Supplementary Table 1. Summary of recent retrospective/observational studies and case reports of preterm infants referencing Klebsiella

Abbreviations used in the table are defined in the footnote.

Study information Main findings Reference
Investigation of neonatal outcomes of LOS Most BSls occurred in VLBW neonates (n = 81) and preterm infants (n = 74). Predominant organisms isolated were CONS [1]
patients in Oman (2007-2014); n = 125 (47.2 %), Kle. pneumoniae (16.8 %), Esc. coli (7.2 %), Pse. aeruginosa (5.6 %), Bur. cepacia (5.6%), Enterococcus spp.
LOS cases from 26,289 live births. (3.2 %), MRSA (2.4 %), and Ser. marcescens (2.4 %).
Case report of premature neonate with signs Spontaneous vaginal delivery at 30 weeks GA. Congenital brucellosis associated with Kle. pneumoniae co-infection. [2]
of severe respiratory distress.
Antimicrobial sensitivity pattern in neonatal 72.3 % premature neonates; 84.0 % LBW; 76.6 % EOS. 21.3 % of cases had positive blood culture, Klebsiella spp. were [3]
sepsis in Bangladesh NICU (July-Dec isolated in 35.0 % of positive cases. MDR Kle. pneumoniae and Esc. coli were leading causes of neonatal sepsis.
2017); n = 94.
Investigation of bacterial endotracheal tube Three colonization groups: (1) no growth, n = 319; (2) normal respiratory bacteria only, n = 357; and (3) significant bacteria, [4]
colonization in preterm infants in Brisbane n=378 — 40 % harboured Gram -ve bacteria and 34 % Klebsiella (which was most prevalent organism in the significant
(Australia) (2007- 2016); n = 1054 bacteria group).
intubated preterm neonates (<32 weeks Significant bacteria group had significantly lower birth weights (P<0.001) and younger GA (P<0.001) than no growth
GA). neonates.
The odds of septicaemia (10 % of cohort) were higher for normal respiratory bacteria group (2.6 times) and significant
bacteria group (4.5 times) than for no growth group. Study did not determine causative agent of septicaemia.
Investigation of outcomes of neonatal sepsis Neonatal sepsis based primarily on clinical features. 56 % preterm infants, and 51 % LBW. 415 EOS, 171 LOS. Positive [5]
patients in Bahawal Victoria Hospital blood cultures were seen in 8.9 % of patients; although microbiological analysis was not performed for 20.5 % of sepsis
(Pakistan) (Jan-June 2019); n = 586. patients. Predominant organisms isolated were Kle. pneumoniae (36.5 %), Esc. coli (28.5 %), and Sta. aureus (15.4 %).
123 neonates died (21 %).
Bacterial colonization and primary sepsis at Gut and respiratory tract samples screened for MRSA, VRE and Gram -ve bacteria. 282 neonates were colonized with at [6]
Hanover Medical School (Germany) (Nov least one target organism, 26.2 % of whom had MDR isolate(s). 534 bacterial isolates of target organisms were obtained,
2016-Mar 2018); n = 584. with the predominant organisms being Esc. coli (131 neonates), Etb. cloacae (106 neonates), Kle. oxytoca (72 neonates)
and Kle. pneumoniae (49 neonates). 9 neonates were shown to have hospital-acquired Kle. pneumoniae (monoclonal
cluster, over a 3-week period).
23 positive blood culture LOS cases; the predominant organisms isolated were Staphylococcus spp. (60.9 %), Etb. cloacae
(8.7 %) and Kle. aerogenes (4.3 %).
Klebsiella aerogenes outbreak in Austrian Sequencing confirmed outbreak of a yersiniabactin-producing Kle. aerogenes strain. [7]

NICU (Sept-Dec 2016); n = 16.

13 neonates were asymptomatic for Kle. aerogenes infection, some of whom developed LOS caused by another pathogen.
3 LBW preterm neonates developed NEC, 2 complicated by sepsis (1 of whom died).




Study information Main findings Reference

MDR Enterobacteriaceae in neonatal unit in 291 neonates with EOS (465 bacterial infections). Predominant organisms isolated were Kle. pneumoniae (66.2 %), Etb. [8]
Johannesburg (2013-2015); n = 2437. cloacae (1.5 %), Esc. coli (9.6 %), Ser. marcescens (6.2 %) and other Klebsiella spp. (5.8 %). LBW and younger GA

were associated with MDR EOS. Ser. marcescens EOS had highest mortality rate (55.2 % of mortalities).

Association of maternal UTI with neonatal Statistically significantly higher rate of UTI (25.2 %) in study group (exposed in utero to maternal UTI) than control group [9]
UTI in Dumlupinar University NTU, Turkey (no maternal UTI) (7.8 %; P<0.001).

(July 2017-Jan 2018); n = 230 singleton Most common organisms isolated from study group were Esc. coli (n = 15), Klebsiella spp. (n = 5), Proteus spp. (n =3) and
births. UTI classified as >10° CFU/ml of Serratia spp. (n = 2).
urine of one organism.

Case report of K. pneumoniae acute Kle. pneumoniae acute chorioamnionitis caused intrauterine foetal death at 138 days GA (just under 20 weeks). Kle. [10]
chorioamnionitis. pneumoniae isolated post mortem from foetal blood and lung samples. Maternal blood and urine samples taken after

foetal death were culture negative.

Aetiology, clinical signs and laboratory Meningitis confirmed by positive CSF culture and/or clinical signs. 233 had lumbar puncture with 36.5 % positive CSF [11]
parameters of acute bacterial meningitis in culture. 94 % of confirmed meningitis cases were preterm infants (<37 weeks GA). Gestational disorders were seen in
neonates at Ghaem hospital Mashhad 55.3 % of meningitis neonates (PROM, 19 %; chorioamnionitis, 9 %; and hypertension, 7 %).

NICU (Iran) (2009-2018); n = 468. Positive blood culture was seen in 80 % of neonates with late-onset meningitis. Kle. pneumoniae (48.6 %) and Kle.
aerogenes (14.3 %) were the leading causes of meningitis; with respiratory symptoms (94%) the most common clinical
finding associated with meningitis.

Pathogen composition and clinical features Sepsis confirmed by positive blood culture. 73 EOS (< 1 week old) and 298 LOS (= 1 week old). LOS group had [12]
of preterm infants with sepsis at significantly higher NEC rate (P<0.05). Kle. pneumoniae was the predominant bacterium isolated (27.4 % of EOS and
Zhengzhou University NICU (China) (Jan 43.6 % of LOS cases), followed by Esc. coli (16.4 % EOS and 7.0 % LOS).
2014-May 2018); n = 371.

Case-control stool surveillance study 270 ESBL-E isolates from 217 preterm infants; 44 cases harboured more than one species. 10/217 ESBL-E cases [13]
investigating whether ESBL-producing developed NEC, compared to 2/217 matched controls. Predominant ESBL-E were Kle. oxytoca (46 %), Kle. pneumoniae
Enterobacteriales (ESBL-E) are a risk (19 %), Cit. freundii (17 %). Faecal ESBL-E carriage was not a risk factor for NEC.
factor for NEC in preterm infants (2005-

2016); n = 217 ESBL-E cases, n = 217
matched controls.

Bacterial epidemiology of neonatal sepsis in 2,003 presented with clinical signs of sepsis; 1,807 EOS, 196 LOS. Positive blood culture for 36.9 % of 690 blood samples [14]
preterm infants in Ethiopia (July 2016-May tested. Predominant organisms isolated were Klebsiella spp. (33.9 %), CONS (18.2 %), Sta. aureus (16.9 %) and Esc.

2018); n = 4,919 preterm neonates. coli (5.2 %). 91.3 % of the blood isolates were MDR.
Bacterial epidemiology of culture-positive 388 full-term infants and 206 preterm infants (11.9 % LBW; 9.0 % VLBW); no GA records for 3 neonates. 97 EOS, 502 LOS [15]

neonatal sepsis in South China (2012-
2016); n = 597 cases.

(some neonates experienced multiple episodes of sepsis caused by different pathogens). 620 isolates; Kle. pneumoniae
(21.9%), Esc. coli (21.9 %), Group B Streptococcus (13.2 %), Sta. aureus (6.8 %). 57 sepsis patients died in hospital,
with Esc. coli (n = 22) the leading cause of mortality, followed by Kle. pneumoniae (n = 12), Group B Streptococcus (n =
4), and Sta. aureus (n = 2).




Study information Main findings Reference
Association between tracheobronchial 41 neonates diagnosed with BPD. Significantly lower BW (P<0.001) and younger GA (P<0.01) for BPD group. Incidence of [16]
aspirate fluid isolates and BPD in VLBW neonatal sepsis was higher in BPD patients. Positive tracheobronchial aspirate fluid cultures for 33/155 neonates;
preterm infants admitted to NICU (2015- predominant organisms isolated were Ste. maltophilia and Kle. pneumoniae. Gram +ve cocci isolated from 14.6 % of
2017); n = 155. BPD and 6.1 % of non-BPD patients, Gram -ve bacteria isolated from 39.0 % BPD and 8.8 % non-BPD patients.
Clinical characteristics and bacterial Detailed clinical and microbiological data available for 297 cases. Predominant organisms isolated were Esc. coli, Kle. [17]
epidemiology of culture-positive neonatal pneumoniae and CONS.
sepsis in Guangzhou city (South China) Full-term infants — Esc. coli (26 %), CONS 24%, Str. agalactiae (18 %); preterm infants — Kle. pneumoniae (31 %), Esc. coli
(June 2011-June 2017); n = 1048. (25 %), Enterococcus spp. (13 %). Caesarean section born infants — Kle. pneumoniae (30 %), Esc. coli (16 %),
Enterococcus spp. (16 %), CONS (13 %); vaginally delivered infants — Esc. coli (32 %), Kle. pneumoniae (18 %), CONS
(17%), Str. agalactiae (10 %). PROM cases — Esc. coli (35 %), Kle. pneumoniae (22 %), Enterococcus spp. (14 %).
VLBW — Kle. pneumoniae (32 %), Esc. coli (20 %), Enterococcus spp. (14 %), Candida spp. (13 %); LBW — Esc. coli (36
%), Kle. pneumoniae (29 %), Enterococcus spp. (12 %); normal BW — Esc. coli (25 %), CONS (25 %), Str. agalactiae (15
%), Kle. pneumoniae (14 %). EOS — Esc. coli (32 %), Str. agalactiae (27 %), CONS (17 %); LOS — Kle. pneumoniae (29
%), Esc. cali (23 %), CONS (15 %).
Clinical and bacteriological profile of 232 clinically suspected EOS (24 blood culture positive), 82 clinically suspected LOS (20 blood culture positive). 48 [18]
neonatal sepsis in Bhutan (2016); n = 314. bacteria isolated from 44 positive culture cases, with 64.6 % being Gram -ve bacteria. Predominant bacteria were CONS
(31.0 %), Kle. pneumoniae (27.0 %) and Acinetobacter spp. (18.8 %).
Investigation of EOS among preterm EOS confirmed by positive blood culture within 72 h of birth. 321 confirmed EOS cases, 61 of whom died within a week of [19]
neonates in China (April 2015-May 2018); EOS onset. Gram -ve bacteria were the predominant organisms isolated (61.7 %) and associated with 82.0 % of EOS
n = 27,532 infants <34 weeks GA. deaths. Esc. coli (20.3 %) was the leading bacterium isolated, followed by CONS (16.5 %), Ach. xylosoxidans (9.0 %),
Kle. pneumoniae (8.1 %), and Group B Streptococcus (2.5 %).
Investigation of sepsis and its association 16 EOS, 94 LOS. Higher cerebellar haemorrhage risk was seen with LOS. LOS group had lower BW, younger GA, and [20]
with neurodevelopmental outcomes in smaller length and head circumference that EOS and no sepsis groups. A significantly higher risk of cerebral palsy was
preterm infants (24-32 weeks GA) at NICU seen in LOS group (28.0 %) compared to EOS (0.0 %) and no sepsis (9.6 %) groups (P<0.01). Significantly lower motor
of Maternity hospital in Kuwait (2017); n = scores were seen for LOS group at 3 years of age, compared to EOS and no sepsis groups (P<0.05).
203. Kle. pneumoniae (31.3 %) most common organism isolated in EOS, followed by Str. agalactiae (25.0 %) and Esc. coli (18.8
%). Kle. pneumoniae (57.4 %) most common organism isolated in LOS, followed by other pathogens (27.7 % - including
CONS, Sta. epidermidis, MRSA and Serratia spp.).
Case report of neonatal meningitis caused Hypervirulent ESBL-producing Kle. pneumoniae strain causative agent of pyogenic meningitis in a full-term neonate. [21]
by Kle. pneumoniae. Isolated from blood and CSF samples. Despite antibiotic treatment (modified following confirmed Kle. pneumoniae
culture), the patient died on 35" day of disease [32 days after hospitalization with suspected meningitis, fever (39 °C) and
seizures].
Investigation of epidemiology of culture 128 full-term and 178 preterm infants. Predominant organisms isolated Group B Streptococcus [28.1 %; significantly higher [22]

positive EOS in Suzhou (China) (2011-
2017); n = 306.

in full-term (32.8 %) than preterm infants (18.3 %) (P<0.01)], Esc. coli (21.6 %), Lis. monocytogenes (11.8 %), and Kle.
pneumoniae [7.8 %; significantly higher in preterm (10.2 %) than full-term infants (~3 %) (P<0.01)]. Bacteria were
isolated from CSF of 30/220 who underwent lumbar puncture.




Study information Main findings Reference
30 patients had early onset meningitis, with the same bacteria cultured from both blood and CSF for 22 of them (the
remaining 8 patients had negative blood cultures, but positive CSF cultures).
Epidemiology of culture-positive sepsis 280 EOS, 126 LOS. Gram -ve bacteria (46.5 %), Gram +ve (27.6 %), yeasts (25.9 %). Predominant Gram -ve organisms [23]
among out-born patients in Northern India isolated were Kle. pneumoniae (46.5%), Aci. baumannii (17.5 %), Esc. coli (8.0%), Bur. cepacia complex (7.4 %), Aci.
(Feb 2018-Jan 2019); n = 406. junii (5.3 %), and Ent. cloacae (3.1 %). Gram -ve sepsis cases had higher rate of medical respiratory intervention
(oxygen, mechanical) and lower survival rate (50.3 % vs 72.3 %: P<0.05) compared to Gram +ve sepsis cases.
Investigation of LOS in VLBW preterm 171 LOS cases (24 %), 139 with positive blood culture (17 of whom also had CSF positive culture). Predominant organisms [24]
infants in China (2012-2018); n = 710. isolated were Kle. pneumoniae (32.4 %), Sta. aureus (11.7 %), Aci. baumannii (11.0 %), Sta. epidermidis (6.2 %). 30
LOS patients died, 25 of LOS, 3 of NEC, 1 of intraventricular haemorrhage and 1 of multiple organ failure.
Clinical characteristics, epidemiology and 82 EOS, 118 LOS. LOS group had lower BW and younger GA than EOS group. Positive blood cultures were found in 55 % [25]
antimicrobial resistance associated with of sepsis cases, with Kle. pneumoniae the predominant bacterium isolated.
neonatal sepsis at Dhaka Medical College
hospital NICU (Bangladesh) (Jan 2014-
June 2015); n = 200.
Investigation of suspected neonatal sepsis 1024 clinically suspected EOS, 176 clinically suspected LOS. Positive blood cultures obtained for 28.32 % suspected EOS [26]
cases in Southern part of Nepal (Jan and 41.47 % suspected LOS cases. Predominant bacteria isolated for EOS cases were Sta. aureus (62.8 %), Kle.
2017-Feb 2018); n =1200. pneumoniae (14.1 %), Streptococcus spp. (7.9 %), Pse. aeruginosa (5.5 %), Esc. coli (4.8 %) and CONS (3.1 %).
Predominant bacteria isolated for LOS cases were Sta. aureus (64.4 %), Kle. pneumoniae (9.6 %), Streptococcus spp.
(6.8 %), Pse. aeruginosa (6.8 %), CONS (4.8 %) and Esc. coli (4.1 %).
Epidemiology and risk factors of culture 174 cases (76.3 %) were caused by ESKAPE pathogens, 124 involving MDR bacteria. Predominant ESKAPE bacteria [27]
positive childhood BSI at West China isolated were Esc. coli (26.8 %), Kle. pneumoniae (20.2 %), Ent. faecium (12.7 %), and Sta. aureus (12.7 %). Hospital
Second University Hospital (2016-2018); n stays were longer for patients with MDR ESKAPE BSI (P<0.01) and ESKAPE BSI (P<0.05), compared to non-ESKAPE
=228. BSI patients. MDR-ESKAPE BSI cases had more nosocomial infections (P<0.001) and underlying diseases (P<0.001)
than all other BSI cases (50 non-MDR ESKAPE BSI and 54 non-ESKAPE BSI).
Surveillance of NI in a Bulgarian NICU (Jan 54 NI recorded in 48 neonates. LBW and premature infants most at risk of NI. Predominant organisms isolated were Kle. [28]
2017-June 2018); n = 507. pneumoniae (21.35 %), CONS (13.49 %), Esc. coli (11.24 %), Pse. aeruginosa (10.12 %), Aci. baumannii (10.12 %) and
Ent. faecalis (7.86 %).
Perinatal infections in Ukraine (2017-2019); 472 perinatal infections recorded - including BSls (35.6 %), lower respiratory tract infections (21.4 %), meningitis (18.2 %, [29]
n=18,348. conjunctivitis (11.9 %), skin and soft tissue infections (6.6 %), dacryocystitis (3.8 %) and UTI (2.5 %). LBW and younger
GA were potential risk factors for neonatal infections, as well as PROM, maternal infection, respiratory distress during
birthing, turbid and meconial amniotic fluid, and invasive procedures (e.g. intubation).
Esc. coli, Str. agalactiae, Sta. aureus, Kle. pneumoniae, CONS, Ent. cloacae and Pse. aeruginosa were the most common
organisms isolated.
Investigation of prevalence and risk factors 39 full-term and 80 preterm infants. 82 EOS, 37 LOS. Kle. pneumoniae was the predominant organism isolated (79 % [30]

of antimicrobial resistant Gram -ve

cases), followed by Esc. coli (8 %). 11 sequence types (ST) of Kle. pneumoniae were identified. ST37 was more
common among inborn, Caesarean-section-delivered LOS cases, implying hospital-acquired ST37 infections.




Study information Main findings Reference
bacteremia in Ethiopia (Mar-Dec 2017); n
=1109.
Investigation of pathogenic bacteria Positive culture obtained from conjuncitivitis swabs in 92 cases. [31]
associated with neonatal conjunctivitis in CONS was predominant organism isolated (35.9 %), followed by Kle. pneumoniae (16.3 %), Acinetobacter spp. (16.3 %),
Chennai; n = 139. Sta. aureus (14.1 %), Pse. aeruginosa (8.7 %) and Esc. coli (8.7 %).
Association of vaginal microbial dysbiosis Vaginal swabs sampled on hospital admission for delivery. 48.95 % mothers had abundant aerobic bacteria and/or fungi [32]
with selected neonatal outcomes in Lodz (i.e. AVM). Significantly more preterm births in AVM group (9.09 %), than control group (5.31 %) (P<0.05) and
(Poland) (Jan-June 2019); n = 809. significantly more perinatal infections in neonates from AVM group (23.97 %) compared to control group (15.94 %)
(P<0.01). Most prevalent AVM vaginal bacteria isolated were Str. agalactiae (57.32 %), Candida spp. (39.64 %),
Klebsiella spp. (9.85 %) and Sta. aureus (7.32 %). Higher incidence of signs of infection (35.90 % vs 19.16 %; P<0.05),
and respiratory stress signs (18.00 % vs 6.28 %; P<0.05), in neonates whose mothers AVM included Klebsiella spp.
Clinical characteristics of EOS and LOS 66 EOS, 114 LOS. 66 LOS patients had MDR Kle. pneumoniae, all other Kle. pneumoniae isolates were non-MDR. LOS [33]
caused by Kle. pneumoniae (Children’s patients had lower GA and LBW, higher rates of respiratory failure, BPD, and intraventricular haemorrhage, and lower
Hospital of Chongging Medical University, rate of acute respiratory distress syndrome than EOS group (P<0.05). LBW, younger GA, longer antibiotic exposure,
China) (2000-2019); n = 180. peripheral catheter insertion, mechanical ventilation and parenteral nutrition prior to sepsis diagnosis were more common
in neonates with MDR Kle. pneumoniae sepsis than non-MDR Kle. pneumoniae group.
Investigation of EOS in VLBW infants in Qilu 34 EOS, 14 LOS. Risk factors for EOS included contaminated amniotic fluid, intrauterine distress, PROM, and maternal [34]
Hospital (Qingdao, China) (2014-2020); n fever.
= 69 VLBW infants. Positive blood cultures (49 isolates) were obtained from the 48 sepsis cases. 27 Gram -ve bacteria [predominantly Esc. coli
(n =12; 8 EOS, 4 LOS) and Kle. pneumoniae (n = 9; 6 EOS, 3 LOS)], and 21 Gram +ve bacteria [predominantly Sta.
epidermidis (n = 8; 6 EOS, 2 LOS) and Str. agalactiae (n = 7; all EOS)].
Epidemiology of neonatal sepsis in East Preterm infants were more likely to be infected by Gram -ve bacteria. Predominant organisms isolated were CONS (67.4 [35]
China (2016-2020); n = 707 neonatal BSI. %), Esc. coli (12.9 %), Kle. pneumoniae (9.1 %), Str. agalactiae (8.6 %) and Sta. aureus (3.3 %). Rates of Esc. coli and
Kle. pneumoniae infections were similar in 2016 and 2017, but Esc. coli infections have significantly increased since
then.
Epidemiology of ceftazidime/ avibactam- 43 CRKP isolates (10 of which were CZAR) from 300 Kle. pneumoniae isolates. Non-B-lactam antibiotic resistance [36]
resistant CRKP in NICU (China) (July spectrum of CZAR isolates was different to other CRKP isolates, with lower resistance rates to amikacin, levofloxacin,
2016-June 2017); n = 5348. ciprofloxacin and nitrofurantoin. CZAR isolates had different carbapenemase genes to other CRKP isolates. All CZAR
isolates had ESBL genes (with 9 carrying SHV-11) and CTX-M-14 gene. 8 different sequence types were identified from
the 10 CZAR isolates.

Ach., Achromobacter; Aci., Acinetobacter; AVM, abnormal vaginal microbiota; BPD, bronchopulmonary dysplasia; BSI, blood stream infections;
Bur., Bulkholderia; Cit., Citrobacter; CONS, coagulase-negative Staphylococcus; CRKP, carbapenem-resistant Klebsiella pneumoniae; CSF,

cerebrospinal fluid; CZAR, ceftazidime/avibactam-resistant; Esc., Escherichia; Ent., Enterococcus; Etb., Enterobacter; EOS, early-onset sepsis



(< 72 h after birth, unless otherwise stated); ESBL, extended-spectrum p-lactamase; GA, gestational age; Gram -ve, Gram-negative; LBW, low
birth weight; Lis., Listeria; LOS, late-onset sepsis (= 72 h old, unless otherwise stated); MDR, multidrug-resistant; MRSA, methicillin-resistant
Staphylococcus aureus; NEC, necrotizing enterocolitis; NI, nosocomial infection; NICU, neonatal intensive care unit; PROM, premature rupture
of membranes; Pse., Pseudomonas; Ser., Serratia; Sta., Staphylococcus; Ste., Stenotrophomonas; Str., Streptococcus; UTI, urinary tract

infection; VLBW, very low birth weight; VRE, vancomycin-resistant enterobacteria.
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