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Abstract: Signal peptides (SP) are involved in regulating the secretion level and transmembrane
translocation of chimeric antigen receptors (CAR), which is crucial for CAR-T cells. This study
aimed to optimize the SP sequence by site-directed mutagenesis and investigate its impact on
the killing function of CD19-CAR-T. Firstly, CAR vectors targeting CD19 containing wild-type
SP (SP-wtY) or two mutant SP (SP-muK or SP-muR) were constructed using gene synthesis and
molecular cloning techniques. The successfully constructed vector was packaged with
lentivirus, and T cells were infected. The transfection efficiency of T cells was detected by flow
cytometry, while the killing effect on target cells was assessed using the calcein release method.
The secretion levels of cytokines interferon-y (IFN-y) and interferon-o (TNF-0) were measured
using enzyme linked immunosorbent assay (ELISA). The results showed that successful
construction of recombinant lentivirus plasmids with wild type and signal peptide mutation.
After the transferring the lentivirus into T cells, the transfection efficiency of CD19-CAR
carrying three signal peptides (SP-wtY, SP-muK, or SP-muR) were 33.9%, 35.5%, and 36.8%,
respectively. Further killing assay showed that the tumor-killing effect of SP-muR cells was
significantly higher than that of SP-muK and SP-wtY cells. When the ratio of effector to target
was 10:1, the secretion levels of cytokines IFN-y and TNF-a of CAR-T cells of the SP-muR
group were significantly higher than those in SP-muK and SP-wtY groups. In summary, this
study revealed that increasing the N-terminal positive charge of the signal peptide can improve
the expression efficiency of CAR and promote the killing of CD19" target cells. These findings
provide a scientific basis the optimization and clinical application of CAR structure.

Keywords: point mutation; signal peptide; chimeric antigen receptor; CD19-CAR-T cells;
killing tumor in vitro; cytokines
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Hh, S ST 25 G B Y B v BT IA A B T
A% | Bt (single-chain variable fragment, scFv)/&
CAR JfAMAS RS ) B EEA B 73, scFv i N 3
5 — B Y 25-30 ANEIERRINE S KT 51
(signal peptide, SP), X} CAR JEHMFRIL . &
W E 2GR G, SP RS AL
P CAR-T A AE A B E T B

RlEEZABERIXT SP ESHBTE LB, 0T SP
S (N ) L i 22 B R B /K DX A B e Ay 1)
T E KBRS 1, R R P BT Ay
WKPE, Huang SEF5E M, Sl {55 kY 05k
PRISEE B K, BB 125 P o HARER FI0 e
BB R EA , W] DUB SO BB (IE LA,
) P EE R R PR Y, BT, TR
SRS IR N S ) 1E A A R KA O BE fid g
FS AR CAR 7 T AR E30RReR, i
— R CAR-T (IR S T T

¥R B 4HfEkR &Y CD19 (1 CAR-T 4H Y
e A 358 E Sl s X 22 70 M VR 2R 9 A P e g )
WIS oy &, AL FE Pk b B a1 I (acute
lymphoblastic leukemia, ALL)®"0 1844 ihk B 41 ify
[ .5 (chronic lymphocytic leukemia, CLL)!'""'
A1 AE 28 41 4 Wk B 98 (non-Hodgkin lymphoma,
NHL)! ¥, {0 CAR-T Y7 5 52 MR 2 iR i A
P BRI, ABESEIFISE CAR S5 ik i
HOIA R, FIFHRE RORASEOAR, RS A R 4 o
Ki SP-wtY-CD19-CAR HYJER E, ## 2 Fi {55
JIK N i 1 FL £ 5 B AR B SO, BIFSY SP 4
AL CAR 1 T IR I ZRIAB 0, HE—
AR R HX CAR-T AR RERYTRHEAE A

1 MR5r%

1.1 £
1.1.1  ZHpakk

AB5E i R 40 3= 4% HEK293T . K562,
NALM-6, ¥ F 3 = 5 F O8 58K 1 o0 (American
Type Culture Collection, ATCC), FaEidZik CD19

&: 010-64807509

PUR K562 il 52 (K562-CD19) i il A ik 4
YIRHE AT B RIS A, KA B Bz A 40 i
(DH5o) [ B M EPAE R AT BR A H]
1.1.2 EZERF

MR RE R IR H A pTK-Kan itk k4=
YIRLH A BRI, 3 180 1 0 2 Bk
pMDLg/pRRE . pRSV-Rev . pMD2.G ¥y A
Addgene 23], Jio 4 G 6 A [T &
YA Axygen A, 4 IR & AL 15
DMEM #5350 . RPMI1640 15 5E . A4 i
(fetal bovine serum, FBS)HIfif (trypsin-EDTA,
0.25%)¥M H Gibco ANFl, 7-HIEMLHE D
(7-aminoactinomycin D, 7-AAD)I{ | H BD
Bioscience 7\ H), CD19 %5 [1$1 5l (PE-Labeled
Human CD19 Protein)l B b5 A % 3£ 404 Wik
FARA A, FEa R | _EgbTH T AR
HIRAR], NTHLE-y (interferon-y, IFN-y)Fl T
#t & -a (interferon-a, TNF-a) ELISA i 7| &
(96-test)l Tk B A WRH A BR ARl . A5
T U5 B 05 1 406 1 B I 387 o 1k DO R A R
HARAF M.
1.2 ESHFIE R RTA kR

AHFFEEPER SP PSR A [ 4 K -2
(interleukin-2, IL-2) (human), H:¥Ef4:% SP 54
1 : 5'-ATGTACAGGATGCAACTCCTGTCTTGC
ATTGCACTAAGTCTTGCACTTGTCACAAAC
AGT-3", XN Gt HE R 7518 : MYRMQLL
SCIALSLALVTNS!!, TIN5 S K N 356K
IEHLTEL, AITEE S AKAY N 565 A 1IE HL faf Y
BSFIPa. BRI, ARFERRTEE S I N uhr
Pi% SR (Y )AL AT 98748, FFask B 1E Ha oy A AR 1
GRS 24 2 (KBRS 2R (R)VE Ry 5848 2 LR
K2R R M TTR T ST LA AGG. AGA .
CGU. CGC. CGA I CCG F/n, TMtfisa i (K)
TR TR 51l AAA Fl AAG . A BIF5T fie &
WEHE T AAA F1 AGA 1ERAEFH,  LASE
IR (K) AR 2R (R E R AR (F 1)
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*1 HERMER/RLTE SP FIIER
Table 1 The SP information of wild-type and
site-directed mutated sequences

SP amino acid sequence
MYRMQLLSCIALSLALVTNS
SP mutation 1 (SP-muK) MKRMQLLSCIALSLALVTNS

SP mutation 2 (SP-muR) MRRMQLLSCIALSLALVTNS
The bold and underlined letters showed the wild-type and
mutated amino acids.

1.3 HFEEFEAWEFFERMRTRE
S RkAY pTK-CD19-CAR ik

#1514 F-muK., F-muR 235 5] AL %
A IS 9, CAR-R RILF RS9, Ak
WEMMNC R E S AR SP K
SP-wtY-CD19-CAR #ff, AWF5E7E LAY I,
A3 MEFH E3514 F-muK ., F-muR F1 R {549
CAR-R (& )itk PCR ¥, 345 T &4
SP Z7F 1 (SP-muK)Al SP Z&7F 2 (SP-muR)AY
CD19-CAR Jy B, HoAFA M B RIEE . L
BamH TF1 EcoR TR il 1k B U1 o7 ssi A Ry w e
A7, ) 7] 5 8 20 B A v b 22 18 5 3R 08
AR pTK-Kan I, FAb/E Pkt R isvE HE 1T V%
PCR. AUEFVI%E, RIBFHEATI0T, B 007 IE 6
B TR PR AT, I 30 5 B B8 Ui R 15 5
SP-muK Fl1 SP-muR ] CD19-CAR i Btiy H 2k
&, Bl SP-muK-CD19-CAR #I SP-muR-CD19-
CAR, HIT/EEmEmertide,
1.4 ZApEEESF

K562 408 & . K562-CD19 40 Jifd & DL &%
NALM-6 4 jfi & #4558 T & 10% FBS 1Y
RPMI-1640 H57# 5, HEK293T i g ffi F %
10% FBS 1) DMEM R FRBL b AT Rpgi i 95 s T

Type of signal petide
SP-wtY

*2 SPESHEREESRZH PCR 5|4

JRAC T U8 %, AR5 (0 B 6 e il i
TexMACS™ GMP }iF=5(f1 7% 1 000 U/mL IL2 .
1:1 000 [ HL % B 1 mol/L i HEPES A1 1:1 000
WA A BERG) , TESEFR R, WA
FRLPR 785 K Az K 5 A 2 2 7 I 7 BB 40 ik 1
FRIL, [ A0 P AR AR (2—-3)%10° cells/mL 2
], JIE] S i SR AOUEE 0 BRI s AR KRS LA
TR A0 BT A SR AR Th RS IR B R
A%k 37 °CHI 5% CO,.
1.5 BREeR. REREFHUNE

TE 705375 1818 I w5 00 R 3038 I fifi 22 4k
FIREAE b, PRI R RGECE —AUIEE e
R )RBUB W RER . AL, B 4 DRk
pMDLg/pRRE . pRSV-Rev . pMD2.G Al
pTK-CD19-CAR LA 12:10:6:5 By5EGL o, s xd
R £ J% W & (polyethylenimine, PEI) 3L ¥4 4t %
HEK293T ZHffih, Keih g fm i 4nif & T CO, 4
MUBsFRFE TP ARSEREFE 72 h e, OISR R
W, RJE, SRRSO SRR R R AR
% 5 5 1 i DU R A 2 SRk HEK 293 T 4 i i
17, B 5%10° cells/well [25E7E 6 fLAT
Fr7 HEK293T 4iiffl, FraiffiAd 2 70% 400,
LRSI 0.5, 1. 2. 5. 10 uL AR EEHk
GEW, TRIB N A LM 5 pg/mL 119 R EE MK
(polybrene), JREEEYL 72 h J5, FIFH CD19 $i)5ix
#](PE-Labeled Human CD19 Protein) 5 /84L J 41
AL, 38 g A ARG I e 4 e B
TR BT T AL . A R e U s
JEWE 2 M PATER, R ER 3K,

Table 2 PCR primers for site-directed mutagenesis of SP signal peptide gene

Name of primer Sequence (5'—3")

F-muK GGATCTATTTCCGGTGAATTCGCCACCATGAAAAGGATGCAACTCCTGTCTTGC
F-muR GGATCTATTTCCGGTGAATTCGCCACCATGAGAAGGATGCAACTCCTGTCTTGC
CAR-R GGGAGGGAGAGGGGCGGATCCTTAGCGAGGGGGCAGGGCC

http://journals.im.ac.cn/cjben
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1.6 BT8R EESHE CD19-CAR-T 4

RANEFERAR T A2 1624 h 5, Ui
1 L R OO 4 L 28, AR S B A Y T 4
Boir, (RS W A O o Bl S fLkh
TE IR 17 B YL 5 B (multiplicity of infection, MOI)
5 BAIET, KA CD19-CAR 45H4 (5 %
W A5 RS MO A B R, R A
polybrene i LR ZKk B iR F 5 ng/mL, B f5 K<
fLAREF 37 °C. 5% CO, Aiffukz =46, W&
4 hJ5, 3T T MESEFREE, (i CAR-T 4%
AT 1x10°-3%10° cells/mL Z [a] 45411555 .
1.7 RINZAREARIN CD19-CAR-T 4HAEAY
BESWE

F TR ALK CD19-CAR £ T 4l
KM FRIREN, IR T 6d 5, B
5x10° 4~ CAR-T 41 Fii =N b . B, mas
A 1-2 mL A9 28 P (75 PBS F1 FBS),
FEATRA))E L 300xg B S min, %A REE 2 1K,
% R 7B/ N U i [TV S O TR R N
G P R R 2 A, T ET 4 °Cikbl
JHE 30 min, ANA 1-2 mL 28 MRk,
300xg B§.0» 5 min, KR LW, EEPEER 2 KF,
FEAIA 2 uL () 7-AAD HA(1:100) LUK 4H A5
OB AT R T 0.2 mL AR ZE i R,
7E 3 h AP EALEA T =k
1.8 $EEFEBHCERN CD19-CAR-T 4
BRI R AR T BE

5B o RO R PRl CAR-T 4 L%t
i 2% 1 A P 0 B A0 5 1 o el 1 P — i
KOO FS LR AM (calcein-AM), S
XoF e A2 B A BRI, AR A e S RGN 2 e
B ARSI 5 58 B o AR5 80 A L 4331
3 ' CAR-T 4l fifi(SP-wtY-CD19, SP-muR-CD19,
SP-muK-CD19), [AEf, #E#E CD19 Hile &R
ik NALM-6 #il K562-CD19 (CD19 % & 3 %

&: 010-64807509

IS ZR) A PP FE A, A #EIs CD19 1Y
K562 4 R FAEXT REAL . 275, W4 dlp i
LA T calcein-AM ARid 5 , BEFLINA S BN
1x10° cells/mL AY4HME 100 pL T 96 FLANMIRE 5
M, SRJG, ¥ CAR-T SN ZHpalL 25:1. 5:1
FU L1 FRRCHE B A3 S A B i R TR
Horp, FHM REZH P I A R M 2, B
STRAZ R PBS, &HHE 4 NEFL, 7E
37 CCHMMEIRFRAR NG T 3 h e, F 3L & g i s
TG R TSRS B R RO, I
FRRIC S s B K 96 FLARTE R TR T 700xg .0
10 min, {VERFLAY IR Z 0 96 LAk,
TR CI K 485/20 nm., R HHEK 530/25 nm
ISEERMT , RS U DB
%, CAR-T HffLARSN A 6E TR FH A 240 i
Pt E o R, AT - I 4R A
EE 2R (Yo )=( 52 50 2H 5 S — 9 14 %o HE 21 5 S )/
(e KRB DS~ BAPE X R L ¢ BB < 100%,
TEABIFE A 4 AT AL, %L E
K3,
1.9 BB % & I Mt i3 3& (enzyme linked
immunosorbent assay, ELISA) #&
CD19-CAR-T FYZRBEEF 53 b7k

IFN-y Fll TNF-a J& 2 8 KIS CAR-T
LTS TE D RE A B AR bR o FEARSEIR T, 43 E
5x10° ASPHYESE 408 NALM-6 A1 BH 4 42 40 ity
K562 #EA0T 96 LA, I3 A A 48 1) L
s R R, LSS IAFRYS 100 uL. 2R
o, HHMESERECN 10:1 BSE, 16 FRSEIe
Bt BRI 5% 1044~ T 4 sk 3 FoR TR (55
Ik CD19-CAR-T #iiffd, HEMNFEAM 3 R AL,
¥ 96 FLARE F 37 CANMERE FRAH HIEE 24 ho 8k
J5, 96 FLARAEH IR 700 g/min &5.0> 10 min,
AR 100 pL 5, 5 ELISA 5] &bl i 545
YERI W P T3 FE -y (interferon-y, IFN-y)All
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T E -a (interferon-a, TNF-o) A8 437K -, K55k
B S LB A B R P AE 450 nm K AL
) 62 8 (optical density, OD). ULAh, #4f
N & BB RV EPR HE T £& , 1T T 40 i
DAL 1 23 WA K P
1.10 BUEESHh

AT B s g M 4 ) 22 5 o i ok
GraphPad Prism 8.0.1 #4588, IR EHRE
FIEEAPRE IR (X £ 5)%on, dHIA) ) B P 2 A
KA Student’s t #3560, *. P<0.05 m**. P<0.01
I3 BN B B A2 S

2 HZRE5OM

2.1 MIN#iE SP-muK-CD19-CAR FA SP-
muR-CD19-CAR =40 %

R R G AR, RS B B AR T
SP [ Bty CAR J7 41, 4 Hiig 4424 SP-wtY-CD19-
CAR, RJ5, FIHBITE S R4 L5
F-muK = F-muR, 435 F #5514 CAR-R FCxf

A B
bp bp
5000 5000
3 000 3 000
2 000
2000 1 500
1500 1 928
1 000
750 500
500 250
250 100
100

(% 2), PCR ¥ 381535427 SP-muK 5 SP-muR
) CD19-CAR F Bt (8 1A), BEW Ik 45 R B on
PR 1593 bp, FHE TN RIS KRB
PR SHHE , A B BamH TR EcoR DRUAFYIH A,
B TR IR B pTK-Kan V)% R EHIA,
ZERNE B i, WY Bos et ik ik B Bk
/N 10 205 bp, SIS R —F, Xz Bt
171 TS

Wm0 45 #) ) SP-muK-CD19-CAR #
SP-muR-CD19-CAR B4l F e vk g AR ik 1 7
FRELL . 5 k. WY& PCR ROWEYI %2, [H]
A A5 0 B8, 4 1 A 1) E 4 O 4R S TR A
. WS Eg L mE 1C s, BT
CD19-CAR /3 T H4E VH J74H &4 BamH 1
MU0, Rk, BV BT 0L A RN Bk
1 052bp #1541 bp M9 | Bt , 5IF 51 Brds S —3.
Ak, R T e AT IIGEE, A
Wk 2 AEAEIAK SP-muK-CD19-CAR Al
SP-muR-CD19-CAR #EATillFy, Z55 a0/ 2A.

bp

5000
3000

2000
1500

1 000
750

500

1 052 bp

4 —

541 bp
250
100

1 PCR X pTK-Kan kN EGYILZE RFAWEGY] 4L B KER

Figure 1

Double digestion of the PCR products and pTK-Kan vector and the associated electrophoresis

diagram. 1: Marker; 2—3: CD19-CAR PCR amplification fragments containing SP-muK and SP-muR,

respectively; 4-5: pTK-Kan vector double

enzyme

fragment; 6—7: SP-muK-CD19-CAR and

SP-muR-CD19-CAR recombinant lentiviral expression vectors were double digested to verify the bands.
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A

Al(m(}(‘)AIGCAAC1CIDIGI(‘.I TGCATTGCACTAAGTCTTGCACTTGTCACAAACAGT

2 RTRNFSHE

Figure 2 The sequencing diagram analyzing the mutation site. A: SP-muK sequencing analysis diagram. B:

SP-muR sequencing analysis diagram.

2B i, M EETCAE, AT S5
i+, %M SP-muK-CD19-CAR #1 SP-muR-CD19-
CAR 41 TRy B
2.2 AXIN#IE SP-wtY. SP-muK #1 SP-muR
BiRE

KU kL 2R 58 N A 8 5E , SR 5
T BEE AN F RN R RS BE (0.2 0.5, 1 pL)
YL 293T AU, DA e 1 15 PR B2 o AR I
2 A L A G 0 45 R R, e B R AN I =

A

0.5 puL B35 SP-wtY , SP-muK I SP-muR AY1E
TR . W 3A 7R, 3 RS EE(SP-wtY .
SP-muK . SP-muR)HE YL80% 508 33.9% .
35.5%.36.8%, & M4 SP-muK [(3.6+£0.10)x
10 TU/mL]AI SP-muR [(3.8+0.13)x10° TU/mL]
1 5 BE IO R T HFAE Y SP-wtY 4
[(3.2£0.14)x10° TU/mL] (& 3B, P<0.05). Hiit
AU, 3B REE e, H 2 MES AR
AR 2H AT A v TR AR A

B * :
- " - Ax10° * —ISP-wtY-CD19
k . e e <o ESP-muK-CD19
800 K 800 K 800 K E ol T = SP-muR-CD19
= 600K 600 K 600 K E3X i
U S
2 [400K 400 K 400 K B2x10° -
200 K 200K 200K =
z
= 1x10% |
107 107 10° 101 105 10° 10" 102 10° 10* 105 10° 10" 102 10° 10* 10° 10° "5
SP-wtY-CD19 SP-muK-CD19 SP-muR-CD19 < 0
CD19-CAR

3 BREHIELIEHEN

Figure 3 Lentivirus production and titer detection. A: The CDI19-CAR expression on HEK-293T cells
transfected by three different lentivirus. B: Activity titers of three lentiviruses. *: P<0.05.
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23 ENENESIAEEA CD19-CARTET 4
ah RS W E

Ay A B AR R 2 Fha AR RS SRk
PSR R T ANM)S, a3 A A A
CD19-CAR 7£ T #MIRIAINZE, RIS SRR, 45
WK, 3 HMEEE(SP-wtY . SP-muK. SP-muR)
UL T BRIk CD19-CAR Y L1235 K
(21.43£0.87)%. (26.03+1.00)%. (30.33+1.25)% (/&
4A | 4B), HZHAN R E ST SP-wtY 41(P<0.01).
AN, BHE—434 T8 3 FiME 5K CD19-CAR
TE T MR I FA M P340 (8] 4C), 45
H75%, SP-muK-CD19 il SP-muR-CD19 7EZH iU i
) 225 | 2 % = T SP-wtY-CD19 41l fifg 41
(P<0.01), ULHAfF S IRAREbERERERR T
AMMEIIEE YR, HE5R CD19-CAR KLk,

2.4 A[EEAH CD19-CAR-T X EELE
SV e A

T HRSMEST CAR-T 4HMLI A G5 06E, @
i A A ARAS I e A A A CD19 koK
S, ZERANE SA Fran, KS562-CD19 41
CD19 WFEik%E N 99.5%, H NALM-6 4N
99.3%, AIENARGGII R HIERE AR ; SR,
K562 4ifiify CD19 PHA IR HAH 0.3%, AlfE
kg BF 2 S 240

TE KN 20 A5 #0400 B B L B4 A 2501
5:1. L1 WS T T AS i S R BSR4
N, R 25:1 19 3 A AN & RS ¢
HRARZE R BN, SRORT i BE, R G5
NV N T s & N U R = G B S E
SP-muR-CD19 H A& H/EH B # (& 5B).

2wl - T e £ SP-muK-CD19
R4 - o) L. 3k
3 =3 == SP-muR-CD19 8000 S —
2} ——
7] —
s - e
2 < 4000 -
g 10
B 2 000 -
E
— 0 0
800K 800 K 800 K |-
— | 600K | 600 K | 600 K
&)
L (400K ¢ 400 K | 400 K -
200K | 200K | 200K -
10" 10 10° 10* 10° 10¢ 10" 10* 10° 10* 10° 10¢ 10" 10* 10° 10* 10° 10°
SP-wtY-CD19 SP-muK-CD19 SP-muR-CD19
CD19-CAR

4 =7Fh CD19-CAR 7 F7 T AP AIGELE

Figure 4 Transfection efficiency of three CD19-CAR molecules in T cells. A: Expression efficiency of
CD19-CAR molecules in T cells of three different groups. B: The expression efficiency of CD19-CAR in T
cells was detected by flow cytometry. C: Average fluorescence intensity of CD19-CAR expression with three
different signal peptides on T cell membrane surface. **: P<0.01.
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Figure 5 Killing effects of three kinds of CD19-CAR-T cells on CD19 positive target cells. A: The surface
expression of CD19 in K562, K562-CD19, and NALM-6 cells was detected by flow cytometry. B: Fluorescence
detection of three CD19-CAR-T cells on NALM-6 cell cytotoxicity. Scale bar: 100 pm. C: Detection of
cytotoxicity of three CD19-CAR-T cells on K562, K562-CD19, and NALM-6 cells by calcein-AM release

assay. *: P<0.05, **: P<0.01.
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TNF-a from three groups was detected by ELISA. *: P<0.05, **: P<(.01.
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