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Objectives: Haemophilus inﬂuenzae is a human-speciﬁc Gram-negative coccobacillus responsible for a signiﬁcant number of respiratory tract infections and severe invasive infections such as meningitis and sepsis. The purpose of this study was to characterise the mechanisms of b-lactam resistance among Polish H. inﬂuenzae isolates and to evaluate the resistance detection methods applied.
Methods: This study was conducted on 117 Polish H. inﬂuenzae isolates collected in 2012. Minimum inhibitory concentrations were assessed by broth microdilution. All strains were evaluated using the disk diffusion method and the algorithm proposed by the Nordic Committee on Antimicrobial Susceptibility Testing (NordicAST). To detect changes in penicillin-binding protein 3 (PBP3), PCR screening was performed, followed by ftsI gene sequencing.
Results: Neither b-lactamase production nor PBP3 alterations were demonstrated in 76 isolates (65.0%).
Susceptibility to ampicillin, amoxicillin, amoxicillin/clavulanic acid, cefuroxime (intravenous) and ceftriaxone was observed in  70.9%,  78.6%,  98.3%,  82.9%  and  100%  of  the  isolates, respectively.
b-Lactamase production characterised 21 isolates (17.9%). Screening PCR identiﬁed 20 isolates (17.1%)
with PBP3 alterations, and according to subsequent ftsI sequencing all these strains were ﬁnally recognised as gBLNAR (genetically b-lactamase-negative, ampicillin-resistant), among which 65.0% were ampicillin-resistant. According to molecular classiﬁcation of PBP3 alterations, 95.0% of gBLNAR belonged
to group II, representing four subgroups IIa–IId.
Conclusions: Haemophilus inﬂuenzae resistance to antibiotics requires continuous attention, effective detection methods and a rational policy of antibiotic usage. The algorithm proposed by NordicAST can be applied in routine laboratory work, whereas sequencing of the ftsI gene may be useful in molecular epidemiology studies.
© 2017 International Society for Chemotherapy of Infection and Cancer. Published by Elsevier Ltd. All
rights reserved.






1. [bookmark: 1 Introduction][bookmark: 1 Introduction]Introduction

Haemophilus inﬂuenzae is a human-speciﬁc Gram-negative coccobacillus commonly found in the upper respiratory tract as part of the physiological bacterial ﬂora. It may also be responsible for a signiﬁcant number of respiratory tract infections as well as severe invasive infections such as meningitis and sepsis, both in children and in adults.
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For many years infections caused by H. inﬂuenzae were treated successfully with ampicillin. However, during recent decades resistance to this antibiotic as well as to other b-lactams has become more common. Two major resistance mechanisms have been described, namely enzymatic hydrolysis by b-lactamases and alterations in penicillin-binding protein (PBP). Traditionally, the most commonly occurring mechanism of resistance to b-lactams
in   H.   inﬂuenzae   was   b-lactamase   production.   b-Lactamase-
mediated resistance to ampicillin was described in the early 1970s [1]. The term BLPAR (b-lactamase-positive, ampicillin- resistant) has become a frequently used acronym for strains carrying such a mechanism. Haemophilus inﬂuenzae strains proven to produce plasmid-mediated b-lactamases, speciﬁc enzymes (TEM, ROB and VAT) similar to bacterial transpeptidases in their structure, are able to effectively neutralise target antibiotics [2].
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Five PBPs (1A, 1B, 2, 3 and 4) are known in H. inﬂuenzae. Alterations in one of them, namely PBP3 encoded by the ftsI gene, have been attributed to increased resistance to b-lactam anti- biotics [3,4]. Several mutations within the transpeptidase domain
of PBP3 have been recognised, some of which result in decreased afﬁnity for penicillins as well as cephalosporins. Strains carrying altered PBPs have been named BLNAR (b-lactamase-negative, ampicillin-resistant) since the 1970s [5–7]. BLNAR isolates are
characterised by the presence of either N526K or R517H substitution in PBP3, encoded by the altered ftsI gene [8]. Several classiﬁcations have been proposed based on PBP3 amino acid substitutions [5,6,9–11]. Those widely accepted are the classiﬁca- tions by Ubukata et al. [5] and Dabernat et al. [10]. The former divided H. inﬂuenzae strains into three groups. Isolates with the R517H substitution were designated to group I, whilst N526K combined with some other substitution(s) were designated to group II. Finally, group III is deﬁned based on N526K mutation combined with M377I, S385T or L389F substitution [5]. Dabernat et al. further subdivided group II [10]. Although the prevalence of BLNAR strains varies considerably between different countries, a signiﬁcant increase has been noted in many European countries and throughout the world over the last years [12–14]. Moreover, certain   H.   inﬂuenzae   strains   carry   alterations   in   PBP   and
concomitantly  are  able  to  produce  b-lactamases  (BLPACR;
b-lactamase-positive, amoxicillin/clavulanic acid-resistant).
Despite this, some authors have pointed out the role of other mechanisms [15]. Disrupted repression of the AcrR efﬂux pump and alterations in outer membrane protein 2 (OMP2) are widely discussed, with contradictory results being obtained [3,9,16]. The clinical relevance of these ﬁndings remains unclear, and the main focus of research concentrates on the classical mechanisms mentioned above.
The aim of this study was to analyse mechanisms of resistance expressed by H. inﬂuenzae strains isolated in Poland, to describe their susceptibility to selected b-lactam antibiotics and to evaluate different methods of laboratory detection of resistance to b-lactams in H. inﬂuenzae.

2. [bookmark: 2 Materials and methods][bookmark: 2 Materials and methods]Materials and methods

2.1. [bookmark: 2.1 Study isolates][bookmark: 2.1 Study isolates]Study isolates

This study was conducted on 117 H. inﬂuenzae Polish isolates collected at the National Reference Center for Bacterial Meningitis (NRCBM), Department of Epidemiology and Clinical Microbiology of the National Medicines Institute in Warsaw, Poland, between January–December 2012. All strains included in the study were obtained within two continuous surveillance programmes conducted by the NRCBM. The ﬁrst surveillance programme consisted of isolates (n = 89) responsible for community-acquired lower respiratory tract (LRT) infections [17]. The second source comprised isolates from the surveillance programme of community-acquired invasive bacterial infections in Poland.
A total of 28 strains (23.9%) were isolated from cerebrospinal ﬂuid and blood and the remaining 89 (76.1%) were obtained from the LRT (sputum, bronchoalveolar lavage and endoscopic aspirate).
All strains were re-identiﬁed phenotypically according to standard laboratory procedures [18]. In addition, PCR was performed to conﬁrm species, for serotype identiﬁcation and to detect capsule-speciﬁc genes [19,20].

2.2. [bookmark: 2.2 Strain denomination according to scr][bookmark: 2.2 Strain denomination according to scr]Strain denomination according to screening PCR and b-lactamase production

Screening PCR was carried out for all isolates to detect mutations in the ftsI gene associated with N526K and/or S385T

substitution, using the H-PBP3-S and H-PBP3-BLN single nucleotide polymorphism-based primer sets described by Hasegawa et al. [21]. H-PBP3-S primers were designed to recognise
b-lactamase-negative, ampicillin-susceptible (BLNAS) strains with
no pre-deﬁned changes in PBP3 (no N526K substitution), whilst H-PBP3-BLN primers were designed to identify strains with both N526K and S385T substitutions, typical for high-BLNAR isolates. Lack of product ampliﬁcation using both abovementioned primer
sets indicates low-BLNAR isolates. b-Lactamase production was
detected by a chromogenic assay using nitroceﬁn as the substrate (Becton Dickinson, Sparks, MD).
In this study, results of the PCR screening along with the nitroceﬁn test allowed the isolates to be classiﬁed as: gBLNAR (genetically b-lactamase-negative, ampicillin-resistant;  N526K and S385T substitutions  or  N526K alone detected  with  no b-lactamase production); gBLPACR  (genetically b-lactamase- positive, amoxicillin/clavulanic acid-resistant; N526K and S385T substitutions    or    N526K    alone    detected    with    b-lactamase
production);   and   gBLPAR   (genetically   b-lactamase-positive,
ampicillin-resistant; wild-type PBP3 strain with no N526K and no S385T substitutions but with b-lactamase production preserved). Ampicillin-susceptible isolates (gBLNAS; genetically b-lactamase-negative, ampicillin-susceptible) were recognised if neither N526K/S385T substitutions nor b-lactamase were found.


2.3. [bookmark: 2.3 Antimicrobial susceptibility testing][bookmark: 2.3 Antimicrobial susceptibility testing]Antimicrobial susceptibility testing

Minimum inhibitory concentrations (MIC) of ampicillin, amoxicillin, amoxicillin/clavulanic acid (AMC), cefuroxime, ceftriaxone and cefaclor were assessed by the broth microdilution (BMD) method according to Clinical and Laboratory Standards Institute (CLSI) guidelines [22]. The disk diffusion method with
ampicillin  (2 mg),  AMC  (2/1 mg)  and  benzylpenicillin  (1 U)  was
used to evaluate growth inhibition zones. The results  were interpreted according to European Committee on Antimicrobial Susceptibility Testing (EUCAST) 2016 guidelines [23]. Haemophilus inﬂuenzae ATCC 49766 (BLNAS), ATCC 49247 (BLNAR) and NCTC
8468 (BLNAS) were used for quality control as recommended by the CLSI and EUCAST.
The Nordic Committee on Antimicrobial Susceptibility Testing (NordicAST) guidelines were used to assess b-lactam resistance mechanisms in all tested isolates [24]. An inhibition zone of
�12 mm in initial screening with the benzylpenicillin (1 U) disk
indicated susceptibility. Subsequent testing for the presence of b-lactamases was carried out as a second step of the algorithm for isolates showing inhibition zones of <12 mm. A negative result of the nitroceﬁn assay equated to BLNAR identiﬁcation, whilst the
opposite result necessitated testing the isolate with a cefaclor disc (30 mg). A breakpoint of 23 mm in the growth inhibition zone was established to distinguish BLPAR from BLPACR strains.


2.4. [bookmark: 2.4 DNA sequencing][bookmark: 2.4 DNA sequencing]DNA sequencing

The ftsI sequencing was performed for all gBLNAR and gBLPACR isolates based on the screening PCR results. A 705-bp fragment of the  ftsI  gene  was  ampliﬁed  using  the  following  primers  with
adaptors  for  sequencing:  50 -GTTTCCCAGTCACGACGTTGTAGT-
TAATGCGTAACCGTGCAATTAC-30 and 50-TTGTGAGCGGATAA- CAATTTCACCACTAATGCATAACGAGGATC-30.  The  product  was
detected by standard gel electrophoresis and was  then  sequenced using a second set of primers (50 -GTTTTCCCAGTCACGACGTTGTA-30 and 50 -TTGTGAGCGGATAACAATTTC-30) [25]. The ftsI sequences
were analysed using Lasergene 7 software (DNASTAR, Madison, WI) and were compared with the ftsI sequence of the H. inﬂuenzae
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[bookmark: _bookmark4]gBLNAS, genetically b-lactamase-negative, ampicillin-susceptible; gBLNAR, genetically b-lactamase-negative, ampicillin-resistant; gBLPAR, genetically b-lactamase- positive, ampicillin-resistant; MIC, minimum inhibitory concentration; MIC50/90, MIC for 50% and 90% of the isolates, respectively; S, susceptible; I, intermediate-resistant; R, resistant; EUCAST, European Committee on Antimicrobial Susceptibility Testing.
a  Results were interpreted according to European Committee on Antimicrobial Susceptibility Testing (EUCAST) 2016 guidelines [23].



Rd KW20 strain to detect nucleotide substitutions. Subsequent classiﬁcation into different molecular groups was carried out as previously proposed [10,26].

3. [bookmark: 3 Results][bookmark: 3 Results]Results

Of the 117 study isolates, 76 (65.0%) presented neither b-lactamase production nor PBP3 alterations and were recognised as gBLNAS, whereas 41 strains (35.0%) carried b-lactam resistance mechanism(s). b-Lactamase production together with lack of PBP3 alterations  (gBLPAR)  was  detected  in  21  isolates  (17.9%).  No
ampliﬁcation product was found in the PCR reaction using Hasegawa primers (gBLNAR) for 20 isolates (17.1%). No gBLPACR isolates were detected during the study.
Of the 117 isolates, 83 (70.9%) were susceptible to ampicillin, 92
(78.6%) to amoxicillin and 115 (98.3%) to AMC. Among 34 ampicillin-resistant isolates according to the BMD method results, 21 (61.8%) were gBLPAR and 13 (38.2%) were gBLNAR. Detailed characteristics of the isolates, along with in vitro susceptibility, MIC50/MIC90  values and MIC range, are presented in Table 1.
In the gBLNAR group, ﬁve strains (25.0%) were isolated from
patients with invasive infections. Four of these strains remained susceptible to ampicillin and one strain (from blood) was resistant (MIC = 2 mg/L). The remaining 15 gBLNAR strains (75.0%) were isolated from the LRT. Among them, 80.0% (12/15) were resistant to ampicillin (MIC >1 mg/L).
Among the 117 isolates, discrepancies in the susceptibility category for ampicillin were observed for 15 isolates (12.8%) and for AMC for 11 isolates (9.4%), depending on the method used (disk diffusion versus BMD). The results of susceptibility testing for ampicillin and AMC, along with the laboratory method used, are summarised in Table 2.

3.1. [bookmark: 3.1 Evaluation of NordicAST algorithm an][bookmark: 3.1 Evaluation of NordicAST algorithm an]Evaluation of NordicAST algorithm and EUCAST screening disk test

The benzylpenicillin disc (1 U) discriminated BLNAS from BLNAR isolates in all cases, which was further conﬁrmed for gBLNAR by ftsI sequencing. According to the algorithm, 76 strains

(65.0%) did not carry any mechanism(s) of resistance to b-lactams (BLNAS), 20 strains were recognised as BLNAR, whilst the remaining 21 isolates demonstrated b-lactamase production. Following application of the cefaclor disk, 1 of 21 b-lactamase- producing strains was recognised as BLPACR based on an inhibition zone of <23 mm. Of note, the screening PCR as well as molecular
sequencing did not conﬁrm typical PBP alteration(s) in this strain; thus, it was ﬁnally recognised as gBLPAR.

3.2. [bookmark: 3.2 Results of ftsI sequencing][bookmark: 3.2 Results of ftsI sequencing]Results of ftsI sequencing

Among the 117 study strains, 20 gBLNAR isolates (17.1%), identiﬁed based on the screening PCR, were subjected to partial ftsI sequencing. According to the proposed molecular classiﬁcation, 19 isolates (95.0%) with altered PBP3 (gBLNAR) belonged to group II [10,26], representing four  subgroups:  IIa  (n = 7;  35.0%);  IIb (n = 8; 40.0%); IIc (n = 1; 5.0%); and IId (n = 3; 15.0%). The remaining single isolate belonged to the miscellaneous group of amino acid substitutions.   In   general,    the    most   common    amino    acid

[bookmark: _bookmark5]Table 2
Comparison of the susceptibility to ampicillin and amoxicillin/clavulanic acid (AMC) according to laboratory method used: disk diffusion (DD) versus broth microdilution (BMD).
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substitutions were N526K (20/20; 100%), D350N (16/20; 80.0%), and A502V, M377I and G490E (each 9/20; 45.0%). The ftsI gene substitutions detected in Polish strains are shown in Table 3.
Among all tested H. inﬂuenzae isolates, only two invasive isolates belonged to serotype b (Hib), including one gBLNAR of the most represented group IIb and one BLNAS. The remaining isolates were non-typeable H. inﬂuenzae.

3.3. [bookmark: 3.3 Associations between PBP3 alteration][bookmark: 3.3 Associations between PBP3 alteration]Associations between PBP3 alterations and antimicrobial susceptibility

Among the 20 gBLNAR strains, 13 isolates (65.0%) were resistant in vitro to ampicillin (MIC >1 mg/L), of which 3 (23.1%) were classiﬁed in subgroup IIa (D350, G490, N526 and A530), 7 (53.8%) were in subgroup IIb (D350, M377, G490, A502 and N526), 1 (7.7%) was in subgroup IIc (A502 and N526) and 2 (15.4%) were in subgroup IId (I449 and N526). Among seven isolates susceptible in vitro to ampicillin, four belonged to subgroup IIa, whilst a single isolate represented the remaining categories (IIb, IId and the miscellaneous  category).

4. [bookmark: 4 Discussion][bookmark: 4 Discussion]Discussion

Among two the most common mechanisms of resistance to ampicillin in H. inﬂuenzae, b-lactamase production is usually easy to detect in the laboratory setting. Strains characterised by this mechanism  demonstrate  resistance  when  tested  by  ampicillin
disk, their MICs are high above the resistance breakpoint and they are positive in the nitroceﬁn test [27]. BLNAR isolates with high MICs for ampicillin (e.g. 8–16 mg/L), described by some authors as high-BLNAR strains, are also easily identiﬁed by susceptibility testing [28]. However, in European countries, most BLNAR strains display low MICs for ampicillin, preserving susceptibility to ampicillin/AMC and belonging to the so-called low-BLNAR category [24]. The clinical signiﬁcance of the distinction between BLNAS and low-BLNAR isolates remains unclear. Therapeutic choices rely on MIC values and, in most cases, low-BLNAR strains remain susceptible in vitro to  aminopenicillins. However, in- creased vigilance should be paid to this category of strains since,
due to lower susceptibility to b-lactams, a risk of clinical failure
should be taken into consideration.
Several methods have been proposed to discriminate the resistance mechanisms of H. inﬂuenzae to b-lactams, including molecular identiﬁcation of responsible genes. Despite this, classical  phenotypic  methods  have  an  established  position.
NordicAST has proposed an easy-to-use algorithm for the detection of resistance to b-lactam antibiotics based on the EUCAST disk diffusion breakpoints [29]. In this study, we aimed to use this algorithm together with other methods to recognise mechanisms of resistance to b-lactams expressed by Polish H. inﬂuenzae isolates.

To the best of our knowledge, this is the ﬁrst detailed study in Poland  regarding  mechanisms  of  resistance  to  b-lactams  in
H. inﬂuenzae, along with molecular aspects of such resistance. PCR screening and ftsI sequencing are not routinely used in Polish laboratories. Identiﬁcation of resistance to b-lactams and its mechanisms is limited to the disk diffusion or antibiotic gradient
test method and the nitroceﬁn test. Moreover, data regarding Polish H. inﬂuenzae strains are very scarce [12,30]. In the international study by Fluit et al., the resistance proﬁle of Polish
H. inﬂuenzae isolates was characterised by a higher proportion of BLNAR strains than in most other European countries [12]. Interestingly, a striking increase in BLNAR isolates was observed in Poland between the two collection periods (1997–1998 and 2002–2003) [12]. However, these results have to be interpreted with great caution due to insufﬁcient representation, disparities in the quantity of strains collected in different countries (e.g. Poland was represented by 50 and 35 isolates in each of the periods studied) as well as ﬂuctuations of the number of collected strains over time. The  last study of the resistance patterns of selected respiratory tract pathogens in  Poland  was  based on  344 H. inﬂuenzae  collected  between  2002  and  2004  [30].  This  study
revealed  that  9%  of  H.  inﬂuenzae  isolates  were  b-lactamase-
positive, almost 13% were identiﬁed as low-BLNAR, and only one isolate carried concomitantly two mechanisms of resistance and was recognised as BLPACR [30]. Comparing these last results with the present study, we have noticed an increase in the percentage of
b-l ctamase-positive isolates as well as of low-BLNAR.
In the current study, the ampicillin resistance rate was slightly higher than in a comparable Bulgarian analysis by Setchanova et al. (29.1% vs. 22%) [31]. Most Polish gBLNAR strains originated from the LRT but the percentages of gBLNAR among LRT and invasive isolates were similar (16.9% vs. 17.9%). In general, Polish H. inﬂuenzae strains exhibit the same mechanisms of resistance that appear in other European countries; however, certain infrequent mutation patterns have not been found in Polish BLNAR strains so far. All but one studied BLNAR isolate represented group II according to Dabernat’s molecular classiﬁcation [10]. Similarly, in a German analysis of ampicillin resistance mechanisms among invasive H. inﬂuenzae isolated between 2009 and 2012, most strains belonged to the same group II category. However, two isolates carried a mutation pattern ﬁtting group III, with some additional mutations, and they have been attributed to group III-like [9,32]. In Portuguese and French analyses, such isolates have been also sporadically detected [33,34]. According to Skaare et al., clusters of group III and group III-like isolates with high-level resistance to third-generation cephalo- sporins were recently detected in Norway [35]. In all of the abovementioned studies, the vast majority of isolates belonged to group IIb, similarly to the current results. Also, observations of the Polish National Reference Center for Susceptibility Testing (NRCST; http://www.korld.edu.pl), based on isolates sent by hospital laboratories for conﬁrmation of the BLNAR resistance mechanism,
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[bookmark: _bookmark7]gBLNAR,  genetically  b-lactamase-negative,  ampicillin-resistant.
a [bookmark: _bookmark8][bookmark: _bookmark8]Isolates with mutations in the ftsI gene were classiﬁed into four groups: II (a, b, c and d) according to Dabernat et al. [10].
b One isolate with additional mutations in the ftsI gene.



revealed that from 78 H. inﬂuenzae isolates obtained in 2012, all 58 isolates conﬁrmed as gBLNAR belonged to group II (IIa, n = 7; IIb, n = 43; IIc, n = 2; and IId, n = 6) (unpublished data). This is in line with a Swedish study by Resman et al. [16] and a Spanish paper by Puig et al. [36]. One of the isolates in the current study displayed an MIC of 4 mg/L for ampicillin with no mutation pattern representative for the high-BLNAR category. In this case the same substitutions were detected as in the gBLNAR isolates susceptible to ampicillin. This ﬁnding would suggest the presence of other, less common and/or unknown, mechanism(s) of resistance, which should be further explored.
All of the isolates included in this study were found to be susceptible to ceftriaxone, similarly to all Polish H. inﬂuenzae analysed up to now (unpublished data of the NRCST and the NRCBM). However, all gBLNAR strains demonstrated approximate- ly two-fold higher MIC50 and MIC90 values for all antibiotics tested, including third-generation cephalosporins, compared with gBLNAS isolates. Similar results were obtained in a recent Swiss study [37]. Therefore, even if resistance to extended-spectrum cephalosporins is rare outside of Japan and South Korea [11,38], this phenomenon requires constant surveillance. It is especially important also in Europe since such isolates have been reported in Norway [35].
This study revealed noteworthy differences in the categorisa- tion of strain susceptibility depending on the laboratory technique applied. The most striking differences were present within the gBLNAR category, which clearly indicates that the BMD and disk diffusion method are not fully interchangeable (Table 2). This problem was previously indicated by other investigators [39]. This
is why it should be considered whether the increase of b-lactam
resistance could be altered by the diagnostic approach used in a particular study. In most papers the disk diffusion method was preferred as the method of choice to study resistance to b-lactams [39,40]. According to our experience, the algorithm proposed by
NordicAST with the benzylpenicillin disk (1 U), as also indicated by EUCAST, appears to be a good method representing a preliminary stage  of  b-lactam  resistance  identiﬁcation.  According  to  the
algorithm, based on the cefaclor (30 mg) inhibition zone, the
b-lactamase-producing isolates are subsequently classiﬁed as BLPAR or BLPACR. However, misclassiﬁcation may occur; according
to the algorithm, one isolate in the current study was classiﬁed as BLPACR while the PCR screening as well as sequencing did not conﬁrm the typical amino acid substitution(s). Thus, in our opinion, the algorithm can be applied in routine laboratory work, whereas sequencing of the ftsI gene may be useful in molecular epidemiology  studies.
Resistance to antibiotics constantly evolves and it is therefore necessary to carefully monitor the epidemiological situation. In the case  of  H.  inﬂuenzae  isolates  it  is  especially  important  for
b-lactams,  used  as  ﬁrst-line  treatment,  resistance  to  which
requires continuous surveillance, effective detection methods and a rational policy of antibiotic usage.

[bookmark: Funding]Funding

This study was partially supported by the Ministry of Health within the framework of the National Programme of Antibiotic Protection, by the Ministry of Science and Higher Education [Mikrobank 2 Programme and statutory funding: DS4.91/2014 and DS5.01/2015] and by an unrestricted grant from GlaxoSmithKline Poland (this last covered collection, serotyping and PCR identiﬁ- cation of BLNAR isolates from lower respiratory tract infections).

[bookmark: Competing interests]Competing interests

None declared.
[bookmark: Ethical approval]
Ethical approval

Not required.

[bookmark: Data availability]Data availability

The data set is available from the corresponding author on reasonable request.

[bookmark: Acknowledgments]Acknowledgments

The authors thank all of the microbiologists who participated by contributing isolates and data to the national surveillance programme of invasive and lower respiratory tract infections in Poland.


[bookmark: References]References

[bookmark: _bookmark9][bookmark: _bookmark10][1] Medeiros AA, O’Brien TF. Ampicillin-resistant Haemophilus inﬂuenzae type b possessing a TEM-type b-lactamase but little permeability barrier to ampicillin. Lancet 1975;1:716–9.
[bookmark: _bookmark11][2] Slack MP, Jordens JZ. Haemophilus. 9th ed. In: Collier L, Balows A, Sussman M, editors. Topley and Wilson’s  Microbiology and microbial infections, Vol.  2. London, UK: Arnold; 1998. p. 1167–90.
[3] Kaczmarek FS, Gootz TD, Dib-Hajj F, Shang W, Hallowell S, Cronan M. Genetic and molecular characterization of b-lactamase-negative ampicillin-resistant Haemophilus  inﬂuenzae  with  unusually  high  resistance  to  ampicillin.  Anti-
microb Agents Chemother 2004;48:1630–9.
[4] Clairoux N, Picard M, Brochu A, Rousseau N, Gourde P, Beauchamp D, et al.
Molecular basis of the non-b-lactamase-mediated resistance to b-lactam antibiotics in strains of Haemophilus inﬂuenzae isolated in Canada. Antimicrob
[bookmark: _bookmark12]Agents Chemother 1992;36:1504–13.
[5] Ubukata K, Chiba N, Hasegawa K, Shibasaki Y, Sunakawa K, Nonoyama M, et al.
Differentiation    of    b-lactamase-negative    ampicillin-resistant    Haemophilus inﬂuenzae  from  other  H.  inﬂuenzae  strains  by  a  disc  method.  J  Infect
Chemother 2002;8:50–8.
[6] Hasegawa K, Yamamoto K, Chiba N, Kobayashi R, Nagai K, Jacobs MR, et al.
Diversity of ampicillin-resistance genes in Haemophilus inﬂuenzae in Japan and the United States. Microb Drug Resist 2003;9:39–46.
[bookmark: _bookmark13][7] Thornsberry C, Kirven LA. Ampicillin resistance in Haemophilus inﬂuenzae as determined by a rapid test for b-lactamase production. Antimicrob Agents Chemother 1974;6:653–4.
[bookmark: _bookmark14][8] Cerquetti M, Giufre M, Cardines R, Mastrantonio P. First characterization of heterogeneous resistance to imipenem in invasive nontypeable Haemophilus inﬂuenzae isolates. Antimicrob Agents Chemother 2007;51:3155–61.
[9]  García-Cobos S, Campos J, Lázaro E, Román F, Cercenado E, García-Rey C, et al.
Ampicillin-resistant non-b-lactamase-producing Haemophilus inﬂuenzae in Spain: recent emergence of clonal isolates with increased resistance to
[bookmark: _bookmark15]cefotaxime  and  ceﬁxime.  Antimicrob  Agents  Chemother  2007;51:2564–73. [10] Dabernat H, Delmas C, Seguy M, Pelissier R, Faucon G, Bennamani S, et al.
Diversity  of  b-lactam  resistance-conferring  amino  acid  substitutions  in
[bookmark: _bookmark16]penicillin-binding protein 3 of Haemophilus inﬂuenzae. Antimicrob Agents Chemother 2002;46:2208–18.
[11] Hotomi M, Fujihara K, Billal DS, Suzuki K, Nishimura T, Baba S, et al. Genetic characteristics and clonal dissemination of b-lactamase-negative ampicillin- resistant Haemophilus inﬂuenzae strains isolated from the upper respiratory
[bookmark: _bookmark17]tract of  patients in Japan. Antimicrob Agents Chemother 2007;51:3969–76. [12]  Fluit AC, Florijn A, Verhoef J, Milatovic D. Susceptibility of European b-lactamase-
positive and -negative Haemophilus inﬂuenzae isolates from the periods 1997/ 1998 and 2002/2003. J Antimicrob Chemother 2005;56:133–8.
[13] Jansen WT, Verel A, Beitsma M, Verhoef J, Milatovic D. Longitudinal European surveillance study of antibiotic resistance of Haemophilus inﬂuenzae. J Antimicrob  Chemother  2006;58:873–7.
[14] Sanbongi Y, Suzuki T, Osaki Y, Senju N, Ida T, Ubukata K. Molecular evolution of b-lactam-resistant Haemophilus inﬂuenzae: 9-year surveillance of penicillin- binding  protein  3  mutations  in  isolates  from  Japan.  Antimicrob  Agents
[bookmark: _bookmark18]Chemother 2006;50:2487–92.
[bookmark: _bookmark19][15] Tristram S, Jacobs MR, Appelbaum PC. Antimicrobial resistance in Haemophilus inﬂuenzae. Clin Microbiol Rev 2007;20:368–89.
[16]  Resman F, Ristovski M, Forsgren A, Kaijser B, Kronvall G, Medstrand P, et al.
[bookmark: _bookmark20]Increase of b-lactam-resistant invasive Haemophilus inﬂuenzae in Sweden, 1997 to 2010. Antimicrob Agents Chemother 2012;56:4408–15.
[17]  Felmingham D, White AR, Jacobs MR, Appelbaum PC, Poupard J, Miller LA, et al.
[bookmark: _bookmark21]The Alexander Project: the beneﬁts from a decade of surveillance. J Antimicrob Chemother  2005;56(Suppl  2):ii3–21.
[bookmark: _bookmark22][18] Murray PR, Baron EJ, Jorgensen JH, Landry ML, Pfaller MA, editors. Manual of clinical  microbiology.  9th  ed.  Washington,  DC:  ASM  Press;  2007.
[19] Hobson RP, Williams A, Rawal K, Pennington TH, Forbes KJ. Incidence and spread of Haemophilus inﬂuenzae on an Antarctic base determined using the polymerase  chain  reaction.  Epidemiol  Infect  1995;114:93–103.



[bookmark: _bookmark23][20] Falla TJ, Crook DW, Brophy LN, Maskell D, Kroll JS, Moxon ER. PCR for capsular typing of Haemophilus inﬂuenzae. J Clin Microbiol 1994;32:2382–6.
[21]  Hasegawa K, Chiba N, Kobayashi R, Murayama SY, Iwata S, Sunakawa K, et al.
Rapidly increasing prevalence of b-lactamase-nonproducing, ampicillin- resistant   Haemophilus   inﬂuenzae   type   b   in   patients   with   meningitis.
[bookmark: _bookmark24]Antimicrob Agents Chemother 2004;48:1509–14.
[bookmark: _bookmark25][22] Clinical and Laboratory Standards Institute. Performance standards for antimicrobial susceptibility testing; twenty-sixth informational supplement. Document M100-S26. Wayne, PA: CLSI; 2016.
[23] European  Committee  on  Antimicrobial  Susceptibility  Testing  (EUCAST).
Breakpoint tables for interpretations of MICs and zone diameters. Version
[bookmark: _bookmark26]6.0. 2016 http://www.eucast.org. [Accessed 24 October 2017].
[24] Søndergaard A, Petersen MT, Fuursted K, Nørskov-Lauritsen N. Detection of N526K-substituted penicillin-binding  protein 3  conferring  low-level muta-
tional resistance to b-lactam antibiotics in Haemophilus inﬂuenzae by disc
[bookmark: _bookmark27]diffusion testing on Mueller–Hinton agar according to EUCAST guidelines. J Antimicrob    Chemother    2012;67:1401–4.
[25] Haemophilus inﬂuenzae MLST Database. Identiﬁcation of PBP3 mutations in invasive Haemophilus inﬂuenzae isolates. http://pubmlst.org/hinﬂuenzae/info/ ftsI_sequencing_protocol_v3_01-02-2014.pdf. [Accessed 20 December 2016].
[26]  Ubukata K, Shibasaki Y, Yamamoto K, Chiba N, Hasegawa K, Takeuchi Y, et al.
[bookmark: _bookmark28]Association of amino acid substitutions in penicillin-binding protein 3 with b-lactam resistance in b-lactamase-negative ampicillin-resistant Haemophi- lus inﬂuenzae. Antimicrob Agents Chemother 2001;45:1693–9.
[bookmark: _bookmark29][27] Farrell DJ, Morrissey I, Bakker S, Buckridge  S,  Felmingham  D.  Global distribution of TEM-1 and ROB-1 b-lactamases in Haemophilus inﬂuenzae. J Antimicrob    Chemother    2005;56:773–6.
[28] García-Cobos S, Campos J, Román F, Carrera C, Pérez-Vázquez M, Aracil B, et al.
[bookmark: _bookmark30]Low b-lactamase-negative ampicillin-resistant Haemophilus inﬂuenzae strains are best detected by testing amoxicillin susceptibility by the broth micro- dilution method. Antimicrob Agents Chemother 2008;52:2407–14.
[bookmark: _bookmark31][29] Nordic Committee on Antimicrobial Susceptibility Testing (NordicAST). Haemo- philus inﬂuenzae and b-lactam resistance (English version). http://www. nordicast.org/d/2549?store_referer=true . [Accessed 20 December 2016].
[bookmark: _bookmark32][30] Skoczynska A, Kadlubowski M, Wasko I, Fiett J, Hryniewicz W. Resistance patterns of selected respiratory tract pathogens in Poland. Clin Microbiol Infect 2007;13:377–83.
[31] Setchanova LP, Kostyanev T, Markovska R, Miloshev G, Mitov IG. Serotypes, antimicrobial  susceptibility,  and  b-lactam  resistance  mechanisms  of  clinical

Haemophilus  inﬂuenzae  isolates  from  Bulgaria  in  a  pre-vaccination  period. Scand J Infect Dis 2013;45:81–7.
[bookmark: _bookmark33][32] Lâm TT, Claus H, Elias J, Frosch M, Vogel U. Ampicillin resistance of invasive Haemophilus inﬂuenzae isolates in Germany 2009–2012. Int J Med Microbiol 2015;305:748–55.
[33] Barbosa AR, Giufrè M, Cerquetti M, Bajanca-Lavado MP. Polymorphism in ftsI gene and b-lactam susceptibility in Portuguese Haemophilus inﬂuenzae strains: clonal dissemination of b-lactamase-positive isolates with decreased
susceptibility    to    amoxicillin/clavulanic    acid.    J    Antimicrob    Chemother 2011;66:788–96.
[bookmark: _bookmark34][34]  Dabernat H, Delmas C. Epidemiology and evolution of antibiotic resistance of Haemophilus inﬂuenzae in children 5 year of age or less in France, 2001–2008: a retrospective database analysis. Eur J Clin Microbiol Infect Dis 2012;31: 2745–53.
[bookmark: _bookmark35][35] Skaare D, Anthonisen IL, Kahlmeter G, Matuschek E, Natås OB, Steinbakk M, et al. Emergence of clonally related multidrug resistant Haemophilus inﬂuenzae with penicillin-binding protein 3-mediated resistance to extended-spectrum cephalosporins, Norway, 2006 to 2013. Euro Surveill 201419: pii: 20986.
[bookmark: _bookmark36][36] Puig C, Calatayud L, Martí S, Tubau F, Garcia-Vidal C, Carratalà J, et al. Molecular epidemiology of nontypeable Haemophilus inﬂuenzae causing community- acquired pneumonia in adults. PLoS One 20138:e82515.
[37] Cherkaoui A, Diene SM, Emonet S, Renzi G, Francois P, Schrenzel J. Ampicillin- resistant  Haemophilus  inﬂuenzae  isolates  in  Geneva:  serotype,  antimicrobial
susceptibility, and b-lactam resistance mechanisms. Eur J Clin Microbiol Infect
Dis 2015;34:1937–45.
[38] Park C, Kim KH, Shin NY, Byun JH, Kwon EY, Lee JW, et al. Genetic diversity of the ftsI gene in b-lactamase-nonproducing ampicillin-resistant and b-lacta- mase-producing   amoxicillin-/clavulanic   acid-resistant   nasopharyngeal   Hae-
[bookmark: _bookmark37]mophilus inﬂuenzae strains isolated from children in South Korea. Microb Drug Resist 2013;19:224–30.
[39] García-Cobos S, Arroyo M, Pérez-Vázquez M, Aracil B, Oteo J, Campos J. Evaluation of the EUCAST disc diffusion susceptibility testing method for Haemophilus  inﬂuenzae  based  on  the  resistance  mechanism  to  b-lactam
antibiotics.  J  Antimicrob  Chemother  2013;68:159–63.
[40] Nørskov-Lauritsen N, Ridderberg W, Erikstrup LT, Fuursted K. Evaluation of disk diffusion methods to detect low-level b-lactamase-negative ampicillin- resistant Haemophilus inﬂuenzae. APMIS 2011;119:385–92.
image3.png




image4.png




image5.png




image1.jpg




image2.jpg
jourvaof GLOBAL
ANTIMICROBIAL
RESISTANCE





