Article DOI: https://doi.org/10.3201/eid3103.241493

EID cannot ensure accessibility for supplementary materials supplied by authors.
Readers who have difficulty accessing supplementary content should contact the authors for

assistance.

Cefotaxime-Resistant Neisseria
meningitidis ST-4821 Causing Fulminant
Meningitis

Appendix

Case Report

In January 2019 (winter), a 2-year-old boy was brought to the emergence room for fever,
lethargy, and skin petechiae. The boy had fever (thermal spike 39°C) and cough 5 days earlier.
On day four of illness, he was taken to a local hospital for persistent fever and was diagnosed
with influenza A virus (IAV) infection (Figure. S1). On day five of his illness, scattered
petechiae were noted over his face which then rapidly spread over the whole body while he

became increasingly lethargic and irritable.

On arrival, he was very drowsy with body temperature of 38°C, heart rate of 152
beats/per minute, respiratory rate of 28 breaths/per minute, blood pressure of 84/49 mm Hg, cold
extremities with the prolonged the capillary refill time of >3s, extensive ecchymosis and purpuric
macules distributed across his entire body. The laboratory investigations revealed thrombopenia
and significant elevation of markers of inflammation (Figure. S1), coagulation abnormalities,
high urea and creatinine levels, hypoxemia (PaO, 72.3%) and metabolic acidosis (lactate, 1.9

mmol/L). Chest radiograph revealed bilateral lung infiltrates. The patient was clinically
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diagnosed with septic shock, disseminated intravascular coagulation, pneumonia, and renal
dysfunction. He received mechanical ventilation, continuous fluid resuscitation, vasoactive
drugs, and intravenous penicillin, and was transferred to the intensive care unit immediately. The
patient also received oseltamivir, dexamethasone, heparin, and blood products. After 1 dose of
intravenous penicillin, the antimicrobial therapy was changed to ceftriaxone (750 mg every 12
hours) and continued for 14 days (Figure. S1). The CSF, blood, and nasal swab cultures all grew
N. meningitidis. The child was extubated after 4 days on mechanical ventilation. Another febrile
episode occurred on day 12 of hospitalization, accompanied with new skin petechiae and
ecchymoses. Complete blood cell count showed decrease platelet counts (1~8 x 10°/L)
(Appendix Figure 1). On the clinical ground, he was diagnosed with idiopathic
thrombocytopenic purpura following infection. An 8-day course of methylprednisolone was
administered and the child fully recovered. He had no recent travel history and had received 2

doses of group A meningococcal polysaccharide vaccines (MPV-A).

Methods

Bacterial Isolates Collection and Typing

N. meningitidis isolates used in this study were collected as part of the routine clinical
management of IMD patients in People’s Republic of China (/). The commensal carriage
surveys were conducted by the Shanghai Center for Disease Control and Prevention (CDC),
following protocols described in previous studies (2—5). Posterior oropharyngeal swabs were
collected from over 2200 children (aged <15 years) during 2013 and 2022, including infants
(aged <3 years), toddlers in kindergarten (aged 3—6 years), students in primary school (aged 7-11
years), and students in junior high school (aged 12—15 years). In addition, a small number of
samples were isolated from senior citizens (aged >65 years). Neisseria spp. identification was
performed using standard procedures (2—5), including Gram staining, oxidase reaction, matrix-

assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF-MS;
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bioM¢érieux, France), and rp/F gene sequencing. N. meningitidis isolates were sequenced on
[Mlumina HiSeq instrument and submitted to the PubMLST Neisseria Database
(https://pubmlst.org/neisseria/) (Appendix Table 1). Molecular typing was performed following
the nomenclature in the PubMLST database and previous protocols (2—5). We used the primers

recommended by Taha et al. (6) to determine the penA alleles for Neisseria isolates.
Antimicrobial Susceptibility Testing

The MICs (MICs) of penicillin, cefotaxime, ceftriaxone, meropenem, ciprofloxacin, and
trimethoprim-sulfamethoxazole were determined using the broth microdilution method. For M.
meningitidis 1solates, we also used the Etest (bioMérieux) to determine MICs. The interpretation
of breakpoints followed the 2024 guidelines of the Clinical and Laboratory Standards Institute

(CLSI) (7). Meningococcal breakpoints were also applied to commensals.

Analysis of Mutations in Antimicrobial Resistance Associated Genes

Five key alterations (F504L, A510V, I515V, H541N, and I566V) and A549T in the
PBP2-TPase have been linked to neisserial penicillin resistance (4,6). Mutations in GyrA (T91
and D95) and ParC (D86 and S87) are associated with quinolone resistance in N. meningitidis
and Neisseria lactamica (2,5). In N. gonorrhoeae, specific alterations in PBP2-TPase (A311V,
1312M, V316T/P, T483P/S, AS01V/P/T, N512Y, A516G, G5428S, G545S, and P551L/S), PorB
(G120K and A121N/D alterations), mtrR (—35A deletion, +A39T, and G45D), and PonA (L421P

alteration) have been implicated in 3GCs resistance (8,9).

Genetic Transformation

Chromosomal fragments from commensal Neisseria isolates were introduced into V.
meningitidis following a previously established method (3-5). Briefly, chromosomal DNA from
potential commensal Neisseria donor isolates, identified via genomic analysis and carrying the
penA795 allele, was extracted using the Qiagen DNA Minikit (Qiagen, Hilden, Germany) as per

the manufacturer’s guidelines. The recipient strain Nm040, susceptible to penicillin and 3GCs
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(penicillin MIC: 0.032 pg/mL, cefotaxime MIC: 0.008 ng/mL), was grown overnight on
Columbia agar (Oxoid, Basingstoke, UK) with 5% sheep blood. This strain was then incubated at
37°C for 5-6 hours with 500 ng of each donor chromosomal DNA in proteose peptone medium
(Oxoid) enriched with BBL IsoVitaleX (BD, Sparks, MD, USA). The mixtures were plated on
Columbia agar with sheep blood, supplemented with cefotaxime (2-fold dilutions, 0.03—0.5

pg/mL), and incubated at 37°C under 5% CO- for 24—48 hours.
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Appendix Table 1. Characteristics and Antimicrobial Susceptibility Testing Results for the penA795-bearing Neisseria Isolates in Natural Transformation Experiments, N. meningitidis and N. gonorrhoeae Clinical isolates.

MIC (ug/mL) and susceptibility *

penA allele

(NG-STAR penA

NEIS1753 allele
(PBP2-TPase

Other 3GCs

PubMLST
ID/GenBank

Isolate Species Characteristics PEN CTX CRO MEM allele) mutations motif)f determinants § Reference  accession number
NmO040 N. meningitidis Transformation 0.032 (S) 0.008 (S) <=0.002 (S) 0.012 (S) penAt NEIS1753_267 none (10) 58130
recipient (wild-type PBP2)
Nm507 N. meningitidis Clinical ST-4821 0.75(R) 0.25(R) 0.125 (62-fold) 0.047 (4- penA795 NEIS1753_3923 none (4), this study 72262
isolate from blood fold) (5Pen™s-V311-M312-T316-S483-Y512-
Nm508 N. meningitidis Clinical ST-4821 0.75(R) 0.25(R) 0.125 (62-fold) 0.047 (4- S545-T549) 106173
isolate from CSF fold)
Nm509 N. meningitidis Clinical ST-4821 0.75(R) 0.25(R) 0.125 (62-fold) 0.047 (4- 106174
isolate from nasal fold)
swab
Nei012 N. lactamica Transformation donor 1.5 (R) 1(R) 0.25 (R) 0.047 (4- penA795 NEIS1753_3350 none (4), this study 84195
1 fold) (5Pen™S-V311-M312-T316-S483-Y512-
S$545-T549)
NmO040Nei012T1-6 N. meningitidis Transformant of 0.25 (1) 0.5(R) 0.094 (48-fold) 0.047 (4- penA795 5Pen™S-V311-M312-T316-S483-Y512-S545- 111273
NmO040 with Nei012 fold) T549
NmO040Nei012T1n-2 N. meningitidis 0.19 (1) 0.5(R) 0.094 (48-fold) 0.047 (4- 111274
fold)
NmO040Nei012T 1n-3 N. meningitidis 0.25 (1) 0.5(R) 0.094 (48-fold) 0.047 (4- 111275
fold)
Nei028 N. cinerea Transformation donor 1(R) 1(R) 0.75 (R) 0.064 (5- penA795 NEIS1753_2976 none (4), this study 84201
2 fold) (5Pen™s-V311-M312-T316-S483-Y512-
S$545-T549)
NmO040Nei028T 1n-1 N. meningitidis Transformant of 0.38 (1) 0.5(R) 0.125(62-fold) 0.064 (5- penA795 5Pen™S-V311-M312-T316-S483-Y512-S545- 111276
NmO040 with Nei028 fold) T549
NmO040Nei028T1n-2 N. meningitidis 0.25 (1) 0.5(R) 0.125(62-fold) 0.064 (5- 111277
fold)
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Isolate

Species

NmO040Nei028T1n-3

Nei367

NmO040Nei367T1-1

NmO040Nei367T1-2

NmO040Nei367T1-3

Nei798 §

NmO040Nei798T1-1

NmO040Nei798T1-3

NmO040Nei798T1-4

HO41

A8806
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N. meningitidis

Characteristics

N. polysacchera Transformation donor

N. meningitidis

N. meningitidis

N. meningitidis

N. cinerea

N. meningitidis

N. meningitidis

N. meningitidis

N. gonorrhoeae

N. gonorrhoeae

3

Transformant of

NmO040 with Nei367

Transformation donor

4

Transformant of

NmO040 with Nei798

The first documented
ceftriaxone-resistant
gonococcus, Japan,
2009, WHO X **
The third ceftriaxone-

resistant gonococcus,

MIC (ug/mL) and susceptibility *

PEN CTX CRO MEM
025() 05(R) 0.094 (48-fold) 0.047 (4-
fold)
075(R) 0.5(R) 0.19 (95-fold) 0.094 (5-
fold)
025() 0.25(R) 0.094 (48-fold) 0.032 (3-
fold)
038(1) 0.25(R) 0.125 (62-fold) 0.047 (4-
fold)
0.19()  0.25(R) 0.064 (32-fold) 0.047 (4-
fold)
025() 0.25(R) 0.094 (48-fold) 0.047 (4-
fold)
019() 0.25(R) 0.064 (32-fold) 0.047 (4-
fold)
025() 0.25(R) 0.094 (48-fold) 0.023 (2-
fold)
025() 0.25(R) 0.125 (62-fold) 0.047 (4-
fold)
4 (R) 2 (R) 2 (R) 0.125
1(R) ND 0.5 (R) ND

penA allele
(NG-STAR penA
allele)

penA795

penA795

penA795

penA795

penA795
(penA-37.001)

penA795
(penA-64.001)

NEIS1753 allele
(PBP2-TPase

mutations motif)f

NEIS1753_4539

(5PenNS-V311-M312-T316-S483-Y512-

S545-T549)

5PenNS-V311-M312-T316-S483-Y512-S545-

7549

NEIS1753_4685

(5PenNS-V311-M312-T316-S483-Y512-

S545-T549)

5PenNS-V311-M312-T316-S483-Y512-S545-

T549

NEIS1753_545Il

(5PenNS-V311-M312-P316-S483-Y512-

S545-T549)

NEIS1753_1551

Other 3GCs

determinants §

none

none

L421P, G120K,
and A121D, -35 A

del

L421P, G120K,

and A121D

Reference

(4), this study

(4), this study

(11)

(12)

PubMLST
ID/GenBank

accession number

111278

84258

111288

111289

111290

105711

111291

111292

111293

88865

61379



MIC (ug/mL) and susceptibility * penA allele NEIS1753 allele PubMLST

(NG-STAR penA (PBP2-TPase Other 3GCs ID/GenBank
Isolate Species Characteristics PEN CTX CRO MEM allele) mutations motif)f determinants § Reference  accession number
Australia, 2013, WHO (5Pen™S-V311-M312-T316-S483-Y512-
z* S$545-T549)
GU140106 N. gonorrhoeae Japan, 2014 2 (R) ND 0.5 (R) ND penA795 NEIS1753_1547 ND++ (13) LC056026 (penA
(penA-59.001) (5PenNs-V311-M312-T316-S483-Y512- sequence)
S545-T549)
FC428 N. gonorrhoeae International >32 (R) ND 0.5 (R) ND penA795 NEIS1753_1548 L421P, G120K, (14) 108261
ceftriaxone-resistant (penA-60.001) (5PenNs-V311-M312-T316-S483-Y512- and A121D, -35 A
FC428 clone, Japan, S545-T549) del
2015, WHO R**
G7944 N. gonorrhoeae  Ceftriaxone-resistant ND ND 0.5 (R) ND penA795 NEIS1753_1548 L421P, G120K (15) 157714
and high-level (penA-60.001) (5Pen™sS-V311-M312-T316-S483-Y512- and A121D, =35 A (GCA_900411645.1
azithromycin-resistant S545-T549) del and G45D )

gonococcus, UK,

2018, WHO Q**

*The interpretation of breakpoints was according to the 2024 guidelines of the CLSI methods (7): penicillin, MIC <0.06 ug/mL as susceptible, MIC 0.12—0.25 pg/mL as intermediate, and MIC =0.5 pug/mL as resistant; cefotaxime and ceftriaxone
MIC <0.125 pg/mL as susceptible; meropenem MIC <0.25 pyg/mL as susceptible. The magnitude of MIC increase (ceftriaxone and meropenem) was compared to the transformation recipient strain Nm040. CRO, ceftriaxone; CTX, cefotaxime; I,
intermediate; MEM, meropenem; ND, not detected; PEN, penicillin; R, resistant; S, susceptible; WHO, World Health Organization.

TMeningococcal penA typing scheme (402-bp penA allele, nucleotides 1321-1722) according PubMLST Neisseria Database (https://pubmist.org/neisseria/). NG-STAR, N. gonorrhoeae Sequence Typing for Antimicrobial Resistance molecular
typing scheme (https://ngstar.canada.ca).

1A concatenated sequence or motif was used to outline the combinations of mutations in PBP2-TPase. For example, 5Pen™S-V311-M312-T316-S483-Y512-S545-T549 motif represents the twelve penicillin- and 3GCs-resistance-associated
amino acids mutations in PBP2-TPase: F504L, A510V, 1515V, H541N, and 1566V (5Pen™s), A311V, 1312M, V316T, T483S, N512Y, G545S, and A549T

§Other 3GCs-resistance-associated determinants: PonA, L421P alteration; PorB, G120K and A120D alterations; mitrR, deletion of upstream nt 35A (-35 A del), insertion of A39T (+A39T) and G45D.

{INei798 was reclassified as N. cinerea by ribosomal MLST (In our previous study it was mistaken as N. subflava).

IIHO41, with amino acid alternation of V316P.

**WHO N. gonorrhoeae reference strains.

11tWhole-genome sequencing data unavailable.
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Appendix Table 2. Antimicrobial susceptibility testing results for 76 penA795-bearing commensal Neisseria isolates*

MIC MIC

(ug/mL)t PEN CTX CRO MEM (ug/mL)t CIP MIC (ug/mL)t SMZ-TMP

<0.06 0 0 0 16 0.125 15 0.25/4.75 1

0.06 0 0 0 50 0.25 36 0.5/9.5 7

0.125 0 0 5 9 0.5 22 119 15

0.25 0 2 54 1 >0.5 3 2/38 38

0.5 0 15 16 0 >2/38 15

1 19 40 1 0

2 49 13 0 0

>2 8 6 0 0

MICso (Mg/mL)E 2 1 0.25 0.06 MICso (Mg/mL)E 0.25 MICso (Mg/mL)E 2/38

MICqgo (Mg/mL)E >2 2 0.5 0.125 MICqgo (Mg/mL)E 0.5 MICqgo (Mg/mL)E >2/38

Susceptibility 76 (R) 76 (R) 71 (R), 5 76 (S) Susceptibility 76 (R) Susceptibility 1(1), 75 (R)

)

Resistance rate 100% 100% 71176, 0 Resistance rate  100%  Non-susceptibility 100%

93.4% rate

*CIP, ciprofloxacin; CTX, cefotaxime; CRO, ceftriaxone; MEM, meropenem; PEN, penicillin; SMZ-TMP, trimethoprim/sulfamethoxazole.

TMIC, MIC. The interpretation of breakpoints according to the 2024 guidelines of the CLSI methods (7): penicillin, MIC <0.06 pug/mL as susceptible

(S), MIC 0.12-0.25 pg/mL as intermediate (1), and MIC 20.5 pg/mL as resistant (R); cefotaxime and cefatriaxone MIC <0.125 pg/mL as susceptible;

meropenem MIC <0.25 pg/mL as susceptible; ciprofloxacin MIC <0.03 pg/mL as susceptible, MIC 0.06 pg/mL as intermediate, and MIC 20.125

pg/mL as resistant; trimethoprim/sulfamethoxazole MIC <0.12/2.4 ug/mL as susceptible, MIC 0.25/4.75 pg/mL as intermediate, and MIC 20.5/9.5

pg/mL as resistant.

IMICso and MICg0, MICs at which 50% and 90% of the tested isolates are inhibited respectively.
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“ AL AT A MAN A

37

temperature (°C)

36

Day 1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 7 18 19 20 21 22 23 24

Hospital (231‘232 rﬁ) Hospital B (tertiary children's hospital )
WBC (x109L) | 4.4 32 64 14 14 | 102
Neutrophils (%) 34 39 | 25
CRP (mglL) | <8 <8 | 124 120 1;0 133 | 43 [ 18 | 18 44 | 41 | 40 | 15 [ 15 | 9 [ <6 | @ [ <8 | & [ <8 |
Platelet (10°L) 120 | 50 | 30 | 8 [ 40 | 50 | 71| 78 8 6 1 4 1 15 | 3 | 19 | 122 | 190 | 318 | 309
Bacterial/Virus Nm

Antimicrobials

Antivirals

Glucacorticoids

Appendix Figure 1. Clinical Information of Fulminant IMD Case. Temperature curve, key
laboratory findings and pharmacological interventions are indicated according to day of illness
and hospitalization. Abnormal laboratory findings are highlighted. leukocyte, leukocyte; CRP,

C-reactive protein; 1AV, influenza A virus; Nm, Neisseria meningitidis.
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Appendix Figure 2. The structure of N. meningitidis PBP2. (A) A ribbon representation of
wild-type (WT) PBP2 from N. meningitidis isolate Nm040, predicted using AlphaFold 2
(https://alphafold.ebi.ac.uk) (76). The structure is color-ramped from the N terminal to the C-
terminal direction. Secondary structure elements are labeled according to Powell et al. (17),
as described in N. gonorrhoeae. (B) The C-terminal/PBP2-TPase domain of Nm040 contains
three conserved motifs: SXXK (Ser-310, Lys-313), SXN (Ser-362, Asn-364), and KTG (Lys-
497, Thr-498, and Gly-499), where “X” represents a variable amino acid. (C) The amino acid
sequence of wild-type PBP2 from N. meningitidis isolate Nm040. The division of the N
terminal and C-terminal domains at nucleotide position 718 is indicated by a red heptagram
symbol. N terminal and C-terminal regions that could not be well-modeled are represented by
dashed lines, colored in blue and gray, respectively. The conserved motifs are highlighted by
red boxes.
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Appendix Figure 3. Nucleotides and amino acids sequences alignment of 85 penA795-
bearing Neisseria isolates including N. meningitidis isolates (Nm507, LN24, and LN24),
commensal Neisseria isolates, and N. gonorrhoeae isolates (FC428/G7944, GU140106,
A8806, and H041). The deep purple representing complete (100%) nucleotide or amino acid
sequence identity and regions with less than 50% identity shown in white. NEIS1753 was
divided at nucleotide position +718, with the +1 to +717 region (amino acids 1-239)
designated as the N terminal and the +718 to +1746 region (amino acids 240-582) as the
PBP2-TPase domain (outlined in a black dotted box). The +718 to +900 region possessed
1%—28% nucleotide variations, is outlined in a yellow dotted box. The 402-bp penA795 allele
is boxed in red. The 12 resistance-associated amino acid mutations (F504L, A510V, 1515V,
H541N, 1566V, A549T, A311V, I312M, V316T, T483S, N512Y, and G545S) in PBP2-TPase

are indicated by black lines.
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