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ABSTRACT Antibiotics are important for the treatment and prevention of invasive
Haemophilus influenzae disease. Reduced susceptibility to clinically relevant drugs, except
ampicillin, has been uncommon in the United States. Susceptibility of 700 invasive H. influen-
zae isolates, collected through population-based surveillance during 2016, was assessed for
15 antibiotics using broth microdilution, according to the CLSI guidelines; a subset of 104 iso-
lates were also assessed for rifampin susceptibility using Etest. Genomes were sequenced to
identify genes and mutations known to be associated with reduced susceptibility to clinically
relevant drugs. A total of 508 (72.6%) had reduced susceptibility to at least one antibiotic
and more than half of the isolates exhibited reduced susceptibility to only one (33.6%) or
two (21.6%) antibiotic classes. All tested isolates were susceptible to rifampin, a chemopro-
phylaxis agent, and ,1% (n = 3) of isolates had reduced susceptibility to third generation
cephalosporins, which are recommended for invasive disease treatment. In contrast, ampicillin
resistance was more common (28.1%) and predominantly associated with the detection of a
b-lactamase gene; 26.2% of isolates in the collection contained either a TEM-1 or ROB-1
b-lactamase gene, including 88.8% of ampicillin-resistant isolates. b-lactamase negative
ampicillin-resistant (BLNAR) isolates were less common and associated with ftsI
mutations; resistance to amoxicillin-clavulanate was detected in ,2% (n = 13) of
isolates. The proportion of reduced susceptibility observed was higher among non-
typeable H. influenzae and serotype e than other serotypes. US invasive H. influen-
zae isolates remain predominantly susceptible to clinically relevant antibiotics
except ampicillin, and BLNAR isolates remain uncommon.

IMPORTANCE Antibiotics play an important role for the treatment and prevention of
invasive Haemophilus influenzae disease. Antimicrobial resistance survey of invasive H. influ-
enzae isolates collected in 2016 showed that the US H. influenzae population remained sus-
ceptible to clinically relevant antibiotics, except for ampicillin. Detection of approximately a
quarter ampicillin-resistant and b-lactamase containing strains demonstrates that resistance
mechanisms can be acquired and sustained within the H. influenzae population, highlight-
ing the continued importance of antimicrobial resistance surveillance for H. influenzae to
monitor susceptibility trends and mechanisms of resistance.

KEYWORDS Haemophilus influenzae, antimicrobial susceptibility, invasive disease

H aemophilus influenzae is a Gram-negative coccobacillus that can cause life-threatening
infections, including bacteremic pneumonia, bacteremia without focus, and meningitis

(1–3). Vaccination efforts have resulted in a dramatic reduction in the burden of invasive

EditorMonica Adriana Garcia-Solache, Brown
University

Copyright © 2022 Potts et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Xin Wang,
gqe8@cdc.gov.

The authors declare no conflict of interest.

Received 10 December 2021
Accepted 19 April 2022
Published 10 May 2022

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.02579-21 1

RESEARCH ARTICLE

https://orcid.org/0000-0001-7185-591X
https://orcid.org/0000-0002-9153-5929
https://orcid.org/0000-0002-7157-0022
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/spectrum.02579-21
https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.02579-21&domain=pdf&date_stamp=2022-5-10


disease caused by H. influenzae serotype b (Hib) (1, 4); however, other serotypes (Hia, Hic,
Hid, Hie, and Hif) as well as unencapsulated, nontypeable H. influenzae (NTHi) are not
vaccine-preventable and continue to cause invasive disease in the United States (4).
Among all age groups, the national annual incidence for invasive H. influenzae disease
was 1.7 cases per 100,000 population during 2009–2015, with a case fatality of 14.5% (4). In
addition to invasive diseases, H. influenzae can also cause more mild infections, including
conjunctivitis, sinusitis, and acute otitis media (2, 5).

The severity and site of H. influenzae infection affect the recommendations for antibiotic
treatment and chemoprophylaxis (2). Meningitis is treated with third generation cephalo-
sporins, specifically ceftriaxone and cefotaxime. Although not recommended for invasive
infections or disease in immunocompromised individuals, ampicillin may also be used
for treatment after the H. influenzae strain is confirmed to be susceptible (2). In addition,
acute otitis media in children is commonly treated with amoxicillin; if treatment failure is
observed, amoxicillin-clavulanate, cefdinir, cefpodoxime, cefuroxime or ceftriaxone can
be used (2). For chemoprophylaxis, rifampin is recommended for household and/or day-
care contacts of individuals with invasive Hib or Hia disease, based on criteria, including
age and vaccination status of the contacts (2).

Antimicrobial susceptibility of bacterial pathogens, including H. influenzae can be
assessed by various methods (disk diffusion, agar dilution, broth microdilution, or gradient
strip diffusion method [Etest]) according to international standards provided by the Clinical
and Laboratory Standards Institute (CLSI) and the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) (6). Agar dilution or broth microdilution is considered the
gold standard that accurately measure the MIC. However, this method is expensive and
technically complex, requiring robust quality control/quality assurance testing procedures.
Etest incorporates the principle of disk diffusion and agar dilution tests and uses a prede-
fined antibiotic gradient to determine the MIC in micrograms per milliliter (mg/mL). Etest
can rapidly test the anaerobes and fastidious bacterial species for antimicrobial susceptibility,
including H. influenzae (7). In general, pairwise comparison of disk diffusion, agar dilution,
broth microdilution, and Etest showed very good categorical agreement (.88%) (8); how-
ever, some predominantly minor categorical discrepancies were observed (8). While broth
microdilution remains a reference method for H. influenzae antimicrobial susceptibility evalu-
ation, one study suggested this method is not able to effectively detect heteroreistance in
H. influenzae, compared to Etest and agar dilution, which may have caused an underesti-
mate of the extent of heteroresistance in this organism (7, 9).

Trends in US H. influenzae susceptibility were studied during the 1990s and early 2000s.
Reduced susceptibility was most consistently observed for ampicillin, with approximately a
quarter to a third of isolates exhibiting resistance (10–17); resistance was predominantly
caused by b-lactamase expression (mostly TEM-1, but ROB-1 has also been detected) (5,
18, 19). b-lactamase negative ampicillin-resistant (BLNAR) isolates have been also charac-
terized and are associated with mutations in ftsI, which encodes penicillin binding protein
3 (PBP3) (5, 20, 21); ftsI mutations that result in amino acid substitutions are categorized
into group I (N526K), group II (R517H), group III (N526K, S385T, L389F), and group III-like
(R517H, S385T, L389F) (20–23). Mutations in ftsI have also been implicated in reduced sus-
ceptibility to cephalosporins; however, a true causal relationship remains to be described
(20, 22, 24, 25). In addition to the b-lactams, reduced susceptibility to trimethoprim-sulfa-
methoxazole and clarithromycin have also been commonly observed in previous suscepti-
bility surveys, while isolates have been predominantly susceptible to the other antibiotics
assessed, including amoxicillin-clavulanate, cefuroxime, ceftriaxone, rifampin, tetracycline,
levofloxacin, and chloramphenicol (10–17).

Here, we determined the antimicrobial susceptibility among invasive H. influenzae
isolates collected during 2016 through US population-based Active Bacterial Core surveil-
lance. Isolates were assessed for susceptibility to 15 antibiotics by broth microdilution;
susceptibility to a 16th antibiotic, rifampin, was also determined by Etest for a subset
of isolates. The mechanisms of resistance were investigated using whole-genome
sequencing.
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RESULTS

The invasive H. influenzae isolate collection (n = 700) consisted of 26.6% typeable
(Hia n = 51, Hib n = 12, Hie n = 34, Hif n = 89) and 73.4% NTHi (n = 514) isolates. Altogether,
the collection included 136 sequence types, which were associated with the isolate serotype
(Table S1); 10 isolates could not have a sequence type assigned, due to a missing fucK gene,
which is required for MLST analysis. A total of 192 isolates (27.4%) were susceptible to all
antibiotics assessed, while the remaining 508 (72.6%) had reduced susceptibility to at least
one antibiotic (Table 1). While more than half of the isolate collection exhibited reduced sus-
ceptibility to only one (33.6%) or two (21.6%) antibiotic classes, 122 (17.2%) had reduced sus-
ceptibility to three or more (Table 1).

TABLE 1 Reduced susceptibilitya by number of antibiotic classes among invasive H.
influenzae isolates, collected through Active Bacterial Core Surveillance, United States, 2016
(n = 700b)

Antibiotic class combinationsc with reduced susceptibility
No. of isolates with
reduced susceptibility

0 Classes, n (%) 192 (27.4)
No reduced susceptibility 192

1 Class, n (%) 235 (33.6)
Penicillins 33
Cephalosporins 7
Macrolides 125
Sulfonamides 70

2 Classes, n (%) 151 (21.6)
Penicillins cephalosporins 37
Penicillins carbapenems 1
Penicillins macrolides 36
Penicillins sulfonamides 4
Cephalosporins macrolides 8
Cephalosporins sulfonamides 5
Macrolides sulfonamides 58
Fluoroquinolones sulfonamides 2

3 Classes, n (%) 97 (13.9)
Penicillins cephalosporins carbapenems 1
Penicillins cephalosporins macrolides 50
Penicillins cephalosporins sulfonamides 28
Penicillins macrolides sulfonamides 1
Penicillins tetracyclins sulfonamides 2
Cephalosporins macrolides sulfonamides 13
Cephalosporins fluoroquinolones sulfonamides 1

4 Classes, n (%) 22 (3.1)
Penicillins cephalosporins macrolides sulfonamides 22

5 Classes, n (%) 2 (0.3)
Penicillins cephalosporins carbapenems macrolides sulfonamides 1
Penicillins cephalosporins macrolides tetracyclins sulfonamides 1

6 Classes, n (%) 1 (0.1)
Penicillins cephalosporins amphenicols macrolides tetracyclins
Sulfonamides

1

aReduced susceptibility is defined as any isolate that was intermediate, resistant or nonsusceptible.
bInvasive isolates were collected through the Active Bacterial Core Surveillance program, which is active,
population- and laboratory-based surveillance and includes 10 catchment areas that covered approximately
44.2 million US residents (13.7% of the population in 2016) (32). During 2016, 767 of 866 confirmed cases
(88.6%) included in the ABCs had isolates submitted to CDC; among those, 700 were randomly selected for
broth microdilution testing. A subset of the 700 isolates (n = 104) were also assessed for rifampin susceptibility
by Etest.

cAntibiotic classes were defined as the following: Penicillins (ampicillin and ampicillin-clavulanic acid),
cephalosporins (cefaclor, cefuroxime, cefixime, ceftriaxone, and cefepime), carbapenems (meropenem and
imipenem), macrolides (clarithromycin), tetracylins (tetracycline), fluoroquinolones (levofloxacin and
sparfloxacin), amphenicol (chloramphenicol) and sulfonamides (trimethoprim-sulfamethoxazole).
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Among the 16 antibiotics assessed in this study, all isolates tested were susceptible to three
(Table 2): imipenem (n = 700), levofloxacin (n = 700) and rifampin (n = 104). An additional
nine antibiotics had #2% of isolates with reduced susceptibility [amoxicillin-clavulanic acid
(n = 13), cefuroxime (n = 14), cefixime (n = 2), ceftriaxone (n = 1), cefepime (n = 3), chloram-
phenicol (n = 2), meropenem (n = 3), sparfloxacin (n = 3), and tetracycline (n = 5)]. Finally, a
range of reduced susceptibilities exhibited by the isolates were observed for the remaining
four drugs: cefaclor (23.4%), trimethoprim-sulfamethoxazole (29.9%), ampicillin (31.1%), and
clarithromycin (46.1%) (Table 2). When comparing NTHi to all typeable isolates combined,
the percentage of isolates with reduced susceptibility was higher among NTHi for 10 antibi-
otics (Table S2).

For the four antibiotics with .20% of isolates exhibiting reduced susceptibility (ampicillin,
cefaclor, clarithromycin, and trimethoprim-sulfamethoxazole), associations with isolate suscep-
tibility and patient age, gender, type of infection, or serotype were assessed. Isolate sus-
ceptibility was significantly associated with serotype for each of the four antibiotics tested
(P # 0.00031 using a corrected alpha level of 0.00313 for significance), but not patient
age, gender or the type of infection (Table 3). Reduced susceptibility was more commonly
observed in Hie and NTHi isolates: a range of 32.4–70.6% reduced susceptibility was
observed for Hie and 25.7–54.1% for NTHi among the four antibiotics. In contrast, reduced
susceptibility was less common in the serotypes Hia and Hif: a range of 3.9–15.7% reduced
susceptibility was observed for Hia and 11.2–14.6% for Hif. No clear trends were observed
for Hib, which is likely due to the small number of isolates in the collection (n = 12).

Isolates exhibited the highest proportion of reduced susceptibility to ampicillin
among clinically relevant antibiotics, with 3.1% ampicillin-intermediate (MICs = 2 mg/mL) and
28.1% ampicillin-resistant (MICs = 4 or .4 mg/mL) isolates detected (Table 2). Among the
ampicillin-resistant isolates, 175 (88.8%) contained a b-lactamase gene (blaROB-1 n = 8 and
blaTEM-1 n = 167); however, eight ampicillin-susceptible isolates with a blaTEM-1 gene were also
detected, each containing the blaTEM-1 reference sequence. Among the 22 ampicillin-resistant
isolates without a b-lactamase gene (BLNAR isolates), 13 (59.0%) had characterized ftsI
mutations: seven belonged to group I (N526K); 1 belonged to group II (R517H); 4 belonged
to group III (N526K, S385T, L389F); and 1 belonged to group III-like (R517H, S385T, L389F).

TABLE 2 Antimicrobial susceptibilitya of invasive H. influenzae isolates, collected through active bacterial core surveillance, United States,
2016 (n = 700b)

Antibiotic Sc I R NS RS MIC range MIC50 MIC90
Ampicillin 481 (68.7) 22 (3.1) 197 (28.1) NA 219 (31.3) #0.12–.4 0.25 .4
Amoxicillin-Clavulanic Acid 687 (98.1) NA 13 (1.9) NA 13 (1.9) #2/1–8/4 #2/1 4/2
Cefaclord 536 (76.6) 74 (10.6) 90 (12.9) NA 164 (23.4) #4–.16 #4 .16
Cefuroximed 686 (98.0) 11 (1.6) 3 (0.4) NA 14 (2.0) #0.5–.8 1 4
Cefiximed 698 (99.7) NA n/a 2 (0.3) 2 (0.3) #0.12–.1 #0.12 #0.12
Ceftriaxoned 699 (99.9) NA n/a 1 (0.1) 1 (0.1) #0.03–.2 #0.03 #0.03
Cefepimed 697 (99.6) NA n/a 3 (0.4) 3 (0.4) #0.12–.2 #0.12 0.25
Chloramphenicol 698 (99.7) 0 (0.0) 2 (0.3) NA 2 (0.2) #0.5–.4 1 1
Clarithromycin 377 (53.9) 279 (39.9) 44 (6.3) NA 323 (46.1) #0.12–.16 8 16
Imipenem 700 (100.0) NA n/a 0 (0.0) 0 (0.0) #0.5–4 #0.5 1
Meropenem 697 (99.6) NA n/a 3 (0.4) 3 (0.4) #0.06–2 #0.06 0.12
Levofloxacin 700 (100.0) NA n/a 0 (0.0) 0 (0.0) #0.03–0.5 #0.03 #0.03
Sparfloxacin 697 (99.6) NA n/a 3 (0.4) 3 (0.4) #0.03–.1 #0.03 #0.03
Tetracycline 695 (99.3) 0 (0.0) 5 (0.7) NA 5 (0.7) #0.25–.4 1 1
Trimethoprim-Sulfamethoxazole 491 (70.1) 49 (7.0) 160 (22.9) NA 209 (29.9) #0.06/1.19–.2/38 0.25/4.75 .2/38
Rifampinb 104 (100.0) 0 (0.0) 0 (0.0) NA 0 (0.0) 0.2520.75 0.38 0.5
aAntimicrobial susceptibility was determined for 700 isolates by the broth microdilution method, in accordance with CLSI guideline, for all antibiotics shown except rifampin
(39); a subset of the 700 isolates (n = 104) were assessed for susceptibility to rifampin using the Etest method.

bInvasive isolates were collected through the Active Bacterial Core Surveillance program, which is active, population- and laboratory-based surveillance and includes 10
catchment areas that covered approximately 44.2 million US residents (13.7% of the population in 2016) (32). During 2016, 767 of 866 confirmed cases (88.6%) included in
the ABCs had isolates submitted to CDC; among those, 700 were randomly selected for broth microdilution testing. A subset of the 700 isolates (n = 104) were also
assessed for rifampin susceptibility by Etest.

cS, susceptible, I, intermediate, R, resistant, NS, nonsusceptible, RS, reduced susceptibility (sum of I, R, and NS), MIC, minimum inhibitory concentration, NA, not applicable
(no Clinical Laboratory and Standards Institute [CLSI] breakpoint is defined for the specified susceptibility category).
dFive cephalosporins were included on the broth microdilution panel, including two 2nd generation (cefaclor and cefuroxime), two third generation (cefixime and
ceftriaxone) and one fourth generation (cefepime).
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Nine ampicillin-resistant isolates had no known mechanism of resistance. All 22 (100%) ampi-
cillin-intermediate isolates also had characterized ftsI mutations (group I n = 21 and group III
n = 1) and were negative for both b-lactamase genes.

Reduced susceptibility to the amoxicillin-clavulanate, which contains a b-lactamase
inhibitor, was less common: 13 (1.9%) amoxicillin-clavulanate-resistant (MICs = 8/4 mg/
mL) isolates were observed. Among the 13 amoxicillin-clavulanate-resistant isolates, all
had reduced susceptibility to ampicillin (12 ampicillin-resistant and 1 ampicillin-inter-
mediate) and 12 (92.3%) had characterized ftsI mutations (group I n = 7; group III
n = 5). The proportion of amoxicillin-clavulanate-resistant isolates (1.9%) was comparable to
the proportion of BLNAR isolates (3.1%) in the collection; among the 22 BLNAR isolates,
72.7% (n = 16) isolates were amoxicillin-clavulanate-susceptible and 23.7% (n = 6) were
amoxicillin-clavulanate-resistant.

The number of isolates exhibiting reduced susceptibility to cephalosporins varied by antibi-
otic generation. Reduced susceptibility to second generation drugs was more common; 10.6%
cefaclor-intermediate (MICs = 16 mg/mL) and 12.9% cefaclor-resistant (MICs . 16 mg/mL) as
well as 1.6% cefuroxime-intermediate (MICs = 8mg/mL) and 0.4% (MICs. 8mg/mL) cefurox-
ime-resistant isolates observed. Among these, 67.7% (n = 111) of isolates with reduced suscep-
tibility to cefaclor had a b-lactamase and 2.1% (n = 3) of isolates with reduced susceptibility to
cefuroxime had a b-lactamase. In contrast, reduced susceptibility to 3rd and 4th generation
cephalosporins was rare. Among the 3rd generation drugs, two (0.3%) cefixime-nonsuscepti-
ble isolates were observed (MIC .1 mg/mL) and both were b-lactamase negative; one was
also cefaclor-intermediate and contained a group I ftsImutation, while the second isolate was
resistant to four other b-lactam agents (ampicillin, ampicillin-sulbactam, cefaclor and cefurox-
ime) and contained group III ftsI mutations. The only ceftriaxone-nonsusceptible isolate (MIC
.2mg/mL) was also cefaclor-intermediate, contained the group I ftsImutation, and was b-lac-
tamase negative. Finally, three nonsusceptible isolates to the only 4th generation cephalospo-
rin, cefepime (MICs . 2 mg/mL), were observed. However, all three were susceptible to all
other b-lactam antibiotics and did not have any characterized mutations in the ftsI gene; a
b-lactamase gene was present in one of the three isolates.

DISCUSSION

Investigating antimicrobial susceptibility and potential mechanisms of resistance are im-
portant for ensuring that current antibiotic treatment and chemoprophylaxis recommenda-
tions remain effective. Here, we assessed invasive H. influenzae isolates, collected through
population-based surveillance in 2016, for susceptibility to 16 antibiotics and demonstrated
that reduced susceptibility to clinically relevant drugs remained uncommon, except for
ampicillin. Genetic analysis confirmed that ampicillin resistance was predominantly asso-
ciated with the presence of a b-lactamase gene. Approximately a quarter of the isolates
were susceptible to all 16 antibiotics and another third had reduced susceptibility to only
one antibiotic class. High levels of reduced susceptibility (.20% of all isolates tested) were
observed for only four drugs (ampicillin, cefaclor, clarithromycin and trimethoprim-sulfame-
thoxazole) and susceptibility status was associated with isolate serotype but not patient age,
gender, or type of infection.

The susceptibility patterns observed within the 2016 invasive H. influenzae isolates
were consistent with previous reports, indicating that trends have been relatively stable in the
United States. Either low levels or a complete absence of reduced susceptibility have been
reported for rifampin, amoxicillin-clavulanate, and third or fourth generation cephalosporins,
which was also observed in this analysis (10–17). In contrast, the proportion of reduced sus-
ceptibilities to ampicillin, cefaclor, clarithromycin, and trimethoprim-sulfamethoxazole have
been more commonly reported, albeit with some variation among studies, and were also
observed in this survey (11–15). In addition, this analysis confirmed that ampicillin resistance is
continuing to remain relatively stable since 2003 within the population (13); resistance was
detected in approximately a quarter of isolates and predominantly associated with the pres-
ence of the blaTEM-1 gene, while BLNAR isolates, containing ftsI mutations, remained
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uncommon (5). It has been reported that imipenem resistance has been reported in BLNAR
isolates (26); however, no reduced susceptibility to imipenem was observed in this study.

Overall, detection of genetic resistance mechanisms supported the phenotypic suscepti-
bility testing results and strengthened the findings of this survey; however, a few exceptions
were observed. First, we identified isolates with resistance mechanisms that were phenotypi-
cally susceptible. For example, eight ampicillin-susceptible strains with a full-length blaTEM-1
gene were detected; phenotypic nitrocefinase testing (data not shown) showed that only 3
of these 8 strains were positive for b-lactamase activity (observed ampicillin MICs were
#0.12, 0.5, and 1 mg/mL). Additional characterization by Etest for susceptibility testing and
genomics investigations into the blaTEM-1 gene insertion site could help identify the cause of
these discrepancies. Second, we observed isolates with reduced susceptibility that lacked a
known resistance mechanism; this observation could be caused by novel resistance mecha-
nisms or a potential misidentification of the reduced susceptibility phenotype. The most no-
table examples from this analysis were the three cefepime nonsusceptible isolates. Because
these isolates were also fully susceptible to all of the earlier generation cephalosporins on
the panel, it is most likely that the growth observed by broth microdilution is related to
spheroblast production, which can result in inappropriately high MICs for b-lactam agents
(27, 28). In addition, nine BLNAR isolates without well characterized ftsImutations were iden-
tified; better characterization of all possible ftsI mutations affecting susceptibility to penicil-
lins will be important to improve our understanding of mechanisms contributing to BLNAR
phenotypes. Multifactorial genetic mechanisms associated with imipenem resistance, muta-
tions in PBP3 and the AcrR regulator, could not be evaluated because no reduced suscepti-
bility was observed (9, 29, 30); the mechanism is too poorly characterized for interpretation
of any observed PBP3 and AcrR mutations in susceptible isolates.

This study was subject to several limitations. First, the presence of b-lactamase genes
was assessed using a genomics screen, not a phenotypic nitrocefinase test; to resolve poten-
tial discrepancies between susceptibility and the detection of b-lactamase genes in future
studies, both methods could be used. Second, most drugs on the antibiotic panel contained
a range of dilutions that were only within the susceptible or intermediate ranges for that an-
tibiotic, making identification of the MIC within the nonsusceptible or resistant range not
possible; thus, specific patterns or trends of MICs within the nonsusceptible or resistant
ranges could not be assessed. In future analyses, use of MIC panels that include dilution
ranges that encompass all possible interpretation categories for each drug may improve our
understanding of the observed nonsusceptible or resistant phenotypes; these assessments
could also help gain additional insight into the epidemiological cutoff values (ECOFFs).
Third, specifically for the b-lactam agents, we observed a trailing growth phenotype that
made MIC identification challenging. Previous studies have shown that some H. influenzae
strains produce spheroblasts, which result in inappropriately high MICs for b-lactam agents
(27, 28). The trailing growth was observed as a nearly translucent pellet within the HTM
broth and most prominent in typeable isolates; thus, it is possible this observed phenotype
was related to potential spheroblast production. To ensure accurate MIC identification in
this study, all isolates exhibiting the trailing growth phenotype were repeated for confirma-
tion; however, in the future, it may be helpful to explore additional media types for H. influ-
enzae broth microdilution, such as Mueller-Hinton-Fastidious broth, which is used in the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) method (31). Fourth,
the broth microdilution method used in this study may not detect imipenem heteroresist-
ance phenotypes as well as agar-based methods and has been described previously (9, 26,
29). Finally, the genetic basis of resistance in H. influenzae is poorly defined and the H. influ-
enzae genome is highly variable, making the association of observed genetic mutations and
susceptibility phenotypes more challenging. It will be important for novel genetic studies to
determine if there is a causal relationship with susceptibility.

Overall, this 2016 antimicrobial resistance survey of invasive H. influenzae isolates
demonstrated that, with the exception of ampicillin, the US H. influenzae population remained
susceptible to clinically relevant antibiotics. Detection of approximately a quarter ampicillin-re-
sistant and b-lactamase containing strains demonstrates that resistance mechanisms can be
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acquired and sustained within the H. influenzae population, highlighting the continued impor-
tance of antimicrobial resistance surveillance for H. influenzae to monitor susceptibility trends
and mechanisms of resistance.

MATERIALS ANDMETHODS
Case definition and bacterial isolate collection. Surveillance for H. influenzae was conducted as

part of Active Bacterial Core Surveillance (ABCs). ABCs is an active, population- and laboratory-based sur-
veillance system for invasive bacterial pathogens of public health importance and the surveillance area
includes 10 sites that covered approximately 44.2 million US residents in 2016 (13.7% of the population)
(32). For invasive H. influenzae disease, a confirmed case is defined as isolation of H. influenzae by culture
or detection of H. influenzae by PCR from a normally sterile body site Council of State and Territorial
Epidemiologists (CSTE) case. Epidemiologic information, including patient age, gender, and type of
infection, was abstracted from medical records. Cases of invasive H. influenzae disease were categorized
by the type of infections using the following criteria: (i) meningitis if a clinical diagnosis of meningitis
was recorded in the medical record and H. influenzae was isolated from CSF or other sterile sites; (ii) bac-
teremic pneumonia if pneumonia was recorded in the patient’s medical record and H. influenzae was iso-
lated from blood or pleural fluid; and (iii) bacteremia without focus if H. influenzae was isolated from
blood with no localized clinical syndrome.

Invasive H. influenzae isolates, collected during 2016, were submitted to CDC through ABCs. During
2016, 767 of 866 confirmed cases (88.6%) reported from ABCs sites had isolates submitted to CDC [CDC
unpublished]; among those, 700 were randomly selected and de-identified for inclusion in this antimi-
crobial susceptibility survey. This activity was reviewed by CDC and determined to be public health eval-
uation; patient consent and institutional review board review were not required.

Laboratory characterization of H. influenzae isolates. H. influenzae species and serotype were con-
firmed by real-time-PCR and slide agglutination (33–35). Isolate genomes were sequenced using an
Illumina MiSeq and multilocus sequence typing (MLST) was performed as described (36). Resistance
mechanisms related to clinically relevant antibiotic classes, including ampicillin, amoxicillin-clavulanate,
and the cephalosporins, were investigated. Genes were identified by a BLAST search of genome assem-
blies using NCBI reference sequences for H. influenzae blaROB-1 (NC_019178), and the PubMLST full-length
sequences for ftsI (HAEM1263) and blaTEM-1 (HAEM0118) genes (37). Amino-acid mutations in ftsI were
identified by aligning the translated sequence to allele 1 from PubMLST using BioPython (38). Genome
assemblies were submitted to PubMLST. All raw read data have been deposited in the NCBI Sequence
Read Archive (SRA) under BioProject accession number PRJNA815855.

Antimicrobial susceptibility. H. influenzae isolates were tested by broth microdilution, in accord-
ance with the Clinical and Laboratory Standards Institute (CLSI) M100, 30th Edition (39). The Haemophilus
and Streptococcus (HPB1) lyophilized antibiotic panel (Thermo Scientific Sensititre) was used and contained the
following antimicrobial dilution series (mg/mL): ampicillin (0.12–4), ampicillin-sulbactam (1/0.5–2/1), amoxicillin-
clavulanic acid (2/1–16/8), cefaclor (4–16), cefuroxime (0.5–8), ceftriaxone (0.03–2), cefixime (0.12–1), cefepime
(0.12–2), chloramphenicol (0.5–4), clarithromycin (0.12–16), imipenem (0.5–4), meropenem (0.06–2), levofloxa-
cin (0.03–4), sparfloxacin (0.03–1), tetracycline (0.25–4), and trimethoprim-sulfamethoxazole (0.06/1.19–2/38).
Any isolate exhibiting a trailing growth phenotype by broth microdilution was repeated for confirmation (addi-
tional information about the observed trailing growth is in the discussion limitations). Ampicillin-sulbactam
was present on the panel (1/0.5 and 2/1mg/mL) but was excluded from this analysis due to poor reproducibil-
ity among broth microdilution replicates and only two dilutions being available on the panel (data not shown).
Three quality control strains, H. influenzae ATCC 49766 and ATCC 49247, and Streptococcus pneumoniae ATCC
49619 were also included during testing. MICs were interpreted as susceptible, intermediate, resistant, or non-
susceptible based on the established CLSI breakpoints (39). Isolates were defined as having reduced suscepti-
bility if they were intermediate, resistant or nonsusceptible.

Because rifampin was not present on the lyophilized panel, 104 isolates were selected to also be
assessed by Etest, using the Rifampicin RI Etest strip (bioMérieux). Both typeable (Hia n = 29, Hib = 3,
Hie = 16, Hif = 5) and NTHi (n = 51) isolates were included; more than half (29/51) of the available Hia
isolates were included because of the recent updated recommendations for use of rifampin for Hia dis-
ease prophylaxis (2). Susceptibility testing was performed according to manufacturer specifications,
including use of the S. pneumoniae ATCC 49619 control strain during testing. MICs were interpreted as
susceptible, intermediate, or resistant based on the established CLSI breakpoints (39).

Antibiotic classes were defined as the following: Penicillins (ampicillin and amoxicillin-clavulanic acid),
cephalosporins (cefaclor, cefuroxime, cefixime, ceftriaxone, and cefepime), carbapenems (meropenem and imi-
penem), macrolides (clarithromycin), tetracylins (tetracycline), fluoroquinolones (levofloxacin and sparfloxacin),
amphenicol (chloramphenicol) and sulfonamides (trimethoprim-sulfamethoxazole).

Statistical analysis. To assess possible associations between isolate susceptibility and patient age,
gender, type of infection, or serotype, isolates were categorized as either susceptible or having reduced
susceptibility. Patient ages were grouped as 0–5 years, 6–20 years, 21–50 years, and over 50 years. For this anal-
ysis, only the four antibiotics with.20% of isolates with reduced susceptibility were included (ampicillin, cefa-
clor, clarithromycin and trimethoprim-sulfamethoxazole), each representing a unique antibiotic class. Sixteen
isolates were excluded from the age and gender analyses, due to missing data; 98 isolates were excluded from
the type of infection analysis, due to missing data or a clinical presentation other than bacteremic pneumonia,
bacteremia without focus, or meningitis. Data were imported into R (version 4.0.3). Chi square goodness of fit
tests were conducted with a significance of P , 0.05 and a Bonferroni correction was applied; a corrected
alpha level of 0.00313 was used for significance.
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