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CRISPR/Cas9-mediated knockout 2
of intracellular molecule SHP-1 enhances
tumor-killing ability of CD133-targeted CART

cells in vitro
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Abstract

CART cell therapy has been successfully used in the treatment of hematological malignancies, and the strategy
that deletion of inhibitory receptor on the CAR T cell surface, such as PD-1, greatly enhance the antitumor effects.
Here, we describe a one-step electroporation for the co-transfection of Cas9:sgRNA and CAR plasmids on primary
T cells to demonstrate the effect of SHP-1 deletion in CART cells. By using PiggyBac Transposase system, we can
achieve more than 90% of T cells express CAR gene and nearly 60% SHP-1 knockout efficiency in T cells. We show
that knockout of SHP-1 in CD133 CART cells resulted in significantly improve the cytolysis effect on CD133 positive
glioma cell lines. We further demonstrate that the enhanced antitumor efficacy of SHP-1 deletion is due to the
increased release of TNF-q, IL-2 and IFN-y in vitro. Finally, we evaluated the biosafety of Cas9 genome editing and
did not find any insertions of Cas9 and obvious editing in off-target sites in CAR T cells. These data provide an
approach for achieving both intracellular inhibitory molecule, SHP-1 deletion and CD133 CAR gene over-expression
in human T cells. And SHP-1 could be a new potential target for adoptive CAR T cells immunotherapy.
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To the editor

SHP-1, encoded by the PTPN6 gene, is a widely expressed
inhibitory protein tyrosine phosphatase and is the most
studied phosphatase in T cells [1]. Numerous studies
have shown that SHP-1 plays a negative regulatory role
during the activation and proliferation of antigen-depen-
dent T cells [2]. Specific knockout of SHP-1 in T cells has
been found in both blood and solid tumor mouse models
to increase activation of T cells [3, 4], which confirmed
that knockout of SHP-1 significantly improves the ability
of T cells to kill tumor cells [5, 6]. Here, we used one step
electroporation for the co-transfection of Cas9:sgRNA
and CAR expression plasmids on primary T cells to
demonstrate the effect of SHP-1 deletion in CAR T cells
(Fig. 1A). First, we confirmed our optimized protocol
for efficient knockout SHP-1 and expression of CAR on
T cells from all three donors in one reaction (Supple-
mentary Fig. 1A-1G) [7]. Next, to investigate the effect
of SHP-1 knockout on CD133 CAR T cells function, we
constructed human glioblastoma cell line (U251) that
overexpressed CD133 antigen as a target cell (Fig. 1B).
We co-cultured the WT and SHP-1 knockout CAR T
cells with the target cells, and the killing effect of SHP-1
knockout CAR T cell was increased by nearly 40% com-
pared with WT CAR T cells (Fig. 1C and D). Further-
more, we also measured the killing effect of CAR T cells
on non-target cells, U251 without CD133 transfection
(U251), and the results shown that CD133 CAR T had no
killing effect on the U251 cells (Fig. 1D). After tumor cell
co-culture, CD107a expression was increased on CAR
T cells with SHP-1 knockout compared to WT controls
(Fig. 1E). Moreover, a marked increase in IL-2, TNEF-
a, and IFN-y was observed in SHP-1-deletion CD133
CAR T cells (Fig. 1F H). We also found that the propor-
tion, activation and differentiation of CD133 CAR T cells
with SHP-1 deletion were not altered (Supplementary
Fig. 2A-2 H). These data indicate that enhanced cytotox-
icity of CD133 CAR T cells with SHP-1 knockout is par-
tially due to the elevation of cytokine releasing.

Next, we measured the tumor killing ability of CD133
CARTT cells with or without SHP-1 deletion using immu-
nodeficiency NPG mice with overexpressing CD133 and
luciferase U251 tumor cell (U251-CD133-luc) transplan-
tation. The first day of CAR T cell injection was defined
as Dayl, and CAR T cells were injected at Dayl, Day8,
Dayll and Dayl8 respectively (Fig. 2A). As shown in
Fig. 2B, tumors grew more slowly in mice receiving
SHP-1 knockout CAR T cell therapy than in the non-
knockout group. We further found that all mice showed
significantly less body weight loss at day 10 after the
CAR T cell transferred. Correspondingly, at Day 20 post
CAR T cell transferred, the body weight started to recov-
ery and increase. There were no significantly difference
of body changes in mice between CD133 CAR T and
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CD133 CAR T with deletion of SHP-1 treatment (Fig. 2C
and D). Similarly, the luciferin values in tumor cells in
mice also showed the same results, with tumors growing
more slowly in mice treated with SHP-1 knockout CAR
T cells than in the non-knockout group (Fig. 2E). In the
end, we preliminarily test the safety of SHP-1 gene edit-
ing by examining the cleavage of CRISPR/Cas9 at poten-
tial off-target sites. At one day of T cell electroporation,
about 36% of CD133 CAR T cells were GFP-positive, and
no GFP-positive cells were detected after 24 days of cul-
ture (Supplementary Fig. 3A). In addition, we selected
the highest-scoring off-target site on the website (www.
crispr.mit.edu) based on the sgRNA sequence targeting
SHP-1 (Supplementary Fig. 3B). PCR product analysis
showed that the electrophoresis band was single, and
there was no difference between the SHP-1 knockout
group and the control group, which indicate that no large
fragments were lost at this site. For T7EN1 digestion
analysis, all band was single and no small fragments of
bands were found, which suggest that there was no oft-
target effect at the corresponding site (Supplementary
Fig. 3C). For more accurately evaluating the off-target
effect of CRISPR editing, GUIDE-Seq will use to test the
safety of SHP-1 editing in future work [8]. Compared
with virus-transduced CAR T cells, very few clinical tri-
als have applied CAR T cells prepared using PiggyBac
system, and more attention needs to be paid on the safety
of novel vector systems in future clinical trials [9].

In conclusion, we describe a one-step electroporation
for CRISPR/Cas9 editing in CAR T cells and further
demonstrate the role of the intracellular molecule SHP-1
in CAR T cell therapy against glioma.


http://www.crispr.mit.edu
http://www.crispr.mit.edu

Liu et al. Experimental Hematology & Oncology (2023) 12:88 Page 3 of 5

A
Day0 Day1 Day2 Day7 Dayl4 Day16 Day24
1 1 1 IL-2 ¥ IL-2 y IL-2 IL-2 . -
- CD3/CD28 . '
l l Dynabeads V Puromycin OKT3  Puromycin
D 7 Feeder cell
isolation Stimulation Screening

@@ Rapid Analysis
%g @ @@ exp?‘nsio 500-600 million
DNA

Electroparation

®
%©@@©

20 miton ©@ © © ©

SHP-1-KO SHP-1-KO
CAR-Tcells  Tcells

Native T cells CAR-T cells

W
(@)

CD133 - = = U251
- U251-CD133 E
300 " \ O
it | 3
] b [ a
200 : || o
oA
1007 ¥ ! | ok
|
J 'I | | f s
e 48
RS 10 10° % é
D % CD133 CAR +U251-CD133
= SHP-1KO CD133CAR+U251-CD133 [
™ CD133 CAR +U251 CD133 CAR SHP-1 KO CD133 CAR
¥ CD3* T+U251-CD133
w0 a2
100 “0s1 428
I 80 * 10*1
T s
B ? S |
o 40 % 8 o 3as
B 54 * 35076 559
o i [ .
“ o 1321 a’o 10’ et o
20 . T T T
1:1 41 81 16:1
Effect: Target
IL-2 TNF-o IFN-y == U251
* - -
250 I_| 8000 i 8000 = H251-£D133
_ 200 ‘ |
— 6000 = 6000
~5150 \E) %)
2 4000 2 4000
100
50 2000 2000
0 . §
S el
R W a0 Es o
SV P N> N N o
\\LO C %_Oo R o
R A Q7
=) f =

Fig. 1 The disruption of SHP-1 enhanced the cytolysis of CART cells in vitro. (A)Optimize the protocol of gene knockout CAR-T cells. (B) U251 cells were
transfected with CD133 cDNA, and CD133 expression on cell surface was evaluated by flow cytometry. (C) The CD133 CART and SHP-1 KO CD133 CAR
T cells were co-cultured with U251-CD133 target cells at the effect-to-target ratios of 1:1, 4:1 and 16:1 respectively, and the survival of target cells were
observed after 16 h. (D) The indicated CAR-T cells and target tumor cells were cocultured for 16 h at the effector-to-target ratios of 1:1, 4:1, 8:1 and 16:1
respectively, and the lysis of target cells were measured. (E) The expression of CD107a on the cell membrane of CD133 CAR-T and SHP-1 KO CD133 CAR
T cells under the stimulation of CD3 antibody were evaluated by flow cytometry. (F)-(H) The supernatant was collected after CD133 CAR-T cells or SHP-1
KO CD133 CART cells were co-cultured with CD133 negative U251 cells (U251) or CD133 positive U251 cells (U251-CD133) for 16 h, and the levels of IL-2
(B), TNFa (F) and INF-y (G) cytokines were determined by ELISA assay. *P < 0.05 or **P < 0.01 indicates a significant difference between the indicated groups
(n=3, two-way ANOVA in D and one-way ANOVA in F, G and H, and Tukey posttest). ns, not significant
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Fig. 2 The disruption of SHP-1 enhanced the cytolysis of CART cells in vivo. (A) Schematic diagram of CAR-T cell therapeutic mouse model construction.
1% 10° target cells (U251-CD133-luc) were seeded subcutaneously on the back of NPG mice. 2x 10° CART cells infusion therapy was performed on Day1,
Day8, Day11, and Day18, respectively, and imaging tracking of tumor sizes were performed every 2-3 days. (B) Tumor size were detected by using in vivo
imaging systems during CART cell treatment. The time point of the first T cell therapy was recorded as Day1, and the tumor growth in mice was recorded
on Day1, Day8, Day11, and Day18, respectively. (C) Body weight were measured in mice treated with CD133 CART cell and SHP-1 KO CD133 CART cells.
(D) Tumor size were evaluated by quantified the areas of luciferase signal. Each curve represents the luminescence signal value of tumor in one mouse.
(E) The mean value of luminescence signal of tumors in mice treated with CD133 CART cells and SHP-1 KO CD133 CART cells were evaluated. **P <0.01
indicates a significant difference between the different time points (n=6, one-way ANOVA in C). *P<0.05 or **P<0.01 indicates a significant difference
between CD133 CART cells and SHP-1 KO CD133 CART cells (=6, one-way ANOVA in E, and Tukey posttest). ns, not significant
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SHP-1 Src homology 2 domain-containing protein tyrosine phosphatase 1
PTPN6 protein tyrosine phosphatase non-receptor type 6

CRISPR  clustered regularly interspaced short palindromic repeats

Cas9 CRISPR-associated protein 9

CAR chimeric antigen receptor
PBMC peripheral blood mononuclear cells
scFv single-chain antibody variable fragment

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/540164-023-00450-x.

[ Supplementary Material 1 ]

Acknowledgements
Not applicable.

Authors’ contributions

Ming Liu and Linlin Zhang performed most of the experiments. Mingtian
Zhong and Yihao Long did the cell culture, flow cytometry and animal
experiments. Wenhui Yang and Ting Liu participated in data analysis and
animal experiments. Ming Liu, Xingxu Huang and Xiaodong Ma designed and


https://doi.org/10.1186/s40164-023-00450-x
https://doi.org/10.1186/s40164-023-00450-x

Liu et al. Experimental Hematology & Oncology (2023) 12:88

wrote the manuscript. All authors reviewed the manuscript and approved the
submission.

Funding

This study was supported by a grant from the National Natural Science
Foundation of China (82072697, 82270065), the Key Research Project of
Zhejiang Lab (2021PEOACOQ6), the Natural Science Foundation of Guangdong
Province of China (2020A1515011384), the Science and Technology Program
of Guangzhou, China (202102010371), and the State Key Laboratory of
Respiratory Disease - The open project (SKLRD-OP-202101; SKLRD-Z-202010).

Data Availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All mouse experiments were performed and approved by the Institutional
Animal Care and Use Committee (IACUC) of The First Affiliated Hospital of
Guangzhou Medical University. Written informed consent was obtained from
healthy human donors, and the study was approved by the Institutional
Review Boards at the The First Affiliated Hospital of Guangzhou Medical
University.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 26 May 2023 / Accepted: 23 September 2023
Published online: 06 October 2023

Page 5 of 5

References

1. Lorenz U.SHP-1 and SHP-2inT cells: two phosphatases functioning at many
levels. Immunol Rev. 2009;228(1):342-59.

2. Watson HA, Wehenkel S, Matthews J, Ager A. SHP-1: the next checkpoint
target for cancer immunotherapy? Biochem Soc Trans. 2016;44(2):356-62.

3. Stromnes IM, Fowler C, Casamina CC, Georgopolos CM, McAfee MS, Schmitt
TM, et al. Abrogation of SRC homology region 2 domain-containing phos-
phatase 1 in tumor-specific T cells improves efficacy of adoptive immuno-
therapy by enhancing the effector function and accumulation of short-lived
effector T cells in vivo. J Immunol. 2012;189(4):1812-25.

4. Paster W, Bruger AM, Katsch K, Grégoire C, Roncagalli R, Fu G, et al. A
THEMIS:SHP1 complex promotes T-cell survival. EMBO J. 2015;34(3):393-409.

5. Sun G, Shou P, Du H, Hirabayashi K, Chen Y, Herring LE, et al. THEMIS-SHP1
recruitment by 4-1BB Tunes LCK-Mediated priming of chimeric Antigen
receptor-redirected T cells. Cancer Cell. 2020;37(2):216-. - 25.e6.

6. Brzostek J, Gautam N, Zhao X, Chen EW, Mehta M, Tung DWH, et al. T cell
receptor and cytokine signal integration in CD8* T cells is mediated by the
protein Themis. Nat Immunol. 2020;21(2):186-98.

7. HuB,ZouY, Zhang L, Tang J, Niedermann G, Firat E, et al. Nucleofection
with plasmid DNA for CRISPR/Cas9-Mediated inactivation of programmed
cell death protein 1in CD133-Specific CART cells. Hum Gene Ther.
2019;30(4):446-58.

8. Tsai SQ Zheng Z, Nguyen NT, Liebers M, Topkar VV, Thapar V, et al. GUIDE-seq
enables genome-wide profiling of off-target cleavage by CRISPR-Cas nucle-
ases. Nat Biotechnol. 2015;33(2):187-97.

9. Micklethwaite KP, Gowrishankar K, Gloss BS, Li Z, Street JA, Moezzi L,
et al. Investigation of product-derived lymphoma following infusion
of piggybac-modified CD19 chimeric antigen receptor T cells. Blood.
2021;138(16):1391-05.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿CRISPR/Cas9-mediated knockout of intracellular molecule SHP-1 enhances tumor-killing ability of CD133-targeted CAR T cells in vitro
	﻿Abstract
	﻿To the editor
	﻿References


