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ABSTRACT
Recently, the prevalence of macrolide-resistant Moraxella catarrhalis has been reported, especially among Chinese
children. The fitness cost of resistance is reported to render the resistant bacteria less virulent. To investigate the
correlation between macrolide susceptibility of M. catarrhalis and pathogenicity, the whole genome of 70
M. catarrhalis isolates belonging to four clonal complexes with different macrolide susceptibilities was sequenced.
The gene products were annotated with the Gene Ontology terms. Based on 46 extracted essential virulence genes,
19 representative isolates were selected to infect type II alveolar cells (A549 cells). The ability of these isolates to
adhere and invade human epithelial cells and to produce cytokines was comparatively analysed. Furthermore, mice
were infected with a pair of M. catarrhalis isolates with different pathogenic behaviours and macrolide susceptibilities
to examine pulmonary clearance, histological findings, and the production of cytokines. The percentages of
annotations for binding, metabolic process, cellular process, and cell were non-significantly different between the
macrolide-resistant and macrolide-susceptible groups. The presence of uspA2, uspA2H, pilO, lbpB, lex1, modM, mboIA,
and mboIB significantly differed among the four clonal complexes and macrolide susceptibility groups. Furthermore,
compared with those in macrolide-susceptible isolates, the adhesion ability was stronger (P = 0.0019) and the
invasion ability was weaker (P < 0.0001) in the macrolide-resistant isolates. Mouse experiments revealed that
pulmonary macrophages elicit immune responses against M. catarrhalis infection by significantly upregulating the
Csf2, Il4, Il13, Il1b, Il6, Tnf, and Il18. Therefore, M. catarrhalis populations exhibited diverse pathogenicity in vitro and
in vivo.

ARTICLE HISTORY Received 7 April 2022; Revised 22 July 2022; Accepted 27 July 2022

KEYWORDS Moraxella catarrhalis; virulence genes; adhesion; invasion; cytokines; pathogenicity; macrolide

Introduction

Moraxella catarrhalis is a major etiological agent for
acute otitis media and acute exacerbation of chronic
obstructive pulmonary disease. Additionally,
M. catarrhalis can cause other serious infections,
such as meningoencephalitis [1] and community-
acquired pneumonia [2]. Macrolides are commonly
used to treat respiratory illnesses, including those
caused by M. catarrhalis [3]. Recent studies have
reported the prevalence of macrolide-resistant
M. catarrhalis [4–6]. The fitness cost of antibiotic
resistance is a phenomenon in which antibiotic-resist-
ant mutants exhibit decreased fitness and virulence

without an apparent reason [7,8]. Previously, we had
demonstrated that macrolide-resistant isolates were
highly concentrated in the CC449 (CCN10) and
CC363 clonal complexes [9,10], while macrolide-sus-
ceptible isolates were highly concentrated in the
CC224 and CC446 (CCN08) clonal complexes [9].
We hypothesized that populations of M. catarrhalis
isolates with different macrolide susceptibilities exhi-
bit differential pathogenic behaviours, such as the abil-
ity to adhere and invade human epithelial cells.

Some virulence factors, including UspA1, UspA2,
UspA2H, OMPCD, OMP M. catarrhalis adherence
protein (McaP), and Moraxella lipooligosaccharide

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrest-
ricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

CONTACT Ying-chun Xu xycpumch@139.com Department of Laboratory Medicine, State Key Laboratory of Complex Severe and Rare Diseases,
Peking Union Medical College Hospital, Chinese Academy of Medical Science and Peking Union Medical College, Beijing 100730, People’s Republic of
China; Graduate School, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100730, People’s Republic of China; Beijing Key
Laboratory for Mechanisms Research and Precision Diagnosis of Invasive Fungal Diseases, Beijing 100730, People’s Republic of China
#These authors contributed equally to this work as co-first authors.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/22221751.2022.2108341.

Emerging Microbes & Infections
2022, VOL. 11
https://doi.org/10.1080/22221751.2022.2108341

http://crossmark.crossref.org/dialog/?doi=10.1080/22221751.2022.2108341&domain=pdf&date_stamp=2022-08-29
http://orcid.org/0000-0002-3160-8129
http://orcid.org/0000-0001-9730-0744
http://orcid.org/0000-0002-3285-5914
http://orcid.org/0000-0003-0525-2023
http://orcid.org/0000-0001-7232-0343
http://orcid.org/0000-0001-7612-4737
http://creativecommons.org/licenses/by/4.0/
mailto:xycpumch@139.com
https://doi.org/10.1080/22221751.2022.2108341
http://www.iom3.org/
http://www.tandfonline.com


(LOS), have been previously reported [11–14]. These
virulence factors promote serum resistance to evade
humoral immunity. Additionally, these virulence fac-
tors function as M. catarrhalis adhesins and bind to
different human epithelial cell lines [15]. The inter-
action betweenM. catarrhalis and human-derived epi-
thelial cell lines is multifactorial and involves the
simultaneous activities of multiple adhesins [15]. We
predict that various combinations of multiple adhesins
co-ordinate and act differently in M. catarrhalis iso-
lates with different backgrounds (such as the macro-
lide-resistant and macrolide-susceptible groups),
conferring differential abilities to adhere and invade
human epithelial cells.

To confirm this hypothesis, 70 M. catarrhalis iso-
lates with different macrolide susceptibilities, includ-
ing those belonging to CC449, CC363, CC446, and
CC224, were sequenced. The gene products were
annotated with Gene Ontology (GO) terms. Based
on the 46 extracted essential virulence genes, 19 iso-
lates with 17 unique combinations of virulence genes
were selected to infect type II alveolar cells (A549
cells). The abilities of the isolates to adhere and invade
human epithelial cells and produce cytokines were
comparatively evaluated. Based on the results of this
experiment, mice were infected with a pair of
M. catarrhalis isolates with different pathogenic beha-
viours and macrolide susceptibilities to analyse pul-
monary clearance, histological changes, and the
production of cytokines. Macrolide-resistant and
macrolide-susceptibleM. catarrhalis isolates exhibited
differential abilities to adhere and invade human epi-
thelial cells with several important virulence genes
facilitating this process. Additionally, mouse exper-
iments suggested that pulmonary macrophages med-
iate the rapid immune response to M. catarrhalis
infection. This immune response involved the upregu-
lation of cytokines, such as Csf2, Il4, Il13, Il1b, Il6, Tnf,
and Il18.

Materials and methods

Bacterial strains

Seventy non-duplicate clinical M. catarrhalis isolates
were collected from the sputum or broncho-alveolar
lavage of adult patients (>18 years of age) diagnosed
with lower respiratory tract infection and the sputum
or ear purulent secretion of children diagnosed with
lower or upper respiratory tract infections between
2010 and 2017. Of these, 22, 40, and 8 isolates were
obtained from the Peking Union Medical College
Hospital (PUMCH), the First Affiliated Hospital of
Xiamen University, and other hospitals in China,
respectively. The isolates were identified using the
Bruker Biotyper matrix-assisted laser desorption ion-
isation-time of flight mass spectrometry system

(Biotyper version 3.1 software, Bruker Daltonics, Bill-
erica, Germany). The susceptibilities of 70 isolates to
erythromycin and azithromycin were examined
using the Kirby-Bauer method and E-test. Previously,
we had performed 23S rRNA gene and multilocus
sequence typing analyses [9]. In this study, 70 isolates
belonged to the following four clonal complexes:
CC449 (n = 14; 14 macrolide-resistant isolates with
A2330T mutation), CC363 (n = 18; 13 macrolide-
resistant isolates with A2330T mutation and 5 macro-
lide-susceptible isolates without A2330T mutation),
CC446 (n = 13; 13 macrolide-susceptible isolates with-
out A2330T mutation), and CC224 (n = 25; 3 macro-
lide-resistant isolates with A2330T mutation, 22
macrolide-susceptible isolates without A2330T
mutation). The isolates were stored at −80°C.

Genomic DNA extraction, sequencing,
assembly, and annotation

Genomic DNA was extracted using the TIANamp
bacteria genomic DNA kit (TiangenBiotechCo. Ltd.,
Beijing, China) and subjected to shotgun sequencing
using Illumina Genome Analyzer IIx technology.
Paired-end libraries were prepared from 5 μg of iso-
lated genomic DNA using the TruSeq DNA sample
prep kit A (Illumina Inc., San Diego), following the
manufacturer’s instructions. Genomic paired-end
libraries were sequenced with a read length of 2 ×
150 nucleotides using an Illumina GAIIx instrument,
following the manufacturer’s instructions. Image
analysis and base calling were performed using the
standard Illumina pipeline. The raw Illumina sequen-
cing reads were trimmed at a threshold of 0.01 (Phred
score of 20) using Fastx-toolkit (http://hannonlab.cshl.
edu/fastx_toolkit/commandline.html). SPAdes [16]
was used for assembling the filtered reads with par-
ameters “-k 33,45,55 –careful –cov-cutoff 5”. All
assembled contig sequences were annotated with
Prokka (Tools used in Prokka: Prodigal for protein-
coding features (CDS), RNAmmer for rRNA, Aragorn
for tRNA) [17].

Virulence gene analysis

The sequences of 46 virulence genes, which were
retrieved from literature, were downloaded from the
Virulence Factor Database (VFDB, http://www.mgc.
ac.cn/cgi-bin/VFs/v5/main.cgi, VFDB_setB_nt.fas.gz)
and National Centre for Biotechnology Institute
(NCBI). The detailed gene information is shown in
Table S1. The virulence genes in the sequenced strains
were predicted using SRST2 [18] and confirmed using
Basic Local Alignment Search Tool (BLAST) with the
following parameters: identity > 50% and coverage >
50%.

2056 Y.-L. Liu et al.

http://hannonlab.cshl.edu/fastx_toolkit/commandline.html
http://hannonlab.cshl.edu/fastx_toolkit/commandline.html
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi
http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi


Gene homology analysis and functional
enrichment

Gene homology analysis was performed based on the
pan-genome results using Roary with the parameters
“-e create a multiFASTA alignment of core genes
using PRANK; -n fast core gene alignment with
MAFFT” [19]. The gene distribution file was obtained
from the “gene_presence_absence.csv” and “gene_-
presence_absence.Rtab” files. Specific genes of a cer-
tain group were obtained using the χ2-test (P-value <
0.05) for categorical data transformed from the gene
distribution obtained from Roary. The gene functions
were further annotated using Blast2GO to obtain the
enriched GO terms (https://www.blast2go.com/). GO
annotation results were visualized and compared
using WEGO [20,21]. Significant (P < 0.05) GO
terms were determined using the Pearson χ2 test.

Cell lines

A549 epithelial cells (type II alveolar cells) were
obtained from American Type Culture Collection
and cultured in Ham’s F12 medium (Gibco) sup-
plemented with 10% (v/v) heat-inactivated fetal calf
serum (Gibco), 100 U/mL penicillin, and 0.1 mg/mL
streptomycin (Solaribo, China). Cells were cultured
until 95%–100% confluency in 25-cm2

flasks, trypsi-
nised, and transferred to 24-well plates (Thermo
Fisher Scientific™, Waltham, MA, USA) to perform
the adhesion and invasion assays.

Adhesion assay

To examine the effect of virulence genes on the ability
of M. catarrhalis isolates to adhere and invade human
respiratory epithelial cells, 19 isolates with 17 unique
combinations of virulence genes were selected from
the 70 isolates used in this study.

To determine the optimal ratio of bacterium to host
cells for application in the adhesion and invasion
assays, the following five multiplicity of infection
(MOI) ratios were examined: 2:1, 4:1, 10:1, 20:1, and
200:1. The test MOI ratios did not significantly affect
bacterial adhesion to A549 cells but markedly affected
the invasion of M. catarrhalis isolates into A549 cells
(data not shown). The optimal MOI with detectable
bacterial numbers and low variability was 10. There-
fore, an MOI of 10 was used in the subsequent
adhesion and invasion assays.

The adhesion assay was performed as previously
described [22] with some modifications. Briefly,
A549 cells were plated in 24-well cell culture plates
(1 × 105 cells/well) and incubated with an appropriate
MOI (10) ofM. catarrhalis for 4 h. Non-adherent bac-
teria were removed by washing with phosphate-
buffered saline (PBS, PH 7.2-7.4). Cells were lysed

with 200 µL of 0.25% trypsin (Sigma) at 37°C for
10 min and 300 µL of 0.1% saponin (Sigma) for
10 min. The lysates were transferred to 1.5 mL Eppen-
dorf tubes and mixed vigorously for 30 s. Aliquots of
the samples were serially diluted (1 × 10−3, 1 × 10−4,
and 1 × 10−5) and plated on blood agar plates
(100 µL/plate) containing 5% sheep blood to deter-
mine the number of adherent bacteria. All assays
were performed in six replicates. At least three inde-
pendent experiments were performed.

Invasion assay

The susceptibility of 70 M. catarrhalis isolates to gen-
tamycin was examined. All isolates were susceptible to
gentamycin. The results of the in vitro time-kill assay
revealed that gentamycin exhibited bactericidal
activity (99.9% killing) at a concentration of 300 µg/
mL (treatment duration: 1 h). Therefore, 300 µg/mL
gentamycin was used in the subsequent experiments
in this study.

From the 70 isolates used in this study, 19 isolates
with 17 unique combinations of virulence genes were
selected to examine their abilities to invade A549 cells.
The experimental procedure of the invasion assay was
similar to that of the adhesion assay [22], except
300 µg/mLgentamycinwas added to the infectedmono-
layer cells before lysing with 0.25% trypsin and 0.1%
saponin to kill any remaining adherent extracellular bac-
teria. The cells were infected withM. catarrhalis at den-
sity of 2 × 105 (MOI = 2), 4 × 105 (MOI = 4), 1 × 106

(MOI = 10), 2 × 106 (MOI = 20), or 2×107 CFU/well
(MOI = 200) for 4 h. All assays were performed in five
or six parallel wells. At least three independent exper-
iments were performed. Results of representative exper-
iments are presented as mean (colony-forming unit
(CFU) per well) ± standard deviation.

Electron microscopy

A549 cells were plated in 24-well cell culture plates
(1 × 105 cells/well) and incubated with M. catarrhalis
[73-OR (CC446) or 35-OR (CC363)] at MOI 10 for
4 h. Non-adherent bacteria were removed by washing
with PBS. Cells were lysed with 200 µL of 0.25% tryp-
sin (Sigma) at 37°C for 10 min. The lysate was centri-
fuged and washed twice with PBS. The infected A549
cells were fixed in 2.5% glutaraldehyde in phosphate
buffer (0.06 M) for up to 2 days (pH 7.3). Cells were
prepared for electron microscopy as previously
described [22]. The distribution of M. catarrhalis iso-
lates outside and inside A549 cells after infection for
4 h was determined at a magnification of ×3000.
Meanwhile, the lamellipodia enclosing M. catarrhalis
isolates after 4 h of infection and different phases of
macropinocytotic ingestion were observed at a mag-
nification of ×15000.

Emerging Microbes & Infections 2057

https://www.blast2go.com/


Pulmonary clearance model

The mouse pulmonary clearance model was estab-
lished as described previously [23–26]. The animal
study was approved by the Institute of Microbiology,
Chinese Academy of Sciences Animal Care and Use
Committee (project number: APIMCAS2021144).
C57/BL6J male mice (aged 8–10 weeks) were obtained
from Jackson Laboratories (Bar Harbour, ME) and
housed under standard pathogen-free conditions in
an animal facility at the Institute of Microbiology, Chi-
nese Academy of Sciences. Mice (n = 5–7 per group)
were intraperitoneally anesthetised using isoflurane.
After the trachea was surgically exposed, the mice in
the control (PBS-treated), 73-OR (macrolide-suscep-
tible isolate)-infected, and 35-OR (macrolide-resistant
isolate)-infected groups were intratracheally injected
with PBS, 108 CFU of 73-OR M. catarrhalis, and 108

of 35-OR M. catarrhalis, respectively. The bacterial
suspension was prepared in 50 µL PBS. The surgical
wound was closed using 5.0 silk sutures, and the ani-
mals were allowed to recover. At 3 h post-challenge,
the animals were sacrificed via CO2 exposure. The
blood and lung tissues were collected. The number
of white blood cells (WBCs) in the blood was
measured using an automated haematological analyser
Sysmex Xs-800i. The lungs were homogenized on ice
in 1 mL of PBS (PH 7.2-7.4) using a tissue homogen-
izer. Next, the samples were serially diluted and plated
on blood agar plates (100 µL/plate) containing 5%
sheep blood (two replicates). After incubation over-
night at 37°C and 5% CO2, the CFU was determined
via manual counting.

Histological analysis

Mice (n = 5–7/group) were challenged with PBS or 108

CFU ofM. catarrhalis (73-OR or 35-OR) in 50 µL PBS
as described above. To examine pulmonary inflam-
mation, both lungs were inflated with 10% buffered
formaldehyde and perfuse-fixed as previously
described [23]. The fixed lungs were embedded in
paraffin, stained with haematoxylin and eosin, and
examined under a microscope. The lung injuries,
including alveolar structure damage and inflammatory
cell infiltration, were scored in a blinded manner. His-
tological changes in the lung tissue sections of differ-
ent groups were compared at magnifications of ×100
and ×400.

Cytokine profile analysis

Lung tissues and plasma of mice were collected after
challenge with PBS or 108 CFU of M. catarrhalis
(73-OR or 35-OR). The levels of Ifng, Il12p70, Il13,
Il1b, Il2, Il4, Il5, Il6, Il18, Il10, Il17a, Il22, Il23, Il27,
Il9, Tnf, and Csf2 were measured using the Th1/

Th2/Th9/Th17/Th22/Treg Cytokine 17-Plex Mouse
ProcartaPlex™ Panel (Invitrogen, Thermo Fisher
Scientific, USA).

Statistical analysis

GO annotation results were visualized and compared
using WEGO [20,21]. Significant (P < 0.05) GO
terms were determined using Pearson’s χ2-test (or
Fisher’s exact test, when appropriate). The prevalence
of virulence genes among the four clonal complexes
and the two macrolide susceptibility groups was com-
pared using Pearson’s χ2-test (or Fisher’s exact test,
when appropriate) for categorical data (Table 1). The
levels of cytokines and bacterial growth between the
macrolide-susceptible and macrolide-resistant groups
were compared using the two-tailed Mann–Whitney
test, while those between the four clonal complexes
were compared using one-way analysis of variance
(ANOVA). Pulmonary clearance and WBC counts in
mice belonging to the control, 73-OR-infected, and
35-OR-infected groups were compared using one-
way ANOVA. Differences were considered significant
at P < 0.05.

Ethical statement

Only de-identified clinically obtained bacterial isolates
were used in this study. No human subjects partici-
pated in this study. The study was approved by the
Human Research Ethics Committee of PUMCH (No.
JS-2304).

Results

Comparative analysis of functional annotations

In this study, 220 and 106 geneswere extracted from the
macrolide-resistant (n = 30) andmacrolide-susceptible
groups (n = 40), respectively, as they exhibited signifi-
cant and differential prevalence between the two
groups. Next, 91 of the 220 genes and 57 of the 106
genes were annotated to GO terms (Figure 1). The
GO term with the highest number of assigned uni-
genes in themolecular function (MF) category was cat-
alytic activity, followed by binding, transporter activity,
transcription regulator activity, structural molecule
activity, and molecular function regulator. In the bio-
logical process (BP) category, the term with the most
uni-genes was metabolic process, followed by cellular
process, localization, response to stimulus, biological
regulation, regulation of biological process, develop-
mental process, cellular component organization or
bio-genesis, biological adhesion, and negative regu-
lation of biological process. Meanwhile, in the cellular
component (CC) category, the term with the most
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uni-genes was cell, followed by membrane, membrane
part, protein-containing complex, and organelle.

The following annotations were non-significantly
different between the macrolide-resistant and macro-
lide-susceptible groups: MF category, binding (macro-
lide-resistant group (28 (12.7%)) vs. macrolide-
susceptible group (21 (19.8%)); P = 0.13); BP category,
metabolic process (macrolide-resistant group (28
(12.7%)) vs. macrolide-susceptible group (18 (17.0%));
P = 0.38) and cellular process (macrolide-resistant
group (20 (9.1%)) vs. macrolide-susceptible group (16
(15.1%)); P = 0.15); CC category, cell (macrolide-resist-
ant group (5 (2.3%)) vs. macrolide-susceptible group (6
(5.7%));P = 0.20) (Figure 1). Cell in theCC categorywas
characterized by increased percentages of annotations in
the macrolide-susceptible group.

Comparative analysis of virulence gene
prevalence

Forty-six virulence gene sequences mentioned in pre-
vious studies [15,27,28] were downloaded from VFDB

and NCBI. The prevalence of these virulence genes in
the 70 sequenced isolates was predicted using
SRST217 and confirmed using BLAST (identity >
50% and coverage > 50%). As shown in Figure 2, the
distribution of 33 virulence genes (pilC, pilB, pilT,
pilW, pilV, pilQ, pilP, pilMN, lbpA, tbpA, ompG1a,
ompG1b, ompE, ompCD, ompJ, mcaP, m35, msp22,
msp75, aniA, cysP, afeA, bro1, bro2, oppA, humA,
mhuA, los, copB, olpA, mhaB1, mhaB2, and mhaC)
was identical among the 70 isolates. However, the
prevalence of 13 virulence genes varied between
the four clonal complexes, as well as between the
macrolide-resistant and macrolide-susceptible
M. catarrhalis groups. The specific distribution of var-
ious genes is as follows (Table 1): mboIA and mboIB,
specifically and completely absent in CC449 (P <
0.0001); modM, specifically and completely absent in
CC224 and CC449 (P < 0.0001); lbpB and lex1, specifi-
cally and mostly absent in CC224 (P < 0.0001). Fur-
thermore, pilO was absent in three isolates of CC446
and the difference was significant (P = 0.0033).
uspA2 and uspA2H were absent in all four clonal

Table 1. Prevalence of 13 virulence genes in four clonal complexes and two macrolide susceptibility Moraxella catarrhalis groups.

Genes

Prevalence of genes in four clonal complexes

P-value

Prevalence of genes in two macrolide susceptibility
groups

P-value
CC224 (n =

25)
CC449 (n =

14)
CC446 (n =

13)
CC363 (n =

18)
Macrolide-resistant Group

(n = 30)
Macrolide-susceptible

Group (n = 40)

uspA1 22; 88.0% 13; 92.9% 9; 69.2% 17; 94.4% 0.1715 28; 93.3% 33; 82.5% 0.2828
uspA2 13; 52.0% 13; 92.9% 1; 7.7% 15; 83.3% < 0.0001 24; 80.0% 18; 45.0% 0.0036
uspA2H 15; 60.0% 12; 85.7% 2; 15.4% 13; 72.2% 0.0013 21; 70.0% 21; 52.5% 0.2175
MID_Hag 25; 100% 14; 100% 12; 92.3% 18; 100% 0.217 30; 100% 39; 97.5% 1.0000
pilD 25; 100% 14; 100% 12; 92.3% 18; 100% 0.217 30; 100% 39; 97.5% 1.0000
pilA 23; 92.0% 14; 100% 12; 92.3% 18; 100% 0.4503 27; 90% 40; 100% 0.0742
pilO 25; 100% 14; 100% 10; 76.9% 18; 100% 0.0033 30; 100% 37; 92.5% 0.2547
lbpB 2; 8.0% 14; 100% 13; 100% 18; 100% < 0.0001 27; 90% 20; 50% 0.0006
tbpB 22; 88.0% 14; 100% 13; 100% 18; 100% 0.1304 29; 96.7% 38; 95.0% 1.0000
lex1 3; 12.0% 14; 100% 13; 100% 18; 100% < 0.0001 27; 90% 21; 52.5% 0.0008
modM 0; 0.0% 0; 0.0% 13; 100% 18; 100% < 0.0001 13; 43.3% 18; 45.0% 1.0000
mboIA 25; 100% 0; 0.0% 13; 100% 18; 100% < 0.0001 16; 53.3% 40; 100% < 0.0001
mboIB 25; 100% 0; 0.0% 13; 100% 18; 100% < 0.0001 16; 53.3% 40; 100% < 0.0001

Figure 1. Comparison of functional annotations in the macrolide-resistant and macrolide-susceptibleMoraxella catarrhalis groups.
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complexes. The highest number of isolates lacking
uspA2 and uspA2H was observed in CC446, followed
by CC224, CC363, and CC449 (P < 0.05) (Table 1).
Meanwhile, the prevalence of uspA2, lbpB, lex1,
mboIA, and mboIB was significantly different between
the macrolide-resistant and macrolide-susceptible
M. catarrhalis groups (Table 1). uspA2, lbpB, and
lex1 were mainly absent in the macrolide-susceptible
group, whereas mboIA and mboIB were absent only
in the macrolide-resistant group.

Comparative analysis of adhesion and invasion

The prevalence of the virulence genes varied depend-
ing on the clonal complex and macrolide suscepti-
bility. Hence, 19 isolates with 17 unique
combinations of virulence genes were selected from
the four clonal complexes (CC224, n = 6; CC449, n
= 3; CC446, n = 5; and CC363, n = 5). Compared
with those in the macrolide-susceptible isolates, the
adhesion ability was significantly stronger (P =
0.0019) and the invasion ability was significantly
weaker (P < 0.0001) in the macrolide-resistant isolates
(Figure 3B and D). Additionally, the adhesion and
invasion abilities were significantly different between
the main clonal complexes. CC363, a major macro-
lide-resistant clonal complex, exhibited the highest
host cell adhesion ability, followed by CC446 (a purely
macrolide-susceptible clonal complex), CC449 (a
purely macrolide-resistant clonal complex), and
CC224 (a mostly macrolide-susceptible clonal com-
plex) (Figure 3C). In contrast, CC446, a pure macro-
lide-susceptible clonal complex, exhibited the highest

host cell invasion ability, followed by CC224 (a
majorly macrolide-susceptible clonal complex),
CC363 (a majorly macrolide-resistant clonal com-
plex), and CC449 (a purely macrolide-resistant clonal
complex) (Figure 3E).

To further demonstrate the differential behaviours
of the M. catarrhalis populations, one macrolide-
resistant isolate (35-OR) with strong host cell
adhesion ability and weak host cell invasion ability
(mean number of adhering cells = 2.6 × 107 CFU/
well; mean number of invading cells = 5 CFU/well;
[(number of invading cells/number of adhering
cells) × 100] = 0.000019%) and one macrolide-suscep-
tible isolate (73-OR) with a weak host cell adhesion
ability and a strong host cell invasion ability (mean
number of adhering cells = 1.7 × 107 CFU/well; mean
number of invading cells = 8.6 × 102 CFU/well; [(num-
ber of invading cells/number of adhering cells) × 100]
= 0.005170%) were selected to infect A549 cells (P =
0.0286). The cells were fixed and subjected to trans-
mission electron microscopy (TEM) (Figure 4). The
adherent M. catarrhalis 35-OR cells formed multicel-
lular grape-like aggregates on the A549 cell surface
(Figure 4A) but did not invade the cells. In contrast,
someM. catarrhalis 73-OR cells adhered to the surface
of A549 cells, while a visible number of isolates infil-
trated the cells (Figure 4B). These results are consist-
ent with those of bacterial growth analysis. TEM
analysis confirmed that the epithelial cell monolayer
formed lamellipodia and filopodia, extending toward
and enclosing individual adherent bacterial cells
(Figure 4C). Different phases of macropinocytotic
ingestion are shown in Figure 4C.

Figure 2. Comparison of virulence gene prevalence between four clonal complexes and between macrolide-resistant and macro-
lide-susceptible Moraxella catarrhalis groups. Macrolide-resistant and macrolide-susceptible M. catarrhalis isolates are shown in
red and blue fonts, respectively. Grey and blank bars represent the presence and absence of genes, respectively.

2060 Y.-L. Liu et al.



Effects of M. catarrhalis populations on animal
models

Histological analysis (Figure 5) revealed that alveolar
and bronchial structures were almost intact and visible
in the three groups. Compared with that in the alveo-
lar sputum of control mice (Figure 5A and D), the
number of inflammatory cells, especially pulmonary
macrophages and neutrophils, was higher in the alveo-
lar sputum of 73-OR-infected (Figure 5B and E) or 35-
OR-infected mice (Figure 5C and F). Immune cell

infiltration and fibrous tissue hyperplasia were also
observed. Moreover, inflammation severity in the
35-OR-infected group was higher than that in the
73-OR-infected group as evidenced by increased num-
bers of inflammatory cells and the manifestation of
fibrous tissue hyperplasia.

Next, bacterial counts in the total lung tissue and
WBC counts in the blood afterM. catarrhalis infection
were determined (Figure 6). The bacterial counts in
the 73-OR-infected and 35-OR-infected groups at

Figure 3. Comparison of adhesion and invasion abilities of 19 Moraxella catarrhalis isolates with different virulence gene combi-
nations. R, macrolide-resistant; S, macrolide-susceptible. (A) The distribution of different virulence genes between four clonal com-
plexes and between macrolide-resistant and macrolide-susceptible M. catarrhalis groups and its relevance to bacterial adhesion
and invasion. Grey and blank bars represent the presence and absence of genes, respectively. (B and D) Comparison of
M. catarrhalis adhesion and invasion abilities between the macrolide-resistant and macrolide-susceptible groups and (C and E)
between four clonal complexes. The levels of cytokines and bacterial growth between the macrolide-susceptible and macro-
lide-resistant groups were analysed using the two-tailed Mann-Whitney test, while those between the four clonal complexes
were analysed using one-way analysis of variance. Differences were considered significant at P < 0.05.
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Figure 4. Transmission electron microscopy analysis of the ability of Moraxella catarrhalis to adhere and invade A549 cells. The
distribution of M. catarrhalis 35-OR (resistant isolate) (A) and M. catarrhalis 73-OR (susceptible isolate) (B) outside and inside A549
cells at 4 h post-infection (magnification: ×3000). (C) Lamellipodia enclosing M. catarrhalis 73-OR (susceptible isolate) at 4 h post-
infection and different phases of macropinocytotic ingestion (magnification: ×15000). M. catarrhalis isolates are shown using
arrows. Scale bars: 5 (A and B) or 1 µm (C).

Figure 5. Histological changes in the haematoxylin and eosin-stained pulmonary tissue at 3 h post-infection (magnification: ×100
and ×400). Pulmonary inflammation in mice (n = 5–7 per group) challenged with phosphate-buffered saline (PBS), 108 colony-
forming units (CFU) of Moraxella catarrhalis 73-OR, and 108 CFU of M. catarrhalis 35-OR. Representative lung tissue sections
are shown. Pulmonary sections of control (C3) (magnification: ×100 (A) and ×400 (D)), mice (S3) challenged with 108 CFU of
M. catarrhalis 73-OR (susceptible isolate) (magnification: ×100 (B) and ×400 (E)), and mice (R1) challenged with 108 CFU of
M. catarrhalis 35-OR (resistant isolate) at 3 h post-infection (magnification: ×100 (C) and ×400 (F)).
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3 h post-infection were significantly (P < 0.0001)
higher than those at 0 h post-infection (Figure 6A).
The clearance of the 73-OR isolate was significantly
rapid when compared with that of the 35-OR isolate
(P = 0.0134). These results were consistent with the
histological findings, which revealed severe inflam-
mation in the 35-OR-infected group. Meanwhile,
compared with those in the control group, the blood
WBC counts were lower in the 73-OR-infected
group and 35-OR-infected groups, especially in the
35-OR-infected group (P = 0.0393) (Figure 6B).

Cytokine profile analysis

The plasma concentrations of cytokines were exam-
ined (Figure 6C). The Il6, Il10, Il27, and Tnf levels
in the infected groups were significantly (P < 0.05)
upregulated when compared with those in the control
group. However, the levels of the other 13 cytokines
were not significantly different between the two
groups. Additionally, the cytokine levels in the 73-
OR-infected group were non-significantly higher
than those in the 35-OR-infected group. The

Figure 6. Bacterial counts in the lung tissue and white blood cell (WBC) counts and cytokine levels in the blood after Moraxella
catarrhalis infection. Pulmonary clearance and systemic inflammatory changes in mice (n = 5–7 per group) challenged with phos-
phate-buffered saline (PBS), 108 CFU of M. catarrhalis 73-OR, or 108 CFU of M. catarrhalis 35-OR. (A) The bacterial counts in the 73-
OR-infected and 35-OR-infected groups at 3 h post-infection were significantly (P < 0.0001) lower than that at 0 h post-infection.
The clearance of susceptible isolate (73-OR) was significantly rapid when compared with that of resistant isolate (35-OR) (P =
0.0134). (B) At 3 h post-infection, the WBC counts in the 73-OR-infected and 35-OR-infected groups were lower than those in
the control group. In particular, the WBC counts significantly decreased in the 35-OR-infected group (P = 0.0393). (C) At 3 h
post-infection, the blood Il6, Il10, Il27, and Tnf levels in the 73-OR-infected and 35-OR-infected groups were significantly (P <
0.05) higher than those in the control group, especially in the 73-OR-infected group. Pulmonary clearance and WBC counts in
the control, macrolide-susceptible, and macrolide-resistant groups were compared using one-way analysis of variance. Differences
were considered significant at P < 0.05.
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pulmonary levels of cytokines were also examined
(Figure 7). Compared with those in the control
group, the pulmonary Il13, Il1b, Il4, Il6, Il17a, Il18,
Il22, Tnf, and Csf2 levels were significantly upregu-
lated (P < 0.05) in the infected group. However, the
pulmonary levels of eight cytokines were not signifi-
cantly different between the two groups. The pulmon-
ary cytokine levels in the 73-OR-infected group were
higher than those in the 35-OR-infected group,
which was consistent with the results of mouse plasma
analysis (Figure 6C).

Discussion

Previously, we had demonstrated that macrolide-
resistant isolates mainly clustered in CC449 and
CC363 although M. catarrhalis has a diverse genetic
background [9]. Mycobacterium tuberculosis is
reported to be associated with the fitness cost of anti-
microbial resistance [8]. Hence, we hypothesize that
the pathogenicity of macrolide-resistant isolates is
higher than that of macrolide-susceptible isolates
owing to efficient energy conservation. The role of
macrolide susceptibility in the pathogenicity of
M. catarrhalis to the host is unknown. This study
compared the pathogenicity of 30 macrolide-resistant
isolates and 40 macrolide-susceptible isolates. Based

on previous studies, 46 essential virulence genes
were extracted [15,27,28]. The distribution of these
essential virulence genes in 70 M. catarrhalis isolates
was analysed to examine its correlation with macrolide
susceptibility. Additionally, the ability of bacterial
clone isolates to adhere to A549 cells in vitro was com-
paratively analysed to establish its correlation with
virulence genes. Based on in vitro studies, mice were
infected with a pair of M. catarrhalis isolates with
different pathogenic behaviours and macrolide sus-
ceptibilities. Pulmonary clearance, histological mani-
festations, and cytokine production were analysed in
infected mice.

The prevalence of uspA2, uspA2H, pilO, lbpB, lex1,
modM, mboIA, and mboIB significantly differed
between the four clonal complexes and between the
macrolide susceptibility groups. However, the roles
of these genes in macrolide susceptibility or pathogen-
icity are unknown. To elucidate the potential corre-
lation, this study aimed to examine these genes and
their possible functions.

UspA2, an outer membrane protein, is involved in
adherence to the extracellular matrix (ECM) [29] and
serum resistance [30,31]. UspA2H, a hybrid of UspA1
and UspA2, is involved in adherence [12], biofilm for-
mation [32], and serum resistance in vitro [30]. A pre-
vious study demonstrated that among respiratory tract

Figure 7. Pulmonary levels of cytokines in Moraxella catarrhalis-infected mice. Pulmonary inflammation in mice (n = 5–7/group)
challenged with phosphate-buffered saline (PBS), 108 colony-forming units (CFU) of M. catarrhalis 73-OR, and 108 CFU of
M. catarrhalis 35-OR. At 3 h post-infection, the Il13, Il1b, Il4, Il6, Il17a, Il18, Il22, Tnf, and Csf2 levels in the 73-OR-infected and
35-OR-infected groups were significantly (P < 0.05) higher than those in the control group, especially in the 73-OR-infected group.
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infection isolates, the distribution of uspA2 and uspA2H
in children (95% and 5%, respectively) was significantly
different from that in adults (61% and 39%, respect-
ively) [33]. However, the distribution of uspA2 and
uspA2H was not markedly different between children
(75.8% and 63.6%, respectively) and adults (62.2%
and 56.8%, respectively) in this study. Additionally,
uspA2 and uspA2Hwere less detected in macrolide-sus-
ceptible groups or macrolide-susceptible clonal com-
plexes (CC446 and CC224) than that in macrolide-
resistant groups or macrolide-resistant clonal com-
plexes (CC449 and CC363), indicating a negative corre-
lation between uspA2/uspA2H prevalence and
macrolide susceptibility. Based on the minimum inhibi-
tory concentration values, 78.6% (22/28) and 67.9%
(19/28) of uspA2-negative and uspA2H-negative iso-
lates were susceptible to macrolide, respectively, while
42.9% (18/42) and 50.0% (21/42) of uspA2-positive
and uspA2H-positive isolates were sensitive to macro-
lide (P < 0.05), respectively.

PilO and PilN are integral inner membrane pro-
teins that play an important role in type IV pilus for-
mation, which is essential for pathogenicity, DNA
transformation, and motility [34,35]. The distribution
of pilO varied among the four clonal complexes (Table
1 and Figure 2). In particular, pilO was absent in
CC446. However, pilO prevalence was not correlated
with bacterial adhesion or invasion.

Lactoferrin binding protein B (LbpB), a bi-lobed
outer membrane-bound lipoprotein, plays an essential
role in the iron acquisition process in some gram-
negative pathogens [36,37]. In this study, the preva-
lence of lbpB varied between the four clonal complexes
(Table 1 and Figure 2) and between the macrolide sus-
ceptibility groups. The distribution of lbpB, which was
specifically absent in CC224, significantly varied
between the macrolide-resistant and macrolide-sus-
ceptible groups (P = 0.0006).

InHaemophilus spp., Lex1 is involved in LOS biosyn-
thesis, serum resistance, adherence, and invasion [38,39].
The function of the lex1 in M. catarrhalis, has not been
elucidated. In this study, the distribution of lex1 varied
between the four clonal complexes (Table 1 and Figure
2). In particular, lex1was absent in CC224, which mostly
comprises macrolide-susceptible isolates (P < 0.05).
However, lex1 prevalence was not correlated with the
ability of bacteria to adhere or invade A549 cells.

The modulation of the expression of ModM, a
phase-variable type III DNA methyltransferase,
affects the expression of various genes, known as a
phase-variable regulon [40]. The three alleles of
modM (modM1, modM2, and modM3) potentially
regulate the expression of multiple genes associated
with colonization, infection, and protection against
host defences [41]. In this study, modM was detected
in all isolates of CC446 and CC363 but not in those
of CC224 and CC449. Additionally, modM2 and

modM3 accounted for 96.8% (30/31) and 3.2% (1/
31), respectively, of the detected modM. No modM1
was detected in the isolates, which was consistent
with the results of a previous study [41].

The genes mboIA and mboIB are always simul-
taneously present or completely absent. Previously,
we had reported that mboIA and mboIB were associ-
ated with macrolide resistance [42], which was further
confirmed in this study. However, the functions of
mboIA and mboIB in M. catarrhalis are unknown. In
this study, mboIA and mboIB genes were specifically
absent in CC449. However, the correlation of the
absence of mboIA and mboIB with the weak invasion
ability of CC449 is unclear.

In this study, M. catarrhalis populations exhibited
diverse abilities to adhere and invade A549 cells.
Macrolide-resistant isolates exhibited enhanced
adhesion (P = 0.0019) and suppressed invasion (P <
0.0001) when compared with macrolide-susceptible
isolates (Figure 3B and D). Similarly, the adhesion
and invasion significantly varied among the clonal
complexes. CC363, a predominant macrolide-resistant
clonal complex, exhibited the strongest host cell
adhesion ability. Meanwhile, CC446, a purely macro-
lide-susceptible clonal complex, exhibited the stron-
gest host cell invasion ability (Figure 3C and E).
Next, one macrolide-resistant isolate (35-OR) with
strong host cell adhesion ability and a weak host cell
invasive ability and a macrolide-susceptible isolate
(73-OR) with weak host cell adhesion ability and a
strong host cell invasive ability were selected to infect
A549 cells. The differences in the host cell adhesion
and invasion abilities of M. catarrhalis populations
were examined using TEM (Figure 4). M. catarrhalis
35-OR aggregated on the A549 cell surface in a multi-
cellular grape-like form (Figure 4A) without cellular
invasion. In contrast, some M. catarrhalis 73-OR iso-
lates with a diplococcus form adhered to the surface of
A549 cells and infiltrated the cells (Figure 4B). These
results were consistent with the bacterial growth
analysis (adhesion and invasion assays) results.

Mouse experiments revealed differential changes in
the lung tissues of the three groups. Compared with
those in the control group, the number of inflamma-
tory cells, especially infiltrated neutrophils and pul-
monary macrophages, was higher and fibrous tissue
hyperplasia was prominent in the infected groups.
Meanwhile, inflammation severity in the 35-OR-
infected group was higher than that in the 73-OR-
infected group as evidenced by increased numbers of
infiltrating inflammatory cells and fibrous tissue
hyperplasia. The pulmonary clearance of the 73-OR
isolate was rapid when compared with that of the
35-OR isolate (Figure 6). This was consistent with
the histological (which revealed severe inflammation
in the 35-OR-infected group) and TEM analyses.
The WBC counts in the blood of the 73-OR-infected
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and 35-OR-infected groups were downregulated. In
particular, the WBC counts were significantly downre-
gulated in the 35-OR-infected group (P = 0.0393)
(Figure 6B). We speculated that WBCs were rapidly
recruited from the circulation to the injured lung tis-
sues. Furthermore, the upregulated cytokines, such as
Csf2, Il4, and Il13, which function in different phases
of macrophage activation, in the lung tissues (Figure
7) and blood (Figure 6C), were associatedwith pulmon-
ary macrophages [43]. The secretion of IL1B, IL6, TNF
[44], and IL18 is triggered by activated macrophages,
resulting in the recruitment of immune effector cells,
such as neutrophils and monocytes and the death of
pathogen-infected cells [45–47]. This explains the simi-
lar production levels of cytokines between the 35-OR-
infected and 73-OR-infected groups in adhesion and
invasion assays as no pulmonary macrophages were
added. These findings indicate that pulmonary macro-
phages may play a critical role in the rapid immune
response againstM. catarrhalis infection. The immune
response triggered by pulmonary macrophages may
vary depending on M. catarrhalis populations. For
example, the cytokine concentrations in the 73-OR-
infected group were higher than those in the 35-OR-
infected group. However, further studies are needed
to examine the differential immune responses elicited
by pulmonary macrophages against different
M. catarrhalis populations.

M. catarrhalis populations exhibited diverse patho-
genicity in vitro and in vivo. Adhesion and invasion
are two consecutive steps in M. catarrhalis coloniza-
tion and infection. Hence, the factors involved in the
bacterial interaction with host cells, such as virulence
genes, receptors, and cytokines must be determined.

One limitation of this study was that it focused only
on four representative clonal complexes (CC449,
CC363, CC224, and CC446) and determined their
abilities to adhere and invade human epithelial cells
and produce cytokines. Future studies must use iso-
lates with diverse genetic backgrounds to verify the
findings of this study. Additionally, the classical gene
knockout and complementation experiments were
not performed to examine the effect of virulence
genes on bacterial ability to adhere and invade
human respiratory epithelial cells. These experiments
will be performed in the follow-up study.
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