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[Abstract] Objective To construct a PAEH/PEG DA hydrogel sustained-release system containing combined Pseudomonas
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aeruginosa (PA) outer membrane protein F (OprF) and Pseudomonas V antigen (PcrV) gene DNA vaccine, and evaluate the in vivo
The PAEH/PEG DA hydrogel containing combined PA DNA vaccine was prepared

with a simple mixing method. The gelation time was tested, and the cytotoxicity (DC 2.4), degradation and cumulative release

immune efficacy of the system. Methods

rate in vitro of the hydrogel were evaluated. Nine mice were randomly divided into 3 groups (3 each): 30 min group, 2 d group and
7 d group, the in vivo degradability and security of the hydrogel were evaluated by gelation volume changes at the injection site and
histopathological sections of the skin, respectively. Eighteen mice were randomly divided into 6 groups (3 each): control group (PBS),
hydrogel group (Gel), En/pVAX1-OprF group (O), En/pVAX1-PcrV group (P), En/(pVAX1-OprF+pVAX1-PcrV) group (OP), and
hydrogel + En/(pVAX1-OprF+pVAX1-PcrV) group (GOP). Mice were immunized 3 times with a 10-day interval, then sacrificed 2
weeks after last immunization. The levels of serum specific IgG antibody, splenic lymphocyte stimulation index (SI) and interferon-y
(IFN-7y) in the supernatant of splenic lymphocytes were detected. Results The PAEH/PEG DA hydrogel sustained-release system
required only about 30 min to form a gelation state. There was no significant toxicity to DC 2.4 cells in vitro, and approximately 85%
of plasmid DNA was released after 36 hours of in vitro release. The degradation time of the hydrogel was nearly the same in vitro and
in vivo. It could be almost completely degraded in about 7 days, and had good in vivo biodegradability and biosafety. The results of
in vivo immune test showed that, compared with PBS group, no significant changes existed in the levels of specific IgG antibodies,
splenic lymphocyte SI and IFN-vy in the Gel group (P>0.05). Compared with the corresponding DNA vaccine groups (O group or
P group) and PBS group, the specific IgG antibody levels, spleen lymphocyte SI and IFN-y level increased obviously in OP group
and GOP group (P<0.05, P<0.01). While compared with OP group, the levels of specific IgG antibodies, splenic lymphocyte SI and
IFN-v increased markedly in GOP group (P<0.0S, P<0.01). Conclusion The PAEH/PEG DA hydrogel sustained-release systems
containing PA OprE and PcrF gene combined DNA vaccines, which can slowly release the combined DNA vaccine and further
enhance the immune efficacy of combined DNA vaccine, are one of the promising strategies for the development of PA vaccines.

[Key words]  Pseudomonas aeruginosa; hydrogel; combined DNA vaccine; immune efficacy

il SR B B (Pseudomonas aeruginosa, PA)TE
HARA A2, a2 fm 11, R
G AR IE | et 1 ARG, R E ]
fé&%%i“mo PA T e i 245 P4 1 PR 2 4
PERL, I PR IA B — Pk . RAE20174F
WHOJj’jEHﬂﬁTﬁf)“z B A JEPAS A I B D A 14 O B
FW, BETHBIRAHNEZ , RTH R —Fh
17 2 A7 B PAJE B R A Rk — IR o AT K3
PEW . TR LG, DNAKEH A A 5
A AR L RRE T v AN A TR T 30 X
SRS TSRS AL, PASMNIEEE F1F (outer
membrane protein F, OprF) & itEss, 75
B R EERSE, B35 TPAEWIRIE &, 5 PATH
2y KOEAAROG, JEPAE R IR AT Mg e bt It 2
— [T WAL, T PA T RS R BE AR A VAL
(Pseudomonas V antigen, PCIV)ETZ/%%E@ I%i?
sEA, BE IR WEM, ZREZR W
Je Bl S, G G it B PR A W) PATRT - i B2 O
SEULHA R G R, S — R AR A R S
F¥ 2 T A 3 B S ﬂiiﬁﬂﬁéﬂﬁﬁﬁﬁﬁﬁ%ﬁiﬂ
RREAMBEM /R & 1 — 1 [poly(aspartic
acid) derivatives with hydramde functional groups/
poly(ethylene glycol) dialdehyde, PAEH/PEG DAJ]/K
B Y T4, HBEA RIFRRENE . et s
B, Al e — 25 F TPk PO DNAE 1 152
%o AWFFRAERTIARE ] 2 PA OprF DNAYE i i UK
BE R G R 1, BEE T OprERIPerVEE R A

DNAYE , A BRI 1 Al [5] 7 4 OprE M Per VT ¢
DAY 585 A [+ 11 75 U PA R B0 P A 254, W] 42 1
VAN . AR s, NI IR 3 S e G4 i VR
UbAh, BEME B 4 PAEH/PEG DAZKEEIE, DAL
BT 4 52 4 Y (antigen presenting cell, APC)XJHk
& DNAJE B (KR B, #E— 2D 1SR IK & DNA
FERTRIRIERLT ), IR BN TS PARRGL Y H Y

1 MREFE

1.1 MBI REREY L- KA A L
MAMBHEARAF, RO ZBEHICER AL THF
FERT AL, pVAX1-OprFMIpVAX1-PerVE 2 FTFT |
OprFMIPcr VL AR I I LA T A YA BRA Rl IT
AT -80C, /NRUHBE A?Wﬂeﬁtéﬂ]ﬂ’@DC 2.4H A
SEUS ZE R AF, Entranster “-in vivolA PN 5% Jeik 5] (En)
Wa H A ks BAE YA IRA T, Hﬁﬁle{ﬁm’J EHS
1§ VivaCelliE IS 4= VIR A FR A W), RPMI 16404 Jifd
FEREL . CCR-8IAMI & [ 5 IRFEK s AR A R
A, TR KRR & . AN TMBE @
W . ELISAZCIEWIE H AL R R ERHE AR AT,
Ny TP 2 (IFN-y) ELISAT ] & 8 [ F 7T 364
PR AR AR 3-181 2 & B0 0L [ R
o AL #e i 25 B BR N R, Varioskan LUXPFAR{Y .
NanoDropTM one i it 5 A OO EE Il A 36
Thermo/A A, iCEN-24RAIG G 55 38 25 DAL F AT
BERAL IR A R AT . 27 H 6~8 Jil #E SPELR ft J5E i M
BALB/c/NW A H R ER RSB Sht, H



HIFE . YooK AR E PREE RN 2= R 55 — =
BEfeHLZE 01 S HLE[552019(137) 5 ],
1.2 PAEHFIPEG DA%  MRIES% k(12149
7 £ PAEHHIPEG DA, i L- K4 & R 1 4 4
RENA MR REAR, SRIGHEHET 3TN
WL, FFAEVKKIB & R IMAKEDE, =T RN
24h, HENEEE RIS PAEH, il “fij s pub
%" #145PEG DA,
1.3 PAEH/PEG DA/KEER & B, =&
178 43 AR B — 5E fiF 9 Na,HPO , HINaH,P O [ 14 3
K, B THEEdIH,OPEHIpH S.4R R MK R . 4R
J& S BB — 5 (W PAEH FIPEG DARIAK A, ¥
T LR mpiA R, ol BT 534034 R 10% I PAEH
WRMPEG DAV o e Je B b A 19 o s Y A5 AR AR
RAE, TTTHHIMIBRI AT B . S5 22 BT K& TC
FERR UG I 25 0 L e
1.4 %l FPAEH/PEG DAZKEEIEHEE I i 1] (1 I
I ) 3 A e G N K R S 1) i B D . T
Tl 8 7K B I 1 T % &5 pVAX 1 -Per VI 7K B S R b
(pVAX1-PerVJF 40,1 ng/pl) B TEPE N, HiL
BEE2S CHEEAKE ST, HUDEEE R ROIRE
5] B EPAE 30 s J5 1A R AN T 3 A Ry K B i 2 5
SRR AL, 0 53 I A R T R A 7K R ) 4 R st
] o AEAH ) S50 45T 43 S o 3 A
1.5 PAEH/PEG DAKEER AN ST RH
CCK-87E K M DNAJE i pVAX 1-PerVIK BEIE B Ff R 42
B EEE . KD C 2.4 LS x 10*/FL i) % i 42
FhFo6fLM, 165 A 10%6 4 L35 FURPMI 16405
PR R FR AR, FACBRIN E A LR 44 . %R
2 (10 wl PBS) . /KEENRUL(Gel, SA% 7K BE I i B
5 wl+PBS 5 pl). En/pVAX1-PcrVZH (P, En/pVAXI-
PcrV 5 pl+PBS 5 wl) . /KEE +En/pVAX1-PerVAL
(GP, STE/KBEMEH BERS wl+En/pVAX1-PerV 5 pl),
H A En/pVAX1-PerVE A WL 77 12 BEn Ui B 15
(DNA:En=1:2, V:V)., &4HR3NES, 37 C.
5% CO M F oy gi24 . 48 hfmFa = R g 4,
BALIN A CCR-8i& 5 10 wl Az JC IfiL 15 55 35 5290 pl,
37 CHRZEREF 4h, & TEEFR I E 450 nmf K Ab
B 6 (OD)E, T 4IMA7 1% %
1.6 PAEH/PEG DAKEEE (A S} R fife N B il 5 4
i 4 7K BRI K 25 pVAX1-Per VI K BEE (200 wlzK SR
TS pVAX1-PerV 60 pg), A G %I FF#1h, A
Ji 1) K B K 25 pVAX1-Per VY /K BEIE FR I A 37 C F
A PBSIA M 500 w1, 37 C K60 r/minfH i IRFE, H
AR T, W R A T R RE L AR AR A ]
WK ARG G PR, HAEAR S TE 5 S5 M2 37 C TR
MIPBSIA IR S00 1, I FH M st 58 40 3 O B TR

Med J Chin PLA, Vol. 47, No. 9, September 28, 2022

- 35 pVAX 1 -Per VR ZH SR G e

1.7 PAEH/PEG DAJKEE A 4 R ik fig S 41 L%
SVERI Br9 HBALB/ /N UEAL /> A 34H (n=3),

HOKBERE S 200 pliE S TBALB/ /MR FR T,

S F S S 30min, 2d. 7L SN, X
PR ) B R AT IR, LS M Ak P A it 5 O

[i) I WA 2 B e o R R 2 1, 496 %2 38 R ] 5 5 A7
HEJ (0, WEGZKEERAE /N AR N 8% 4

1.8 ZhWE % ¥18 HBALB/ o/ BfAL />
F64 (n=3): XFMEZH(PBS). /KEENZH (Gel). En/
pVAX1-OprF#H (0). En/pVAX1-PcrVZ (P). En/
(pVAX1-OprF+pVAX1-PerV) 4 (OP) . /K#EEMZ+En/
(pVAX1-OprF+pVAX1-PerV) 4 (GOP) . AP H; JLix
FEn5 ok DNARYBC ] S I k17, &4/ R
5 08 Bz T A N S g i 200 w1/ K, A O4 |

P2 B /N S MV FURIDNA 20 pg, OP4l. GOP
A RN S R TR DNASS 10 pgo B IR
Jo, BERELO dImBR G RE LK, B3R, TR R
JE2 8] J5 I S BT/ INER

1.9 IMEFRESEEGHU AR &4/ RAER K eyl
28 G AT IRERARBR VAR MLIF 40 B M, 276 SCHk[14]
H 5, R IREELIS AR AN L34 s S P 1g G
PR, Hrp, FRREPIOprF IgGHUARK I 43
PBS#. Geldl. OZH. OPZHHMIGOPHA, TikeFrEdi
PerV IgGHUIRK I 73 A PBSAL . Geldl. P4, OP4
FIGOPLL ., Al 5 M 1g GHL I 43 51 L) O prE Al
PerVER [ (MY S g/ ml) VR A A 9l I 4 Bt il b
B, LA1ooff# By /N UL b —dt, 250f5H BE )
HRPHRIC I I £ PN RIgGHUiA R —dt, R R
ELISAVE I E L7 5 5% BT OprF IgGHLIR R PerV
IgGHLIAIK .

1.10 B ARG S0 ge SR H CCR-8k Al A
925 /N FRUMBLIAR EL 40 M 3 B 100 o R UK Be 2] i Tt 25
AEFE/NER, TOW A B A AL/ N RIRAE , S5 30k 18]
FF RS 2 o B A IR EL A R, R A L B
2% 10°/ml, BFLINAIHE R 100 plF96FLAR .

BEPA, 2030 OprF4E A MIPerViE H (MR JE
Y1010 wg/ml) HEAT R SRR, B SR R T
37 C. 5% COMEF MMM HE 720, SRJG A L0 pl
CCK-8IA, FHMHRL T 450 nmPE KA E 410D
B, TS NALIK O 248 3 934 2 (stimulation index,

SI),

111 IEN-yZKFAGI 352 BE 1. 10 A9 5 32 il 45 Mk £
MR, I TosfLiuhiEsE, EMAE, 200
FHOprEMIPerVAE 1 (W 244910 g /ml) Hl 38 45 4 itk
L2, T37°C. 5% CO 5540 h I & 72 b5 e g
VW, SRR BRIEN -y R 0 0] 2 150 W 5 45 I 4%



BREESEAGE 2002F9 128 a7t o

2 R B 440 i 53 R P TEN -y 7K - o

1.12  GRil2#Ab B SRAISPSS 26.05kFitfr4t 1t
It BT BRI Dlxts3e s, 2040 a] LA R 2
2 225081, E— WM HLAC R FHLSD- K 56 .
P<0.0S R A G2 E L.

2 & e

2.1 PAEH/PEG DA/K#&ERE I EERERT ] PAEH I
M EFERT 5 PEG DA I 9 % 56 1: 1 5 P i 3l 285 Tk
4, PAEH/PEG DAJKEE [ (Y il 25 MLl K H: ¢
M A R LR 1. B A L I 2 = R N PAEH/
PEG DAJKEERE Y EEREIIIA], 45 BoR, 7828 C
41T, 25 PAEH/PEG DAJK B 5 K i 18]
(29.39 + 0.26) min, #pVAX1-PcrVIYJPAEH/PEG DA
TR IS IS st 18] K (29.45 + 0.25) min, —F LA T
2255, YRTE30 min N T RS E FOBEIR 7S o

B ﬁg’;gr OO

2.2 PAEH/PEG DAJKEERE M40 MO B Al ¢
JKE Ak BE DL R B PAEH /PEG DA K BE I8 28 B 22 4 X
DC 244N B, 25 B/, SPBSALILEL, Gel
ZH . PZH M GPZH24 M 48 hit 4 B 77 % R 1E90% LA
b, ZRELIHEE X (P>0.05, E2), $E/RPAEH/
PEG DA/KEEC A RAFA AL 420k, H 174K En/
pVAX1-ParVE G Y TE W] R A 2 vk, 7T ik —20
FFARNBET

2.3 PAEH/PEG DA/KEEW RSN A SRR 7K
BEME RSN A S B 25 T Wb, MR /K B S5 1 5
B, 6 hF|IRUE(E (116%), B 5 BER B AW T
K, TE108 WA, ZKEERE T it 24k B A7 JoT et 11920%
PER K EE I LA R AP IR e RE (BI3A) o LA
TCHE R TR TR 12K BRI I AR S NRE CRR P, FEAS ]
I R A G000 7K 258 S A S PP pVAX L -Per VI 75 3 LA
TR K EE I BT 5 pVAX1-Per VY REVBE R

5D

PAEH/PEG DAZK ¥EI ®

PAEH/PEG DA/K I

1 PAEH/PEG DAJKEEIC 1 & B (A) KB I 2 K (B)

Preparation mechanism (A) and gelation schematic (B) of PAEH/PEG DA hydrogel

PAEH. RRAZMRIME; PEG DA. R %

N PEG DA
o)
0 0
HN
HN SN— —[-o— OH
SNH, R 10 [ Tm
OH OH
PAEH
Fig.1
140=
120+ —

100=

80+

60+

IS PE (%)

40+

20+

grdl @

PBS4] Gel4H P4

120=

100

LT 1 (%)
E 2 g
1 1 1

(3o}
(=)
[

0w

Geldl P4l Gp4l

PBSAH
B2 AFAEEEXDC 2.440/14b P24 h (A)F148 h (B) BRI EEPE BT (Rits, n=3)
Fig.2 Invitro cytotoxicity of different treatments to DC 2.4 cells for 24 h (A) and 48 h (B) (xts, n=3)
PBS. PBSIAT; Gel. 25 [1/KEEIZ; P. En/pVAX1-PerV; GP. /KBEIK+En/pVAX1-PerV



SRR, TEIRSNERI36 WG, %K eI BBk
i pVAX1-PerV Sl it (185 9% 75 41 (I13B)
2.4 PAEH/PEG DAZK#EE 1A PN R A1 fig S 1 41

o KBRS R BN, BREN
REE RS B T a, W ERAE s, FEE
1204
100 =4
¥ 804
ol
= \\\i
&
Z 404
204
0 1 | L] L] L]
24 48 72 96 120
B[] (h) ®

Med J Chin PLA, Vol. 47, No. 9, September 28, 2022

WA HERS , TR AE R N TR A, TR 57 s W
B F K EERE LT 58 et (E14A) , R WIZKBERH
A R0 A Y TR E . HEY @SSR R, Bk
YLURFFTEIE 3R B R EL R 2540, I SR A HE B
A7 (&14B)

100
80=
=
g; 60~ ]
= i
o
E 40+
%
20=
C L] L] L] 1
10 20 30 40

1] (h)

B3 PAEH/PEG DAZKEENE (ARG A: M 22 (A) FIARSME 2L (B) (Fts, n=3)
Fig.3 Invitro degradation curve (A) and in vitro release curve (B) of PAEH/PEG DA hydrogel (x+s, n=3)
PAEH. RRAHMBEN; PEG DA. KL — R "%

2d

. ol B )

El4 PAEH/PEG DAKBEI AP

Fig.4 Invivo degradation of PAEH/PEG DA hydrogel (A), and representative skin tissue of hydrogel injection site (B, HE staining)
PAEH. R RXZMBENF; PEG DA. 2R & W[ 21 (ke B/ N BRH S T 4 8 37 2 B A PAEH/ PEG DAJK BEIIE

2.5 MIEPUARKMEE S (B BZELISATL AN 45 2R i
N, SPBSHLLEE, Geldl/) R4 FEHTLOprF
IgGHUIR K JE W B 481k (P>0.05), O4] . OP4l
K GOPZH /N RN 4 5 PE BT O prF Ig GHLIA K- W]
B FFE (P<0.01), HOPZIMGOPA W i &5 T o4
(P<0.05, P<0.01), GOPZ M = T OP4H (P<0.05)
(FEISA) . SPBSHLELES, Geld] FIPLL /N BRI I 4 S
PiPerV IgGHLIAR/K - TCHH B A5 4k (P>0.05), T OPAL A
GOPHL/NRUI 15 4 S PE BT PerV 1g GHUMA K1 & 7+
1 (P<0.01), HOPZAIGOPH M i i T Gel2H AP
(P<0.05), GOPAW] & =T OP4L(P<0.01)([&ISB)

2.6 ARG G SC R 25 R CCR-87A A I 45 5
WoR, TEOprFRe P ERIFL T, SPBSAL L,
Gel 4 bk T2 40 Mg STC B 2. A48 4k (P>0.05), T O .
OPZH J GOPZH JL itk I 41 i STHH {2 Ft =5 (P<0.01), H.
OPZH K GOP4I M i = F 04 (P<0.05), GOPIH] &
T OPA (P<0.05) (KI6A) o TEPcrVERFHT LM%
T, SPBSALAILL, Geldd 9k 40 ffe STIG B i A%
16(P>0.05), TMiPZH . OPZFIGOPZ I ik I 41 i S1
I & 7} 5 (P<0.05, P<0.01), HOPZ K GOPALH
5 TP (P<0.05, P<0.01), GOPZHHA i = T OP4H
(P<0.05)(¥l6B).



IR 20224F9H 28 H 55474 5ol
(1)
)
@)
3.0m @

OD450nm

PBSAl Geldl 04l

opéﬁ GOP?H ®

PBS. PBSIAT; Gel. 2

©))

—_—

)

— ey

)

Q@)

2.0 )
()
(2)
1.5- —

s E

—
P o) B
1.0=
0.5=
0=

PBS# Gell O% opéﬂ Gopéﬂ N

2.5m @)

—
2.0 (1) . =

OD450 nm

1.0+

0.5+

0= T T
OP4l GOP#l

PBSZH  Geldl PA
Bls  fesie/ BT R S M Ig GHUIA KT (xts, n=3)

Fig.5 Serum specific IgG antibody levels of immunized mice (¥+s, n=3)
%5 HKEEHS ; O. En/pVAX1-OprF; P. En/pVAX1-PerV; OP. En/(pVAX1-OprF+pVAX1-PerV); GOP. /KEEZ+En/
(pVAX1-OprF+pVAX1-PerV); A. & Z/NRUNLYE R BT OprF IgGHUM K5 B. &2/ BUIML I 5+
(2)P<0.01

PEHPerV IgGHLIARIK-; (1)P<0.05,
(1)
@)
(2)
(2)
2.0m &)
(2)
1) J—
1.5+ —2 —_

(€5)

—_—

0.5
0=

PBS4l Geldl P4l

e %

oﬁéﬁ Golpzﬂ

Ble  HUIFURIFHUG 25 2H /1 RUIBLH B 40 A0 i 2 (ST) FUAR (et n=3)

Fig.6 Comparison of the stimulation index (SI) of splenic lymphocytes from mice immunized (x+s, n=3)

PBS. PBSIA; Gel. 2

2.7 NIRRT R IR B A0 53 A A TEN -y 7K
- ELISAMER M Z5 R BoR, FEOprFA ML)
FF, S5PBSLA L, Geldd I8 itk [ 40 g 2 b
AIFN-y 7K 3 JC ] 725 1k (P>0.05), MO . OP
20 Je GOPAL /IS B bk B0 240 it 43 304 (A TEN -y 7K 3F- B
i Fh# (P<0.01), HOPZ KX GOPL W W& FOo4H
(P<0.01), GOPZIW] & = T OP4 (P<0.05)(Kl7A).

TEPrVEESF YRR T, SPBSALLLEL, Geldl
R EL 200 4308 PR TEN-y 7K A T BH B A2 £k (P>0.05) , 17T
PZ1. OPZ KX GOPHL/INFRU I ibk I 241 i 43 W Y TF N -y
JKF- W i 16 5 (P<0.01), H.OPZH M2 GOPZ W i 7
TP (P<0.05, P<0.01), GOPZ W & TOoP4

25 HIKEEHS; O. En/pVAX1-OprF; P. En/pVAX1-PcrV; OP. En/(pVAX1-OprE+pVAX1-PerV); GOP. KEEE+En/
(pVAX1-OprF+pVAX1-PcrV); A. OprEHUEUHIF; B. PerVHUEHIEL; (1)P<0.05,

(2)P<0.01
(P<0.01)(E7B).
3 4
PAJE T BBt L (1 8 DL IR A 2 —, i >4

BT DU 25 W) T A BN, ERLN XS H £ /™
(R PATE 25 A B, PRI ik 5 O 2k — b PAJEE 1 K By
RPAR . ARk, BEEREN TREARKAERE,
FLEA PR FE A DN AYE B 5k £ Y
WFoE iz —"", DNAREM BEIREA %4
by Tl 2 M e SF 0, (AAER N 5 Z pHIE K
Pl 25 DR 2R )R I T A28 A AR 3, R 1 JHG e AR R
ML B, BRR BT DNASE I % R G xHE



I—
_—
@
160= (2)
—_)
) I
Q)
1204
. I
go o
S g0 —@
T
Z
==
40+
O

PBS4l Geldl 041 OP4l GOP4l @)

Med J Chin PLA, Vol. 47, No. 9, September 28, 2022

200 @)
B)
Q)
160= -
)
= )
% 120- B)
= Z'J'L') - T
z 80—
2
40
0-

PBS4l Gel4l P4l OP4l GOP4I

BE7  ELISATEKGIAT I 5 45 20 /0 B AR O A b 35 W P TEN -y B MR (s, n=3)

Fig.7 Concentration of IFN-7y in the supernatant of antigen-stimulated splenic lymphocytes of immunized mice in each group

(Determined by ELISA, xts, n=3)
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