Computationa

sorting

with HyperFinder, Flow]o" Software
and BD FACSDivar Software

Background

When aresearcher performs a multicolor flow cytometry experiment
and explores the data using machine learning tools (e.g., clustering,
t-SNE, UMAP, CITRUS, CellCNN and others), instead of manual
gating, it may lead to the discovery of a novel cell type with a distinct
pattern of surface markers." However, the gating strategy for that cell
population may be unknown. Without this critical information, this
novel cell population cannot be easily sorted for further investigation,
as current commercial cell sorters require sort decisions to be made
by aseries of 1-D or 2-D gates. This presents asignificant gap between
the multidimensional exploratory analysis and gate-based sorting,
a gap both conceptual and technical.

In principle, this problem has a simple computational solution:
create a set of all possible gating strategies, then find the one that
best captures the target population. This goodness of fit of a gating
strategy can be quantified through yield (the percentage of target
cells that are actually collected in the last gate) and purity (the
percentage of target cells in the last gate that actually belong to the
population of interest).

For the sake of simplicity, those metrics can be combined into a single
F-score: the harmonic mean of yield and purity. Harmonic mean acts
as a soft AND-gate so if either of the values are close to O, their
harmonic mean is going to be close to 0.

Figure 1. Comparison of arithmetic mean and harmonic mean
as summary metrics of classification purity and yield
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Finding a gating strategy that has the highest F-score is logically simple. However, because the number of possible gating strategies is very
large, it is impractical to screen each one. For example, a sample measured on N channels can be plotted on N*(N-1)/2 bi-axial plots so for a
30-marker panel, you would need to look at 435 plots. Assuming that eight gates is enough to capture the population of interest, the number
of possible combinations of eight gates is’c.3s ~ 2.98x10'. Furthermore, there are variations on gate size and shape that further increase the
number of combinations. Therefore, a practical computational approach must either dramatically reduce the search space (e.g., by only allowing
rectangular gates) or employ a combination of heuristics and optimization methods to find an optimal solution.

Several algorithms have been created in the past to solve this problem. GateFinder® is a pioneering algorithm that enumerates all possible
biaxial plots, removes outliers and then draws a convex gate around the population of interest, creating a set of candidate gates. It then builds
a sequence of convex gates in a linear fashion with each iteration appending a candidate gate that best improves the gating strategy. This
algorithm is effective on low-dimensional datasets, but as the number of parameters grows, it tends to get stuck in local optima, thus producing
gating strategies that have much lower F-scores. Another notable algorithm, Hypergate® takes a completely different approach. Instead of
growing the gating strategy one gate at the time, it fits a bounding hyperrectangle (a multidimensional box) around the population of interest
and then uses the box coordinates to create a set of rectangular gates. Since the classification boundaries are perpendicular (independent) in
each dimension, it greatly reduces the search space, allowing the algorithm to more easily converge on an optimal set of rectangular gates.
However, there are real-world cases when a population of interest simply cannot be properly captured by a rectangular gate, which would violate
Hypergate's assumptions and cause it to fail. A major limitation of both algorithms is their requirement for R programming knowledge, which
limits ease of use. In addition, the gate output is in a format that cannot be readily imported by any FACS instrument software (such as BD
FACSDiva™ Software). Instead, the user must manually re-draw the gates.

We have addressed those shortcomings by creating HyperFinder, a novel algorithm that combines the core principles of GateFinder and
Hypergate to optimize gating strategies. HyperFinder takes an input of cells labeled as positive and negative and tries to find a gating strategy
that captures the maximum number of positives (maximizing yield) while removing as many negatives as possible (maximizing purity).
To balance both parameters, HyperFinder uses an F3 score, which is a weighted harmonic mean of yield and purity, with the beta parameter
allowing the user to bias the gating strategy search toward one or the other. By default, the weight is equal to 1 (the resulting value is called
F,-score), where purity and yield have equal contributions. For instance, setting beta to 2 (F,) will lead to a gating strategy that emphasizes yield
over purity, while setting it to 0.5 (F ) will similarly emphasize purity over yield within the gating strategy.

Figure 2. Comparison of algorithm performance on nine different datasets

HyperFinder(rect) corresponds to the hyper-rectangle initialization mode. HyperFinder(poly) corresponds to the polygon initialization mode. A. The F -score performance of
HyperFinder to GateFinder and Hypergate algorithms on various hand-gated and clustered cell populations shows that HyperFinder outperforms the other two algorithms in
most cases. B. HyperFinder run time is improved compared to both GateFinder and Hypergate, especially on large datasets.
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In addition to algorithmic improvements, HyperFinder is also intuitive and easy to use. HyperFinder is implemented as a FlowJo™ Software
plugin with a simple user interface that does not require knowledge of any programming language. The initial high-dimensional analysis of
the sample is first performed in Flowlo™ Software and then HyperFinder will generate appropriate sort gates for the population of interest.
With FlowJo™ v10.6 Software or higher, users can export HyperFinder-generated gates directly into a BD FACSDiva™ Software worksheet
for use on the BD FACSAria™ Cell Sorters or the BD FACSymphony™ S6 Cell Sorter for a complete clustering analysis-to-sorting workflow.

Table 1. Comparison of algorithm features

Feature

GateFinder Hypergate HyperFinder

Polygon gates X
. Globoloptimization of ate boundaries x
User-friendly UI X
| Sotnguordlowintegraton’ x
F-score computed using cross-validation X

*Workflow integration available through the use of FlowJo™ v10.6 Software or greater and the BD FACSymphony™ Sé Cell Sorter
or BD FACSAria™ Cell Sorters

HyperFinder workflow

Three example use cases for HyperFinder for sorting identified cells of interest utilizing BD FACSDiva™ Software:
1. Finding a set of gates that optimally capture a clustered (or otherwise computationally defined) population

Sorting of populations based on computationally derived parameters (such as ClusterID or t-SNE X/Y) is currently technically impossible. HyperFinder can automatically
find a gating strategy that captures the population of interest.

2. Shortening the gating strategy

Hardware on the BD FACSAria™ Cell Sorters only support a maximum of eight gates, while the BD FACSymphony™ S6 Cell Sorter supports gates up to 16 levels deep
in the hierarchy. Manual analysis may generate significantly more than eight gates to arrive at the population of interest. The HyperFinder algorithm can be used to
capture the same population in fewer gates.

3. Sorting on a subset of markers

There are situations when certain markers cannot be used for sorting. For instance, live cells cannot be sorted using intracellular markers without compromising cell
viability. In these cases, HyperFinder can be used to find a set of surface marker gates, which identifies the population defined intracellularly.

Below we will demonstrate each of the use cases with real-world step-by-step examples. All FlowJo™ Software plugins are available
at exchange.flowjo.com

A. Clustering B. Finding the population of interest C. Outlier Removal D. Conventional gating
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Use Case 1: Finding a set of gates that optimally capture a clustered
(or otherwise computationally defined) population

Clustering and t-SNE analysis is first used to identify naive T-regs in a 12-color panel in FlowJo™ Software. HyperFinder then creates a set of
gates that capture that population of interest.

Collecting the data
The data are collected on a BD FACSLyric™ Flow Cytometer from peripheral blood mononuclear cells (PBMCs) stained with the following panel:

Table 2. 12-color panel for staining PBMCs

Parameter Antibody
FITGA

BB700-A CD127

AF 647-A FOXP3

AF, Alexa Fluor™; BB, BD Horizon Brilliant™ Blue;
BV, BD Horizon Brilliant Violet™

Data import in Flowlo™ Software

Create a new workspace and add the compensated FCS file to the workspace

Cleanup gating
A standard gate is applied to identify lymphocytes using scatter area
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Scaling the data

Proper scaling of the data is critical for clustering, dimensionality reduction (e.g., t-SNE, UMAP) performance and other computational
algorithms. FlowJo™ Software computational analysis algorithms typically take transformed or scaled values of cell expression data.
Therefore, plot scaling is not simply cosmetic, it affects the algorithm performance. Biexponential (Logicle) and other domain-specific
variance-stabilizing transforms have been developed by the cytometry field to transform parameters so the negative population appears
to be above the plot axis and the width of the negative population is similar to the width of the positive population. If parameterized
correctly, with the data visible and white space minimized, these transforms improve the visualization of flow cytometric data as well as
performance of computational algorithms.

t-SNE dimensionality reduction

After ensuring proper scaling, we start with dimensionality reduction. Starting in FlowlJo™ v10.6 Software, there is a built-in t-SNE
algorithm with opt-SNE* functionality. To shorten the runtime and get the best results, we can run t-SNE on the previously gated

lymphocyte population and select opt-SNE, ANNOY and FFT interpolation (Fit-SNE) acceleration options.

Next, we run X-shift clustering with K = 91 and Euclidean distance (we recommend Euclidean distance for less than 20 parameters and
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Opt-SNE will end early exaggeration when Kullback-Leibler Divergence (KLD) drops off and
it will stop iterating when KLD rate of change slows to <0.2%. The learning rate below has
also been suggested based on the opt-SNE approach.

(See Belkina, et al. httos://doi or/10.1038/541467-019-13055-y )
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Next, to identify the phenotype of interest, we launch the ClusterExplorer plugin, selecting regular parameters for line charts,
the X-shift clustering parameter for overlay and t-SNE parameters for map visualization.

Select Clustered Parameters and ClusterlD X
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ClusterExplorer visualizes expression profiles of each cluster using a combination of a line plot and a heatmap. The line plot features a
convenient manual gating function, which allows for direct selection of clusters of interest on the plot. We first draw a box that selects
all FOXP3-positive clusters (4 count), and then, holding down Ctrl, create another box to select the only CD45RA-positive cluster among
them (Cluster 11). By examining the expression profile of this cluster, we can determine that it likely represents naive T-regs. The location of
the cluster is highlighted on the t-SNE map. You may notice that the cluster on the t-SNE map is not continuous but is instead broken into
several pieces. This is a common artifact of t-SNE dimensionality reduction, whereby some cells that belong to one particular population
may end up being grouped with several t-SNE cell groups (islands).“ Therefore, we recommend only using t-SNE maps for visualization and
cluster analysis for phenotypic analysis.

Step 1: Select cluster profiles that are FOXP3* Step 2: Holding Ctrl, select cluster profiles that are CD45RA*
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Next, we can use ‘New Plot’ to create a new biaxial plot and switch the axis to CD25 and FOXP3. We can see that the cluster occupies
the region of the plot where T-regs usually reside, but there is some contamination from CD25-negative cells. To quickly remove these
outliers, we can use ClusterExplorer’s outlier removal by selecting Clusters>Remove Outliers menu to access the Robust Mahalanobis
Outlier Removal tool and then choose the highest level of stringency (95th percentile). Now, both t-SNE plot and CD25 vs FOXP3 plot
show the cleaned-up population in green, while the removed outlier cells are displayed in red. Looking at the CD25 vs FOXP3 now, we can
verify that the outlier removal procedure removed the CD25-negative population. Finally, we select Clusters>Export menu and then close
ClusterExplorer to see our clean population at the bottom of the population list.
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Next, we launch HyperFinder on the clean population. We select the relevant parameters and are also including the scatter parameters
into the HyperFinder output, which were not used for clustering but nevertheless are relevant since they have been utilized in the
pre-clustering Lymphocyte gate.

Launching HyperFinder on the clean population
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We can run HyperFinder in both polygon and hyper-rectangle initialization mode for comparison. As seen below, they accomplish the result with
similar accuracy, and for most part, utilize the same set of markers. Hyper-rectangle initialization yields a shorter gating strategy (five instead
of six gates) but at a cost of aslightly lower classification performance (F;-score of 0.907 instead of 0.917). It also uses CD161 and CD15s in
place of CD3 and CD127 that end up in the polygon-initialized gating strategy. Note how the polygon boundary optimization converts the
rectangular gates produced by hyperrectangle initialization into irregular polygons, the shape of which is optimized by moving individual

vertices to produce a maximal Fy-score gain.

HyperFinder with polygon initialization (F,-score = 0.917)

Found gate #1: CD45RA vs FOXP3

Recall=0.988095, Precision=0.200210, Fm=0.448649

[Found gate #2: FSC-A vs SSC-A
Recall=0.964286, Precision=0.671271, Fm=0.781531

[Found gate #3: HLA-DR vs CD25
Recall=0.956348, Precision=0.760252, Fm=0.847100

[Found gate #4: PI-16 vs CD147
Recall=0.956349, Precision=0.803333, Fm=0.873188

Found gate #5: FSC-A vs CD3
Recall=0948413, Precision=0.821306, Fm=0.880295

[Found gate #6: CD127 vs CDA5RA
Recall=0.944444, Precision=0.891386, Fm=0.917148

HyperFinder with hyperrectangle initialization (F,-score = 0.907)

Found gate #1: FSC-A vs SSC-A
Recall=0.980916, Precision=0.004119, Fm=0.008204

[Found gate #2: CD161 vs CD45RA
Recall=0.973282, Precision=0.007976, Fr=0.015823

[Found gate #3: FOXP3 vs HLA-DR
Recall=0.950382, Precision=0.830000, Fm=0886121

[Found gate #4: CD25 vs CD15s
Recall=0.904580, Precision=0.871324, Fm=0.887640

Found gate #5: PI-16 vs CD147.
Recall=0.896947, Precision=0.917969, Fm=0.907336

Markers utilized:

FSC-A
SSC-A
CD45RA
FOXP3
CD25
HLA-DR
PI-16
CD147
CcD3
Ccb127

Markers utilized:

FSC-A
SSC-A
CD45RA
FOXP3
CD25
HLA-DR
PI-16
CD147
CD161
CD15s



Gate validation against traditional gating

Here, we can gate naive T-regs similar to how an expert in the field might gate it. We are showing the same set of manual gates and overlaying three
different populations: first row shows backgating, i.e., the overlay of the last gate (naive T-regs®) on all previous gates. As it is evident, even though we took
broad gates in the beginning, the actual population that we end up with after all the cleanup occupies a relatively small space inside the first three gates.

The second row shows an overlay of the clustered population found by X-shift on the same set of gates. It's evident that the X-shift population is similar
to the manually gated one; the only point of disagreement is the threshold of the CD45RA expression, which X-shift sets relatively higher (around 3,000)

than the hand-gating (1,000). However, given the continuous nature of CD45RA expression, this discrepancy is understandable.

The third row demonstrates that HyperFinder faithfully captures the X-shift cluster, since the HyperFinder-captured population looks virtually

indistinguishable from the clustered population above.

Expert manual gating of nadive T-reg population compared to clustering and HyperFinder-gated population

Manual gates + backgating
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Use Case 2: Reducing the number of gates needed to capture a population of interest

Sometimes a very high-parameter panel leads to long gating strategies. Here, a user created a 27-color panel using a BD FACSymphony™
A5 Analyzer and used that panel on a PBMC sample. The user identified a very specific subset of cells that could be described as CD4 T non
T-reg memory/effector, naive, pd1’, exhausted and chronically stimulated, antigen specific cells using a custom gating strategy with 12 gates.
However, sorting such populations can be problematic with only eight possible sorting gates.

We applied HyperFinder using the manually gated subset as a target population and we found that in hyperrectangle initialization mode,
HyperFinder is able to identify the target population in just seven gates, while attaining a nearly-perfect F;-score of 0.98. We plotted the
number of cells retained at each gate in the manual strategy versus HyperFinder strategy and found that HyperFinder aggressively removes
most contaminant cells in the first few gates, while the manual gating strategy reduces the contamination much more gradually. It takes the
manual gating strategy seven steps to select less than 10,000 cells, while for HyperFinder that only takes three steps. Overall, it shows that
HyperFinder gating can be more efficient than manual gating, while capturing the population of interest with great accuracy.

A.Manual gating of a CD4 T non T-reg memory/effector, naive, pd1* exhausted and chronically stimulated, antigen specific subset using following
gates: single Lymph Scatter > CD45" CD19™ CD3* CD4" CD8™ (CD25'" CD127"¢") CD45RA™ CCR-6" CCR-4™ CXCR-3" CCR-5" PD1" CD38™ CD27 single (*)

1 2

3

2506

200k 4

1ok :

100k 4

BUV563-A CD19

€D3,CD19 Subset

SOK 100K 150K 200K 250K
SSC-H

10" 10

BUV805-A CD45

7 8

)

0 o To
APC-Cy7-A CD3

9

BUV395-A CD8

104 Non Treg
877

BV786-A CD127
BB515-A CD45RA

10" 10 10 a0 0 10 10 10 ¥ S S o i

BUV496-A CD4

10

PE-CF594-A CD25

11

AF 647-A CCR-7

12

CCR6, CCR-4 Subset 10°4 CXCR3, CCR'S Subset
s 867

BV421-A CCR-4
BV750-A CCR-5

APC-R700-A HLA-DR

PD1*
642

PE-A CD57

0°d Exclude NK
896

Small CD38-
870

BUV661-A CD38
BB630-A CD32

D27 Single Positive
814

L TS T 0 oo 10 o To
BV711-A CCR-6 PE-Cy5-A CXCR-3
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C. Comparing the number of cells remaining after each gating
step in the original and HyperFinder generated strategy
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Use Case 3: Sorting on a subset of markers

Sometimes certain markers that can be used for cell analysis cannot be used for cell sorting. For instance, from the methodology standpoint,
it is very challenging or almost impossible to sort live cells on FOXP3 staining that requires cell permeabilization (some people use transient

permeabilization with saponin, but it severely compromises cell viability).

Could we utilize subtle redundancies in marker expression to get HyperFinder to create a gating strategy for T-regs that does not use FOXP3?



When we ran HyperFinder with polygon initialization, the algorithm was able to utilize latent mutual information between FOXP3 and other
markers, generating a gating strategy that captures naive T-regs without using FOXP3 and has an F -score of 0.775. That score is far from
perfect, and a comparison to the manual gating strategy shows that the resulting population is 73.8% pure for FOXP3. Nevertheless, this can
be considered a remarkable enrichment, given that only 4.93% of all CD4 T-cells are positive for FOXP3. We envision that such enrichment
may suffice for certain situations, where the benefits of being able to isolate live cells might outweigh the drawbacks of having those cells at
somewhat decreased purity.

HyperFinder with polygon initialization, without FOXP3 (F,-score =0.775) Markers utilized:

[Found gate #1 CO4SRA vs G025 Found ot #2: CO127 vs G525 [Found gate % GO161vs COTAT [Found gate #4 FSG-Avs SSGA Found gat #6: COA v G028 FSC-A
Recall=0 9246323, Precilon=0.103604, Fri=0 18629 Recall=0 8045323, recision=0 378549, F=0.53372 Recall=0 891960, Preciion=0.632234, =0 695667 Recall=0 871850, Precsion=0.663480, Fm=0.753528 Recall=0 846734, Precislon=0.715498, Fri=0 775604

SSC-A
CD45RA
CD25
CD127
CD161
CD147
CD4

Resulting population (blue) overlaid on top of the naive T-reg manual gating strategy
Naive T-regs captured by HyperFinder without using FOXP3

2506 ]
10° o D4 T-Cells 0

200k

150k 4

SSC-A

Naive T3
Naive Tieg:2 3
100 4

APC-H7-A CD3
BV421-A CD25
PE-ACD161

Naive Tiogst

I 1w

APC-R700-A HLA-DR
BV510-A CD15s
BB700-A CD127

sok 4

73.8% pure FOXP3*

o

0 50K 100K 150K 200K 250K 10 0 10 10 10 10 0 10 00 0 10 0 10 10 10 0 0 10 10 10 10 0 10 0 0 10 0 10 10 10

FSC-A FITC-ACD4 AF 647-A FOXP3 PE-Cy7-A CD45RA BV786-A CD147 BV605-A PI-16 BV510-A CD15s

BD FACSDiva™ Software interoperability

In the workflow described in this paper, clustering, dimensionality reduction and HyperFinder gating are performed in FlowJo™ Software.
The gates resulting from the HyperFinder algorithm in FlowJo™ v10.7 Software or greater can be exported to a BD FACSDiva™ Software
experiment that can be opened in BD FACSDiva™ Software, allowing the user to perform a cell sort. To export your HyperFinder gates,
right-click on a gated sample in the FlowJo™ Software workspace and select Export to FACSDiva in the pop-up menu. There are some
options presented that allow the user to specify to which BD FACSDiva™ Software experiment file the gates, scaling and compensation
should be added and which gates to export. FlowJo™ Software assumes that the FCS file on which the gates are drawn has a BD
FACSDiva™ Software experiment XML file associated with it. A copy of the entire BD FACSDiva™ Software experiment is made, including
the XML file and the FCS files within the BD FACSDiva™ Software experiment folder. The experiment is automatically renamed to indicate
that it is exported from FlowJo™ Software, but that name may be customized by the user. The XML file of the copied BD FACSDiva™
Software experiment is modified such that it contains the scaling, compensation and gates from Flow]o™ Software. There is also an
option to import or export only scaling and compensation. We recommend using the most current version of FlowJo™ Software to include
all updates and bug fixes. If an older release of Flow]o™ Software must be used, we recommend using the Diva Translator plugin, which
contains all of the current updates and bug fixes for the BD FACSDiva™ Software import/export functionality.

Export to FACSDiva from Flow]o™ Software Export to FACSDiva UI
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Conclusions

HyperFinder is a novel tool that bridges the gaps between multidimensional data analysis and conventional 1-D/2-D gating. It is most
powerful when utilized with other Flow]o™ Software plugins, such as X-shift (also PhenoGraph, FlowSOM) dimensionality reduction tools
such as t-SNE (UMAP, Tri-Map), ClusterExplorer for visualization and outlier removal and BD FACSDiva™ Software export functionality to
allow for isolation of subpopulations on BD cell sorters. It can be used in a variety of ways: automatically creating a gating strategy for a
newly discovered population, shortening an existing gating strategy to a specified number of gates, and creating a gating strategy that
utilizes a specific subset of markers. We envision future uses such as translating population findings between platforms (RNA-seq -> Flow)
and in the area of personalized medicine research (creating specific gating strategies).
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