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Abstract

The blockade of immune checkpoint molecules that suppress T cell activation has

demonstrated improved therapeutic efficacy, durable response, and safety. However, the

limited therapeutic efficacy and the low response rates of these immunotherapies in various

types of cancer have motivated us to explore new immune checkpoint molecules. VSIG4, a

novel immune checkpoint molecule, suppresses T cell activity and promotes the differentiation

of regulatory T cells. Its expression indicates a significant correlation with age-related immune

diseases and is strongly associated with the prognosis of gastric cancer and lymphoma.

Although it has therapeutic potential, the T cell inhibition mechanism of VSIG4 has not been

comprehensively understood so far. Here, we investigated the VSIG4 signaling pathway that

inhibited T cell activation by the genome-wide CRISPR knockout screening, based on the

CD69 induction, a well-known marker for T cell activation. Our results showed that VVSIG4

can regulate ribosomal RNA processing, CD5 signaling pathway, and S1PR1 signaling

pathway for the regulation of T cell activation. These mechanisms are known to be associated



with regulating the signal strength of T cell receptors, the differentiation of regulatory T cells,

and the activation of T cells. Our results provide the basis for developing therapeutic

approaches for age-related immune diseases, gastric cancer, and lymphoma. The distinct T cell

inhibition mechanism of VSIG4 will meet the unmet needs of patients who did not respond to

conventional immune checkpoint blockade therapy.
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1. Introduction

1.1 Immune checkpoint molecules

Numerous therapeutic approaches have been devised to enhance T cell immune responses by

targeting specific molecules, as cancer cells can diminish T cell activity to evade immune

surveillance.! Immune checkpoint molecules, which negatively regulate the T cell activation,

have become important targets for cancer immunotherapy. The immune checkpoint molecules

maintain immune homeostasis by binding their receptors or ligands?. These interactions within

the cancer environment suppress the T cell activation and induce immune tolerance to evade

the immune response. Immune checkpoint blockade (ICB), which disrupts the receptor-ligand

interaction of immune checkpoint molecules, has been used for cancer immunotherapy. As the

ICB targeting Programmed cell death protein 1 (PD-1) and Cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4) has received much attention because of their promising result®.

The PD-1 and CTLA-4 blockade have shown increased survival of patients in many cancer



types and increased overall survival rates®. In the PD-1 blockade therapy across multiple

cancer types, the overall survival rate of 76% at 3 years and 63% at 5 years were observed in

responders®. However, the proportion of patients who responded to the treatment was below

30%. Moreover, many patients experienced immunotoxicity as a side effect.

Recently, second-tier immune checkpoint molecules such as T cell immunoglobulin and

mucin domain-containing protein 3 (TIM-3) and T-cell immunoglobulin and ITIM domain

(TIGIT)®, which showed a tissue-specific expression and a cell type-specific stimulation, have

gained attention. These molecules have demonstrated the low toxicity and the improved

therapeutic efficacy because of their specificity. Despite investigations of various immune

checkpoint molecules, the efficacy of ICB remains insufficient. To enhance efficacy of the

therapy, the combination of PD-1 and CTLA-4 blockade has been studied and reported the

significantly increased objective response rate (61% with combination therapy compared to

11% with CTLA-4 blockade) and the improved overall survival (above 50% with combination

therapy) in melanoma patients™. Recent studies have shown that many immune checkpoint

molecules have distinct signaling transduction mechanisms. In this respect, deeper

-2-



understandings of the signal transduction mechanism of each immune checkpoint molecule

are important to improve efficacy of the combination ICB therapy.

1.2 V-set and immunoglobulin domain—containing 4

V-set and immunoglobulin domain-containing 4 (VSIG4), a B7 family-related protein, is a

novel second-tier immune checkpoint molecule. VSIG4 is known as a receptor for C3b and

induces clearance mediated by VSIG4 of C3b-opsonized pathogens''?, VSIG4 is a

transmembrane receptor located on the X chromosome in human. The longest isoform of

human VSIG4, comprising 399 amino acids, has been extensively investigated. It is composed

of five distinct domains: an extracellular signal peptide, IgV domain, IgC2 domain,

transmembrane domain, and intracellular sequence®®. VSIG4 is predominantly expressed in

tissue-restricted macrophages and is associated with the inhibition of T cell activation by

binding to an unknown receptor on T cells.**%. The expression of this receptor for VSIG4 is

induced during the early activation of CD4 and CD8 T cells®®. VSIG4 induces peripheral



immune tolerance by suppressing the proliferation and the cytokine production of CD4 and

CD8 T cells'’. Additionally, VVSIG4 promotes the differentiation of TGF-B induced Treg

(iTreg) and stabilizes the expression of FOXP3 in iTreg®. Collectively, VSIG4 is the

important regulator of T cell immunity as an immune checkpoint molecule (Fig. 1-1).

A recent study reported that the increased VSIG4 expression is associated with poor

prognosis in some types of cancer, including gastric cancer®, lung carcinoma®, ovarian

cancer?!, and multiple myeloma?. Especially, advanced gastric cancer lacks significant

treatment options. In contrast to other immune checkpoint molecules, there is a strong

correlation between the expression level of VSIG4 in advanced gastric cancer tissue and the

survival rate®®. In a recent study, an aging macrophage upregulates the expression of VSIG4,

this macrophage induces age-related systemic inflammation and immunosenescense?.

Taken together, VSIG4 seems to be the most crucial therapeutic target for cancer and

immune diseases. Although it has the potential, the mechanism of VSIG4 is not understood.

To develop efficient therapies, a comprehensive understanding by investigating the T cell

inhibition mechanism of VSIG4 is essential.
-4 -



1.3 Genome-wide CRISPR knockout screening

Clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR-associated

endonuclease 9 (Cas9) system is an adaptive immune system found in Staphylococcus

pyogenes, it functions to restrict foreign DNA. This system consists of Cas9 and guide RNA

(gRNA), which comprises tracrRNA and crRNA. The Cas9 protein is guided by the tracrRNA

of gRNA to target a specific sequence of a gene forming a base pair with the crRNA of gRNA.

After that, a catalytic domain of Cas9 causes a double-strand break of the target gene. Using

this mechanism, the CRISPR/Cas9 system has been used as a gene-editing tool in various

fields 2*. Genome-wide CRISPR knockout screening has been applied to identify genes

involved in specific biological processes. Here we applied a genome-wide CRISPR knockout

screening to investigate VSIG4-mediated T cell inhibition mechanism in Jurkat E6-1 cell line

(Fig. 1-2), which is commonly used for the investigation of T cell signaling. By analyzing the

VSIG4 Ig-treated CD69" population that has impaired T cell inhibition function of VSIG4 by

sgRNA (Fig 1-3), we revealed 29 candidate genes and pathways associated with the T cell

inhibition mechanism of VSIG4.



Aim of the investigation

To elucidate the T cell inhibition mechanism of the novel immune checkpoint molecule,
VSIG4 and provide a basis for novel therapeutic strategies, we conducted the genome-wide

CRISPR knockout screenings in Jurkat T cells.
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Figure 1-1. Illustration of T cell inhibition by VSIG4. The expression of VSIG4 on tissue-
restricted macrophage induces stabilization of the expression of FOXP3 and inhibits the T cell
activation, including proliferation and cytokine production. This inhibition occurs through the
interaction between an unidentified receptor on the T cell and VSIG4. Figure created with

biorender.com.
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Figure 1-2. Workflow of genome-wide CRISPR knockout screening. sgRNA library for
genome-wide CRISPR knockout screening was amplificated. The lentiviral library was
produced by lentiX-293T cells and transduced to Cas9 Jurkat cells at MFI 0.3. The library
transduced Cas9 Jurkat cells were sorted and cultured. 7 days after, the transduced Cas9 Jurkat
cells were activated with super engaged control Ig or VSIG4 Ig, were harvested. The no
activated sample was also harvested. The harvested cells were sorted by CD69 expression and
the gDNA was isolated from the harvest cells. The sgRNA on gDNA was amplificated and
sequenced. The sequenced sgRNA data was analyzed using R and Python. Figure created with

biorender.com.
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Figure 1-3. Experimental strategy for this screening. The upper image shows the target
population has impaired T cell inhibition function of VSIG4 by sgRNA. This population shows
the phenotype expressing CD69", despite the treatment of VSIG4. The lower image shows the

mechanism of this screening. Figure created with biorender.com.
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2. Materials & Methods

2-1. Cell culture

2-1-1. Jurkat T cells

Jurkat T cells (clone E6-1) were obtained from American type culture collection. Jurkat T cells

were cultured in Roswell Park Memorial Institute -1640 media (Hyclone, # SH30027.01)

containing 10% fetal bovine serum (Gibco, # 16000044) and 100 ug/mL of antibiotic-

antimycotic (Gibco, #15240062). Jurkat T cells were cultured at a density between 2-10 x 10°

cellss/mL, grown in a T flask and stored at 37°C incubator with 5% of CO, atmosphere

condition. Cells were subcultured once every 2 days.

2-1-2. Lenti-X 293T

Lenti-X 293T cells (Takara Bio, #632180) were obtained. 293T cells were cultured in

DMEM/High glucose with L-glutamine, sodium pyruvate (Hyclone, #SH30243.01) media

containing 10% FBS and 100 pg/mL of antibiotic-antimycotic. 293T cells were seeded with a

-13 -



density of 2 x 10° cells on a 100 & dish. When the confluency of 293T cells reached 80%, cells

were subcultured. For subculturing, the cells were washed with PBS and then treated with

trypsin-EDTA (0.2%), phenol red (Gibco, # 25200072), and incubated for 5 min at 37°C

incubator. For neutralizing trypsin-EDTA solution, the harvested cells were 1:3 diluted using

culture media. After cell counting, 3 x 10° cells of the cells were harvested, and centrifuged at

300 g for 3 min. The cell pellet was suspended with culture media, the suspended cells were

seeded in a 100 = dish and then stored at 37°C with 5% of CO. atmosphere condition.

2-2. Cryopreservation of cells

Cells were harvested by twice subculture cell number and resuspended with 1 mL of FBS

containing 10% DMSO. The cells were transferred to a cryotube, the tubes were placed in a

NALGENE cryo 1°C freezing container (Thermo Scientific, #5100-0036) with isopropanol

and then stored at 80°C for 1 day. The next day, the tubes were stored in a liquid nitrogen

container.

-14 -



2-3. T cell activation

For T cell activation, 96-well plates were coated overnight at 4°C with 100 pL of cold PBS

containing 1 ug/mL of CD3 Monoclonal Antibody (eBioscience, #16-0036-85, clone SK7).

After one day, the wells were washed twice with 250 puL of PBS. Jurkat T cells were harvested,

centrifuged at 300 g for 3 min and resuspended to a final concentration of 5 x 10° cells/mL in

culture media, containing soluble 10 pug/mL of control Ig (eBioscience, #16-4724-85) or

VSIG4-mouse Fc fusion protein (VSIG 1g). VSIG4 Ig was a gift from Professor In-Hak Choi’s

laboratory of Inje University. For antibody engagement, 10 ug/mL of AffiniPure Goat Anti-

Mouse IgG + IgM (H+L) (Jackson ImmunoResearch, #115-005-044) was treated. After that,

200 pL of cells were seeded in each well and incubated for 8 hours at 37°C with 5% of CO..

2-4. \Western blot

2-4-1. Sample preparation

-15 -



Cells were harvested 2 x 10° cells and washed twice with PBS, the cell pellets were

resuspended lysis buffer (Cell signaling technology, # 9803) containing protease inhibitor

(Roche, #11697498001) and phosphatase inhibitor (Roche, #4906845001). The cells were

lysed for 30 min on ice and the lysates were centrifuged for 30 min at 12,000 g and 4°C. The

supernatants were harvested and quantified total protein amount using Bicinchoninic Acid

(BCA) assay. 20 pg of lysates were added 4x Laemmli buffer (Bio-Rad, #1610747)

containing 10% [-mercaptoethanol (Sigma-Aldrich, #M6250) and boiled at 98°C for 5 min.

2-4-1-1. BCA assay

Working reagents were prepared by mixing 50 parts of Pierce™ BCA Protein Assay Reagent

A (Thermo Scientific, #23228) with 1 part of Pierce™ BCA Protein Assay Reagent B (Thermo

Scientific, #23224). 100 uL of working reagent was pipetted into each well of a 96-well plate.

After that 100 pL of BSA standard or the samples were added, mixed, and incubated at 37°C.

Finally, the plates were measured the absorbance at 562 nm on a Sunrise™ absorbance reader

(Tecan, #30190079) and the total protein amount was calculated.

-16 -



2-4-2. Gel electrophoresis and transfer

4-15% Mini-PROTEAN® TGX™ Precast Gel (Bio-Rad, # 4561083EDU) was used. 20 pg

of protein lysate was loaded on each well and separated by electrophoresis at 120 volts for 45

min. The protein contained gel and PVDF membrane (Bio-Rad, # 1620284) were located

together with 3M paper (Bio-Rad, # 1703932) between sponges. After that the proteins were

transferred in a transfer buffer at 300 mA for 2 hours. The transfer buffer was made using a

10X transfer buffer containing 2.5mM tris, 192mM glycine and 1L DW. The 10X transfer

buffer was diluted at the ratio of DW: methanol: 10X transfer buffer = 7: 2: 1.

2-4-3. Protein detection

The PVDF membrane containing proteins was washed with TBS-T buffer (Biosesang,

#T2007P). After washing, the membrane was incubated for 1 hour with a blocking buffer

(TBS-T with 5% Powdered milk (Carl Roth, #68514-61-4)) to prevent non-specific binding of

antibodies. After 1 hour incubation, the buffer was disposed, and then the membrane was

incubated at 4°C overnight with 9 pL of primary antibody in 9 mL of blocking buffer. The

-17 -



next day, the primary antibody contained solution was discarded. The membrane was washed

three times using TBS-T. The washed membrane was incubated with 3 pL of secondary

antibody in 9 mL of TBS-T at room temperature for 2 hours. The membrane was washed three

times using TBS-T and incubated with SuperSignal™ West Pico PLUS Chemiluminescent

Substrate (Thermo Scientific, #34580) for 5 min. The membrane was imaged by imageQuant

LAS4000 (GE healthcare, #28-9558-10). After imaging, the membrane was incubated with a

stripping buffer (Thermo Scientific, #46430) for 1 hour to detach bounded antibodies.

2-5. Gel extraction

2-5-1. Preparation of samples

The DNA sample was run on 2% agarose (GenDEPOT, # A0224-050) in TBE buffer

(Biosesang, # TR2004-100-00) gel. The sample was loaded in the gel and electrophoresis was

conducted at 135 volts for 45 minutes. The band was cut by the blade and collected 15 mL

tube.

-18 -



2-5-2. Gel extraction

NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel, #740609) was used. 200 pL of buffer

NT1 per 100mg of agarose gel was added into the tube and incubated at 50°C for 10 min with

300 rpm. For DNA binding, the dissolved PCR product was placed into a column and loaded

up to 700 uL. This step was repeated until the sample was used up. For washing the membrane,

buffer NT3 was added to the column and centrifuged at 11,000 g for 30 sec. This washing step

was repeated. To dry the membrane, the column was centrifuged at 11,000 g for 1 min. The

dry column was placed into a 1.5 mL microcentrifuge tube. 30 pL of buffer NE was added and

incubated at room temperature for 5 min. After the incubation, the tube was centrifuged at

11,000 g for 1 min. The eluted DNA was quantified and stored at — 20°C.

2-6. Lentiviral production and transduction

2-6-1 Vector information

2-6-1-1 pMD2.G, psPAX2

-19-



pMD2.G was a gift from Didier Trono (Addgene, #12260). pMD2.G is a VSV-G envelope

expressing plasmid. psPAX2 was a gift from Didier Trono (Addgene, #12260). psPAX2 is a

lentiviral packaging plasmid that has Gag and Pol genes.

2-6-1-2 LentiCas9-Blast

LentiCas9-Blast was a gift from Feng Zhang (Addgene, #52962)%. lentiCas9-Blast has a

lentiviral backbone. It expresses Streptococcus pyogenes Cas9 (spCas9) protein that has

human optimized codon. The selectable marker of this plasmid is blasticidin.

2-6-1-3 pKLV2-UBgRNA5(gGFP)-PGKBFP2AGFP-W

pKLV2-U6gRNA5(gGFP)-PGKBFP2AGFP-W was a gift from Kosuke Yusa (Addgene

#67980)2°. This plasmid expresses GFP, BFP and guide RNA of GFP (gGFP). The expressed

gGFP forms an RNP complex with spCas9 in the spCas9 expressing cell line, and then

perturbate the GFP gene. The BFP-expressing cell has functional spCas9, whereas the BFP

and GFP-expressing cell have dysfunctional spCas9.

-20-



2-6-1-4 Human Improved Genome-wide Knockout CRISPR Library

Human Improved Genome-wide Knockout CRISPR Library v1 was a gift from Kosuke Yusa

(Addgene, #67989)%, the library consists of 90,709 guide RNA sequences targeting 18,010

human genes for genome-wide knockout CRISPR screening. The expression marker of this

plasmid is BFP.

2-6-2 Lentiviral production and transduction

Three days before lentiviral production, Lenti-X 293T cells were seeded with a density of 5 x

10° cells/10 mL of culture media in a 150T flask. After 2 days, the 293T cells were harvested

and seeded with a density of 5 x 10®cells / 10 mL of culture media in 100z dish each. The cells

were incubated at 37 °C, 5% CO. for ~20 hours. When the confluency of 293T cells reached

80%, psPAX2, pMD2.G and expression vectors were diluted 1 pg, 1 ug and 4 ug / 10 uL. each

using DW for one dish. After dilution, 1 ug of psPAX2 and pMD2.G vector, and 4 ug of

expression vector were mixed in 1 mL of Opti-MEM™ | Reduced Serum Medium (Gibco,

#32985062) and then vortexed gently. Trans-IT 293 transfection reagent (Mirus Bio, #MIR
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2704) was added to Opti-MEM media with vectors, vortexed gently and incubated at RT for

30 minutes. During the incubation, the cell culture media was changed to 5 mL of fresh Opti-

MEM media. After the incubation, mixture of Trans-IT 293 transfection reagent and vectors

complex was added dropwise to different areas of the dish. The cells were incubated at 37°C,

5% CO; for 1 day and changed the media to fresh Opti-MEM media. After 3 days, the culture

soup was harvested and centrifuged at 300 g for 3 min. The supernatant was loaded to a 50

mL syringe and filtered using a 40 um filter. For concentration of the virus, the filtered virus

soup was centrifuged at 4°C, 16500 rpm, for 90 min. The supernatant was aspirated, the virus

pellet was resuspended in PBS. The viruses were stored at -80°C.

2-7. Human genome-wide CRISPR knockout screening

2-7-1. Establishing functional Cas9 Jurkat cell line

To establish the Cas9 Jurkat T cell line, Jurkat E6-1 cells were cultured at density 2 x 10° cells

in 10 mL. Hexadimethrine bromide was added to culture media at 8 ug/mL and then the cells

-22 -



were pipetted. Subsequently, 100 uL of a Cas9 lentivirus was added, and the cells were mixed

well and incubated 24 hours at 37°C in 5% CO,. After 1 day, the culture media was changed

to fresh media. Cas9-transduced Jurkat T cells were cultured at a density between 2-10 x 10°

cellss/mL. After 7 days, the Cas9 transduced Jurkat cells were selected using blasticidin 10

ug/mL for 2 weeks. After that, Cas9 expression and functional test of the Cas9 Jurkat cells

were analyzed by western blot. For the functional test of Cas9, the Cas9 Jurkat cells were

cultured at density 2 x 106 cells in 10 mL. Hexadimethrine bromide was added to the culture

media at 8 pg/mL and then the cells were pipetted. Subsequently, 100 pL of pKLV2-

U6gRNA5(gGFP)-PGKBFP2AGFP-W virus were added, and the cells were mixed well and

incubated for 24 hours at 37°C in 5% CO,. After 1 day, the culture media was changed to fresh

media. The transduced cells were cultured at a density between 2-10 x 10° cells/mL. After 4

days, the cells were analyzed using flow cytometry. To calculate the functional efficacy of the

Cas9 in cells, the following equation was used.

GFP and BFP positive cells,% OO)
%

100 —
( BFP postivie cells,%
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2-7-2. Amplification of library

The Human Improved Genome-wide Knockout CRISPR Library was added at a concentration

of 20 ng into 25 pL of Endura Electrocompetent cells (Lucigen, #LU60242-1). The mixture

was transferred to Gene Pulser MicroPulser Cuvette (Bio-rad, #1652089). The

electrocompetent cells were electroporated using Gene Pulser Xcell Total Electroporation

System (Bio-rad, #1652660) at 1800 volt, 600 Q2 and 10 uF. The pulsed Electrocompetent cells

were diluted with 1 mL of LB media twice and collected them. For recovery, the cells were

incubated at 300 rpm at 37°C for 1 hour. 2 mL of the electroporated cells were plated on the

LB agar with ampicillin in 245 mm x 245 mm square dish (SPL, #11245). To calculate

electroporation efficiency, 100 uL of 10000-fold diluted electroporated cells were plated. Each

dish was incubated at 37°C for 14 hours. Colonies in each square dish were scraped twice with

10 mL of LB media. The harvested colonies were carried out maxiprep of the amplified

sgRNA library by using the NucleoBond Xtra Maxi EF kit (Macherey-Nagel, #740424.50) as

follows. The cells were centrifuged at 4500 g for 15 min at 4°C. The supernatant was discarded,

and the cells were resuspended in 24 mL of buffer RES-EF. The resuspended cells were
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divided in half and added 12 mL of buffer LYS-EF. The mixture was mixed gently by inverting

five times and incubated at room temperature for 5 min. During the incubation, a column filter

was equilibrated by adding 45 mL of buffer EQU-EF. Buffer NEU-EF was added into the

mixture, mix gently by inverting until the blue color turned colorless completely and the

mixture was incubated for 5 min in ice. After the incubation, the mixture was inverted five

times and applied to the column filter.10 mL of buffer FIL-EF was added to the column filter

and then the column filter was discarded. After applying 90 mL of buffer ENDO-EF, 45 mL

of buffer WASH-EF was added. The plasmid DNA was eluted with buffer ELU-EF and

collected. 10.5 mL of isopropanol was mixed with eluted plasmid, vortexed and centrifuged

at 15000 g for 30 min at 4°C. The supernatant was discarded, 70% ethanol was added to the

pellet and centrifuged at 15000 g for 5 min at room temperature. The supernatant was removed

completely and then the pellet was dried at room temperature. The dried DNA pellet was

dissolved in 800 pL buffer of H20-EF and the concentration of plasmid was quantified.
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2-7-3. NGS sequencing of amplification of library and analysis of sequencing data

For PCR of sgRNA of the amplificated library, 10 forward primers and 1 barcode primer

(Table 2-1) were prepared. PCR was performed with 20ng of template as described (Table 2-

2 and 2-3). The PCR products were quantified and run electrophoresis on 2% agarose gel. The

PCR products were gel extracted as 2-5 of the method. The gel-extracted samples were pooled

at 30ng each. The pooled sample was sequenced (Theragen Bio). The sequencing data was

analyzed with count_spacer.py.

2-7-4. Library lentivirus production

As 2-7 of the method, lentivirus was produced using Transit-293, pMD2.G, psPAX2 and

Amplificated Human Improved Genome-wide Knockout CRISPR Library.

2-7-5 Library lentivirus transduction

All experiments were performed in triplicate independently using the same lentiviral library.

To 30-45% of the transduction efficiency, virus titration was required. For virus titration, 1

x 10° cells of Cas9 Jurkat were seeded at a 12-well plate in R-10 with 8 pg/mL of polybrene.
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In each well, library lentivirus was transduced at concentrations of 1, 2, 5, 10, 20 uL. The

media was changed the next day. After 4 days, the cells were analyzed using flow cytometry.

The amount of virus for 45% of the transduction efficiency was calculated, 2 x 102 cells of

Cas9 Jurkat was transduced at a concentration of 2 x 10° cells/mL with 8 pg/mL of polybrene.

After 24 hours, the culture soup was changed to fresh R-10. After 4 days, the transduction

efficiency was analyzed using flow cytometry.

2-7-6 Genome-wide CRISPR knockout screening

Samples in our study consisted of five groups: No activation, control Ig-treated CD69* control

Ig-treated CD69", VSIG4 Ig-treated CD69" and VSIG4 Ig-treated CD69". The no activation

group was used to control for sgRNA enrichment. The control Ig-treated CD69"" groups were

utilized to demonstrate sgRNA enrichment based on the expression of CD69. The VSIG4 Ig-

treated CD69" exhibits enrichment of sgRNAs that induced impaired T cell inhibition function

of VSIG4. The VSIG4 Ig-treated CD69 group was used to reduce noise on screening by

excluding genes overlapping with the VISG4 Ig-treated CD69" group. A week after the library

transduction, 1 x 108 cells were prepared for the no activation group and 2 x 10® cells each
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were prepared for the activated group (control Ig-treated group and VSIG4 Ig-treated group).

sgRNA* Cas9 Jurkat was activated as 2-3 of the method. The cells were harvested each in a

150T flask and quantified the cell numbers. The harvested cells were centrifuged at 300 g for

3 min. The cell pellet of no activation group was stored at -80°C. The pellet of the activated

group was resuspended with PBS at a concentration of 1 x 107 cells/mL. The resuspended cell

was stained by CD69 monoclonal antibody (eBioscience, #12-0699-42) at a concentration of

5 uL / 100 uL of PBS for 30 min at 4°C. The cells were sorted in two groups by CD69

expression (CD69* and CD69°). The sorted cells were centrifuged at 300 g for 3 min at 4°C.

The pelleted cells were stored at 80°C.

2-7-7 gDNA purification

gDNA purification was performed using Quick-DNA Midiprep Plus Kit (Zymo Research,

#D4075). The pelleted cells were resuspended in PBS at a concentration of 3 x 107 cells/mL.

Red buffer was added to the same volume of sample, and proteinase K (Invitrogen, #25530049)

was added to 30 pL / 1 mL of sample. The mixture was vortexed for 15 second and then

incubated at 55°C for 2 hours. After the incubation, Genomic lysis buffer was added to the
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digested sample at the same volume of the digested sample. Zymo-Spin™ V-E Column

/Reservoir was placed in a 50 mL tube. The sample was transferred into the column and

centrifuged at 1,000 g for 5 min. Flow through was discarded, 9 mL of DNA Pre-Wash Buffer

was added in the column and centrifuged at 1,000 g for 5 min. Flow through was discarded, 7

mL of g-DNA Wash Buffer was added in the column and centrifuged at 1,000 g for 5 min.

The reservoir was removed, and the column was placed into a collection tube. The column

was centrifuged at 12,000 g for 1 min and transferred into a new tube. 200 uL of g-DNA Wash

Buffer was added to the column and centrifuged at 12,000 g for 1min. The column was

transferred to 1.5 mL microcentrifuge tube and 200 uL of DNA Elution Buffer was added to

the column. After the incubation for 5 min, the tube was centrifuged at 12,000 g for 1 min.

The eluted DNA was quantified and stored at — 20°C.

2-7-8 sgRNA amplification and purification

For amplification of the sgRNA region from the extracted gDNA, 10 forward primers and a

reverse primer containing the barcode sequence (Table 2-1) were prepared. A PCR was

performed with at least 1.5ug of the template as described (Table 2-2 and 2-3). The amplified
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sgRNAs were quantified and run electrophoresis on a 2% agarose gel. The amplified sgRNAs

were gel extracted as 2-5 of the method.

2-7-9 NGS sequencing

The gel-extracted samples were pooled at equal concentration. The pooled sample was

sequenced (Theragen Bio).

2-7-10 Sequencing data analysis

2-7-10-1 Counting of sgRNA, and ranking genes associated with enriched sgRNA

The sequencing data was analyzed using Python code in Model-based Analysis of Genome-

wide CRISPR/Cas9 Knockout (MAGeCK) program?’. For selecting significantly enriched

sgRNAs, the sgRNAs in CD69*" in the control Ig or the VSIG4 Ig-treated sample were

normalized with the no activation sample. The genes associated with enriched sgRNAs were

ranked using robust ranking aggregation (RRA) algorithm model of MAGeCK.
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2-7-10-2 Validation of CRISPR screening quality

In this screening, the samples were divided based on the expression of CD69, a T cell early

activation marker. Therefore, the presence of TCR signaling regulator genes in the top rank of

each sample that the CRISPR screening proceeded as intended. Enriched pathways of the

ranked genes in each sample were analyzed by KEGG package in R. For statistically

significant and visualization of the enriched pathways, Gene Set Enrichment Analysis (GSEA)

was used.

2-7-10-3 Investigation of VVSIG4-mediate T cell inhibition mechanism

For the selection of the genes associated with the VSIG4-mediate T cell inhibition mechanism,

the top rank genes of CD69* of the VVSIG4-treated group in each experiment were filtered by

p-value (<= 0.05). To reduce screening noise, the overlapping genes between the VSIG4 Ig-

treated CD69* and CD69" groups were filtered out. In triplicate experiments, we selected genes

that were replicated at least twice in filtered CD69" of the VSIG4-treated group. For pathway

analysis of these genes, Reactome and String were used.
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Table 2-2. PCR master mix for amplification of sgRNAs in library

Material Amount per
Reaction (uL)

NEBNext High Fidelity PCR Master Mix, 2x 25
Forward primer (1~10) 1.25
Reverse primer 1.25
SgRNA library template X
DW Up to 50

Table 2-3. Cycling condition for PCR
Stage Temperature Cycle Time
Initial denaturation 98°C 1 3 min
Denaturation 98°C 22 10 sec
Annealing 60°C 22 10 sec
Extension 72°C 22 25 sec
Final extension 72°C 1 2 min
Hold 4°C 1 Infinite
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3. Result

3-1. Establishment of functional Cas9-expressing Jurkat cell line

For CRISPR screening, the Cas9 gene was transduced into Jurkat cell line using lentiCas9-

Blast vector. Cas9 expression in the Jurkat cell was confirmed by western blot (Fig. 3-1A).

The functional efficacy of Cas9 was investigated by transducing pKLV2-U6gRNA5(gGFP)-

PGKBFP2A GFP-W into the Cas9 Jurkat cells. After 4 days, the transduced cells were

analyzed by flow cytometry. The expressed gGFP forms an RNP complex with Cas9 in the

Cas9 Jurkat to perturbate the GFP gene. BFP expressing cell has functional Cas9, whereas

BFP and GFP expressing cell have dysfunctional Cas9. The percentage of functional Cas9-

expressing cells was about 98.2% (Fig. 3-1B). Mycoplasma test of Cas9 Jurkat was negative

(Fig. 3-1C). Cas9 Jurkat cells were activated for 8 hours with a concentration of 1 pg/mL of

anti-CD3 in the presence of VSIG4 Ig and F(ab")2, which showed to effectively inhibit CD69

expression on T cells (Fig. 3-1D).
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3-2. Amplification of human genome-wide CRISPR knockout

library

The amplification was performed to maintain and validate the human improved genome-wide

knockout CRISPR library. The sgRNA library-transduced competent cells were spread onto

245-mm LB square plates. 10000-fold diluted cells were plated onto a LB agar in a 60 « dish

to validate electroporation efficacy. The plates and the dish were incubated at 37°C for 14

hours and the colonies of the 10000-fold diluted cells were counted (Fig. 3-2A). The count

was more than 100, which is the minimum transformation efficiency. The cells in square dishes

were harvested, and maxiprep was performed to obtain an amplified sgRNA library (Fig. 3-

2B). A library PCR was carried out using 10 forward primers and a reverse primer to determine

the distribution of sgRNA by NGS sequencing (Fig. 3-2C). The amplicons were pooled at the

same concentration and sequencing was performed. The sequencing data was analyzed using

count_spacers.py. Generally, a sgRNA library should contain a minimum of 70% perfectly

matching guides and have a skewed ratio below 10. The analyzed data revealed the total of

60,932,518 guide read, with 53,600,191 perfect matches and 5,561,650 nonperfect matches.
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In the library, 90.6% of sgRNAs matched perfectly, 1.1% of sgRNAs were undetected, and

the skew ratio of sgRNAs was 9.2 (Fig. 3-2D).

3-3. Enriched sgRNA amplification of activated sgRNA* Cas9

Jurkat cell

For the genome-wide CRISPR knockout screening, the amplified sgRNA library was

transduced into Cas9 Jurkat cells at a multiplicity of infection 0.3 (Fig. 3-3A). The sgRNA-

transduced Cas9 Jurkat cells were cultured for 4 days and then sorted based on BFP expression

(Fig. 3-3B and C). The sgRNA+ Cas9 Jurkat cells were cultured for 7 days for sufficient indel

formation. One week after the transduction, 1 x 102 cells were prepared for the no activation

group and 2 x 102 cells each was prepared for the activated group (control Ig-treated group

and VSIG4 Ig-treated group). The activated cells were sorted based on CD69 expression (Fig.

3-3D). The purity of the sorted cells was more than 95% (Fig. 3-3E). The genomic DNA was
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harvested from each sample and then the enriched sgRNAs were amplificated (Fig. 3-3F). The

amplicons were pooled at the same concentration and then analyzed.

3-4. Control Ig-treated group showed enrichment of sgRNAs

associated with TCR signaling regulators

First, the number of sgRNAs in each sample was counted using MAGeCK tool. The enriched

sgRNAs were then ranked by the RRA algorithm. Next, the analyzed data was visualized using

MAGeCKFIlute (Fig. 3-4A). To investigate whether the sgRNAs influenced CD69 expression,

we examined the top genes in the control Ig-treated group. The control Ig-treated CD69*"

group showed enrichment of TCR pathway-associated genes (Fig. 3-4B). The top-ranked

genes of the positive rank in the control Ig-treated CD69" group and the top-ranked genes of

the negative rank in the control Ig-treated CD69* group showed TCR signaling regulators

included ZAP70, LAT, LCK, SLP76, and CD3(. These are well-known TCR signaling

regulators® (Fig 3-4C).
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3-5. CRISPR screening reveals candidate genes of T cell inhibition
mechanism of VSIG4

Since VSIG4 can inhibit the expression of CD69 through the activation of T cells, the top-

ranked genes in the VSIG4 Ig-treated CD69" group are associated with the VSIG4 signaling

mechanism. We initially validated whether the sgRNA was enriched in a manner that could

induce CD69 expression. The genes with depleted sgRNAs in this group (FDR <=0.25) have

many positive regulators of the TCR pathway (Fig. 3-5A). Next, to investigate the genes

associated with the inhibitory function of VSIG4 in T cells, we selected the overlapping top-

rank genes from three separate experiments. We filtered each dataset by p-value (<= 0.05) and

the selected genes that did not overlap with the top genes (p-value <= 0.05) in the VSIG4 Ig-

treated CD69" group, which are not associated with the T cell inhibitory function. The filtered

data revealed the total of 223 overlapping genes, with 29 in the triple hit and 194 in the double

hit (Fig. 3-5B). To find the enriched pathways of the overlapping genes, we analyzed them

using Reactome (p-value <= 0.05). The enriched pathway of the overlapping genes showed

rRNA-related pathways including rRNA processing in the nucleus and cytosol, a major

pathway of rRNA processing in the nucleolus and cytosol, rRNA processing and rRNA
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modification in the nucleus and cytosol (Table 3-1). Finally, to identify the candidate genes

involved in the VSIG4 signal transduction mechanism associated with T cell activation, we

ranked the triple hit-overlapping genes (Table 3-2) and investigated their functions related to

T cell activation. This result showed that the 7 genes (PDCD?2, elF3 subunit E, elF3 subunit F,

CD5, CDK®6, PCBP1 and S1PR1) may be related to the VSIG4-mediated T cell inhibition

mechanism.
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Figure 3-1. Establishment of functional Cas9-expressing Jurkat cell line. (A) Western blot
of Cas9 expression of Cas9 transduced Jurkat. Jurkat cell was used as a negative control, and
Cas9-expressing Bjab cell was used as a positive control. (B) The functional test of Cas9 in
the Cas9 transduced Jurkat using pKLV2-U6gRNAS5(gGFP)-PGKBFP2AGFP-W. Only BFP*
cells have functional Cas9 due to knockout of the GFP gene by gGFP. (C) Mycoplasma test of
Cas9 transduced Jurkat. (D) CD3 activation for 8 hours of the Cas9 transduced Jurkat cells
with super-engaged control Ig or VSIG4 Ig. VSIG4 Ig-treated population showed inhibition of

CD69 expression, T cell early activation marker.
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Figure 3-2. Amplification of human genome-wide CRISPR knockout library. (A)
Validation of Human Improved Genome-wide Knockout CRISPR Library transformation
efficacy. The colony of 10000-fold diluted cells was counted by image J software. The count
was more than 100, which is the minimum transformation efficiency. (B) Electrophoresis
result of the SQRNA library plasmid. (C) Electrophoresis result of the amplificated sgRNA in
the library. The sgRNA in the library were amplificated using 10 forward primer and a barcode
primer. (D) Analysis result of NGS sequencing data using count.py code. The data indicated

that 90.6% of sgRNAs were matched perfectly, and 1.1% of sgRNAs were undetected.
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Figure 3-3. Enriched sgRNA amplification based on CD69 expression on activated
SgRNA* Cas9 Jurkat cell. (A) Cas9 Jurkat cells were transduced with sgRNA packaged
lentivirus at MOI 0.3. (B) sgRNA* Cas9 Jurkat cells were sorted and verified. To scale up the
screening, the sgRNA™* Cas9 Jurkat cells was sorted by BFP expression and cultured up to 2 x
108 cells. (C) Comparison of before and after sorting using the histogram. (D) Activated
SgRNA* Cas9 Jurkat cells with super-engaged control Ig or VSIG4 Ig were sorted by CD69
expression. (E) The sorted cells showed purity of more than 95%. (F) The gDNA of the
samples were isolated and the sgRNA was amplificated for sequencing. The sgRNAs in the

samples were amplificated using 10 forward primers and a barcode primer.
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Figure 3-4. Control Ig-treated group showed enrichment of sgRNAs associated with TCR
signaling regulators. (A) Analysis method of CRISPR knockout screening data. The no
activation group was used as a control for the sgRNA enrichment. The genes associated with
the enriched sgRNAs were ranked using the RRA function in the MAGeCK tool. The rank, p-
value, and FDR of the genes were visualized using the MAGeCKFlute package in R. (B)
GSEA analysis of the control Ig-treated group. The TCR pathway-associated genes were
enriched. (C) Volcano plot of gene with enriched sgRNAs in the control CD69"" group (FDR
<0.25 and p-value < 0.05). The plot showed significantly enriched or depleted TCR signaling-

associated genes.

-48 -



Ynsal p,g

€z : soual paddepanp

09
069 08L

6T
8¢S 9L

ynsas |

uawiIadxa pajedl|duy u)
uo1329|9s auad paddeanp

}nsail pug

£9TT : @uad 1y doy paiay|l

-6902 POISA  +690D P2ISA

dnoJg pajeaJ) ¢OISA Ul
uosuedwce)

abueyd pjod zbo
4 1] Zz-

(d3snlpy)o1b07-

1097 : auad 11y dol palayl4

S0'0=>3njend
Agqiny

anjea ¢

-49 -



Figure 3-5. CRISPR screenings revealed candidate genes of T cell inhibition mechanism
of VSIG4. (A) Volcano plot of genes with enriched sgRNAs in the VSIG4 Ig-treated CD69"
group. (FDR < 0.25 and p-value < 0.05). The plot showed a significant depletion of the TCR
signaling-associated genes. The genes that induced impaired T cell inhibition function of
VSIG4 were enriched. (B) Method for data filtering. To reduce screening noise, each dataset
was filtered by p-value (< 0.05). The VSIG4 Ig-treated CD69" group was used for excluding
the genes overlapping with the VISG4 Ig-treated CD69+ group. The Venn diagram of filtered
genes showed a list of overlapping genes. The overlapping genes indicated that the genes were

associated with the T cell inhibition mechanism of VSIG4.
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Table 3-1. Enriched pathway of VSIG4 Ig-treated CD69* group

#Entities #Entities Entities

Rank — Pathway name found total pValue

1 rRNA processing in the nucleus and cytosol 76 208 <=0.001

) Major pathway of rRNA processing in the 70 189 <=0.001
nucleolus and cytosol

3 rRNA processing 77 246 <=0.001

4 rRNA modification in the nucleus and cytosol 32 72 <=0.001

5 Rlboso.n.lal scanning and start codon 28 64 <=0.001
recognition
Formation of the ternary complex, and _

6 subsequently, the 43S complex 2 >4 <=0.001

7 Translation initiation complex formation 27 62 <=0.001
Activation of the mRNA upon binding of the

8 cap-binding complex and elFs, and 27 66 <=0.001
subsequent binding to 43S

9 NoRC negatively regulates rRNA expression 28 80 <=0.001

10 QTP hydrolysis e}nd joining of the 60S 37 120 <=0.001
ribosomal subunit

1 TP53 Regulates Transcription of DNA Repair 29 26 <=0.001
Genes

12 Cap-dependent Translation Initiation 38 130 <=0.001

13 Eukaryotic Translation Initiation 38 130 <=0.001

14 Formation of a pool of free 40S subunits 32 106 0.001

15 L13a-medlat§:d translat}onal silencing of 35 120 0.001
Ceruloplasmin expression

16 Negatlx{e epigenetic regulation of rRNA 28 29 0.001
expression

17 RNA Polymerase I Transcription Termination 14 33 0.002

18 SARS—COV—l modulates host translation 16 41 0.002
machinery

19 Metabolism of RNA 164 789 0.002
Tristetraprolin (TTP, ZFP36) binds and

20 destabilizes mRNA ? 19 0.005

21 RNA Polymerase I Transcription Initiation 17 50 0.005

22 Deadenylation-dependent mRNA decay 20 65 0.007

23 RNA Polymerase I Promoter Escape 19 61 0.008

24 Activation of the pre-replicative complex 13 36 0.008
Butyrate Response Factor 1 (BRF1) binds and

25 destabilizes mRNA 8 19 0.015

2 SRP—qependent cotranslational protein 30 119 0.018
targeting to membrane

27 PERK regulates gene expression 13 42 0.026
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28
29
30

31

32
33
34

35

36
37

Epigenetic regulation of gene expression

ATF4 activates genes in response to
endoplasmic reticulum stress

RNA Polymerase I Promoter Clearance
Nonsense Mediated Decay (NMD)
independent of the Exon Junction Complex
(EJO)

RNA Polymerase I Transcription

Synthesis of diphthamide-EEF2

Interleukin-37 signaling

Formation of HIV-1 elongation complex
containing HIV-1 Tat

Response of EIF2AK4 (GCN2) to amino acid
deficiency

Signaling by FGFR2 Illa TM

33
11
22

25

22

11
13

27

139
34
&5

101

87
15
36

46

115
24

0.029
0.029
0.030

0.035

0.037
0.041
0.041

0.047

0.049
0.050
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Table 3-2. The positive rank of triple hit genes in VSIG4 Ig-treated CD69* group

Total rank Genes Ltrank  29rank  3“9rank mean

1 PDCD2 23 6 1 10
2 PELO 25 41 76 47
3 SRRD 18 57 86 54
4 EIF3H 114 24 41 60
5 PRRC2C 84 28 74 62
6 BRMS1 6 185 14 68
7 CD5 7 174 56 79
8 BRD1 45 271 6 107
9 PCBP1 245 80 20 115
10 EIF3F 261 70 185 172
11 ASUN 134 208 188 177
12 ISL2 435 45 53 178
13 VPS8 59 90 400 183
14 HEATR1 157 269 192 206
15 CT7orf26 513 105 4 207
16 CNOT1 529 162 79 257
17 FBXO11 411 136 322 290
18 CDK®6 332 176 463 324
19 RREB1 587 145 260 331
20 S1PR1 228 791 12 344
21 CHP1 497 366 279 381
22 GCNI1L1 975 233 73 427
23 FH 714 15 889 539
24 ADSL 516 917 246 560
25 NELFA 657 237 847 580
26 DPH5 455 638 757 617
27 AKAP10 789 601 529 640
28 POLE4 233 830 884 649
29 DDI2 948 707 623 759
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4. Discussion

We established a novel method to investigate the T cell inhibition mechanism of immune

checkpoint molecules using genome-wide CRISPR knockout screening. The genome-wide

CRISPR knockout library was transduced into Cas9-expressing Jurkat cells, which were then

activated with anti-CD3 in the presence of VSIG4 Ig or control Ig. The activated T cells were

sorted by CD69 expression.

Because our screening relied on the phenotype of cells, the screening power was lower

than proliferation-based screening. To overcome this limitation, we increased the culture scale

and performed data filtering to improve the significance of this screening.

Our data demonstrated that the sgRNAs targeting positive regulators of TCR signaling,

including ZAP70, SLP76, LCK, and CD3 subunits, were enriched in the CD69" population,

while these sgRNAs were depleted in the CD69* population. The results showed that the

CRISPR screening proceeded as intended. In the VSIG4 Ig-treated group, we utilized the
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CD69" population to explore the genes implicated in the signal transduction mechanism of

VSIG4. We used the CD69 population to demonstrate the enrichment of sgRNAs based on

the expression of CD69 and to exclude the genes that are not relevant to VSIG4 signaling. To

investigate the pathways associated with VSIG4 signaling, we analyzed the overlapping genes

using the pathway analyzer, Reactome. The top-ranked pathways were associated with

ribosomal RNA processing. Because rRNA processing is related to T cell activation?, this

result showed a significant association between the ribosomal RNA-related pathway and the

T cell inhibitory function of VSIG4. Additionally, to find the genes directly involved in the

VSIG4 signal transduction mechanism, we focused on finding the genes related to T cell

activation in the triple hit genes using gene ontology. Among these genes, PDCD2 (Rank 1),

elF3 subunit E and F (Rank 4 and 10), CD5 (Rank 7), CDK6 (Rank 18), PCBP1 (Rank 19)

and S1PR1 (Rank 20) were associated with T cell activation. PDCD?2 is an essential gene for

cell proliferation and apoptosis®®3l, PDCD2 is associated with BCL6, which is related to the

stability of Treg and the induction of CD8 T cell activation®2%, Since the mechanism of

PDCD?2 is not yet fully understood, investigating its association with VVSIG4 could provide
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insight into the T cell regulatory mechanisms of PDCD2. elF3 is a complex of 13 subunits that

are required for robust T cell activation. When a T cell is activated, the elF3 complex binds to

3’-UTR on the mRNA of TCRA and TRCB, which then induces translation of TCRA and

TCRB. CD5 interacts with CSK, CBL, CBLB, UBASH3A, and UBASH3B, which are known

negative regulators of TCR signaling®%". These interaction results in T cell inhibition in

mature T cells. Our data showed that VSIG4 may have the potential to enhance the T cell

inhibition function through CD5. CDKG6 is a regulator of the cell cycle and inhibitor of the

nuclear factor of activated T cell®. CDK®6 inhibits the T cell activation by increasing the

activity of PTP1B and protein tyrosine phosphatase, which reduces the phosphorylation of

CD3 zeta®. Especially, because CDK6 has been used as a target of immunotherapy,

investigation of an association between CDKG6 and VVSIG4 may improve the efficacy of cancer

immunotherapy. PCBP1 is upregulated in activated T cell and inhibits the conversion of

effector T cell into regulatory T cell*’. VSIG4 has the potential to induce the conversion to

Tregs by inhibiting the function of PBCP1. S1PR1, Sphingosine-1-Phosphate receptor 1, is

associated with T cell differentiation. When S1PR1 is ligated with its ligand, this signaling
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induces the TH1/TH17 effector phenotype and prevents the induction of Treg*. In this

perspective, our data indicate that VSIG4 has the potential to induce the Treg by inhibiting

S1PR1 signaling.

In this study, we provided a comprehensive understanding of the T cell inhibition

mechanism of VSIG4 from various perspectives. These insights will lead to a higher efficacy

of immune checkpoint blockade therapy and provide breakthroughs for immune diseases.
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5. Conclusions

We established a method of genome-wide CRISPR knockout screening to investigate T

cell inhibition mechanism of an immune checkpoint molecule.

In our genome-wide CRISPR knockout screening, we identified the 223 candidate genes

that potentially affect the T cell inhibitory function of VSIG4. Pathway analysis revealed

a significant association between the ribosomal RNA-related pathway and the T cell

inhibitory function of VSIG4. Moreover, we focused on 7 promising candidate genes that

play a role in the T cell inhibitory function of VSIG4.
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Abstract (in Korean)

TAZ o] &A1& 2 A5H= HYTHE B2 (immune checkpoint molecule)E %7 0 & 5=

rr

o 2] = A (immune checkpoint blockade)+= *]& &3}9| =2 Z|<:Ad(durability)a} oA

(stability) 2 2 & 2| 22 ¥}o] 27| 4 Ql ofg o] o] Wik, vt W2 2= Rh-gAd+t o

FEATH LIS HoAFT o], o8 Fue}7] 95 2L Welm Ao o] 4

Bolth VSIG4+= T A2 9] &S At 24 T Al Z(regulatory T cells) 2 2] £3}= =

Aot= Q2 HATE 2HAZ, VSIG4Q] Wao] T} 7 I (lymphoma) $H412] 4

St ohu)et wahy Wel Wkt WET AvS 23 glol, M-S W A=A ) Ay

SRR WL PAL B gk ol Aol BT sk, @AZHA VSIGAS] T cell

inhibition mechanism-2 A= 916 2] 2] ottt 2 Ao 2 WAz 24 7 7wt

rlo

AT-Z Y3l VSIG4S] T Al E &4 A 415 7|72 genome-wide CRISPR screening= 5

o 9raluiT. 41, T Al ] 27] 245} vl 7] (marken)3] CD69] S22 3 T A|%9] 3

A 8 VSIGAE S5 T4 oA

-

Wl

B7F < Sl Al Hi(in vitro) S 7530t Sl

I o] genome-wide CRISPR knockout libraryE 4% ¢ ¢, CD69% 7} Al -3t CD693F

A A EZFS BE(k >95%)311, ZF Al E-2] genomic DNACY A guide countS NGSZ
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53] £431tt. MAGeCK-Robust Rank AggregationS 55l -7-2]0|3t sgRNAS] WSS &

A](p <0.05, FDR <0.25)5}0] VSIG49] T 4|2 &g oA 7|1 {32 SR 5

filo

=5}

38

o,

o

Reactome®} String & 53ll, VSIG47} ribosomal RNA processing™} CD5 pathway,

S1PR1 pathwayE Z45to] T A2 9] EA]-S A

=

2 AYrt o] |HEL T AZ 58
A(recepton) o] AFREE 24, 28 T AZ] 23}, T AL S48 So] Apro] g
o] ursl 4 itk £ AP0 urElz VSIGAS] T AL B4 olA|7 18-S B dHtelel A &
A gl gloka Ymge] M A ALY JNe AT 4 olek. £, VSIGaE 7]E

A2 A= & A 712 Fof THIZS] @42 A ] Hzol 7]1E HI A=A

-65 -



	1. Introduction
	1-1. Immune checkpoint molecules
	1-2. V-set and immunoglobulin domain – containing 4 
	1-3. Genome-wide CRISPR knockout screening 

	2. Materials & Methods
	2-1. Cell culture
	2-2. Cryopreservation of cells
	2-3. T cell activation
	2-4. Western blot
	2-5. Gel extraction
	2-6. Lentiviral production and transduction 
	2-7. Human genome-wide CRISPR knockout screening 

	3. Result
	3-1. Establishment of functional Cas9-expressing Jurkat cell line
	3-2. Amplification of human genome-wide CRISPR knockout library 
	3-3. Enriched sgRNA amplification of activated sgRNA+ Cas9 Jurkat cell 
	3-4. Control Ig-treated group showed enrichment of sgRNAs associated with TCR signaling regulators 
	3-5. CRISPR screening reveals candidate genes of T cell inhibition mechanism of VSIG4

	4. Discussion
	5. Conclusion
	6. References
	Abstract (in Korean)


<startpage>13
1. Introduction 1
 1-1. Immune checkpoint molecules 1
 1-2. V-set and immunoglobulin domain – containing 4  3
 1-3. Genome-wide CRISPR knockout screening  5
2. Materials & Methods 13
 2-1. Cell culture 13
 2-2. Cryopreservation of cells 14
 2-3. T cell activation 15
 2-4. Western blot 15
 2-5. Gel extraction 18
 2-6. Lentiviral production and transduction  19
 2-7. Human genome-wide CRISPR knockout screening  22
3. Result 34
 3-1. Establishment of functional Cas9-expressing Jurkat cell line 34
 3-2. Amplification of human genome-wide CRISPR knockout library  35
 3-3. Enriched sgRNA amplification of activated sgRNA+ Cas9 Jurkat cell  36
 3-4. Control Ig-treated group showed enrichment of sgRNAs associated with TCR signaling regulators  37
 3-5. CRISPR screening reveals candidate genes of T cell inhibition mechanism of VSIG4 38
4. Discussion 54
5. Conclusion 58
6. References 59
Abstract (in Korean) 64
</body>

