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aiving high-parameter spectral flow cytometry with CITE-sec ozette

Using a novel automated artificial intelligence-based analysis platform to characterize immunophenotypes and cell states
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Spectral flow cytometry and Cellular Indexing of Transcriptomes and Epitopes sequencing (CITE-seq) both enable high parameter single-cell surface protein analysis. Spectral flow cytometry results in signiﬁcantly highel‘ cell pl‘OﬁIing thraughPUt Diﬂerentia“y abundant immunOphenOtypes identified when stratified by donor CMV status USing SPQCiﬁc phenotypes discovered from spectrQI flow cytcmetry to inform
Flow cytometry provides a time and resource efficient assessment of millions of cells, while CITE-seq throughput is typically limited to profiling of 10* to 10° cells per _ " . . ! S .
Using spectral flow cytometry, a total of 10.6M cells were profiled across all samples. CITE-seq profiled approximately 81K cells across all samples. (A) Differential abundance of CD3+ CD4+ CD2+ CD95+ KLRG1+ T cell phenotypes identified in CMV+ status samples in flow cytometry and CITE-seq data. Each heatmap row represents a CITE—seq d|ffe|‘ent|0| expr955|on an0|y3|s reveals d|st|nct gene expr935|on prOﬁles
\ phenotype and each column represents a replicate, with n = 43 replicates from 8 donors. The plus sign in the marker columns indicates positive marker expression.
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replicate. However, the CITE-seq assay generates paired single-cell RNA-seq data that may provide value to researchers investigating gene expression. Analyzing flow

cytometry and CITE-seq data often requires use of disparate analysis tools and platforms, and integrating results can be a complex and resource intensive process. (A) A higher proportion of genes with effects significant at 10% FDR were identified in Ozette Discovery phenotypes (L3) when differential gene

Here we apply Ozette Discovery™, an artificial intelligence-based analysis platform [1], to analyze paired spectral flow cytometry and CITE-seq datasets generated expression between CMV status was tested using Limma on pseudobulked RNA-seq counts from single cells. Less granular lineages defined by

(B) The abundance CD3+ CD4+ CD2+ CD95+ KLRG1+ T cells was higher in CMV+ status samples in both flow cytometry and CITE-seq data.

from peripheral blood mononuclear cells (PBMC) from healthy donors with known cytomegalovirus (CMV) status. expression of canonical markers is (L2) and in pseudobulked data consisting of all cells (L1) are also shown.
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(C) A similar set of differentially abundant CD3+ CD4+ CD2+ CD95+ KLRG1+ T cell phenotypes associated with CMV status was detected in the CITE-seq data at a lower degree of statistical (B) Distinct gene expression profiles are identified when stratifying by protein expression phenotypes (L3), compared to canonical marker defined

Assay SSTTEE 0% SIS EH eIV Sells (2o lineages (L2). Top differentially expressed genes and their effects (t-statistic) in various phenotypes, in aggregated lineages, and all cells.

. CITE-seq
(10%) Spectral flow cytometry /‘A - Spectral flow cytometry \ (C) RNA expression levels in selected genes were plotted by donor CMV status. Cells were aggregated into All Cells (3888 events; median donor),
CD4 T cells (1993 events; median donor) and CD3+ CD4+ CD2+ CD28+ CD95+ KLRG1+ (17 events; median donor).
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Peripheral blood mononuclear cells (PBMC) were isolated from 8 healthy donors with known CMV status and cryopreserved. o0 O OO O O 0
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PBMC were characterized by spectral flow cytometry using a 48-color pan-immune profiling panel on a 5-laser Cytek Aurora™ full spectrum cytometer. Output files onor Identified EE g E Eﬂn g 0010
were unmixed using single color reference controls, and preprocessing was performed to select for single, live PBMC. o0 O O O [+
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CITE-seq was performed on the same set of PBMC using the 10X Genomics™ 3' Gene Expression v3.1 kit and a 143-target antibody panel with 6 isotype controls. The F I G U R E 3 gg c FE E g i
CITE-seq panel was composed of the Biolegend TotalSeq-B Universal Cocktail and a titrated 92-plex custom antibody mix, such that the contents of the CITE-seq K / % 0.005
panel overlap the 48-color flow cytometry panel. Single-cell RNA-seq and antibody-derived tag sequencing libraries were generated and sequenced on an lllumina -
NovaSeq™. A series of preprocessing steps were performed to select for single, live, PBMC. Background adjustment and normalization of antibody-tag derived counts Higher number of rObUSt immuncphenctypes and proportion Of rare phenotypes are /~ A - CITE-seq \ S .
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Data from both assays was uploaded to the Ozette Discovery™, which was used to determine positive marker expression thresholds and identify immunophenotypes greater number ot iImmunophenotypes were identined trom 1A spectral Tow cytometry aata than trom >€q datd, showh as sihgle-ce ODaam=loE % o ki Eﬂ% NorCbouEno DDe o £ = 00030 80035883505 595008858088858080%088088003%888%8§0080808¢03
: : embedding visualizations where each uniquely colored island represents a robust cell phenotype. A greater number of rare phenotypes were identified ool d=DroloSao aploDdNEC L S z Z ddsdB888d8888d8088888038dSd88288383545888d848843834
based on cell surface expression and detection frequency. o o o 0 a0 00 - 0080000080003 3000008083883830080080<508 08083880458
o o . . .. o . . o —— OO O\\\\\\\\ \\\\ \\\\ Q O \\\ S~ S~ O ~~ ~~ O ~~ O
in spectral flow cytometry data, shown as (C) distribution of phenotype abundance. Positive correlation was observed in the abundance of the union o o O a0 00 Sl o IIS 20 R IN s8N ET IS 2s0aNNONEST 53 I80:8595099893
~ ~ O > 0O ((e] ~ ~ —
of all phenotypes in detected in each assay, when comparing across assays (D). o0 o0 a o0 00 = 885508500080 5700022880008558405003:8053056234083 535056
Q © 00 o L+ I+ -+ 0 LN oA Ns N0 08 R NE3022IN2A0220025889 733822 £35°¢8
- A0 IN0ANFO00lArws9000siIcfa0oPB0 FIFpQasNgoIc ITSE O
OO0 J0 F <r,_(\3_|<rg+\oc\)_|fr<rmoc\)<r¢ < O OODQNDO < O < = =~
PBMC isolated from whole blood collected from 0 0O o Q0O O 4,574 o 351Xz 0%3s gaozr¥goed r¥2eaidB83 98 83 9038098 &£3 sa¥ &
L+ Q0 L+ L+ I+ +) £ 2RoFAZILNG $°319288 83350: 858 FR 8eiRk°2: Fo 993 7
healthy donors with known CMV status. 0 0 00 a. o0 0 0 Go0(ocoagdg80 & 083890 gxlgzguwgo o Ao 8= 8F ¥ 49 o
-u 95:04555%01 O $O0O0O0 15?«301—800 Q% O<% O3 o A %
n n n ﬂ n- n T anaNQ o FY S OODEOS\QQ F < T < ¥ o Lo Q ©
a0 Aaqa g0 O © 00 g T F F ® 0O = Q0 o M A+ ¥ Al
O OO0 OO0 0 O N w : 389898888 93 5:° "8is 88 30 85 83 © 8
Ll Q = & o @) < OO O ¥ N < ) g
¥ + @© = g ¥ 0 O © + o
< o N I O T ¥ N o N o © 0O
K \ O 8 O 8 LY O X0 <
¥ N O o =
0 T
4 ) Spectral flow CITE-seq robust /~ B - CD3+ CD4+ CD2+ CD95+ KLRG1+ phenotypes \ /~ C \ X ® 3 3
o < o N
cytometry robust henotvpes < O S
I I I I I I I I p‘l"ltenoty;yes 2'480yp FLOW CYTOMETRY I CITE-seq CITE-seq FLOW CYTOMETRY Criteria < > 3
- I O O s
- ;] o = o)
n=1060 :?g’f‘_ | . ® CD16+CD2+CD38+CD45RA+CD56+CD57+ €D2+CD3+CD4+CDASRA+CDS7+CDIS+KIRG1+ . 10% FDR S o
H:I-D:'} — - o CD2+CD3+CD4+CD57+CD95+KLRG1+ @ a O
EI:I}": l 2 'O CD2+CD28+CD3+CD4+CD95+KLRG1+ CD2+CD3+CD4+CD45HA+CD56+CD5?‘+GD95+K%1+ © é
B.0% — | . ‘e ' 9 CD2+CD3+CD#+CD57+CD95+ 8
v \/ o — CD2+CD3+CD45RA+CD57+CD8+CD95+KLRG1+ . /
' ﬂf— | (@) ® CD2+CD27+CD3+CD45RA+CD8+ . ¢ ° Phenotype
/— spedml flow cytometry workflow ﬁ / CITEseq workflow \ 8 e | ‘a 15 CCR6+CD2+CD27+CD28+CD3+CD4+KLRG1+ o
. . 5.0°% - '
Input of 10° to 107 cells per replicate Input of 10* to 10° cells per replicate C g e | ) Po LI’ o CD2+CD27+CD3+CDA5RALCD8+KLRG 8 o 5 . . diusted p-value \ / C \
3 \ L) - . s | . = e <0.1
[ | /5:0 Assay \ 03 - [ . S S I S | ’ . ® g 10 GNLY KLRG1
. . . | All Cells 15 P P
InCU bate Wl‘th COCk‘tOlI Of InCUbOte Wlth COthOII Of . CITE-seq = ~ - r=0. 55, - _0 48, - 2 205 L & e . | g CD19+/CD45RA+/CD20+/HLADR+/CD39+/IgM+/CCR6+/IgD+/CD38+/CXCR5+ .¥ ... 9 .“_‘7 4.!'
. ) ) y - = 2 I GO 10RO LADR o g oSO CClr o =
ﬂUOrOChrome |Gbe|ed GnthOdleS OlIgonUCIGOt.Ide_.ConJuthed Flo u ! ””,f - | - . !l ® gglgT/cmsRA +/CD20+/HLADR+/CD39+/CCR6+/IgD+/CXCR5+ 10 . .. : °
antibodies 400 @ u/ Laf/ 1.0% - o | : 05 2§§§ o &°° 6 :
' ) 4 : . e . | 5 - : T
o E 0.3 | *c 0 0w &° ° "B #&Z .* "E‘ . / .
on WX oSnomies ~nromidm £ g . CMV- CMV+ CMV- CMV+ -
- . . e b
/ Prepare single-cell RNA S b ’ hos Fold change [log2] : = LTB MYBL1
expression sequencing libraries 4 3 03 . 16 oo X . -
4 DAYS 100 0 . : ) ' S £ — 1 0 A ——
v < 0 r=0>4‘3” r=0>46” ¥ L= R ggg ;rCD45RA /KLRG1 /CD3 /CD57 /CD2+ g : ® ®
0.1 - - 12 6 * °
PrepGre Siﬂg'G—Ce" SUI’fGCe . l 80 o -~ & . mie- H' lﬂ ml .ggg f%Bi?R’E?éE#,%%L /I%DS +/CD2+ U .0
- H 0 — — . oo © ° ° (X) CDB8+/CD28+/CD45RA+/CD27+/CD3+/CD2+ D 10 *
/ Spectral flow cytometry data pre pl'ocesﬂng\ < protein sequencing libraries <I/million  10/million 100/million  1/1000  1/100 1/10 >1/10 / 700 005 010 015 020 000 005 010 015 020 / F I G U R E i chieycots.coas. 8 . . / 3 /
6 S = ¢
~ \_,\/ 1,\/ Abundance Abundance Flow | I s ' O
Spectral \ Preprocessing \ Live PBMC Perform sequencing library j Ll _ f?i DEgmﬂufgsg,égzssm O o\ CMV+ CMV- CMV+
unmixing gating singlets quality control and sequence . . . . . o . . FERTEEN P _ 355” e
N P8 PN ) N Y, Backgating visualizations reveal similar protein detection profiles between spectral flow cytometry & CITE-seq Ay . Idlllﬂll i
Coler jggiggﬁ 525381 +/CD56+/CD38+ Phenotype
k / |dentification of analogous CD3+ CD4+ CD2+ CD95+ KLRG1+ T cells from spectral flow and CITE-seq by gating with Ozette Cell Discovery. The thresholds for I e~ All Cells
F I G U R E 4 positive and negative expression are shown in each scatter plot, and the population of interest (light blue) is superimposed onto the set of all PBMCs (grey). o b o e e il s et o () o7 CD3+CD4
v §éé £S5 jéé i \;Iezogo élgéoowo§f§§§8 OQ%&%& sg%ﬁangmg —;i% & Néo Eoib / K —— CD3+ CD4+ CD2+ CD28+ CD95+ KLRG1+ /
CITEseq data pre-processin
4 ageapEe ° \ Similar frequencies of major immune cell lineages identified from spectral flow Spectral flow cytometry CITE-seq
4 4 4 I
Doublet cytometry and CITE-seq . T m g . . .
Reaa > Cel > detection & s 2% 1‘ 5 7 < 3 i ° 7 5 -
mapping J—V elellligle JV removal Abundance of major immune cell lineage groups, defined by expression of key markers, identified from spectral flow cytometry and CITE-seq data, . : g e s 3 S S g 5
\_ \_ N\ I J grouped by donor. CD4+ T cells predominate. 5% 4 S % e A | ¥ 5 o ] SR 5 5 5 ; #
Q 7 9 7 2 3 o 5 - — © ° ° - g . A A : ;
J J ° % % 5 i ' i | |- | - 1. Spectral flow cytometry workflow is able to profile significantly more cells compared to CITE-seq, and results in identification of a greater number of
- \/} - - ~ Figure 4b: Correlation of major lineage abundance between spectral flow cytometry and CITE-seq. Flow sorted cells tend to exhibit higher e e o o e oo e ; ° i i robust immunophenotypes and improved detection of rare phenotypes.
CD28 BV650-A CD4 cFluor-V610-A CD27 APC-H7-A CD14 NovaYellow—690-A CD28 adt_CD28 CD4 adt_CD4 CD27 adt_CD27 CD14 adt_CD14
Hashtag M ' w-'\ - abundance of CD4+ and CD8+ T cells
' Basic leg PBMC . b 2.The identification of differentially abundant robust immunophenotypes from flow cytometry data can be used to inform analysis of CITE-seq gene
oligo QC singlets ' E §
H M : - < LOo = (Y NO o . . . . . . . . . . .
\demultlplexmg _ J_V\ y % . 5 0 ° LEy AR 3 ] z expression data, and identify distinct gene expression profiles associated with specific protein expression phenotypes.
a N\ a N\ R =t S | 5 S |8 S : S 3
< 7 IR 3 3 , a ® B = g g | g : : L : :
K / 1 CD3+CD4+ CD3+CD8+ CD19+ 2 3 gx 3 3 S %1 * L Lo e ‘ i | 2 . 8 z 3.Immunophenotypes associated with chronic viral infection were detected in both spectral flow cytometry and CITE-seq data, but flow cytometry
. . o 0.08 o I = i 5 S EM S = {38 S o 8 ° . . . -
1.00 I ® 2 015 .’ - ° % | i ° ' | * ¢ data provided additional depth and a higher degree of statistical power.
/ | ™ T T AR B T T
DCItO analysis With ozette Discovery"" 04 S /‘, ’ / 0.06 L / ® 10*-10%° 10* 10°  10° 100° 10 10°  10° 10*-100° 10* 10° -10* 1@3’0 10* 105 0 102 0 102 0 102 0 102
. 1 7’ 1 A é ’ ‘ o HLA-DR cFluor-V505-A CD95 PE-Cy7-A CD19 cFluor-B532-A IgD BV786-A HLADR adt_HLADR CD95 adt_CD95 CD19 adt_CD19 IgD adt_IgD H H H _ H H H
/ Data from both assays uploaded to the analysis platform Ozette Discovery™ \ - Lineage T 0.10 < 0.04 / 4.0Ozette Discovery streamlines the analysis of both CITE-seq and spectral flow cytometry data on a unified platform, reducing the time needed to
for automated immunophenotype identification & data visualization " - B cos«cpa+ > 0.2 7 005 - I < %] : | - TR . | | uncover biological insights and advance cancer immunotherapy research.
— T . g . 7 c"é I < < | : T " , o 2 © . & E i ]
8 = CD3+CD8+ & . Bk o 1 - K g 12 < . | : . 5 & e g
0.50 e oo R Z % = o » = L ® 5 5 5 g
® Ozette d ' .- QO 00 01 02 03 04 05 000 005 0.10 0.000 0.025 0.050 0.075 £ - 3 % «‘ o 2 , g | ‘ g ] g g8
N N —— / J c e q 8 *® 1 nEEElT I . E i E I
- 5 A 5 3 9 et [ S5 gl SN . I £ REFERENCES & ETHICS
'E"‘;"“i’:‘"‘:‘! < / .; 2 . .- v 0.100 . 0.25 . / /6 o ‘T T HRRRLLLY B ‘le _EI""""I-!-|""""I LR | el _E I""""I'J'I:|""""I LU IR | :"""'I""""' :"""I""""' T T EIIIIIIIIIIIIIIIII : hARLAAILELE I LLLLL T
';'3. s a 0.25 I others c ,/ 0.3 /’ -10° -10*0 10* 10° -10* -100° 10*  10° ~10* -10d0®  10* 10° _10*-108% 10° 105  10° ) ) 102 0 ) 102
V E i \l Q. . 3 0.075 ° 0.20 L /’ // CD2 BV510-A CD56 BV570-A KLRG1 APC-Fire—810-A IgM Spark-Blue-550—-A CD2 adt_CD2 CD56 adt_CD56 KLRG1 adt_KLRG1 IgM adt_IgM
AU B =y /,/ e 0.15 .%\. 0.2 , ° ) " ° o
e & .. 0.050 e e V& o . - References: Ethics approval:
E ' o o o o o o o o 0.025 .7 //. 0.1 » 3 g T N
Al g 8 3 o o 5 ) S - g 0.05 / § 8 1. Allen D, Weaver M, Prokopchuk S, Lekschas F, Jiang M, Finak G, Greene E, All donors provided informed consent using Institutional
K ) / - i 3 - - - i 2 b 2 | 2 d ’ ’ a2 o 1 =
g W = w = W = w = w == w —= W = w = L ’ s T 3 . ] . . ] .
8 W P Po o o fFo Po B 0.000 . 0.00 .’ 0.0 , Sl | % _- McDavid A. Protein-based cell population discovery and annotation for Review Board (IRB) approved consent forms.
© © © © © © © © 0.00 0.02 0.04 006 008 00 01 02 03 0.0 0.1 02 03 04 B s S o i . . . ] . N
K / K / ¢ b il lEE CITE-seq data identifies cellular phenotypes associated with critical
Donor ID Abundance CITE-seq de w0t o 0 COVID-19 severity. BioRxiv 584720 [Preprint]. 2024 [cited 2024 June 24]. Affiliations:

/ https://doi.org/10.1101/2024.03.14.584720

CXCR5 BB755-A /

P
P

1 Ozette Technologies, Seattle, WA, USA




