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Outline

ViSNE, PhenoGraph, SPADE
how the algorithms work
maximizing comparable results across experiments

Overview of Analysis Workflow
FJ = export populations to cluster - algorithm

Go for it!
Cyt (ViSNE, PhenoGraph) then SPADE



Systems Immunology

Allows for many simultaneous measurements
to be made in a given sample, allowing the
variation to be taken into account and used in
order to make new discoveries



Imagine 20+ color high dimensional
flow cytometry space...



t-SNE - dimensionality reduction algorithm

Goal: find a low dimensional visualization
that best reflects population structure in
high dimensional space

tSNE_Y

—> colloquially, get a feel for how objects ,
are arranged in data space e

Laurens van der Maaten explains t-SNE (UCSD seminar) — fun and informative!!
https://www.youtube.com/watch?v=EMD106bB2vY



t-SNE vs viSNE

Van der Maaten
t-SNE: t-distributed stochastic neighbor embedding
bh-SNE: Barnes-Hut modification of t-SNE (computationally faster)

Dana Pe’er
VISNE: visualization of t-distributed stochastic neighbor embedding

t-SNE - bh-SNE ViSNE

t-SNE algorithm: [

begin
© Compute pairwise affinities p;;; with per

@ Set p;j = 2520 (n - Number of data p
© Sample initial solution Y(® = y;, . ...,
for t=1to T do
@ Compute low-dimensional affinities g;;
@ Compute gradient %g
@ Set Y = Y1) 4 i€ 4 a(t)(P*?
end

end




Why not just use PCA?

PCA Swiss roll problem
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 Principal Components Analysis (PCA) preserves large pairwise distances

« Euclidean distance between two points on the Swiss roll does not
accurately reflect local structure



t-SNE preserves local distances and global distances

PCA tSNE

Amir 2013 Nature Biotech, Suppl.



t-SNE operation

Stochastic Neighbor Embedding ' Stochastic Neighbor Embedding

» Measure pairwise similanties between high-dimensional objects ) _&mnpajrwisesimilamies between low-dimensional map points

High-D TOW‘D

Subtitles/clo

High-D data space. Draw Gaussian bell (circle) around data point. Measure density of all other
points relative to that Gaussian bell, and establish probability distribution that represents their

similarity. Computes local densities to get a distribution of pairs of points.
- Pij

Low-D 2D map. Repeat above.
-2 Qij

Mathematically minimize P||Q difference. Zero would be if two points were the same.




Barnes-Hut Modification of t-SNE
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o Center of mass of domain
o Centers of mass of subdomains
@ Source particle

yivd < a)
compute direct force interaction
with the center of masys of domain
else
flidl <a)
compute direct force computation
with center of mass of subdomain |
else
expand subdomain | further

Apply similar criteria to domains 2, 3, and 4



t-SNE

Advantages

 single cell information
« non-linear assumptions (as opposed to PCA)

« preserves local and global structure

tSNE_Y

Limitations tSNE_X

« computationally expensive; obligate downsampling means data are discarded

« plot axes are arbitrary and have no intrinsic meaning

« no population identification; follow up approaches required to assign identity
to clusters and cells

« distance between clusters is not meaningful; no hierarchy



SPADE: Hierarchical clustering algorithm

spanning tree progression of density normalized events

Goal: organize cells into a hierarchy using
unsupervised approaches

—> colloquially, generate a tree of relationships

Output minimal spanning tree (MST) highlights the relationships between most
closely related cell type clusters



SPADE

(i) Cytometry data

Density-dependent

down-sampling

(il) Down-sampled data

Agglomerative
clustering

(iii) Clustering result

Minimum spanning
tree construction

(iv) SPADE tree

Up-sampling

(v) Colored tree showing
cellular heterogeneity

(i)

(i)

(v)

= =
Low High

Intensity

SPADE views data as a cloud of
points (cells) where the dimensions =
# markers

Density-dependent downsampling
to equalize density in different parts of
cloud, ensures rare cells not lost

Agglomerative clustering based on
marker intensity

Connect clusters in minimal

spanning tree that best reflects
geometry of the original cloud

Upsampling, map each cell in the
original data set to the clusters



SPADE

Advantages
* rare pops preserved through density-dependent downsampling
» enables visualization of continuity of phenotypes

« can combine data sets that share common markers, and then co-map

any markers unique to each data set (see orig. paper)

Limitations

 loss of single cell information

* user chooses cluster number

« MSTs are non-cyclic and paths can be artificially split




PhenoGraph

Goal: automated partitioning of high-
dimensional single-cell data into
subpopulations

- colloquially, map nearest neighbors

PhenoGraph
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PhenoGraph
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First order relationship — find the k nearest neighbors for each cell using
Euclidean distance

Second order relationships — cells with shared neighbors should be placed
near one another

Third, identify communities — Louvain method that measures the density of
edges inside communities to edges outside communities



PhenoGraph: Number of neighbors

Neighbors =5

Neighbors = 30

Neighbors = 200

bh-SNE2
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PhenoGraph — population discovery

Manual gate overlays

bh-SNE2
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PhenoGraph

Advantages
» opportunity for population discovery
» can resolve subpopulations as rare as 1 in 2000 cells

» robust to cluster shape (e.g., need not be spherical)

Limitations Wy e
» user specifies number of neighbors

 ideal cluster number, or biologically relevant cluster number, is largely

unconstrained



Pooling data across experiments



Standardize fluorescence intensities
when performing experiments over time

- Use Rainbow Beads to adjust PMT voltages for
each fluorescence channel to target MFI values

Leukemia (2012) 26:1986-2010
Nature Protocols (2012) 7:2067-2079



Outline

ViSNE, PhenoGraph, SPADE
how the algorithms work
maximizing comparable results across experiments

Overview of Analysis Workflow
FJ = export populations to cluster - algorithm

Go for it!
Cyt (ViSNE, PhenoGraph) then SPADE



Basic Workflow

fcs files

4 ' export gated
e

Gate on live singlets, population
to cluster

Ex. Live single CD45+ cells
Ex. Live single CD19+ B cells
Ex. Live single CD4+Foxp3+ Tregs

ViISNE, PhenoGraph

SPADE



Goal: Multidimensional profiling of human skin T cells
->gate on dumpnesCD3pos

Two specimens
1. Normal skin “lib 1mg”
2. Psoriasis (PsO _stelara)

Two compensation matrices
1. Normal
2. Psoriasis

Antibody Panel:

CD4 BUV 395

CD8 BUV 737

CD3 FITC = population to cluster
TCRab APC (A647)

TCRgd PerCP/Cy5.5

CD45R0O BV510
CTLA4/CD152 PE-TxRed
CD69 AF700

CD103 PE-Cy7

Foxp3 PE
Thet BV605
RORgt BV421

Dump: live/dead, CD11c, CD19, CD14 APCCy7

Courtesy: fcs data Sarah Whitely



Go to FlowJo - import files, gate



normal

PsO

time
cleanup

FlowdJo gating, live single CD3+ T cells

lymphocyte a little downstream gating
scatter singlet CD3 vs dump for validation of known subsets
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Export gated population that you want to cluster

"‘ aWadllr RN W=
Howjo File Edit

.Conhguve . ,\v) 2 L
% { N | | E :'-. ?
I = BERNEE —
Open... Prim.. Save Save Apply Find FCS
As.. v Template San
. Document .fmd |
Group Size Role 1. Highlight gates to export
{7} All Samples 4 Test
{8} Compensation 0 Compensation
w {.}) samples 4 None

- €D e 2. Select Export >

w & scatter

v © singlet Export/Concatenate
& CD3_dum .
X ) . Populations
Name | Statistic | #Cells |
nTi w PsO on stelara_01041801 experimental_002 fcs 264527
w & time 779 206198 )
- & scatter 74.5 153711 3. You'll get a pop-up
o i 97.7 150175 1 1
1 e Window (next slide)
" 156 4265
€ TCRab 70.8 19397
& TCRgd 0.60 164
i w newvoltages_lib 1mg on+ FCS pt2-2_007fcs 876893
w O time 642 563286
w & scatter 77.5 436479
943 411583
: 8.99 2225
€5 TCRab 73.2 18111
€D TCRgd 9.85 2438
f w tinea pt 12191701 001 fes 106534
w D time 935 99654
- & scatter 64.9 64645
; 97.3 62911
16.6 556



Export custom parameters that you want to cluster

1. Under Format choose “CSV — Scale values”

2. Select “both” stain & parameter

3. Select the compensated fluors you wish to export for clustering
leave behind: viability dye APC-Cy7 (you've already excluded dead cells)

leave behind: CD3 FITC (you’ve already gated on CD3)

leave behind: uncompensated parameters

0mpm1 -

v ieclude heades
Forfst CSV - Scale values

Popsdations

Expon

Concatenate

inciude all keywords

Destination: /Users/lisaboeghe st /Deskiop
Flle mame example. expevt PsO oo stelara 01041801 experimental 002 CD3_dump..

InChade Evems

Reset to minimem

o  Include all

w, Advasced Options
Statun

This operation will generare 1 mew data fite(s).

4

-

v

3.

Pacameters

2.

Al uncomgensated parameters

¢ Custom set of parameters

View EAL.

Choose patameter

FSC-A

FSC-H

FSC-W

SSC-A

SSC-H

SSC-w
Comp-APC-Cy7-A
Comp-Alexa Fuce 647-A
Comp-Alexa Fluor 700-A
Comp-BUV 395-A
Comp-BUV 737-A
Comp-BV421-A
Comp-BVS10-A
Comp-FITC-A
Comp-PE-Cy7-G-A
Comp-PE-C-A
Comp-PE-Tx-Red-G-A
Comp -PerCP-Cy5-5-A
Comp-Qdot 605-A
APC-Cy7-A

Select Al Compensated

sat o export

Select All Uncompensated



Convert CSV - FCS

1. Open a new FlowJo workspace

2. Drop the CSV file onto the workspace

3. a new FSC file will appear in the same location where you saved the CSV file

« conversion may take a minute or two so be patient

@ Y TOATLEO
Powie | e e wadopace Toss  Coefigue RerThm
) New Barkspace T Vabie tonee 0 Asnstare Experimen A Soect
Qr Add Sarmpies L. taysut tdeor U Parel Waard ?
Help
) Create Croup W Preferences ¥ rare Ednae -
Navepaie Eapetire

reup 2le soup Anslysin

LAl Samples 4.0 AN Samples

{(3) 1on 0 Comp on

Name (%7 } {

Drag Samples Here

men ' ~ File.csv

File.fcs —

will appear in same
folder as your .csv



Launch Matlab/Cyt3



Steps for viSNE analysis in Matlab/Cyt3

. Import fcs data gated on the population you wish to cluster
. Transform, arcsinh 150

. Downsample (i.e., subsample a portion of total events)

- to reduce computational burden
- o select a small subset of events for a quick first-pass analysis
- to normalize events across comparative analyses

. Invoke bh-SNE



Transformation, value 150 for flow cytometry data

« fcs data can have negative numbers due to compensation correction and
instrument baseline correction. Algorithms can’t handle negative numbers.

» hyperbolic arcsine (arcsinh) transformation is similar to biexponential
transformation in FlowJo. See http://docs.flowjo.com/d2/graphs-and-gating/gw-

transform-overview/

Arcsinh Augment

Linear

Mzawd;ki) gsew

CD4

Anawoiln
8oue0s8I0N|4

cDs8

Bendall 2011 Science 332:687, Fig S2



Import gated populations into Cyt3 “SightOf”

Session Help

Cyt3 S B SN O9P monan

Plots
AVXHF )
1. Click the “+” sign to L

import fcs files 1 i

2. Navigate folder and o i e e s i iy
select files u : SR

3. Select "“Add” Chanoals
o
4. Click “Done”

~N
2
¥
_—



Pre-processing steps for viSNE analysis: Transform

Session Help

HSE @ AL woentn
Gates Preprocess Data
Select channels 1o transform (asinh) using speciied
+ u rF s A 4 x cofactor, Transformed data will be written to fie

associated with selected gate,

1 export_ nomal ibimg CO3_dump
« Jepont PsO_01041801_CD3_dump 2 Select Channels

1. Import fcs files

2. Select “navigator wheel”
icon, and scroll to Transform

3. In popup window Select
Channels to transform
Channels

4. Enter Cofactor 150 for flow

Surtace cytometry (or 5 for mass
iﬁl"“ Ciean Debris by gating DNA channels Cytometl’y)

. = Save Gate to fie:

TCR spha bt 5. Click “OK”

CD«4
CDs o W
RORgt

CD4S5RO

cD103

Foxp3

CTLA-4

TCR gamma delta oK

Thet Cancel



Pre-processing steps for viSNE analysis: Downsample

Session Help

| ( + - ,‘_‘.r", = U4 405 % .
d -t ~ N f‘ { @ o~ W ‘;ﬁ ‘ L._.u

You have currently selected 52123 points.
Enter sample size:

2000

1. Select fcs files to downsample

2. Select “navigator wheel” icon, and scroll to “Subsample” (or “Subsample Each” if you
have multiple samples to simultaneously downsample)

3. In popup window specify the number of events
4. Click “OK”. Then type a short prefix to be appended to sample name.

5. The new subsampled files you created should appear in the list



Session Help
do @ e

Gates

+id A VX

axport_noemal_ibimg CO3_dump

Channels

- & . . o.
b ! ‘..

Invoke bh-SNE

1. Select the (transformed,
downsampled) fcs files to cluster

2. Select fluors to include in clustering

3. Under “lower navigator wheel” select
bh-SNE

4. Check original Matlab window
(remember, you are currently in Cyt
window) for algorithm progress

—>Once algorithm has finished, the two
new derived parameters will appear in
lower pane: bh-SNE1 and bh-SNE2



Session Help
de @ A 09 onen View your bh-SNE plot
Gates

+ el AVXE Ve

wxport_nomnal_ibimg CO3_dumg

5 dwn2dKaxpont_noemad i1mg COS_cumnp
L] dwn24Kexport_PsO_01041801_C03_dump

5. Make sure the files you clustered are
still selected.

6. Select the two new derived
Chaniiols parameters bh-SNE1 and bh-SNE2

e
Sutce 7. Select “Plot”

Sgna

TCR apha beta
CDa9

cD4

cDa

RORgt
CD45R0O
cooa

Foxp3d

CTLA4




bh-SNE2

VISNE: normal vs PsO

* normal_lib1mg_CD3_dump
* PsO_01041801_CD3_dump

40

merge Normal

o

-40  -30 -20 -10 0 10 20 30 40
bh-SNE1

« downsample Normal, PsO_stel to 24K/ea
» cluster all markers except for pre-gated channels
(CD3, dump)



Marker heatmaps

%

TCR gamma delta

401

bh-SNE1

40

30

20}
0
0
0

-40

-40

-SNE1

bh

TCR alpha beta

40

-SNE1

bh

-20

-40

bh-SNE1

bh-SNE1

SNE1

bh-{

bh-SNE1

SNE1

bh-!

bh-SNE1




L1 statistic — difference between marker distributions

RORgt CD69 CD4
diff: 2.03712 diff: 1.98166 diff: 1.72107
-10 0 10 -10 0 10 -10 0 10
CD103 TCR gamma delta TCR alpha beta CD45RO

diff: 1.51811 diff: -1.13759 diff: 0.945807 diff: -0.855818

-10 0 10 -10 0 10 -10 0 10

-10 0 10

Tbet CD8 Foxp3
diff: 0.830009 diff: 0.749534 diff: 0.539077

-10 0 10 -10 0 10 -10 0 10



TCRgd

Manual gating overlays

Gate on tSNE clusters

bh-SNE2

) -30 20 -10 10 20 30 40

[}
bh-SNE1

Gate on fluors

5 CD45RO
I5
4
Boeiihn 4 4
a? » |
$ 4
3 3
g
EO
8
& 12
@
8 L]
-2
< 1
6
4 2 0 2 4 6 8
TCR alpha beta

TCRab

CD8

bh-SNE2
o

foxp3+CD4+

-10

0 10 20 30 40
bh-SNE1

foxp3




Summary: Multidimensional profiling of human skin T cells

bh-SNEZ

T
(5 40 TCR alpha beta 0 'CR gamma delta
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s 4
4 3
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w w 3 w w
4 z 4 2 z
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Session Help

de @ A 09 onen PhenoGraph

Gates
T HAVXE Ve 1. Make sure the files you clustered are still
export_nomnal_ibimg_COJ._dump Se|eCted-

1-
2. Select the two new derived parameters bh-
SNE1 and bh-SNE2

3. Under navigation wheel select “PhenoGraph”

Channels 3.
-
E_,. Run Phenograph
Surtace
Sgna
) In Case of Multiple Gates
‘a" Run on all gates together 5
TCR alpha beta
cDé69
CcD4 Enter Number of Neighbors to use
co8
RORg 30
CD45R0
co10a
Foupd
CTLA-4 Select Distance Metric
Euclidean <
Cluster Cancel




bh-SNE2

40,

30|

20+

10}

PhenoGraph — automated clustering

PhenoGraph K200 FFRO72255

-10

bh-SNE1

20

3¢

DN EWN -



SPADE

SPADE developer provides great instructions

http://pengqiu.gatech.edu/software/SPADE/

P
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Import gated populations into SPADE

1. Click “Browse” and navigate to folder that contains gated fcs files

2. Select the folder and click “Close”

SPADE

Beowi) atrng Gwwbony
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Setup SPADE parameters

Select working directory

/Users/lisaborghesi/Desktop/cyt3-mac/z_Collabs/Whitley/011318/exports_renai
Browse

View FCS file list and edit file annotations: View File List

Setup SPADE algorithm paramegrs

View / update algorthm parameters

Run SPADE analysis

Compute local densities for each file
One ciick for all Pool selected files

Clustering+MST+layout+upsample

Visualize results

View resulting SPADE tree

3. Click “View/update algorithm parameters”



Setup SPADE parameters

Mamsers used 10 buld SPADE tree

Ovedagpng mareers
hat e Not used

Compensaton opticn
®  gNose companiaton
Apply compensation malss n FCS header

Argsinh Tramsformation Option

No Trarsdormanoen

o Ascsinh with colacser 150

Arcsinh with above colactor, folowed Dy Omean d wvar

Local dersay caloslaton parametens

Neghborhood so « moadam min ost * L

Local Senslly appronrmation Lacior. 15

Fées used to duld SPADE oo

Fos NOT used 10 Flos usod % budd
budd SPADE Yoo SPADE tn

Nax alowable cefs n pooied downsampied data 50000

Outher and Target Dansties 100 and TD)

Outierde 1 ™ percantio of e
donstes LDs) of al cels

Tarpet densry pescentie of LD 3
&  fued rumber of oolis seman 24000
Clustenng paramelor
Aporthm * Kadans
Agglormosalve Close
Numter of deseed clustens s

4. Select markers for building SPADE tree (move left >> right)

5. Select files to use for building SPADE tree (ditto)



Setup SPADE parameters

Maduers used 1o bukd SPADE tree Fes used 10 dudd SPADE tee
Ovetappng makens Overta, markon Flos NOT used 10 Flos used w0 buld
hal ae net used wied for SPADE 1we buld SPADE wee SPADE tree
(XHH!! exgon no-ru! Bimg (
CO8
CO4SR0
(e [V >
- Fopd -
CILA4
TCH gamra delta
we Thet
Max alowable ceds n pooed downsampied data 50000

Compansaton option

I rr— O T s 51

\ppdy compossaton malss n FCS header Outharde 1 » percantie of bea
donshes LDs) of al cols

Arcsnh Transfommation Option

i Tarpet Oensty pexentis of LDs 3
7_ s o fued rumber of celds seman m 8
Ascsinh with above colactor, folowed By Oemean 3w -
Clusterng paramelor
Local dordty caloulation parumelens
Algorthm ¢ K-means 9
Neghbohood sze = modam mn dst * A Agglomesative '\

Close

Local densty approxemation Lacior 15 Numter of deseed clusters

6. Select "Ignore compensation” since we are using compensated data from FlowJo
7. Arcsinh transform, cofactor 150
8. Assign target density such that a fixed number of cells survive the downsampling process

9. Set desired number of clusters



Run SPADE analysis

Select working directory

[Users/lisaborghesi/Desktop/cyt3-mac/z_Collabs/Whitley/011318/exports_renai

Browse

View FCS file list and edit file annotations: View File List

Setup SPADE algorithm parameters

View / update algorthm parameters

Run SPADE analysis 1 0_

Compute local densities for each file

One ciick for all Pool selected files

Clustering+MST+layout+upsample

Visualize results

View resulting SPADE tree

10. Today we’ll sequentially walk through each
step in the algorithm.

a) Compute local densities for each file
- Fast. Feedback is “100% Done”

b) Pool selected files
- Takes a bit longer. Feedback is “Done!”

c) Clustering
- Fast. Feedback is “Done”



Run SPADE analysis

Select working directory

[Users/lisaborghesiiDesktop/cyt3-mac/z_Collabs/Whitley/011318/exports_renai
Browse

View FCS file list and edit file annotations: View File List

Setup SPADE algorithm parameters

View / update algorthm parameters

Run SPADE analysis

Compute local densities for each file
One ciick for all Pool selected files

Clustering+MST+layout+upsample

Visualize results

1 1 View resulting SPADE tree

11. View resulting SPADE tree



Color tree by marker

ANOW T00 i New Window Arch Layas g Nasaolgeed
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» Check the overlay box
« Select marker (e.g., TCRab)

Troe colored by markers

Tooe 0 GML & TXT

Chaterirg retult & FCS

Exriover D

Troe colored by Celfreg

NooeAnet gy & CedFreg o TXT

ol D aargies Arrod 16 Cyobers

Select file (e.g., pooled)

Select “expr” = median fluor intensity of cells

in the cluster



Compare samples

LOIOr Opuons

v overlay information by coloring nodes

Select a marker: Select afile
é%%s’“m
4 —— e
e Select Select
. comparison file reference file
F
e A
}ggmmawta add 1o rel
Fileind
CellFreq Color scheme
® JET
half JET
Gray scale

Export results to PS, GML, TXT, FCS formats

Tree colored by markers Tree colored by CellFreg

Tree to GML& TXT Node/Amnot expr & CellFreqto TXT

Clustering result 1o FCS

EarthMoverDist b'w samples Annct 1o cylobank

Or compare samples:

Expr = median fluor
intensity of cells in
that cluster

Ratio = the difference
b/w two samples

Cell freq = freq. of
cells in cluster



Compare samples

LOOr Opaons

v overlay information by coloring nodes

Select a marker: Select afile Ref files for ratio
TCR alpha beta POOLED export_normal_libima CD3_dump.!
CcDe9 export_PsO_01041801_CD3_dump.!

CD4 export_normal_libima CD3 dump!

CD8

RORat

CD45R0O

cD103

Foxp3

CTLA-4

Fileind .

CellFreq Color definition Color scheme

®  expr ® JET

ratio haif JET
cell freq Gray scale

Tree colored by markers Tree colored by CellFreq EXpOrt
SPADE trees
Tree to GML & TXT Node/Annot expe & CellFreq to TXT ]
or files

Clustering result 1o FCS EarthMoverDist bw samples Annot 1o cytobank




Annotate SPADE tree (unbiased)
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1. Select “Auto Suggestion Annotation”

2. In popup window, accept/reject proffered partition
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ACCEPT partition

ACCEPT & remove parent

REJECT partition



Annotations (unbiased)

TCRab-pos
TCRab-neg



Changes in population frequency
PsO _Stelara relative to Normal

CellFreq

TCRgd




Outline

ViSNE, PhenoGraph, SPADE
how the algorithms work
maximizing comparable results across experiments

Overview of Analysis Workflow
FJ = export populations to cluster - algorithm

Go for it!
Cyt (ViSNE, PhenoGraph) then SPADE



UMAP*

Uniform Manifold Approximation and Projection for Dimension Reduction
https://arxiv.org/abs/1802.03426

PCA tSNE

At am!

amt

PCA - preserves largest pairwise difference, loss of local structure

tSNE - dimensionality reduction algorithm that preserves local and global
structure but NOT cluster distance

UMAP - dimensionality reduction algorithm that preserves local and global
structure, including cluster distance

*for MatLab savvy users who don’t need a GUI; available in MathWorks as Add On
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