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Abstract T cells engineered with chimeric antigen receptor (CAR) have been successfully applied to treat
advanced refractory B cell malignancy. However, many challenges remain in extending its application toward the
treatment of solid tumors. The immunosuppressive nature of tumor microenvironment is considered one of the key
factors limiting CAR-T efficacy. One negative regulator of T cell activity is lymphocyte activation gene-3 (LAG-3).
We successfully generated LAG-3 knockout T and CAR-T cells with high efficiency using CRISPR-Cas9 mediated
gene editing and found that the viability and immune phenotype were not dramatically changed during in vitro
culture. LAG-3 knockout CAR-T cells displayed robust antigen-specific antitumor activity in cell culture and in
murine xenograft model, which is comparable to standard CAR-T cells. Our study demonstrates an efficient
approach to silence immune checkpoint in CAR-T cells via gene editing.
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Introduction The inhibitory pathways of the immune system that

o ) modulate immune responses are referred to as immune
Chimeric antigen receptor T (CAR-T) cell therapy has  heckpoints, which are utilized by tumor to gain immune

gained tremendous popularity as a promising treatment for  pegistance, particularly by inhibiting tumor-specific T cells
cancer in recent years. As an artificial T cell receptor, CAR [6]. The cell surface protein LAG-3 is an important
is composed of a single-chain variable fragment (scFv)  jnpibitory receptor with structural homologies to CD4. The
derived from a monoclonal antibody recognizing an  protein binds MHC class 11 molecules with a cell with
antlggn, a jtransmembrane domain, and an intracellular higher affinity than CD4 [7,8]. LAG-3 also interacts with
domain derived from CD3Z and/or co-stimulatory mole- [ SECT in a surface lectin of the DC-SIGN family, which is
cules [1]. .CAR'T cell therapy has been ex'ceptlonall.y expressed on dendritic cells and also on tumor tissue [9].
successful in treating B cell acute lymphoblastic leukemia 7 453 is expressed on activated CD4 and CD8 T cells

(B-ALL) in early phase clinical studies, with a complete  reoyjatory T cells (Tregs), natural killer (NK) cells, B cells,
response rate of 70%-90% [2-4]. However, the clinical .4 plasmacytoid dendritic cells [9-15].

response, when. targeting other .CD19-positive. hematolo- Accumulating evidence indicates that LAG-3 exhibits a
gical malignancies such as chronic lymphoblastic leukemia  y60ative impact on effector function of T cells in vivo and
(CLL){ is less effective, with a response rate of ;44 [9,16-18] and enhances the suppressive function of
approximately 50%. The reason for the low response rate  Treg cells [13,19]. As a T cell exhaustion marker, LAG-3 is
was possibly because of the immune suppression through \yreoylated in cancer and chronic infections [20,21].
T cell checkpoint inhibitory receptors [S]. Similarly, the [ AG-3 blockade in vitro augments T cell proliferation and
tumor 1Mmunosuppressive m1c,roenV1r0nment (TME) cytokine productions, leading to an increase in memory
poses serious challenge to CAR-T’s efficacy when treating )15 due to a delayed cell cycle arrest [22,23]. Dual

solid tumors. blockade of PD-1 and LAG-3 reverses T cell exhaustion
and improves therapeutic activity in preclinical models of
Received March 2, 2017; accepted May 3, 2017 chronic infection and cancers in a synergistic manner

Correspondence: *cqx65@yahoo.com; bwanghaoyi@ioz.ac.cn [20,21,24—28], Clinical trials, which explore the use of
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anti-LAG-3 antibodies either alone or in combination with
anti-PD-1 in both solid and hematologic cancers, are in
progress (ClinicalTrials.gov, numbers: NCT02061761,
NCT01968109).

Permanently silencing immune checkpoint receptors,
such as PD-1 and LAG-3 in CAR-T cells through gene
editing in vitro before adoptive cell transfer, represents an
exciting approach to improve the efficacy of CAR-T cells,
while avoiding the potential toxicities associated with the
long-term administration of anti-LAG-3 antibodies. While
PD-1 has been eliminated from T cells using gene editing
and showed elevated T cell function [29-32], human T and
CAR-T cells with LAG-3 knockout have not been
described.

Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and the CRISPR-associated protein
(Cas) (CRISPR-Cas9) system is a powerful system for
gene editing. We have established methods to disrupt
single and multiple genes in CAR-T cells with high
efficiency [30,31]. In this study, we eliminated LAG-3
expression on human T and CAR-T cells using CRISPR-
Cas9 and characterized the phenotype and functions of
these modified cells.

Materials and methods

Primary human umbilical cord blood (UCB)-derived T
cells

Fresh UCB units were obtained from the Beijing Cord
Blood Bank (Beijing, China) with informed consent from
healthy volunteer donors. After Histopaque-1077 (Sigma-
Aldrich) gradient separation, mononuclear cells were
collected, and T cells were isolated using the EasySep
human T cell enrichment kit (Stemcell Technologies). T
cells were stimulated with anti-CD3/CD28 Dynabeads
(Thermo Fisher Scientific) at a bead to T cell ratio of 1:1
and cultured in X-vivol5 medium (Lonza) supplemented
with 5% (v/v) heat-inactivated fetal bovine serum,
2 mmol/L L-glutamine, and 1 mmol/L sodium pyruvate
in the presence of 300 IU/ml recombinant human IL-2 (all
from Thermo Fisher Scientific).

Cell lines

K562 (erythroleukemia cell line) and Raji (Burkitt’s
lymphoma cell line) were purchased from American
Type Culture Collection (ATCC). Raji-ffluc for biolumi-
nescent imaging and K562-CD19 cells were generated as
previously described [31]. All cell lines were grown under
standard conditions in RPMI1640 medium (Thermo Fisher
Scientific). Lentiviral producer cell lines 293T (ATCC-
CRL3216) were maintained in DMEM (Thermo Fisher

Scientific). All media were supplemented with 10% (v/v)
fetal bovine serum, 100 U/ml penicillin and streptomycin,
2 mmol/L L-glutamine, and 1 mmol/L sodium pyruvate.
All cell lines were grown at 37 °C in a 5% CO,
atmosphere.

sgRNA design and in vitro T7 transcription of sgRNA

We obtained the first exon sequence of LAG-3 from NCBI
and used the CRISPR Design Tool (http://crispr.mit.edu) to
design sgRNAs. Oligonucleotides containing T7 promoter
and 20 bp targeting sequences were synthesized as forward
primer (Supplementary Table S1). T7-sgRNA PCR
product was amplified using pX330 plasmid (Addgene
plasmid #4223) as template, column-purified, and used as
the template for in vitro transcription using MEGAshort-
script T7 kit (Thermo Fisher Scientific). RNAs were
purified using MEGAclear columns (Thermo Fisher
Scientific) and eluted in RNase-free water.

Generation of LAG-3 knockout T cells

T cells were stimulated for 3 days, and then 1 x 10° cells
were electroporated with 3 pg Cas9 protein (Thermo
Fisher Scientific) and 3 pg sgRNAs targeting the LAG-3
exonl by 4D-Nucleofector System N (Lonza) using the P3
Primary Cell 4D-Nucleofector X Kit (V4XP-3024, Lonza)
according to manufacturer instructions. Program EO-115
was used. After electroporation, cells were resuspended in
2 ml pre-warmed T cell medium and transferred into 12-
well cell plate and incubated at 37 °C in 5% CO,. The
transfection efficiency was evaluated 3 days after electro-
poration. Cell culture medium was half replaced by fresh
complete medium every 2 days to 3 days. A similar
procedure was used to generate LAG-3 knockout CAR-T
cells. Freshly purified primary T cells were activated for 1
day and then transduced with lentiviral vectors, harboring
a second-generation CD19 CAR. The structure of the
CAR was previously described [31]. Two days after
transduction, CAR-T cells were electroporated with Cas9
protein and sgRNAs using the previously described
procedure.

Flow cytometry

All samples were analyzed with CytoFLEX (Beckman
Coulter Inc.) on the following days after transfection. The
mouse anti-human antibodies to the following antigens
were used: CD45RO-PE (UCHLI1, Biolegend), CD45RA-
PerCP/Cy5.5 (HI100, Biolegend), CD62L-Brilliant Vio-
let421 (DREG-56, Biolegend), CD223 (LAG-3)-PE
(11C3C65, Biolegend), CD8-APC (HITS8a, Biolegend),
and CD4-PE (A161A1, Biolegend).
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Sequencing of the mutations

Indels were quantified by TIDE (tracking of indels by
decomposition) analysis and clonal sequence analysis.
Cells were harvested, and the genomic DNA was extracted
with 100 pg/ml proteinase K in lysis buffer (10 mmol/L
Tris-HCI, 2 mmol/L EDTA, 2.5% Tween-20, and 2.5%
Triton-X 100). The primers used for the amplification of
target locus and sequencing are listed in Table S1. The
PCR products were sequenced for TIDE analysis using
web tool (available at http://tide.nki.nl). The purified PCR
segments were cloned into pEASY vector using pEASY
Blunt Cloning Kit (Transgen Biotech) to detect mutant
alleles. A total of 40-70 colonies per sample of the
transformed PCR ligation products are sequenced using
universal primer M13F. All PCR sequencing methods used
followed the instructions provided by the manufacturer or
standard molecular cloning protocols.

Cytokine enzyme-linked immunosorbent assay
(ELISA)

Cytokine release assays were performed by coculture of
effector (CAR-T, LAG-3-KO-CAR-T, T) with target tumor
cells (Raji, K19, K562) at a 1:1 ratio (10* cells each) per
well, in duplicate in 96-well V-bottom plates, in a final
volume of 200 pl complete RPMI1640 medium. After 24
h, supernatants were assayed to produce IL-2 and IFN-y
using ELISA kit (Biolegend).

Flow cytometry-based cytotoxicity assay

The cytotoxicity of the CAR-T cell was assessed by the
flow cytometry-based cytotoxicity assay [31]. The lytic
activities of effector cells were tested by Violet/Annexin V
and 7-AAD labeling assay. Target tumor cells were labeled
with 1 umol/L Celltrace Violet and then incubated with
effector cells by different effectors to target ratio for 4 h.
FITC-Annexin V and 7-AAD (Biolegend) were added to
determine the ratio of dead target cells. Samples were
analyzed by flow cytometry. Target cells were selected by
gating the Violet-positive cell population and further
analyzed for different subpopulations. The percentages of
cytotoxic activity were calculated using the following
equation: % specific lysis= {[% (Violet"Annexin V* +
Violet"Annexin V- 7-AAD")—% spontaneous (Violet™
Annexin V* + Violet"Annexin V- 7-AAD™)]/[100% —
% spontaneous (Violet"Annexin V* + Violet* Annexin
V- 7-AADY)]} x 100%.

Murine xenograft studies
To establish the Raji-filuc tumor model, 6-12 weeks old

NOD-Prkdescid I12rgnull (NPG) mice (VITALSTAR,
Beijing, China) were injected with 2 x 10° Raji-filuc

cells via intraperitoneal injection on day 0. Three days after
injection, tumor engraftment was evaluated by serial
biophotonic imaging using the NightOWL LB983 in vivo
Imaging System (Berthold Technologies). Mice with
comparable tumor loads were segregated into different
treatment groups. T cells were administered at a dose of
1 x 107 cells/mouse via intraperitoneal injection. The
tumor loads were evaluated 7 days after treatment.

Results

Screening for the most efficient sgRNAs, targeting
LAG-3 in T cells

To achieve efficient gene disruption, we designed five
sgRNAs, targeting the first exon of LAG-3 (Table S1). The
gene editing efficiency using each sgRNA was quantified
by TIDE analysis [33], and the most efficient sgRNA
(sgRNAS) was selected for further experiments (Fig. 1A
and 1B). Gene editing using sgRNAS in another donor-
derived T cells achieved similar high LAG-3 knockout
efficiency (Fig. 1B). We amplified and sub-cloned the
sgRNAS target region and identified mutant alleles. A total
of 30 out of 49 sequenced alleles are mutants, confirming
the high gene disruption efficiency. As shown in Fig. 1C,
all mutations recovered occurred precisely at the sgRNA
targeting region. These results indicate that LAG-3 can be
efficiently eradicated in primary T cells.

Effect of electroporation and LAG-3 knockout on T cell
proliferation and phenotype

Next, the effect of LAG-3 knockout on T cell proliferation
and surface phenotype was determined. Upon anti-CD3
and anti-CD28 antibody stimulations, T cells with LAG-3
knockout maintained normal proliferation (Fig. 2A). The
immune phenotype of the gene-edited T cell was evaluated
by the expression of CD4 and CDS8, as well as the
characteristics of naive (CD45RO/CD62L", TN), central
memory (CD45RO*/CD62L*, TCM), and effector mem-
ory (CD45RO*/CD62L", TEM) T cell subsets. Compared
with control T cells, a higher fraction of CD4 and TCM and
a lower faction of CD8 cells were observed in LAG-3
knockout T cells. However, this effect is probably caused
by electroporation given that this feature was also observed
in T cells receiving electroporation without Cas9 RNP
(Fig. 2B). Overall, LAG-3 knockout T cells displayed
characteristics similar to non-edited T cells.

Off-target analysis
The potential off-target mutation is a major concern of

CRISPR-Cas9 gene editing. The top five potential off-
target sites for sgRNAS5 were predicted using Benchling
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Fig. 1 Gene editing of LAG-3 in human primary T cells using CRISPR-Cas9. (A) Schematic of sgRNAS targeting site at LAG-3 locus.
The red color represents the sgRNA targeting sequence, and the green color represents the PAM sequence. (B) LAG-3 knockout efficiency
using different sgRNAs. Column plot shows the indel frequency (mean + SEM, n = 2) of LAG-3 analyzed by TIDE analysis using either
forward (F) or reverse (R) sequencing primer. Experiments are performed in two biological replicates. (C) Representative mutant alleles in
RNP-transfected cells compared with wild-type sequence (WT). sgRNA targeting sites are colored in red, PAM sequence in green, and
mutations in blue; PCR products from each sample are sub-cloned, and each cloned allele was sequenced. 30/49 indicates the number of

clones containing mutant alleles out of total clones sequenced.

software [34], and the five loci in the T cells with LAG-3
knockout were genotyped (Table S1). We did not detect
mutation at any of these loci using TIDE analysis
(Table S2).

Preparation and characterization of LAG-3 knockout
CD19 CAR-T cells

CD19 is presented in most B cell malignancies, and anti-
CD19 CAR-T cells were best characterized and success-
fully applied to treating CD19" B cell leukemia and
lymphomas [2—4]. We successfully generated LAG-3
knockout anti-CD19 CAR-T cells, and LAG-3 knockout
efficiency is approximately 45%—70% in CAR-T cells
produced from three different donors (Fig. 3A and 3B).
Loss of LAG-3 function was confirmed by detecting LAG-
3 protein expression using flow cytometry (Fig. 3C). The

CAR-T cells electroporated with Cas9 RNP effectively
proliferated. However, we did not observe much robust cell
proliferation in LAG-3 knockout CAR-T cells compared to
control cells (Fig. 3D).

The surface expression of LAG-3 is low after expansion;
thus, performing enrichment for LAG-3 knockout CAR-T
cells is difficult. Therefore, the prepared LAG-3 knockout
CAR-T cells are a mixture of cells with and without LAG-3
mutations. Samples from donors 2 and 3 with LAG-3
knockout efficiency of more than 70% were used for the
following functional analysis (Fig. 3A).

In vitro characterization of LAG-3 knockout CD19
CAR-T cells

To characterize CAR-T cells with LAG-3 disruption
phenotypically, we harvested CAR-T cells on day 14
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Fig. 2 Analysis of proliferation and phenotype of LAG-3 knockout T cells. (A) Fold expansion of control and LAG-3 knockout T cells.
Total cell numbers were counted on days 3 and 7. (B) Immunophenotype of the gene-edited T cell was assessed 10 days after
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independent experiments. T-CTRL-UE and T-CTRL-E indicate T cells with or without mock electroporation, and L4G-3-KO-T indicates

RNP-treated T cells.

post transfection. Similar to the primary T cells, the LAG-3
knockout CAR-T cells did not show major change in the
expression of CD4 and CD8 as well as the memory T cell
phenotypic features compared with control CAR-T cells
electroporated without Cas9 RNP (Fig. 4A). Consistent
with the results in T cells, these data suggest that although
electroporation has some effect, CRISPR-Cas9-mediated
LGA-3 disruption does not interfere with the immunophe-
notype of CAR-T cells.

The cytotoxic function of LAG-3 knockout CAR-T cells
was first evaluated using in vitro culture. Similar to
standard CAR-T cells, LAG-3 knockout CAR-T cells
released IL-2 and IFN-y only when they were cocultured
with CD19-expressing Raji or K562-CD19 cells (Fig. 4B).
This cytokine release was dependent on CAR given that
non-transduced T cells failed to release cytokines in the
presence of CD19 positive cells. Furthermore, the amount
of cytokines released by LAG-3 knockout CAR-T cells is
similar to standard CAR-T cells (Fig. 4B). In cytotoxicity
assay, LAG-3 knockout CAR-T cells showed CAR-
dependent lysis of CD19 tumor targets (Fig. 4C). These
results indicate that CAR-T cells with LAG-3 disruption
maintain antitumor activity equivalent to standard CAR-T
cells.

LAG-3 knockout CD19 CAR-T cells eradicate tumor in
murine xenograft model

To further evaluate the antitumor function of the LAG-3
knockout CAR-T cells, we employed Raji-filuc lymphoma
xenograft models. Except for one mouse (likely due to
technical error) in CAR-T treated group, tumor size was
substantially smaller in all mice treated with standard
CAR-T cells and LAG-3 knockout CAR-T cells, whereas
progressive tumor growth was observed in the control
group of mice treated with un-modified T cells or PBS
(Fig. 5A and 5B). The survival of mice that received LAG-
3 knockout and standard CAR-T cells is also longer
(Fig. 5C). The tumor burden of mice treated with standard
CAR-T and LAG-3 knockout CAR-T was similar, indicat-
ing that CAR-T cells with and without LAG-3 disruption
have similar antitumor efficacy in this Raji-ffluc lymphoma
murine xenograft model.

To evaluate the engraftment of CAR-T cells in vivo, we
sacrificed one of the LAG-3 knockout CAR-T cells treated
mice 71 days after treatment, and no tumor was detectable.
The peripheral blood, peritoneal wash fluid, and spleen
cells were collected, and human T cells and CAR-T cells
were detected using flow cytometry. As shown in Fig. S1,
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extremely limited human T and CAR-T cells were found in
mouse peripheral blood, whereas some human T and CAR-
T cells exist in the peritoneal cavity and spleen, indicating
that these cells can achieve long-term engraftment in vivo.

Discussion

With a complete response rate of 70%—90% [2—4], CAR-T
therapy offers an effective treatment for B cell acute
lymphoblastic leukemia. Building on this success, efforts
are ongoing to extend it toward the treatment of solid
tumors; however, the clinical response is extremely limited
[1]. Recent studies suggest that CAR-T cells and
endogenous T cells are likely to suffer the loss of cytotoxic
functionality in immunosuppressive tumor microenviron-
ment [6]. Strategies that improve the efficacy of CAR-T
cells, by preventing the negative regulation of effector
functions mediated by the immunosuppressive tumor

microenvironment, are critical for solid tumor immu-
notherapy. The well-known features and functions of LAG-
3 allow it to be an attractive target for immune modulation.

To this end, we described, for the first time, the
disrupting LAG-3 expression in human primary T cells
and CAR-T cells using CRISPR-Cas9 system. We
demonstrate that the delivery of CRISPR-Cas9 system
via electroporation provides an efficient platform to
knockout LAG-3 in T and CAR-T cells. Different from
in vivo study using mouse model [22], we did not find any
significant difference in the cell expansion rate between
LAG-3 knockout cells and control cells. In addition, the
LAG-3 knockout CAR-T cells were not adversely affected
by the electroporation process and were rich in central
memory subtype. LAG-3 knockout CAR-T cells main-
tained their antigen-specific cytokine release and antitumor
potency in vitro and in vivo.

Previous studies demonstrated that the blockade of
LAG-3 by monoclonal antibody enhanced cytokine release
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and cytoxicity in vivo and in vitro [9,16—18]. The present
study did not find a positive effect on CAR-T effector
function following LAG-3 disruption. One possibility is
that our murine tumor model does not recapitulate primary
tumor immunosuppressive environment. Therefore, LAG-
3-disrupted CAR-T cells do not show advantage of
resisting T cell exhaustion. In addition, LAG-3 and PD-1
work in a synergetic manner; thus, only blocking LAG-3
function might not be sufficient to show superior efficacy
[25]. Therefore, future efforts are required to explore PD-1
and LAG-3 double knockout CAR-T cells, which are
evaluated in a murine model with better TME setup, such
as PDX model. We only achieved ~70% LAG-3 knockout
efficiency; thus, the remaining 30% WT cells might also
affect the functional evaluations.

In conclusion, we established a CRISPR-Cas9-based
method for highly efficient disruption of LAG-3 in human
primary T cells and CAR-T cells. While the potential
advantages of LAG-3 knockout CAR-T cells require
further study, using gene editing to silence immune
check points promises to improve the efficacy of CAR-T
cells treating solid tumors.
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