N\ '
{5 THINKCYTE () AXCELERD

DOrug Discovery Partners

Pooled compound screening
using DNA barcoding and
Ghost Cytometry

SUMMARY

High content phenotypic screening is a powerful approach for identifying new genes and compounds that
modulate cellular disease phenotypes. Array-based fluorescence imaging platforms are commonly used for
phenotypic screening due to their high throughput capabilities. However, the approach has major limitations
including well-to-well variability, resource-intensive experimental setup and image analysis, and preference

for adherent fixed cells. Here, we introduce a new approach for pooled phenotypic screening by combining
morphological profiling with DNA barcoding technology. We show application of the VisionSort platform, a new
Al-driven cell sorter powered by Ghost Cytometry, combined with DNA barcoding for label-free high-throughput
pooled phenotypic compound screening. VisionSort provides advantages over traditional screening approaches
including i) scalability to large screening libraries, ii) applicability to a wide new range of morphological
phenotypes, and iii) compatibility with commercial sequencing platforms for DNA barcode readouts.

INTRODUCTION

Although target-based screening has been extensively used in the pharmaceutical industry to identify new
drug candidates, phenotypic screening is an emerging method to screen for first-in-class drugs. Pheno-
typic screening using microscopy-derived high resolution cell images is a common approach for identify-
ing genes and compounds that induce cellular disease phenotypes. However, current microscopy-based
phenotypic screening approaches are inflexible. Cell staining requires the use of multiple fluorescence
markers with associated data and time intensive acquisition, storage, processing, and analysis steps re-
quired. The ideal pooled phenotypic screening platform is high-throughput, cost-effective, has minimal
well-to-well batch effect, and can screen for a wide variety of cellular phenotypes.

Here we present a new approach to compound screening combining the VisionSort platform from Think-
Cyte with DNA barcoding. VisionSort brings together fundamental advances in optics, microfluidics, and
artificial intelligence (Al) to deliver morphological profiling and label-free cell sorting on top of the ca-
pabilities found in traditional fluorescence-only cytometers. Powered by Ghost Cytometry technology’,
VisionSort enables researchers to perform real-time, Al-driven, single cell sorting with or without labels.
Flexible, easy-to-use, and user-controlled Al algorithms embedded directly in the instrument enable unbi-
ased morphometric characterization and isolation of rare and unique cell populations.
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METHODS

We conducted pooled compound screen-
ing to identify novel small molecules for the
treatment of nonalcoholic steatohepatitis
(NASH) using a compound library. NASH
is a progressive and severe liver disease
characterized by lipid accumulation, in-
flammation, and downstream fibrosis2. We
performed two types of screening assays to
assess compound effects on lipid accumu-
lation in cells, a common phenotype used
for screening new drugs for NASH. The
first was the conventional approach using
BODIPY fluorescence intensity to detect
lipid accumulation in cells by microscopy.
The second used label-free cell morpholog-
ical information acquired from VisionSort
(Figure 1). By comparing the results of the
two approaches, we demonstrate the utility
of label-free screening using VisionSort to
identify drug candidates with novel mecha-
nism-of-actions.

RESULTS

Arrayed compound screening

of high-content phenotypes by
conventional fluorescence

Using the fluorescence-based arrayed plat-
form, lipid accumulation was statistically
detected by BODIPY intensity after induc-
tion of NASH phenotype in HepG2 cells.
NASH-induced HepG2 cells were fixed
and stained with BODIPY 493/503 and
Hoechst 33342. Stained cells were imaged
and analyzed using IN Cell analyzer 6000.
Analysis was performed by “BODIPY stain-
ing area per cell (BODIPY/Nuc evaluation)”
and compounds were evaluated as 100%
inhibition of the stained image of HepG2
without NASH induction.

NASH-induced HepG2 cells showed a clear
enhancement of BODIPY 493/503 fluo-
rescence (Figure 2A). Cells treated with
GS-0976 (Acetyl-CoA Carboxylase inhib-
itor), a reported hepatic steatosis reducer,
showed inhibition of BODIPY 493/503 flu-
orescence. Under this condition, 960 com-
pounds were added to cells at 10 uM and
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Figure 1. Workflows for high content phenotypic screening. (A) Workflow of a
conventional fluorescent-based arrayed platform. NASH-induced cells are cultured with compounds
in each well and stained with BODIPY fluorescent dye. After image acquisition, analysis is performed
based on BODIPY intensity for detection of hepatic lipid accumulation. (B) Workflow of a novel label-
free pooled platform using VisionSort. NASH induced cells are cultured with compounds in each well.
Before being run on VisionSort, DNA barcodes corresponding to each well are added. Cells exhibiting
the target phenotype are sorted based on pre-trained machine learning (ML) model and the DNA
barcodes are amplified and sequenced to identify enriched DNA barcodes.
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Figure 2. Conventional high-content phenotypic screening by fluorescence. (A)
BODIPY-stained images of NASH-induced cells. Scale bar is 300 pm. (B) Histograms of inhibitory
activity of compounds tested by conventional fluorescence screening. Median: 1.6, MAD (median
absolute deviation): 22.85, Median + 2MAD: 47.28.
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evaluated for their effects on NASH-induced intracellular lipid ac-
cumulation. The screening results showed that obtained data was
normally distributed, with 13 compounds showing inhibitory activity
above Median + 2MAD (Median Absolute Deviation). Inhibitory ac-
tivity was above 47.28% (Figure 2B).

Pooled compound screening of high-content
phenotypes with VisionSort

For pooled screening using VisionSort, we first tested the ability to
classify phenotypic changes between control and NASH pheno-
types. HepG2 cells appeared grossly similar by morphology when
evaluated by brightfield microscopy and forward and side scatter-
ing analysis using conventional FACS (Figure 3A and B). Next we
trained a ML classifier to recognize these phenotypes label-free on
VisionSort. To train the classifier, we separately prepared NASH-in-
duced and uninduced HepG2 cells and combined them in equal pro-
portions to use as the ‘ground truth’ training sample. We used mor-
phological profiles from 2,000 individual cells from the ground truth
sample to train a support vector machine (SVM) classifier. When
the classifier model was evaluated on a test dataset of 1,000 cells
each, the model showed excellent classification performance with
clearly separable phenotypic populations and a high area under the
ROC curve (AUC) score of 0.93 (Figure 3C).

Next, we performed compound screening with DNA barcoded cells
label-free (no fluorescence stains or labels were applied to the
cells). The DNA barcoding method is described previously® and it
was modified here for use in pooled screening. NASH induced cells
were cultured with 960 compounds in each well. Before analysis and
sorting on VisionSort, DNA barcodes corresponding to each well

were added. Cells exhibiting inhibition of the NASH phenotype (lip-
id accumulation) were sorted based on the pre-trained ML model.
About 6 million target cells were successfully analyzed and sorted
in 30 mins and processed for deep sequencing to identify hits. Anal-
ysis of the deep sequencing data revealed 32 compounds with the
potential to suppress the NASH phenotype (Figure 3D).

Assessment of candidate hit compounds

Interestingly, only 2 of the 960 compounds were common hits in
both conventional fluorescence screening and screening with Vi-
sionSort. One of the common hits was hispidin, a fungal polyphenol
that has been reported to inhibit glycerol-3-phosphate dehydroge-
nase, lowering intracellular triglyceride levels in a concentration-de-
pendent manner and increasing intracellular cAMP levels, thereby
promoting lipid metabolism*. The other common hit compound de-
tected by both screening approaches was dioxybenzone, a UV ab-
sorbing molecule used in sunscreen. Metabolites of dioxybenzone
have been reported to act on estrogen receptor o, whose agonism is
thought to increase the expression of lipid metabolism genes®.

By conventional fluorescence screening, compounds that increase
intracellular cAMP levels, such as B-adrenergic receptor agonists
and PDE4 inhibitors, were detected as unique hits. This suggests
that fluorescence screening identified compounds that act to pro-
mote lipid metabolism and attenuate fluorescence intensity. Addi-
tionally, compounds showing anticancer activity, such as 10074-G5
and SU11274, were also detected as hit compounds®’. However,
since it has been reported that cytotoxic compounds can appear as
false positives using fluorescence screening, further validation of
these results are needed.
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Figure 3. High content pooled phenotypic screening using VisionSort. (A) Bright field images of NASH induced and uninduced control
HepG2 cells in culture and analyzed by conventional imaging flow cytometry. Scale bars are 10 um. (B) Conventional fluorescence-activated cell sorting
(FACS) scatter plots of forward scatter (FSC) and side scatter (SSC). (C) Performance results for the ML-derived NASH phenotype classifier on VisionSort.
The ML-based classification performance is displayed as histograms of SVM scores. Red and blue colors indicate ground truth labels. The classifier showed
excellent performance with an AUC of 0.93 (D) Hit selection. Individual compounds used in the screen plotted against the value of fold enrichment from

barcode read counts before and after sorting (Score > 1).
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By screening with VisionSort, several unique hits were identified. Ba-
icalein is reported to inhibit NASH in vitro and in vivo models, and
inhibit lipid peroxidation through lipoxygenase inhibition®°. Vanilly-
lacetone, is reported to have an ameliorative effect on a rat nonal-
coholic fatty liver model™, suggesting that the label-free screening
may detect compounds that broadly inhibit the pathology of NASH.

CONCLUSION

Here we present a novel high throughput compound screening
method and evaluated the approach using a complex morphologi-
cal phenotype. Compared to the results of using conventional flu-
orescence-based high content screening, we found differences in
potential candidate compounds that inhibit the NASH phenotype.
While each approach identified several hits, the number of hits de-
tected by both approaches was minimal. Phenotypic screening us-
ing cell morphology as a readout has the potential to identify new
compounds and novel pathways that could not be detected using
conventional methods. Thus, the approach described here can be
applied to screen for a wider range of complex phenotypes, giving
researchers a new powerful tool for drug discovery.

MATERIALS AND METHODS

In vitro NASH induction from HepG2 cells

For induction preparation, HepG2 cells (American Type Culture
Collection) were dissociated with 0.05 xTrypsin-EDTA solution, and
then 3.5 x 1076 cells were seeded in each well of 96-well plate with
D-MEM High Glucose (Wako) and 10% FBS (Hyclone), 1% Penicil-
lin-Streptomycin Solution (Wako). NASH induction was performed
16 hours after seeding. Cells were cultured for 48 hours in D-MEM
Low Glucose (Wako) and 10% FBS, 1% Penicillin-Streptomycin
Solution and supplemented with 65 uM Oleic acid (Sigma), 45 puM
Palmitic acid (Sigma), 100 nM Insulin (Wako), 50 ng/ml TNF-«
(Wako), 25 ng/mL IL-1B (Wako) and 8 ng/mL TGF-B (Wako).
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Figure 4. Hit identification comparison. The number of

hit compounds detected by each screening method is shown in each
circle in the Venn diagram for the two screening approaches evaluated
in this study. The number of common hit compounds is shown in the
overlapping area of the circles.
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960 compounds tested in both the BODIPY fluorescence inten-
sity assay and label-free cell morphological assay were selected
based on their biological activity reported in the public database
(e.g. ChEMBL Database).

Sample preparation for fluorescence high content
screening

Cells were fixed in 384-multiwell plates with 4% (w/v) paraformal-
dehyde in PBS for 15 minutes. Cells were stained with BODIPY™
493/503 (Thermo Fisher) and Hoechst 33342 (Dojindo) for 30
minutes at room temperature.

Data acquisition and analysis for fluorescence high
content screening

Fluorescence images were taken using IN Cell Analyzer 6000 (Mo-
lecular Devices) and analyzed using IN Cell developer Toolbox 1.9.2
software. The intracellular lipid load was calculated as BODIPY™
493/503 lipid dye area and intensity. “BODIPY/Nuc evaluation”
parameter was calculated as ratio of BODIPY staining area and the
number of nuclei, which was quantified using Hoechst 33342. The
inhibitory activity was evaluated by comparing the “BODIPY/Nuc
evaluation” of vehicle-treated wells and compound-treated wells.

DNA Barcode tagging for label-free high content
screening

DNA barcode tagging protocol was modified from a previous study?>.
For the 96-well plate experiment, cells were washed with D-PBS
(Wako) supplemented with 0.5 mM EDTA solution (Nacalai) twice.
Cells were treated with 90 pl of 200 nM Cho-Anchor (5'- 5'Chol TEG
- GTAACGATCCAGCTGTCACTTGGAATTCTCGGGTGCCAAGG
-3") dissolved in 0.05 w/v% Trypsin-EDTA solution (Wako) and in-
cubated at 37°C for 5 min. Then, 10 pl of 2 uM Cho-co-Anchor (5'-
AGTGACAGCTGGATCGTTAC- 3'CholTEG -3') dissolved in 0.05
w/v% trypsin-EDTA solution was added and incubated at 37°C for 5
min. In addition, 100 uM of DNA barcode was added and incubated
at 37°C for 5 min. See more information TechNote.

Classification and sorting for label-free high content
screening

For the train sample, HepG2 control and NASH induced cells were
individually prepared as previously described. NASH model cells
were washed with D-PBS and treated with 0.05 w/v% Trypsin-EDTA
solution for 5 min at 37°C to detach them from the culture dish. As
a ground truth label, only control cells were stained with CellTracker
Green CMFDA Dye (Thermo Fisher). For the classification of HepG2
control and NASH induced cells, an equal concentration of each cell
type was mixed, and this mixture was passed through the Ghost Cy-
tometry technology. FSC/SSC scatter plot gating was employed to
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eliminate doublets and debris from the training dataset. 2,000 cells
from each cell were randomly selected for training, with an addition-
al 1,000 cells for testing. Using fsGMI and bsGMI, a trained model
was created and an AUC score of 0.93 was obtained.

For screening, NASH induced HepG2 cells treated with each com-
pound (final conc. 10 pM) in well were washed twice with PBS and
treated with 0.05 w/v% Trypsin-EDTA solution for 5 min at 37°C to
detach them from the culture plates. Cells in each well were mixed
and fixed with 4% formaldehyde in PBS for 20 min at room tem-
perature. For sorting the NASH-induced, compound-treated, and
then pooled cells, 6,265,695 cells were processed by the sorter,
and approximately 402,022 cells predicted as positive were sorted
within 30 mins using a classifier trained and implemented on a Field
Programmable Gate Array ( FPGA). To enhance purity, a threshold
of SVM scores >0.5 was set for cell sorting. In cases where the per-
centage of target cells in the pre-sorting sample was 6.4%, the pre-
dicted purity was 89.5%, and the predicted recovery was 74.3% in
the sorted sample. These experiments were performed as two inde-

Quantification of DNA barcode enrichment for label-
free high content screening

For amplicon sequencing for DNA barcodes, genomic DNA from
fixed cells was extracted using the QIAamp DNA FFPE Tissue Kit
(QIAGEN) or the hotshot method11. For each sample, target regions
were amplified using the extracted genomic DNA as the PCR tem-
plate with the corresponding first HTS primer pair (see more infor-
mation in the associated Tech Note). The PCR was conducted fol-
lowing the previously established protocol™. The PCR product was
purified using the FastGene Gel/PCR Extraction Kit (Nippon Ge-
netics) and re-amplified with custom Illumina index primers. Each
indexed library was electrophoresed in a 2% agarose gel, and the
expected band was purified using the FastGene Gel/PCR Extraction
Kit (Nippon Genetics). The sequencing libraries were quantified us-
ing qPCR with the KAPA Library Quantification Kit lllumina (KAPA
Biosystems) for multiplexing. The multiplexed libraries were quan-
tified using the same gqPCR protocol and sequenced with 20% PhiX
control using Illumina Miseq (Miseq v3 kit). For quantitative analy-
sis of DNA barcodes, as modified from previous study®™.

pendent replicates.
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