsp

flowWorkspace
Of O
i
u ||
R to FlowJo

Data for Statistics
Walkthrough

©00]



Pipeline: Iterating through cell subsets

1) Acquisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing

(OLS, TRU-OLS, AutoSpectral)

G

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)

00s
i
=
4 o
HU HEU-lo HEU-hi

8) Major subset
Outputs

00%
50%
0%

FCS

9) Subset Export

10) Returnto R

(flowWorkspace)

Coereba

Ay

11) Coereba

J Bioconductor

Summarized
Experiment

Iterating by Experiment

-

1 Cell subset of

Interest
exported out as
own .fcs

1 All cell subset

fcs files
brought into R

Iterating by Cell Subset

Subset Export
Walkthrough

Coereba

GatingSets
Walkthrough

Coereba
Vignette
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Pipeline: Coereba

1) Acquisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing
(OLS, TRU-OLS, AutoSpectral)

G

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)

00s
i
=
4 o

HU HEU-lo HEU-hi

8) Major subset

00%
50%
0%

Outputs

FCS

9) Subset Export

10) Returnto R

(flowWorkspace)

Coereba

Ay

11) Coereba

1 Coereba

-

J Bioconductor

Summarized
Experiment

Iterating by Experiment

Iterating by Cell Subset

Subset Export
Walkthrough

Coereba

GatingSets
Walkthrough

Coereba
Vignette
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Coereba

1) Load into R

(flowWorkspace)

Fluorophore

2) Calculate
Splitpoints

200

3) Visvalize,,

Side light scatter (SSC)

200 400 600 80D 1000

4) Gate Constraints

5) Shiny App
adjustments

%0 120 150
Comp-BV570-A CD16

6) Splitpoints
updated

FCS

7) CoerebalD

J Bioconductor

8) Summarized
Experiment

el

# oy

A

L T Fom S
i

CRE
- '._

R Ty R o -
s ¥ '=.=r.

e

9) Visualize

@00



Coereba

Grouping cells that share every marker

0o 0o
o 0° 0 0%
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0 0 o O o 0. 0°6%0% 00 0 o
o Oo © 0.9 0 o 09°_0°
o °
0 00 oo°Oo° 00 20%6%, 0
o . . oo . . oo (-] ¢ o °
0 0°
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.
0 —————————
Severely under-clustered Untitled
I Severely over-clustered
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Coereba

Initial automated gate, with ability to adjust

N

(&)

o
1

2001 4 Initial gates for designated
150 e markers calculated via
1001 | % By openCyto (mindensity)

100 150 260

Comp-BUV661-A Vd2

] Ability to update gate range

250 constraints

200~

150 1 Launch a Shiny app and
100 i || | designate interactively

160 1éO 260
Comp-RB780-A CXCR5

Comp-PE-Vio770-A HLA-DRomp-PE-Vio770-A HLA-L
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Coereba

CoerebalD column gets added to the .fcs file

PEVio770pos APCneg AlexaFluor647neg | APCR700neg | APCFire750neg | APCFire810neg
PEVio770pos APCneg AlexaFluor647neg | APCR700neg | APCFire/50neg | APCFire810neg
PEVio770pos || APCpos AlexaFluor647neg | APCR700neg | APCFire750pos | APCFire810neg
PEVio770pos APCneg AlexaFluor647pos | APCR700neg | APCFire750neg | APCFire810pos

CD7+

CD7-

CD7+ CD3+

O

CD7+CD3-

CD7-CD3+

CD7-CD3-

CD7+ CD3+ CD8+

O

CD7+ CD3+ CD8-

O

CD7+ CD3- CD8+

CD7+ CD3- CD8-

O

CD7-CD3+ CD8 +

CD7-CD3+ CD8 -

CD7/-CD3-CD8+

CD7-CD3-CD8-
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Pipe

1) Acquisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

" (MR ]
PRSI S S L I

3) Unmixing
(OLS, TRU-OLS, AutoSpectral)

O g

4) File Checks

(PeacoQC, Flow Al, etc)

=
P

o

5) Clean Up Gates

(FlowJo or flowWorkspace)

6) Initial Gates

(openCyto or flowMagic)

@

7) FlowJo .wsp

(CytoML Docker)

100% —00
m%$$
0% . - .
HU HEU-lo HEU-hi

8) Major subset
Outputs

9) Subset Export

10) Returnto R

(flowWorkspace)

Coereba

Ay

11) Coereba

Iterating by Experiment

J Bioconductor

Summarized
Experiment

lte

ne: Summarized Experiment

O Data stored in a
Summarized
Experiment

O Interoperability
with Bioconductor
statistics packages

-
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Summarized Experiment

O Permits rapid re-aggregation of
the terminal nodes for re-
evaluation

X

___________

f

I Samples
' (Columns) - -
colData(se) Q Ties in with downstream

_ Bioconductor statistics packages

_—— e —— -,

Samples

L Gl e S

U Portable. Don'’t like how we
aggregated groups of cells? File
| is small enough to store in the
same data repository as .fcs files
for subsequent re-analysis.

(Rows)

Features

I e e e e e

(
I
I
[

___—— U Filterable by metadata or node.
|

' - Nodes only in HEU-hi?
rowRanges(se) | metadata(se) Nod : { individual?
rowData(se) assays(se) metadata(se)$modelFormula - INOodes unique 1o one Indaiviauai:
assay(se, n = 2)
assay(subsetByOverlaps(se, roi))

subsetByOverlaps(se, roi)
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Coereba Retrieval of marker expressions

1.00 4 [sascee ] %
.
B3
0.75 4
0.50 4 o
L J
L J
o o
0.25 4 g § i o
0,0
o ]
0.00 Ereoaitte essea Wy % Ei S
T T LS T T T T T T T L} T T T L}
CcD8 CcCD4 cD26 CCR6 cD161 CcD56 NKG2D cD16 cD27 CD45RA CD62L cD127 CCR4 CcD25 PD1
o0 EEogs
o
8 g .
0.754 ° 0 )
o !
0 & L ] ©
o
0.50 4
L ]
=]
0.254 oo
(=]

0.004 CEHEO %m_ "

cD8 CcD4 CcD26 CCR6 cD161 cD56 NKG2D cD16 cD27 CD45RA CD62L cD127 CCR4 CcD25 PD1 cD38




Pipeline: Normalization

i 12) Normalization ™
1) ACC]UlSltlon 5) Clean Up Gates 9) SUbset EXpOft (CytoNorm or CyCombine)
(Cytek Aurora 5L) (FlowJo or flowWorkspace) .
(o)) GonDebi®  Geadd) - Eingiel® R .
2) Unmixing Controls | | 6) Initial Gates 10) Returnto R 13) Clustering
,,,,,, e fopeneyioerfiontieg) el e (Flowsom) CytoNorm CytoNorm
] o) G .
mEEEn Coil afrc, Vlgnettes
3) Unmixing 7) FlowJo .wsp & 14) Dimensionality =1 ll
(OLS, TRU-OLS, AutoSpectral) (CytoML Docker) 1 1) Coereba (\SLASA%ilrlsaacmg -L
005 ]
- o B -
e E§H . Bioconductor
4) File Checks )
(PeacoQC, Flow Al etc) i . y I\
8) M(;:uct)r sJ:Jbset SEumm_arlgs;:l 15) Coereba
utputs xperim . i
i i CyCombine CyCombine
lterating by Experiment lterating by Cell Subset Vignettes
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Pipeline: Clustering

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)

6) Initial Gates

(openCyto or flowMagic)

%

7) FlowJo .wsp

(CytoML Docker)

100%: —0
0% § . .
HU HEU-lo HEU-hi

8) Major subset
Outputs

9) Subset Export

10) Returnto R

(flowWorkspace)
Coereba

Z

!

11) Coereba

.

12) Normalization
(CytoNorm or CyCombine)

13) Clustering

(FlowSOM)

o G

14) Dimensionality

Visualization
(UMAP or PaCMAP)

Iterating by Experiment

, Bioconductor

Summarized
Experiment

15) Coereba

Iterating by Cell Subset

FlowSOM

FlowSOM
Vignettes
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Pipeline: Dimensionality Visualization

1) Acquisition

(Cytek Aurora 5L)

2) Unmixing Controls

(Luciernaga)

3) Unmixing
(OLS, TRU-OLS, AutoSpectral)

5

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)

0os
 —

s =
o o

HU HEU-la  HEU-hi

8) Major subset
Outputs

100%
50%
0%

FCs

9) Subset Export

10) Returnto R

(flowWorkspace)

Coereba

t

11) Coereba

A

12) Normalization
(CytoNorm or CyCombine)

—

g
=1
13) Clustering

(FlowSOM)

14) Dimensionality

Visualization
(UMAP or PaCMAP)

<)

Iterating by Experiment

, Bioconductor

Summarized
Experiment

15) Coereba

Iterating by Cell Subset

PaCMAP

PaCMAP
Wrapper

©00]



Retrieve manual annotated gating information

V&2

V&2

V&2

V&2

Marker MAITs NKTs CD4 CD8 DN T17
cD7
cD3
V52
Va7.2
Va24ja18
cp8
D4

cD26

l .l.
' f
II. .
f
-~
. T
lll.
' ' f

CCR6

CD161

;- - -

NKG2D

CD56 - - - -+
CD16 - - - +
CDé2L
cD27
CD45RA
cD127
CD25
CCR4
PD1
CD38

Va2
PD1

following unsupervised steps

Vo2

PMA-ionomycin

1.00 4

0.751

0.50 1

0.25+1

0.00 1

] ‘/IAITS

1

PaCMAP_2

T17

NKTs

UMAP_2

Y

tSNE_2

PHATE_2

PHATE_1

M%zﬂ_

u]

oo

-

oo

D8 D26

CCR6 CD161 NKGZD CD27

CD45RA CD127 CCR4

D25

PD1

D38

D69 TNFa IFNy CD107a




Functional and Iterative: plenty for everyone to dislike ©

Well your unsupervised
clusters are merging cell
types that are unrelated

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:

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

J Added benefit of looking-at-the-
forest: Easy to identify badly
cryopreserved specimens where
cell populations were lost
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Bioconductor (S4 OOP help)
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Questions?

UMGCCC FCSR
InstrumentQC dashboard

Coereba

InstrumentQC How-To YouTube @CytometrylnR



CYTOMETRY IN R

UMGCCC FCSR

Learn R at your own pace

= 7~
fij Urvesmv o Cytometry in R: A free weekly course £ or coding beginners @ isac recoenized
HARLEHE AMD STEWART GREEEHEBAUM e Shared Rrssurce Labarmary
e EOMEREHEMEIVE £AHCER CEHTER Dawid nach ., Natarajan ny:.t.ha.n Xiaoxuan !'an \“T“
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o Graduate Next Week DAVID THOMAS RACH

a All coding side-projects will then
resume post-defense
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