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Abstract
The objective was to study ceftazidime-avibactam resistant and susceptible Klebsiella pneumoniae isolated from a patient 
admitted to the Policlinico Umberto I of Rome for SARS-CoV2. Data on the evolution of patient’s conditions, antimicro-
bial therapies, and microbiological data were collected. Whole-genome sequencing performed by Illumina and Nanopore 
sequencing methods were used to type the strains. During the hospitalization, a SARS-CoV2-infected patient was colonized 
by a KPC-producing K. pneumoniae strain and empirically treated with ceftazidime-avibactam (CZA) when presenting spik-
ing fever symptoms. Successively, ST2502 CZA-resistant strain producing the KPC-31 variant gave a pulmonary infection 
to the patient. The infection was treated with high doses of meropenem. The KPC-31-producing strain disappeared but the 
patient remained colonized by a KPC-3-producing K. pneumoniae strain. An interplay between highly conserved KPC-31- 
and KPC-3-producing ST2502 strains occurred in the SARS-CoV2 patient during the hospitalization, selected by CZA and 
carbapenem treatments, respectively.
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Multidrug-resistant Enterobacterales represent a therapeutic 
challenge due to their global spread and limited therapeutic 
options. Klebsiella pneumoniae carbapenemase (KPC) is the 
most prevalent enzyme in the Americas, the Mediterranean 
countries, and China, conferring resistance against several 
antimicrobial agents commonly used against gram-negative 
bacteria [1]. In 2018, a new antimicrobial combination, cef-
tazidime/avibactam (CZA), was approved against carbap-
enemase-producing Enterobacterales and become rapidly 
the first-line therapeutic option in carbapenem-producing 
Enterobacterales producing class A, class C, and some class 
D beta-lactamase. While CZA was being used more and 
more, the first resistances were reported [2]. Interestingly, 
it was found that during CZA administration, the MIC of 

meropenem (MEM) could decrease and some KPC-produc-
ing Klebsiella pneumoniae (KPC-Kp) strains could result 
CZA-resistant and MEM-susceptible [3, 4].

In November 2020, a 59-year-old man was admitted to 
the Emergency Department of Policlinico Umberto I of 
Rome for previously diagnosed severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV2) infection and short-
ness of breath (day 0, Fig. 1). Medical history was notable 
for type-2 diabetes, arterial hypertension, obesity (BMI 32), 
and persistent atrial fibrillation. Rapidly worsening dysp-
nea and analysis of arterial blood gas demonstrated acute 
respiratory failure with severe hypoxemia requiring high 
flow oxygen delivery with helmet continuous positive air-
way pressure. Initial prescription included dexamethasone, 
enoxaparin, ceftriaxone, and azithromycin, while remdesivir 
was not prescribable due to symptoms onset lasting over 
ten days, as for local guidelines. Patient’s conditions rapidly 
deteriorated necessitating endotracheal intubation before 
being transferred to the intensive care unit (ICU). On day 
4 of hospitalization, empiric therapy with linezolid 600 mg 
bid and piperacillin/tazobactam 4.5 g qid was started due to 
spiking fever. This treatment was early interrupted because 
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of no growth on blood cultures (BCs), negative values of 
procalcitonin (PCT), and resolution of fever.

On day 8, the routine rectal swab for surveillance of car-
bapenem-resistant Enterobacterales performed by directly 
plating a rectal swab on a carbaenterochrom agar plate 
(Microbiol s.r.l., Macchiareddu, Italy) tested positive for 
KPC-Kp. This strain was reported as susceptible to colis-
tin (MIC ≤ 0.5  µg/ml), trimethoprim/sulfamethoxazole 
(MIC ≤ 20 µg/ml), and CZA (MIC 4 µg/ml) by the Vitek2 
automated test (bioMérieux, Marcy l’Etoile, France; Suppl. 
Table 1). On day 11, he was extubated and started on non-
invasive positive pressure ventilation.

On day 12, due to the new onset of spiking fever, empiric 
treatment with CZA 2.5 g tid was started after drawing BCs. 
Subsequently, considering the persistence of fever, it was 
decided to remove and substitute the central venous cath-
eter, with tip culture showing growth of oxacillin-resistant 
Staphylococcus aureus and Candida albicans. Treatment 
was then implemented with daptomycin and caspofungin 
(from day 20), obtaining resolution of fever and progressive 
improvement of clinical conditions. CZA was interrupted on 
day 22 after 10 days of administration. Follow-up BCs and 
echocardiography tested negative; daptomycin and caspo-
fungin were administered for a total of 14 days.

From day 36, a progressive increase of bronchial secre-
tions was noted with slight worsening of respiratory func-
tion and difficult weaning from the non-invasive ventilation. 
The surveillance culture of the tracheal aspirate reported 
the growth of > 1 ×  105 CFU/ml of KPC-Kp, showing imi-
penem (IMI) MIC ≤ 0.25 μg/ml, and meropenem (MEM) 
MIC ≤ 1  μg/ml (strain 0712). MIC values for CZA, 

meropenem/vaborbactam (M/V), and imipenem/relebac-
tam (I/R) were evaluated by concentration gradient method 
(MIC Test Strip, Liofilchem srl, Italy) and by broth microdi-
lution method (SensititreTM EUMDROXF, Thermo Fisher 
Scientific, Waltham, MA), on Mueller–Hinton Agar plates 
(bioMérieux, Marcy l’Etoile, France). The broth micro-
dilution panel contained M/V (0.06/8–16/8 µg/mL), I/R 
(0.06/4–8/4 µg/mL), and CZA (0.25/4–16/4 µg/mL). The 
0712 strain resulted resistant to CZA (MIC ≥ 256/4 μg/ml) 
but susceptible to both M/V (MIC = 0.38/8 μg/ml) and I/R 
(MIC = 0.50/4 μg/ml; Suppl. Table 1).

On day 41, a chest X-ray showed the appearance of new 
and confluent mid-basal consolidations and meropenem 1 g 
bolus followed by high dose; 3-h extended infusion of 2 g 
tid was started, prompt early (48 h) clinical improvement.

Under MEM treatment, on day 45, a new culture of tra-
cheal aspirate showed absence of the previously isolated 
CZA-resistant KPC-Kp but reported the growth of few 
colonies (< 1 ×  103 CFU/ml) of a MEM-resistant CZA-sus-
ceptible KPC-Kp (IMI MIC ≥ 16 μg/ml; MEM MIC ≥ 16 μg/
ml, CZA MIC = 4 μg/ml, M/V MIC = 0.38/8 μg/ml, I/R 
MIC = 0.50/4 μg/ml; strain 1512).

Treatment with MEM was carried on for a total of 
10  days, with no adverse effects. Respiratory function 
improved significantly, allowing progressive reduction of 
oxygen delivery until suspension on day 65 and transfer to 
a general ward.

On day 58, the culture of rectal swab showed coloniza-
tion by a carbapenem-resistant KPC-Kp (IMI MIC ≥ 16 μg/
ml; MEM MIC ≥ 16  μg/ml, CZA MIC = 4  μg/ml, M/V 
MIC = 0.5/8 μg/ml, I/R MIC = 0.75/4 μg/ml; strain 12812).

Fig. 1  Timeline of the KPC-producing strains involved in the case 
report. The upper part of the figure represents the isolated strains, 
their evolution, and the main characteristics of those subjected to 
whole-genome sequencing (i.e., resistome and replicon content of the 

blaKPC carrying plasmids). In the lower part, black dots with dates 
represent noteworthy events in the case, blue arrows represent the 
start and the end of pertinent therapies, and colored blocks over the 
line represent major clinical events
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On day 88, the patient was discharged to a rehabilitation 
center.

Whole-genome sequencing (WGS) was obtained as pre-
viously described [3] by the Illumina MiSeq instrument 
(Illumina Inc., San Diego, CA, USA) for three K. pneumo-
niae strains, namely the first strain isolated from tracheal 
aspirate after the empiric treatment with CZA (0712), the 
strain isolated from tracheal aspirate in the fourth day after 
the beginning of the high-dosage (3-h extended infusion of 
2 g tid) MEM treatment (1512), and the strain colonizing the 
patient 17 days after the beginning of the high-dosage MEM 
treatment (12812). The three strains were also subjected to 
Nanopore sequencing into the MinION Flow Cell (R9.4.1) 
following SQK-RBK004 sequencing procedures in an Mk1C 
MinION platform [5].

In silico WGS studies performed using Kleborate [6] 
demonstrated that the 3 isolates were ST2502. This pecu-
liar ST belongs to the same clonal complex of the ST101 
and is considered to be hyperendemic in certain areas of the 
Tuscany region [7].

A phylogenetic analysis of ST2502 and ST101 clones 
was performed comparing genomes sequenced in this study 
with those downloaded from GenBank and from the Institut 
Pasteur (https:// bigsdb. paste ur. fr/) databases or sequenced in 

previous studies [5, 8]. The genomes were annotated using 
Prokka [9] and the resulting general feature formats (GFFs) 
were analyzed using Roary v3.11.3 [10] to identify the core 
and the accessory genes and to obtain a core genome align-
ment. Recombining regions removal was carried out by the 
Gubbins algorithm [11] (https:// usega laxy. eu/) generating a 
maximum likelihood phylogenetic tree with RAxML using 
default parameters [12].

The three strains were each other highly related at chro-
mosomal level (Fig. 2; 0–1 SNPs in the core genome) but dif-
fered for the resistance gene content. Complete circular plas-
mid assemblies were obtained for strains 0712 (69,857 bp; 
GenBank Acc. No. MZ606382) and 12812 (69,171 bp, Acc, 
No. MZ606380) by using the Unicycler tool with the bold 
bridging mode (https:// usega laxy. eu/ server). The complete 
circular plasmid sequence of 264,856 bp from strain 1512 
was obtained by the Flye assembly on nanopore long-reads 
but was not reconfirmed by Unicycler.

Plasmid analysis demonstrated that all strains carried the 
same plasmid characterized by the presence of FIA(HI1) and 
R replicons (Fig. 3, visualized using the Circos [13] tool).

In strain 0712, the FIA(HI1)-R plasmid encoded the 
CZA-resistant KPC-31 variant. The blaKPC-31 gene was 
identified in the Tn4401 transposon; a deleted ΔarmA gene 

Fig. 2  Phylogenetic tree based on a core genome alignment of 0712, 
1512, and 12812 ST2502 strains in comparison with ST101 Kleb-
siella pneumoniae strains. The figure shows an unrooted maximum 
likelihood phylogenetic tree based on a concatenated core gene align-
ment of 19 K. pneumoniae genomes belonging to the ST101 and to 
the highly related ST2502. Highlighted by the orange circle, the three 

strains sequenced in this study, the other genomes were downloaded 
from the GenBank and from the Institut Pasteur databases or were 
sequenced in previous studies (Strains Co_1 and Co_2 from Arcari 
et al. 2021 [7], and strains 19, 9, 7, and 20B from Carattoli et al. 2021 
[3]). The visualization of the tree was performed with FigTree
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and the macrolide resistance mphE-msrE genes were also 
present of the plasmid.

In strain 1512, the FIA(HI1)-R plasmid carried the 
blaKPC-3 carbapenem resistance gene in the Tn4401 trans-
poson, an intact copy of the armA gene encoding the 16S 
rRNA methylase, conferring resistance to all aminoglyco-
sides and the macrolide resistance mphE-msrE genes. The 
FIA(HI1)-R plasmid was fused with the pKPN plasmid 
identified by the FIIk-FIBk replicons.

Finally, in strain 12812, the FIA(HI1)-R plasmid car-
ried the blaKPC-3 gene and mphE-msrE macrolide resist-
ance genes but has completely lost the armA gene. The 
pKPN plasmid was also identified in this strain but not in 
fusion with FIA(HI1)-R.

In conclusion, the patient was initially colonized by a 
KPC-3-producing K. pneumoniae strain. Empiric CZA 
therapy was started at the onset of a spiking fever based 
on the observation that the patient was colonized by a 
CZA-susceptible strain and interrupted after 10 days of 
administration. This treatment presumably selected for 
a ST2502 producing the KPC-31 variant, which silently 
colonized the patient. KPC-31, showing the D179Y amino 
acid substitution located in the Ω loop of the protein, has 
been the most frequently reported CZA-resistant KPC-3 
variant worldwide [14–18]. This variant confers a CZA-
resistant phenotype associated with susceptibility or 
decreased resistance to carbapenems. The ST2502 pro-
ducing KPC-31 (strain 0712) gave a pulmonary infection 

Fig. 3  Circos plot of the blaKPC 
carrying plasmids. Schematic 
representation of the three 
plasmids involved in the study. 
Starting from the outside to the 
inside of the plot, the main fea-
tures of the plasmids (i.e., rep-
licon content, resistance genes, 
and, for the 1512 plasmid, the 
genes involved in the fusion 
between the FIA(HI1)-R and 
the pKPN plasmids), the GC-
skew, and a synteny between the 
plasmids. Specifically, in green 
the alignments between the 
0712 and 12812 plasmids while 
in blue the alignments with the 
1512 strain
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to the patient 14 days after the suspension of the empiric 
CZA treatment. The infection was treated with high doses 
of MEM since the isolate was carbapenem susceptible. 
The decision of using high dose of MEM was based on 
the need of achieving adequate pharmacokinetic and phar-
macodynamic target attainment and possibly reduce the 
chances of development of resistance [19].

The KPC-31-producing strain disappeared after 4 days 
of MEM treatment, along with a rapid amelioration of 
patient’s clinical conditions, and was not cultivated from 
other samples during the entire hospitalization time. How-
ever, the culture of tracheal aspirate reported the growth, 
at very low concentration (< 1 ×  103 CFU/ml), of ST2502 
producing the carbapenemase KPC-3 (strain 1512). The 
high-dose MEM therapy cured the infection, but the K. 
pneumoniae was not completely cleared from the patient. 
In fact, the ST2502 producing KPC-3 still colonized the 
intestinal tract of the patient, many days after the end of 
the MEM therapy (strain 12812).

The interplay between the blaKPC-3 and blaKPC-31 genes 
occurred within the same ST2502 clone on highly related 
plasmids of the FIA(HI1)-R type, previously described 
in ST101 strains from the same hospital [3]. These plas-
mids contributed to the evolution of the clone by hosting 
the blaKPC variants but also underwent to rearrangement 
(gain or loss of additional resistance determinants carry-
ing the armA gene) and fusion with co-resident plasmids. 
This study confirms how difficult is the treatment of infec-
tions sustained by KPC-Kp that can rapidly evolve from 
CZA-susceptible to CZA-resistant under CZA-treatment 
by KPC-3 to KPC-31 mutation. KPC-31-producing strains 
can be treated with MEM, but still in the patient can per-
sist colonization of MEM-resistant KPC-3 producers.
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