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Comparison of in vitro and in vivo antimicrobial activity of ceftazidime/
avibactam alone or in combination with aztreonam against carbapenem-re-

sistant Enterobacterales

BIAN Li-juan'?, GUO Jun-zhe’> , ZHENG Mei-juan' (1. Department of Laboratory Medicine ,
The First Af filiated Hospital of Anhui Medical University, Hefei 230022, China; 2. De-
partment of Laboratory Medicine, The Fifth People’s Hospital of Bengbu, Bengbu 233099,
China; 3. Clinical College of Anhui Medical University, Hefei 230032, China)

[Abstract] Objective To investigate the in wivo and in wvitro antimicrobial activity of ceftazidime/avibactam
(CZA) alone or in combination with aztreonam (ATM) against carbapenem-resistant Enterobacterales (CRE), and
provide evidence for clinical anti-infective therapy. Methods The minimum inhibitory concentrations (MICs) of
CZA and ATM against 52 clinically isolated non-repetitive CRE strains in a hospital from 2018 to 2022 were deter-
mined with microbroth dilution method, and the combined antimicrobial susceptibility testing was performed with
the chessboard dilution method. Time-killing curve and Galleria mellonella infection model were used to test the bac-
tericidal effect of CZA alone or in combination with ATM. Results Among the 23 KPC-producing CRE strains,
91.3% (n=21) had MIC <4 pg/mL for CZA, and 8.7% (n=2) had MIC >128 pug/mL for CZA. MIC of CZA to
29 CRE strains (strains producing NDM, IMP, KPC + IMP, and KPC + NDM) were all =128 pg/mL. Of the 31
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CZA-resistant strains, 93.5% (n=29) strains had fractional inhibitory concentration (FIC) <{0.5 for combination

of CZA and ATM, while 6.5% (2 =2) had FIC of 0~ 1. The time-killing curve showed that CZA had bactericidal

effect on KPC-producing strains, and CZA combined with ATM had bactericidal effect on CZA-resistant strains.

Compared with the monotherapy group, CZA combined with ATM treatment significantly improved the survival rate

of CRE-infected Galleria mellonella (median survival time 120 hour, P =0.001). Conclusion CZA has good antimi-

crobial activity against KPC-producing bacteria. The combination of CZA and ATM had synergistic bacteriostatic

effect on CZA-resistant strains.

[Key words] ceftazidime/avibactam; aztreonam; carbapenem-resistant Enterobacterales; antimicrobial activity

B B M PR R UG T2 . W T T 2y
2= B B R I R VR 9T . SR T Bl A A
I AR A T 2 0 Tt 3 5 % 0 28 W AF 18 H (carba-
penem-resistant Enterobacterales, CRE) & # & 4F
W2 O E AT . HATE X CRE ik
TG RIGTT PR PUE 25 00 A R G S B S
B I Tl STORE ) A5 6 A7 BT CRE #9)7 32 347 . CRE
TG i K AR FEAR E RN R ERA L T A 3
TN o BT R 2 BT A T 25 1 £ AL 2
e B M Bl WO OB T RS R T = S KPC,
NDM,IMP, VIM F1 OXA-48, H i & % W1 & |
blagee 4 5% ) A 25 22 % B2 25 B KPC (Klebsiella
pneumoniae carbapenemase)™™ , B THREH & H LK
PUAE R 25 HL A 7] A [0 B 25 ) % CRE B R BT
WRORAFTE 22 5% o A0 R T A 7 15 D S AR T
W (MIC) A £ 25 EAT R 25 O30 i 8] — SR
£ 70 25 W36 7 T R R e S ) IR 8 O 1 IR AN B
FH Sk 760t 1 / BT 4 £ 30 (CZA) K H 5 & #im (ATM)
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1 MREFE

1.1 ##

1.1.1 BEAREE & 2018—2022 4E I ERL K
28— B e IS e I R bR AR v 4 BS Y 52 #k CRE (S
W63 [ri] — R85 A ] 8 67 43 29 1 i 5 T B A 46 29 Bk
Jiti 4 5 AR B 20 Bk KW 3% A T 2 AR VA I AT TR
VARFE VD B . E B B AR LI R VR SR A
A oy A AE AR WL X R SR ORE IR AR .
PR R R I 3% 7 B ATCC 25922, 4 4 % 24 M 14
ATCC 27853 >k A B K DAE@EREEIER L
11,2 #5300 kRS e M2 o 5 R
VITEK MS "®A7 0 A B %R VITEK 2 4§ 3l %
JE MO R G (L E A IR A D . CZA L3

PR A YR R FD  ATMCE R A4 9 R4
AR o BT B A R0 CR B — i A2 )
B B A PR 2 7DD MH g & MH A7 (3 [
Oxoid A H]) . KEEIE Crpr 5 R A S A YRR
PR FD s K (20 £ 5) mm, 5 (250 £ 50) mg.,

1.2 Fik

1201 BREEHEAN R 855 5
FI &KW 5 o A, KPC, OXA-48, VIM, IMP #i
NDM, ¥4l 55 37 B bk FRE i Ab B 7E EP & b 7843
IRA gk 50 pL 20K 4% 1, = T CE 15 min
Joi o 5 RPN AR DL A5, T 4R (C 40 X3 —
RET LR K I DX I AT: o] Y 0 B — 2R 2 4% B4R
AR B A AH I I Bk T B 0

1.2.2 MIC Il & BB & 258 RAMERGERE
e CZA it ATM X} 52 # CRE () MIC, #L#
it T A DN K 5 25 B0 ) 4 A T Wk 32 (FIC) L FIC =
BEZ5 A B MIC/Bah 254 A 1) MIC + Bk & 24
Y1 B i MIC/ 5k 25 %) B 1) MIC, W [F] %5 0 24 FIC
<0.5, AHMALNL A 0. 5<TFIC<C1, Jo KA M Ry 1<
FIC<C2, #5 i % pi oy FIC > 20, 28 L H) i AR 45
2022 fi 3 [ i R 52 3 = b ofE Ak P 23 (CLSD 45 9 #E
AR AR e AT . CZA Ik TS BN 0. 25/4 ~
128/4 pg/mL (T2 B 45 /) ¥k B [ 2 o0 4 pg/ml),
ATM B EH 0. 06~128 ‘ug/mLo

1.2.3 BHE - FXE @& I 9.19.37 Sxf CZA
BB KPC Wil &% v B (A 1 A% CZA %)= KPC
BRI MIC, SR F s ) % KL R CZA FE 0.5.1.2.4
18 A% MIC B (9 R AR . MR PE CZA 5 ATM Bk
B RO IS5 R SRR 19 75 I 27,3947
53X CZA T 27 NDM K i 3 75 T, B0 £ K 01 4
WL A M-H PR Rl B 1.0 X 10° CFU/mL
PP E R . R M-H 75 B — 545 iR 7
BE JEIBCTELERBIEELR. AEHHZ
PR AHTFE A A KA IR, 76 0.4.8.12 1 24 h
X R RE S HEAT 10 15 R 50 B B H0 R RE A
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100 pL # R 7E M-H BB b, B2 5 3 K,
35 Cad 85 75, AT R TE 1T B0 BOE (8 . B2 TH
Wk B 7R o N, 8088 #5508 Logi, Nt, fifi A
GraphPad Prism 5 845 £l - 22 &

.24 KREEF KRB ER 16.22,30 5 X
CZA T 25 7 4 J& Tl i W bk . DL M-H R i & 1
X 80 K S0 A T T TR R TR AR R R 3 R BE R
(1. 0X 107 1.0 X 10° 1. 0 X 10° CFU/mL) , ¥ A s
WL ML S Ry 5 AL B 20 Hghdy, o 1~3 40
3 A P AR o T S 3 R A VR B R 10 L5 4
414 PBS X B 14 PBS Bl 10 pL. 55 5 4Hh
25 O BEAL AT Aol b B, B 9 )5 B 4h B T
37CREFEM M T 120 h, 4&F 24 h W4 BUAF 15 i,
WK ER 3 IR ERER LDy .

1.2.5 AHMEREHEAZT RIEHELRGH
(235 S, C A RR T G 80 90 B HE 1) 8 6 IV Y T TR Tk
JE 5 DA v B T 1 TR IR AR U R gy o 3 A
540, A4 20 R, EE 1.2.3 47 B 40 R B 1 TR
10 pL, 55 4 21k PBS X HR41, {3 4 PBS ) 10 pL,
555 4Ry as PO IR AT T b 3, RS SRR S
e E T 37 CREFRAA T 2 h R 5 ik 5 4
A B AR B — KA T 10 pL PR 259
(CZA FI ATM (i AR]853 3k 50,100 mg/kg) .

2550 1 LA IR AR B9 CZA 10 L, 4555 2
ZH 4y RO AR R MR EE R ATM 10 LG 25565 3 44 1
TESHAH R YR B CZA FI ATM BE G 2549 10 pL. %
55 4 L R PBS B 10 pL. 55 5 44 A
AEAT AL B, R S 5 1 4 T 37°C B R A 4k 2
BEE 120 h, g 24 h MEIFIC kA gh b T % i .
FORAE I 3

1.3 “%it5 % WA SPSS 22, 0 4 f14 1t
O BT R TR A Rl & B T T Log-rank
(Mantel-Cox) ¥ 56 43 Hréhi B, P<<0.05 N ERABS
T

2.1 52 #% CRE # & & W 83 & & CZA # MIC
{5 52 #k CRE 346 H 7= KPC fiff 23 # . /= NDM i
24 #, 7= IMP ifi 1 #, 7= KPC + NDM 1§ 3 . /=
KPC+ IMP i 1 #. 23 /= KPC i3 91. 3%
21 O X} CZA 1y MIC<<4 pg/mL, % 4h 8. 7% (2
RO BB bR AT CZA B MIC=>128 pg/ml, 29 kkj™
4@ BN R A (MBL) [ B Bk X CZA 1) MIC {51y
=128 pg/mlL, W 1,

%1 52 %k CRE Xf CZA,ATM [ 25 S 2 45 5

Table 1 CZA and ATM susceptibility testing results of 52 strains of CRE

_— CZA 11y ATM _— CZA 1ty ATM ff
e bk fifg 24 MIC MIC oy Btk ity 2 MIC MIC

(pg/mL)  (pg/mL) (pg/mL) (pg/ml)
1 K e A NDM >128 64 14 i ¢ 5, 7 A1 oA KPC 1 >128
2 fiti 9 v 5 AA T KPC 0.5 >128 15 fii 4 v 5 A KPC 1 >128
3 fii % 5 6 A1 P KPC 1 >128 16 N o ra NDM >128 >128
4 it 46 70 25 A0 1 KPC 1 >128 17 it 45 5 F5 A T KPC 0.5 >128
5 Jili 9& 72 TR A B KPC 0.5 ~>128 18 Jiiti 48 7 T A B KPC 2 =128
6 it 4¢ 7 B A T KPC 0.25 >128 19 Jit 4% 7 B A P KPC 1 >128
7 i 98 e B A1 T KPC >128 >128 20 it 9 5 B A1 B KPC 1 >128
8 il 4 75 A KPC 1 >128 21 Jiti ¢ 5 B A KPC 0.5 >128
9 i #¢ 52 B {11 PR KPC 0.5 =128 22 B 74 % FT IMP ~>128 128
10 Jifi 9 e T A KPC 2 >128 23 N NDM >128 >128
1 fiti 9% v A # KPC 4 >128 24 N | NDM >128 2
12 i 46 7 25 A KPC 0.5 64 25 NI NDM >128 >128
13 it 9 v B 1H T KPC 128 >128 26 KGR A NDM >128 64
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%% 1 (Table 1, Continued)

ik CZA [y ATM [y it CZA ffy ATM [
e Hikk fitg 72 MIC MIC oy Hikk ity 72 MIC MIC

(pg/mL) (pg/mlL) (pg/mL) (pg/mL)
27 Kl e 7 NDM >128 =128 40 K M B2 7 NDM >128 =128
28 K g e 7 T NDM >128 >128 41 N a | NDM >128 >128
29 IRV ES KPC 1 32 42 PN b | NDM 128 >128
30 % s KPC+NDM  >128 >128 43 Jiti 9% 5 B A T NDM >128 1
31 il RIS FEME KPC+NDM  >128 >128 44 K My B 7 NDM =128 =128
32 Jifi % AR KPC + IMP =128 >128 45 Jit 4 5 7 A T NDM =128 =128
33 % s KPC+NDM  >128 >128 46 PN 7R T NDM >128 >128
34 K B 7 T NDM >128 4 47 N NDM >128 128
35 [ 340 Ji T B NDM >128 >128 48 Jiii %% 52 B A1 A NDM >128 >128
36 i % 5 A KPC 0.5 >128 49 K 3% 75 NDM >128 >128
37 it 46 7 25 A KPC 1 >128 50 K My B 7 T NDM >128 >128
38 Kl e NDM >128 32 51 PN R NDM >128 128
39 K 5 7 i NDM >128 >128 52 i 4 5 T A1 A KPC 1 >128

2.2 31 4 CZA Wi AM B A 4R H#f 6.5% (2 BRI FIC 7£ 0. 5~ 1, B x 1 B 47 54 ¥ |7
X CZA T 25109 31 #R W 47 CZA 5 ATM K& 24 FAR RN, . W3 2,
BRI . 45 B E 1,93, 5% (29 #f) #y FIC {5<<0. 5,

Fz2 CZA 5 ATMELG X 31 #f CZA Tif 245 T bk 19 /8 FH AR
Table 2 Effect of combination of CZA and ATM on 31 CZA-resistant strains

[CL¥ R LS izl FIC 1 b itk - — o
! Ko e 7 i NDM 0.125 Il 35 W1 7 B T NDM 0.188 B )
7 Jifi 5¢ 7 B A KPC 0.156 b7 o - oM s i
; PR fre 0129 DI 39 K M 3 A 1 NDM 0. 094 Il
R o G188 P 0 KBRBE NDM 0.09 B
= it . - P 41 K M 3 A 1 NDM 0.188 23]
23 PN7E o] NDM 0. 188 NG| - P i - e
24 izﬁ: NDM 0.563 ;jj[]j” 3 i 9% 92 % 11 7 NDM 0. 281 A
25 ] NDM 0. 094 5
26 S b 7 NDM 0,313 - 44 PN/ NDM 0.156 G
27 KW e A NDM 0.156 Yi 2 Mt 9 52 55 11 1 NDM 0.063 U
28 PN 7R NDM 0.078 Hilel " PN 7R NDM 0.125 I
30 i %o dE A KPC+ NDM 0. 188 NG 47 PN /RN NDM 0. 266 il
31 N e AAE  KPC+NDM 0,047 G 48 il ¢ 55 A1 B NDM 0.156 B
32 iR 7o HAH  KPC+IMP 0.125 Bl 49 PN NDM 0. 094 A
> MEFEMA KPC+NDM  0.063 By 15 50 PN 7B R NDM 0.188 I
34 PN7E o] NDM 0. 625 Ham 51 Kl e 7 1 NDM 0. 188 .

2.3 RE#E CZA 5+ 7= KP

BARGFARRA  CZA LM 9.19.37 577 KPC BH k.9 5 RKEZH
CZA B4 ATM s # NDM & #

BRE) AR YAk HL L AE 12 b JE R I B A R k. Bk Ak,

B O
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2.4 f1 8 £% MIC CZA fbH¥ e FE 24 h 5.9 S
PRI B R 5 4K . 19 Skt 25 b8, 78
12 b J5 R 3 2 25 AR IR T 4 F8 A MIC CZA
AREL8 h BN 0. 37 S EFRI0. 545 MIC fil
14 MIC CZA 4b B 40 OG22 e il 2.4 7

8 £ MIC CZA AbFE 12 h GBSk 0. WHE 1,
CZA B ATM BB E) — R ih &k s CZA i
ATM 4G X} 27 45,39 5 .47 57 NDM [ i) 14
PR R B R SR I E 8~12 h J5 AR A il
FEEEK. WA 2.,

HEAN9SIMRFEHEME.BA 19 SR EHEME.CH 37 SR EHEMHE.
1 AR CZA X7 KPC Bl ¢ 5 8 15 B Y A% B it 26

Figure 1

Bactericidal curve of different concentrations of CZA against KPC-producing Klebsiella pneumoniae

WA R 27 SRIBBRAE.BA 39 SRGBRATE.CH 47 T RGBRAH
2 CZA KA ATM X7 NDM [ K i 3 A T 1 4% Tl 48
Figure 2 Bactericidal curve of CZA combined with ATM against NDM-producing Escherichia coli

2.4 CZA #RAIEA ATM 5 8 F K 32 4 7 4
e 16.30 S EKAY LDy K 1. 0% 10° CFU/mL,
22 SR LDy A 1.0 X 107 CFU/mL, CZA 1
& ATM Xt CRE ey 4 i BAT Gr 478 1 74 25 1K

G 48 h 5 g B AE TG R A T R BT R R FR A
80 %6 ~90 %6 ity 7K - o LU A FH 2R 245 Bof 1) 47 37 28 (2R
FERFIR] 120 DA KIEBE R . 2 HA G # 8 X
(P=0.001), WK 3,

TEAH 16 S RIGBRAR B 22 SHIMHF R . C Ny 30 Sl 58 5d A5 .
B3 CZABZ5 K5 ATMEGHZ G X CRE Jg it i 88 4)) e 2 7 2 £
Figure 3 Curve of survival rates of CRE-infected Galleria mellonella larvae after treatment with CZA alone or in combination
with ATM
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CRE X Il PR WLAT T 25 90 K 22 B0 24, ] k4%
M BTG IR T 25 A R R I PR BT 1 ] R
H RIS 7R CRE [ 25 #1132 22 02 77 ik 75 25 1
fitg , L3 25 5k 2R B 8 AR IR T A B0 S R 37
REALR A2 o B2 e 3K 55 L L v L™ ik 75 25 44 B 7E i
IR b fe s W

ABFFEH 52 ¥k CRE B AR 7™ i 75 85 5 Bl 1% 10 43
Br S8 o il 9 50 B A P S DA TS A 28 22 SRR 0k T B 0
fif KPC B4 3, DB R 7 B 26 NDM 24 4 g i .
20 BR KM 3% 75 B S 2 Ak B8 W A B 24 O 72 NDM
U 7 B 0 I, 5 9 A AT L — B . W
FITE NG PRIA YT ok & JE # B 209 4F AT Bl 4 230 2
— R Y B- PN T e e A AR L BB A S AT 2
H ARG A 22 Z R S D 28 IR e 7Y bk
it 4 I H T R S 2 i R VA YT CRE & e i — 2k
R, AREFIE .23 B KPC B 91, 3% %t
CZA 8. 7% % CZA T2, 5 AH K H B> A
77 KPC B R X CZA K 2 $00ss (R it 245 147 1) H 31
THER R T2 R 2 W IE CZA BT e . &2
WA 2 aEE S . 77 KPC B Ak X CZA Tif 2541
il EEEH blagec, "I S IR B R R A 5, 58 48
Sy HA RS G KPC-3 U4 e Abh, A HE AL &
A8 1Y 5, CTX-M 20 AmpC |y 28 7228 i ] 5 5
CZA T2 >, 29 ¥ 7= 4 & i 1 B Bk X CZA Tiif
24, MIC {>128 pg/mL, Xt CZA Tif 245 bk IR
97 % B A A R PR 25k CZA 5 H A bt &
YA G, CZA G ATM By 3 L B 4k
EHAE R 3 ATM % ESBLs. AmpC [ /K fift . {ifi
ATM 45 b g 15 tE. EAME A W™ £ 0,
ATM Bt A CZA AL G R IR 9T Il R vd T AR W O
NDM-1 fl OXA-48) . 4 & 5 %L ffd 7 (7= NDM-1 FI
AmpC) LA K BAA AT B (7 NDM-1 Fil KPC-4) 5] iz
IR IS R AP YT /. 5 — Fh sl 2 Rl ES-
BLs,94. 7% ) CRE B &k ATM Tfif 25 , {5 7 5 4 B
eI 2 5. 96. 9% ATM it 25 B #k CZA-ATM 1y
MIC<C1 pg/mL-"7 . FEARFFE T . CZA Xf KPC fi ™=
A R RR I R AT I AR AP 2R B CR  CZA X 91,3 %
(R Bk MIC {H<<4 pg/mL. X1, HX 29 #k MBL
Bk MIC {39 =128 pg/mL. CZA fl ATM
FR25 ik & J5 - MIC A 7] BEAIL 2 45 B /Y 80U [
WL FIC AE 3 <71, KW HA B 47 04 Py ) s A I 5 .

) I R, 9 S BRTE 0.5 ANl A5 MIC 1Y
CZA KbFEJ5 8 h, = KPC i i B bk B0 3 K
1E 2 48 MIC 1y CZA R R BRTEAL FRAY AT 4 h NERE
W, KEFE A2 h JE R AL YE . T 4 8 A%
MIC, ZEAL B 8 h J5 oA I 390 1R %+ 2 38 224 7910 4 1Y
CZA X KPC A A R AR WRCR . X T~
NDM [ & #k, 5 CZA 1 ATM AW EHE 8~12 h )5
R B 5K, R ZA ARG RITFWRED
B, Wi, CZA B4 ATM J5 0] H s R 16 97
NDM fif 7= £ () CRE & k. CZA B & ATM X}
CRE &G4 1y 4 d BA R4 4E RT 25365 n] DLAE 5
KEFIE L) B LE AR 16 S bk CZA HLzh4 24 h 5
JR T K L TS R AL R 60 %0, T 6 FH 25 40 L T e
R A A0 AT AR AR RE 100%0,120 h J5 . CZA
247 2 JRR Y TR ML () A 2R A 40 00 L BG4
48 h J5 &Y g A TS SRR A T R AR R FRTE
90 %6 K- s - — ELAEREE 120 h, Ho i 52 24 15 1) 47
TERKIEIER . 45 L. CZA BS ATM A FEK ™=
NDM 2] Jg& 4 K 5 052 (14 5 i I BEAR LSBT %

2 Bk, CZA X F 7= KPC Wtk B A K47
BIAEE M, IF H 25 ATM B4 i, % 56 1 7
blaxom ~blawp blagpe + blanp Fl blagee + blaxow I 4
WEA R EAREIER . Hitk. 72K CZA 5
CZA WA ATM w] LIAE &y CRE J&YL (1) B TR 7 1
o AHIE ST WCER 1 I DR TR R R UR T Sl FE A B
A Ju IR AR 7 B A bR DL S BR NDM AR 3 Al 7 4x
Ji T AT o B B 2 0 3K R 0 R AR I BIF 9 45 R L TRk
SERAFIEE — MR DUE M TAEF ¥ Kk
ASEE I RO AN ] T 24 B i 7 25 M R e AR R it 2Y
PR VR AR 5T, BE A% B 47 Ry I R BT B e 6 & A 24
F 45 T 5 1 5 3 = AR
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