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Isolation, identification, and clinical application of a novel
phage targeting carbapenem-resistant Acinetobacter
baumannii
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Abstract: [Background] Infections by antibiotic-resistant pathogens pose tremendous threats to
human health, and there is an urgent need to develop alternative or adjuvant therapies for classic
antibiotics. Phages as the natural predators of bacteria demonstrate promising prospects in
treating bacterial infections. [Objective] To isolate virulent phages against carbapenem-resistant
Acinetobacter baumannii (CRAB) and then treat CRAB-caused pulmonary infection with the
isolated phages. [Methods] We isolated new phages from hospital sewage by using the CRAB
clinical strain NAB11B as the host bacteria and then studied the biological and genomic
characteristics of the isolated phages. Subsequently, we employed aerosol inhalation of a
phage cocktail to treat a patient with CRAB pulmonary infection. Finally, we evaluated the
efficacy and safety of phage therapy. [Results] We isolated a novel phage AB SZL4, which
could produce a transparent plaque with a halo in NAB11B lawn and inhibit the growth of
NABI11B at low multiplicity of infection (MOI). AB_SZL4 showed the latent period of about
15 min and the burst size of 75 PFU/cell. AB_SZL4 remained stable at pH 3.0—11.0 and 70 °C
and below. There was no detrimental gene in the genome of AB SZL4. NAB11B was
eliminated following phage therapy combined with antibiotics within a week, and no
phage-related side effect was observed. [Conclusion] AB SZI.4 is a potent lytic phage with
great potential for clinical application.

Keywords: carbapenem-resistant
characteristics; genomic analysis; phage therapy

Acinetobacter baumannii (CRAB); phage; biological
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HL52 F% 0Tt 24 VR0 A= 99 RS 1 8 0 A Rl 1
T HIRY e, AR 2014 FAELBERIEHING
63% Y ) & A Bl A T 43 B85 vk B A 22 E i 24 1
(multi-drug resistant, MDR), 167G =5 FHAth 3 LAY
B QR TR, HR 2R A BRI DR (Pseudomonas
aeruginosa)FiHE v B (AT (Klebsiella pneumoniae)
H1) MDR BRI A7 8% fErp [, 1SR
BT 2 0 Bk T B M S BT A R A i 24 1 e
IR, 258 AE 2019-2020 4FHE & ik 5
70%Y, e BRI TGRS, Kk
T A RSET RS I, WHO 7E 2017 4F
T Bk 25 M 25 8 2 AN ) A B (carbapenem-
resistant Acinetobacter baumannii, CRAB)% A
BYIFREF PR 12 KiBHAE i m L
SE 2% W9 5L T (https://www.who.int/zh/news/item/

27-02-2017-who-publishes-list-of-bacteria-for-whi
ch-new-antibiotics-are-urgently-needed),

2017 AE3EE & & L2 )R (Food and
Drug Administration, FDA)#t#E T 55 — 1] W 5 {4
7 15 B 208 25 WF 5% (emergency  investigational
new drug, eIND), W5 H 4 Fhfifl & A5t
T IV TRT A 2 ol 4 s T 4 A 2 T ) 551 i S i)y T
FRE AN 1Y 2 B 2 60 2 R S A R R PT
JE W AR VRIS TR e, URYT T4
Fifeia eI, AR AR gk & RS F2 3
Jik S B AR ST (AR IR R
SRRt i e T e O

h VRS — 0 A I L W CRAB
(1 XF Z A5 TR 2R A B SRGY A5 IR
Gy T —BREIVERETE IR, JEX LT A P
PRI R ZHRRAE RIS, B T LA TR BE T 5k
T B NI T S e =R I A S
SERE RS, e A R B Y e R A 3R
TIRIT B E I CRAB B4, DU Ry i
WP R T &%

1 AR5

1.1 ##
1.1.1 #&

IIfi PRI Ak NAB11B J2& i’ 7 B K 2F B Be
ICU ¥ 55 E4E 1) —Pk CRAB. &ENVERNZ
KEBLIR A T5 /K FEERE AR AB_SZ6 i [EF 2
B DRI 56 1 B AR B9 B B 2B W 2 vt B3
IR AL
1.1.2 FERFFNLEE

Ik TR AR A7 2% i (SM Buffer) FI 0 fL 4,
A TTAEY TR (M)A BR A Al 5 B Bk
#1858 &, Bioendo 2wl 5 3 B 5 PR 4 $ G )
%5, TaKaRa 24 rl. @# 0L, Eppendorf 24
Al B, RMEALA FE] Qubit B URNE ST
T 4%, Thermo Fisher Scientific 7Y #] o
1.1.3 EHFE

LB K52 ISR 17100, [ AR s 58 3k
B 15 /L BYBEAR, AR TR 0.7 g/L A3
e, P55 250 I s B s o A B BE o 3XLB K5 5%
H(g/L): BREEE 30.0, BEEHEEMW 150, &
L4 30.0, FH BB A5 2
1.2 BEAMSBESE L

B BEBEi5 /KAE 4 °C |, 8 000xg HI £ T &0
8 min, ¥ FiEmEat 0.22 pum U8RI g DL 2 2
J5i B 200 uL 2B K F ODgoo 2974 0.5 i NAB11B
PR AN 2 mL V5K FE SO 1 mL ) 3xLB 3%
FiL, 78 37 °C. 220 r/min 5 F IR %1% 8 ho
15 K WE TR 5 4L MRAE 4 °C . 8 000xg MISMF T B
L 8 min J5, 8 0.22 pum JE PRI IE DA 2 BRTE B E
R, JFEL 10 pL 5 K RS SRR
NABI11B i LB Zfigtk EXiZk, 37 °ClaE i
BrFpah Rt . BB NABLIB TR LAl Ba
AR BE, A S NAB11B #H K 1 LB 5 55 5
37 °C. 220 r/min 55F TR FE 8 he R I
RWER AR 2, PREAAWRR BELEAL 3 IR B
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{K7E NABLIB 1P A b TE B A5 35— 11 I 18
B, gfifb)s rmERRE R TE NAB11B fAUZF
M B RAELWERBOEE, HRAAFT 4 °C,
1.3 EEARSFENE

B S AL (cesium chloride, CsCl)%& B Af i
B IR AL S W TR AR [ E 7E 200 H Ay E 4
PR RS b, I P R 2 T e v i s TR A e 2 )5
A FH 325 5 Hl 7 B ol B R R W B AT S
14 EEA—SEKMBZENE

W15 1 NABLIB Kige 2x80W, B Anwivk
&4 1x10° CFU/mL, [f1] 1 mL X3 50015 FEm
A1 mL 4 1x10° PFU/mL WA, B 58 %1
(multiplicity of infection, MOI)>} 0.01, JE2))5
BT 37 °C. 220 v/min Z5F F IR 5E, HAES
0. 5. 10. 20 F1 30 43 8h HURESEA 75 TR (AR 114
BEANHE] S A 4 2 T1E A e T g R AT
JEE I 2 W s B A ) — B R K
1.5 WEEKEE SN E

B 200 pL i EE N 2x10% PFU/mL A5 9 74
RO HIET 4, 37, 50, 60, 70 F1 80 °CH I EH
60 min, 4FFI7ESS 0. 10, 20, 30, 40 il 60 43
PREOCRE A TR B IATHEL, BNREER 4 A,
75 3] 357 055 AT A A A () 3 BT 99 75 A [) B[] s 1)
i S
1.6 FEEK pH IR E N E

ffif 1 mol/mL AY HCI 1 NaOH & & 5 %
SM ?ﬁ‘(ﬁiﬂiﬁ(NaCl 100 mmol/L, MgSO, 8 mmol/L,
Tris-HCI 5 mmol/L, gelatin 0.01%, pH 7.5)%
pH {E /3514 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0,
9.0, 10.0, 11.0, 12.0 1 13.0. [1] 180 uL %% pH
) SM buffer H 43 G M A 20 pL % E K
2x10° PFU/mL ABIHE R4, 76 37 °CIFF 60 min,
A3 AFESS 0 min FIES 60 i BURE SEA 7 05 B 40 11
., WA pH 4 AER . MBI RIKEAR
i) pH 4544 F %% 60 min J5 AT IS,

1.7 EEEFERERERN

ST BT S 10%FIZHRE 1 mol/L [4]
50 mL F B I B R R P IR &
(polyethylene glycol, PEG) 8000 FI NaCl, & F 4 °C
W B E ATIERE R 4 . 4 °C. 10 000 r/min
#0028 PEG 8000 % 7 /= BB W 1 /A 3L 20 min,
524 EM B3R 1 mL A9 SM buffer 5 I
&, FFIA 10 U B DNase. 6 U ) RNase, 7F
37 °CHEH 30 min DL EERTE 32 DNA, RNA, il
i 7 B DR 2 4 BB 6 B2 IR A B W T A
m LR AL, 24 Qubit JE Wk J5 ik HE AT
B B AT I TR AR A B R AL — AR, gl e &
GenBank,
1.8 MEARERBEIRSSH

1 1 SPAdes K T T ¢ 14 5 D8] 28
J&, fE RAST R} | (https:/rast.nmpdr.org/)* "%
T 0 TR AR 5 DR 4 06 4 7 % 159 324 (open reading
frame, ORF) TN A, K5 1 1) 39 i o
FE IR 79 1) A% 2 A4 sl A2 T T A R 24 1
U4 P (the comprehensive antibiotic resistance

database, CARD) (https://card. mcmaster.ca/)**!
18 1 [N 1 %P8 FE (virulence factor database,

VEDB) (http://www.mgc.ac.cn/VFs/) 217l 24
SRR BE 7 P AR B, R b A S0 56 S
TE 2R M 3k (https://proksee.ca/) il 47 Al ik . T
LB E R ARTE NI 15 ROE S AN ST TR 1 A
A B DR ST B 1 (AR o T R AT 6 N = BE A5 R )
M LR T ] MEGA X tH R G K BW,
IR T AN 55 Xk ClustalW 2 8 X,
Ry R SRR IR 4T 1 000 IR bootstrap
oL
1.9 EEEARRYIG IR &I E BE S RIE

BEXE NABLIB 73 B9 57 Wik B AR i [R] ), AR i
6 5 2 N S AT TR AR P AB_SZ6P
X NABLIB fHUS . S T HE— 25 2 i W T A
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AB S76 XfEEIRN CRAB BN, H
NABI1IB fER1E £, 251 I0E 178w A
AB_SZ6 K —HBEH7E MOI i 0.001 45444 T 19
M. # NAB1IB 535 % ODgoo Z1M 0.5
o, VEESTE A & 1x10° CFU/mL, [ 96 fL
e 43 BIAn A 100 pL Bl 1x107 CFU 15 T 5
FA AN 1x10* PFU BUBTWEEIA . AB_SZ6 %
) S AN BT R RS 2T, 37 °C. 220 r/min
K38, 4 15 min P& —IK ODyggo, FLME 24 h,
1.10 Pk A 1) 370 B9 1) B

K CsCl %5 B BE 0 125 25 o e 7 A 284
fERRNEER . 16 FEASEZRED, M 8 mL
TREAE 110" PFU/mL A4 W A 1A 2L 30 4331
A 1 mL %R 1.3, 1.5 F1 1.7 g/mL Y CsCl
VWU, 4°C. 24 000 r/min 250> 2.5 h J5 53| m
B, £ SM buffer EHT KBk CsCl #1770
o O A Rt R B vk R i T N R
o
1.11  EERIGRETT

FE R E T AR Jm G [R) 2 HLUS m B R
2R B HEZR B S HE (T LS R AR B B
23 2023 AR HTES 015 J5 T Xof £ A it s Jee e
FIETEMIAYT, ¥ 1 mL EE R 6x10° PFU/mL
) I TR AN R P R A R 2 4 mL R4 TR
FHWA, BH 2%k, 9697 14 d, JFe/EEk
GBI AR E05 g iv. qd, 2023 4 2 A
20 H-2023 423 H 5 H). SMKA(0.2 giv. b.id,
2023 4E 3 H 5 H-2023 4F 3 H 9 H)FCKIFHRE
(0.1 g po. b.i.d, 202343 H 7 H-2023 43 H
9 HSEPUAERIRIT . LR IR AR YT T
FWEE IR TFIRIGEE 1. 3. 5. 7 Al 11 Kl
LA F 48 i 1142 (white blood count, WBC). C J2
I % [ (C-reactive protein, CRP) . [ 45 & J7
(procalcitonin, PCT)FI 14 % 6 (interleukin-6,

IL-6)55 RAETR bR, JFic s B W w AR T RS
SF- 447 1Ml B (mean  blood pressure, MBP) Al {4 i
(temperature, T)3AEAr{AME LI A IR 2
fitf(alanine aminotransferase, ALT). | &2 MR 2%k
% %% 1§ (aspartate transaminase, AST) . JJL &
(creatinine, Cr)5E - hfgdadn, DAPEAL WG 4
ARG RN

2 EREGHN

2.1 EEARES

AT 7K H G 8 3 TR AR R AR % TE T
NAB11B BXUZBHE VAl EIE BB AR KN — |
HAEZHN 1.5 mm B SWERBE, H%MEAH
B2 3 mm (BB IR, v 44 AB_SZL4
(GenBank & 55} 0Q828462) (& 1A), B4,
BigE R WK MWER K AB_SZL4 A —Z B
JF, HAAZ N 59 nm, EERKEZ R 90 nm,
LEEZ) R 13 nm, A ULIEMTROICE:, IR TEREE
2574 32 nm (K] 1B), WERE{A& AB_SZ6 [ HL 5 I
Fr s HOE 52 i T R v e Y

1 MEER AB_SZL4 B3 A: AB SZL4
£ NABI11B FHR FBERIEEA. B: AB_SZL4
LSRRI

Figure 1 Morphology of phage AB _SZL4. A: The
plaque formed by AB_SZL4 on the bacterial lawn

of NABI11B. B: The morphology of AB SZL4
revealed by transmission electron microscope.
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22 EEAEYFHFE

7E MOI 4 0.01 254 Tl E P 14 AB_SZL4
) — A K 2 FE W AR R e R IR R
FIR) 10 min PG PRSI 2 2 TR 98%,
55 1020 J3hma i AR B2 PR BT, 56 20-30 43
BRSNS BT, WE 2A BN, WERRTE
RIAZIH 10 min, B A FZH 75 PFU/cell,

WP R AB_SZL4 7R ARG i A da et
TE 4. 37. 50 1 60 °CZ&AM4F T HHETE 60 min N
(R H AN T 76 70 °C4FF AB_SZL4 7
10 min PTEEFEAE 90%. 60 min Ji i & PG
99.5%, {HATSREMREE 1x10° PFU/mML AR RE ; Thi7E
80 °CZ&F ™ AB_SZL4 2 AET, /X 10 min Ji5
PO P AR L L] 2B,

WEE AR AB_SZL4 fEAR[E pH &K1 FFE
60 min J YT R WARER A AB_SZL4 7€ pH A
4 3.0-11.0 WRREE R AA AW 1, pH E N
6.0-9.0 & il A IR 1A AB_SZL4 A K Y 3REE,
pH KT 9.0 FI/NF 6.0 BIIEE A AB SZL4
T B 2R %, 24 pH (EA R 12.0 KDk
a0 2.0 LN AB_SZL4 58 432k A Wy 2i ik
PR, LI 2C.
23 EEASERASH

WERRIR AB SZL4 /)45 R 410y Fn P4
g N, HIEEHE NIFEAE DNA, K&
744398 bp, GC Tl 38%. AB_SZL4 kL
AR 75 45 BLASTn HoXF, 5WEm ik
Acinetobacter phage Arbor (GenBank 3¢5 H
ON237674. V)i WAHRL, 7E 90%I B 56 FE R i T
£ 98.24% 1T 51—t . RAST W B H ek o
& AB_SZL4 —3:A7 86 NIl 132HE (open reading
forum, ORF), H 73 4~ ORF 7E1E 4% . 13 4~
ORF 7EJ 55 b, e 1ghS 8 Wk b R 4514 41
KEH, WHELIEM(ORFS2, ORFS3), K
L 1(ORF64)., JKALHE 1(ORF76. ORF83)F
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Figure 2 Biological characteristic of phage AB_SZI1 4.
A: One-step growth curve of phage AB _SZL4. B:
Temperature stability of phage AB_SZL4. C: pH
stability of phage AB_SZ1 4.
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FE %2 % 11(ORF1 . ORF85 F1 ORF86); 6 ™7l
DNA &Ziil . BEMCHHCER, 37 DNA
45 4 75 1 (ORF85) . DNA fi# it if (ORF27) .
DNA 4118 & & 1 (ORF12) . DNA N U] /i
(ORF4, ORF35 il ORF39); 4 /™M i 1A fu 5 A1
KM, ALK U (ORF49 . ORF50), [/
FEH(ORF51)M1 RHS & #.00 % F(ORF48);
3 AME ERRAOCE N, IS (ORFT6).
Z4 1% i (ORF 5) 1 5 22 95 27 Je& Y& & 11 (ORF30) ;
2 MEE IR SE . BIIFRMOCE T, 3 RNA R
4 B (ORF68) Fll i 7 8 45 Al (ORF16); 1 A~H:
2 (B NTP K ff# B (ORF7) M 62 4~ K1 I 6E
. #rt CARD HI VEDB [ 3 THI 4 1 B 1A

AB_SZL4 DK ZH v oA 48407 i 2k R i 24 25 AR
BT IAE A B A 25 5 i
Proksee X F#EAT ATHLALALBE, DLIE 3. WRIA
& AB_SZ6 SN N 40 565 bp, BT
Friunavirus (GenBank & 35 5 5 ON513429)14,

HE T A vt il O HE A Y R G kTR
FFREXFE AN RE LT W BRI
AB_SZL4 S5ARZNFFEWER K Cato KK R
i, J&T Caudoviricetes [} Obolenskvirus (& 4)
2.4 MEEAX NAB1IB B9 ¢

B FHIE K AB_SZL4, AB_SZ6 K
G B AR RE X% R NAB11B JE B H B p 4
PR, 76 MOI=0.001 &4, B M {4
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Figure 3 Genome map of phage AB_SZ1.4.
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A 941° AB SZL4 (0Q828462)

80 | Acinetobacter phage Cato (OM471864)

100 4cinetobacter phage vB AbaP B3 (NC_042004)

100 Acinetobacter phage BUCT629 (MZ712044)
Acinetobacter phage Scipio (ON036883)

W&Aciﬂetabacler phage IME-AB2 (NC_041857)

100 | Acinetobacter phage vB AbaP WU2001 (MZ099557)

Acinetobacter phage AP22 (NC _017984)

Acinetobacter phage Abp95 (MZ618622)

100} 4cinetobacter phage Arbor (ON237674)
73
71 Acinetobacter phage WCHABPS (NC_041967)

s Acinetobacter phage Brutus (ON036882)

Acinetobacter phage BUCT628 (MZ593728)
| Acinetobacter phage vB AbaM BP10 (OP585104)

L 100 L 4cinetobacter phage vB AbaP PMK34 (MN433707)
0.2

g5 | ® AB SZL4 (0Q828462)
100| Acinetobacter phage Arbor (ON237674)
71 Acinetobacter phage Cato (OM471864)
Acinetobacter phage BUCT628 (MZ593728)
98 100 Acinetobacter phage BUCT629 (MZ712044)
Acinetobacter phage Scipio (ON036883)

97 Acinetobacter phage AP22 (NC_017984)

Acinetobacter phage IME-AB2 (NC_041857)
Acinetobacter phage Abp95 (MZ618622)
Acinetobacter phage Brutus (ON036882)

100

Acinetobacter phage WCHABPS (NC_041967)
Acinetobacter phage vB AbaP B3 (NC_042004)

0 Acinetobacter phage vB AbaP PMK34 (MN433707)
601 4cinetobacter phage vB AbaP WU2001 (MZ099557)

— Acinetobacter phage vB AbaM BP10 (OP585104)
0.2

B4 REEK AB SZL4 REREXRENN A ETREREEHENRERKER. B: T FERK
FeEAWENRELTR. 55 HHFSAERERE GenBank %%5; 7030 Ep B AARAHE,

BE AT 100, RIS REMEE; ARR (USGRARIIRE], Fr OB USRS R

Figure 4 Phylogenetic relationships of phage AB_SZL4. A: Phylogenetic tree based on terminase large
subunit. B: Phylogenetic tree based on capsid protein. The sequence number in the bracket means the
GenBank accession number of the phage; The number on the branch point represents the credibility, the
closer the value is to 100, the stronger the credibility is; Scale: The genetic distance, the shorter the ruler is,

the closer the relationship is.
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AB_SZL4 8¢ AB_SZ6 fg5¢ &1l NAB11B (4
K298 h, 1 HAMMN R LIFE 24 h N
SE4idl NAB1IB WA &K, UK 5. ik, K
FHZXG FE 0 2H 4 7T DA 4 i 7 i)t NAB11B 5|
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Figure 6 Clinical timeline. D1: The first day of phage therapy; D-47: The 47" day before phage therapy; iv.:
Intravenous administration; po.: Oral administration; inh.: Inhalation.
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Figure 7 Clinical indicators of the patient. A: Blood pressure and temperature. B: White blood cells,
C-reactive protein, procalcitonin and interleukin-6. C: Creatinine, aspartate transaminase and alanine
aminotransferase. D1: The first day of phage therapy; D-47: The 47" day before phage therapy.
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