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Abstract

Introduction—Moraxella catarrhalis is a prominent pathogen that causes acute otitis media in 

children and lower respiratory tract infections in adults, resulting in a significant socioeconomic 

burden on healthcare systems globally. No vaccine is currently available for M. catarrhalis. 

Promising M. catarrhalis target antigens have been characterized in animal models and should 

soon enter human clinical trials.

Areas covered—This review discusses the detailed features and research status of current 

candidate target antigens for an M. catarrhalis vaccine. The approaches for assessing M. 

catarrhalis vaccine efficacy are also discussed.

Expert opinion—Targeting the key molecules contributing to serum resistance may be a viable 

strategy to identify effective vaccine targets among M. catarrhalis antigens. Elucidating the role 

and mechanisms of the serum and mucosal immune responses to M. catarrhalis is significant for 

vaccine target selection, testing and evaluation. Developing animal models closely simulating M. 

catarrhalis-caused human respiratory diseases is of great benefit in better understanding 

pathogenesis and evaluating vaccine efficacy. Carrying out clinical trials will be a landmark in the 

progress of M. catarrhalis vaccine research. Combined multicomponent vaccines will be a focus 

of future M. catarrhalis vaccine studies.
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1. Introduction

Moraxella catarrhalis is a Gram-negative, aerobic diplococcus frequently found as a 

common inhabitant of the upper respiratory tract of humans [1]. Formerly known as 

Micrococcus catarrhalis, Neisseria catarrhalis and Branhamella catarrhalis, M. catarrhalis 

has been recognized as an important human-restricted mucosal pathogen causing respiratory 
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tract infections during the last 3 – 4 decades [2,3]. M. catarrhalis is a common cause of 

otitis media in infants and children, accounting for 15 – 20% of acute otitis media (AOM) 

episodes [2,3]. M. catarrhalis is also an important cause of lower respiratory tract infections 

in adults, particularly those with chronic obstructive pulmonary disease (COPD). In 

addition, M. catarrhalis sometimes causes sinusitis, pneumonia, bacteremia and meningitis 

in children and adults and other invasive infections in the elderly and immune-compromised 

individuals [2,3].

Until recently, M. catarrhalis has been ranked as the third most common cause of AOM 

after Streptococcus pneumoniae (Spn) and nontypeable Haemophilus influenzae (NTHi) in 

children and adults [4]. Our group has been tracking the otopathogen mix of young children 

since 1996 [4-6], and in 2014 we found that M. catarrhalis had overtaken Spn and NTHi to 

become the most frequent cause of episodic and recurrent AOM in children [7]. AOM is the 

most common infectious disease causing parents to seek medical care for their child and to 

receive antibiotics. AOM often recurs, and the impact of AOM on health systems is 

particularly significant due to the high number of AOM cases, which require many medical 

visits as well as repeated antipyretic and antibiotic prescriptions [8]. There are estimated 107 

million – 142 million M. catarrhalis-caused AOM cases each year in children and adults 

worldwide [8]. In the United States alone, the economic burden of otitis media exceeded US

$5.3 billion to $6 billion annually during 1998 – 2008 in medical treatment, surgical 

management, and loss of income for working parents [9]. M. catarrhalis is responsible for 

approximately 10% of exacerbations of COPD in adults annually in the United States [10]. 

COPD is the third leading cause of death in the United States, affecting at least 24 million 

people and costing $50 billion in healthcare expenses each year [11]. COPD is considered a 

major unmet medical need that is increasing in prevalence throughout the world [11].

M. catarrhalis produces beta-lactamase, rendering it resistant to the recommended first-line 

antibiotics to treat children with AOM. Therefore, there are pressing needs for an M. 

catarrhalis vaccine. M. catarrhalis vaccine development is currently moving from antigen 

target identification to clinical trial. A number of M. catarrhalis antigens have shown 

excellent immunogenicity, eliciting functional antibodies and producing protective 

responses in animal models. However, none of these antigens has been tested in humans to 

date. Therefore, introducing M. catarrhalis vaccine testing into clinical trials is a main goal 

for the near future of M. catarrhalis vaccine research efforts.

2. M. catarrhalis vaccine candidates

The characteristics of an effective vaccine antigen target are i) expression of surface 

epitopes; ii) conservation among strains; iii) expression in vivo at sites of pathogenesis; iv) 

immunogenicity; v) induction of a protective immune response [12]. The following section 

will review the current research status of the potential M. catarrhalis vaccine antigens. 

These antigens are grouped with regard to their functions in bacterial pathogenesis, 

metabolism and molecular composition and discussed by focusing on the required features, 

as summarized in Table 1.
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2.1 Adhesive proteins

Adhesive proteins are outer membrane proteins (OMPs) assisting in the binding of the 

bacterium to the corresponding host receptors on the human respiratory epithelial cell 

surface. Targeting the adhesive proteins as vaccine antigens is sought as a method to block 

the adherence of the bacteria, which is believed to be the first step in pathogenesis.

2.1.1 OMP CD—OMP CD is a heat-modifiable protein with a predicted molecular mass of 

46 kDa but appears as 60 kDa when completely denatured in SDS–PAGE [13]. Due to 

structural similarity, OMP CD is predicted to function as a porin. OMP CD also functions as 

an adhesin because it specifically binds both human nasal and middle ear mucins [14] and 

human lung epithelial (A549) cells [15]. OMP CD contains abundantly expressed epitopes 

on the M. catarrhalis surface, and the protein was found to be highly conserved among 51 

strains of M. catarrhalis tested [13,16]. Two separate epitopes that are exposed on the M. 

catarrhalis surface might contribute to adhesion [17]. Furthermore, this protein appears to 

be expressed constitutively at a constant level.

OMP CD is immunogenic. Separate mucosal and systemic immunizations with OMP CD 

both induced immunoglobulin (Ig)G and IgA immune responses in mice [18,19]. IgG 

antibody to OMP CD has been detected in serum of children with otitis media with effusion 

[20] and in the convalescent sera of children with otitis media [21]. Serum and sputum IgG, 

IgA and IgM have also been detected in both healthy adults and COPD patients [17]. OMP 

CD antibodies can often be found among COPD patients who cleared the organism [22]. 

However, it is not known whether these natural antibodies can decrease nasopharyngeal 

(NP) or lung infection in humans. OMP CD has been shown to elicit functional antibodies in 

animal models. Serum antibodies to OMP CD from guinea pigs and mice demonstrate 

complement-mediated bactericidal activity [21]. Mouse serum antibodies to OMP CD can 

inhibit the binding of OMP CD to human mucin [23]. Separate mucosal and systemic 

immunization with recombinant or native OMP CD enhances bacterial clearance from the 

lungs of mice challenged by M. catarrhalis [19,23]. Immunization with OMP CD also 

enhances bacterial lung clearance in mice challenged by both homologous and heterologous 

M. catarrhalis isolates [23]. Current data suggest that OMP CD should be tested in clinical 

trials.

2.1.2 Moraxella IgD binding protein/hemagglutinin—Moraxella IgD binding protein 

(MID) is an OMP that mediates human erythrocyte agglutination; therefore, it is also named 

as hemagglutinin (Hag) [24,25]. It has a molecular weight of 200 kDa and binds serum IgD 

but not any other immunoglobulins [26] in a nonimmune manner [25]. MID is also an 

adhesin and mediates adherence to primary cultures of human middle ear epithelial cells 

[27]. MID adherence properties have been shown in several cell lines [25,27]. The adhesive 

domain is located at the sequence MID764 – 913 of the protein, which is a conserved region 

among strains. MID is expressed on the surface of most M. catarrhalis strains. Considering 

its huge size and diversity of its sequence among different strains, it is more likely that 

conserved fragments of MID, such as MID706-1194, which has 88.1% sequence identity 

among seven strains, could be considered as a vaccine candidate. MID706-1194 elicits a 

robust naturally acquired antibody responses in COPD patients who acquired and cleared M. 
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catarrhalis [28]. MID contains surface-exposed and conserved epitopes among clinical 

isolates [27]; however, its expression undergoes phase variation [29]. However, low MID-

expressing isolates may account for only a minor MID-expressing population [29].

Serum IgG, IgM and IgA to multiple recombinant MID fragments have been detected in 

young children from birth to 2 years old [30]. Salivary IgA against MID has also been 

identified in young patients with acute respiratory tract infection 1 – 24 months old [31]. 

Naturally acquired serum IgG to MID has been detected in healthy adults, and human serum 

antibodies to MID exhibit bactericidal activity [32]. By using recombinant MID fragments 

or purified outer membranes, serum IgG and sputum IgA against MID have been detected in 

COPD patients [28,33]. Immunization with a truncated MID has shown protective response 

in a mouse lung clearance model [34]. The collected data suggest that MID meets the 

vaccine antigen requirements and may be tested in clinical trials.

2.1.3 M. catarrhalis-adherence protein—M. catarrhalis-adherence protein (McaP) is 

another adhesin and also an autotransporter with phospholipase B and esterase activities 

[35]. It is a heat-modifiable protein with predicted molecular mass of 66 kDa as a mature 

form after the cleavage of a signal sequence; however, McaP appears as a 62 kDa protein 

after complete denaturation on SDS–PAGE [35,36]. McaP contributes to the adherence of 

M. catarrhalis to human epithelial cells with its esterase activity [35]. M. catarrhalis O35E 

mutants lacking McaP show considerably decreased adherence to several human cell lines 

[35]. McaP is highly conserved. The amino acid sequences of McaP were 98 – 100% 

identical among 8 studied strains and it was expressed in a panel of all 16 isolates tested 

[35,36]. Surface-exposed epitopes have been found on both the passenger domain and the 

transporter molecule, which are the two major structural and functional subunits of McaP 

[35,36].

Studies show that McaP induces functional antibodies, which inhibit the adherence of 

bacteria to human epithelial cells [35]. Mouse immune serum against a truncated McaP 51–

650 inhibits adherence of both M. catarrhalis and recombinant E. coli expressing McaP to 

human respiratory epithelial cells [35,36]. Further investigations are necessary to expand our 

view of the immunogenicity of McaP and its various antigen regions and their protective 

immune responses in animal models and humans.

2.1.4 M. catarrhalis filamentous hemagglutinin adhesion-like protein/M. 
catarrhalis hemagglutinin-like protein—These proteins include M. catarrhalis 

filamentous hemagglutinin adhesin-like protein (Mha)B1 and MhaB2 (exoproteins), and 

MhaC (transporter) [37], which are also termed M. catarrhalis hemagglutinin-like protein 

(Mch)A1 and MchA2 for the secreted proteins and MchB for the transporter [38]. They are 

encoded by a locus of three genes that belong to the two-partner secretion (TPS) systems 

previously described in various other pathogens, including the better-characterized 

filamentous hemagglutinin adhesin (FHA) in Bordetella pertussis [39]. Therefore, they are 

also named as FHA-like proteins [37]. MchA1, MchA2 and MchB have estimated molecular 

masses of 191, 183 and 78 kDa, respectively [38]. MchA1 and MchA2 are 74% identical 

and 79% similar at the amino acid level over their entire sequences, but the level of 

similarity decreases to 41% in the divergent C-terminal regions [38]. MchA1 and MchA2 
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are localized in the outer membrane of M. catarrhalis and MchB is involved in the 

extracellular transport of these proteins [37]. MchA and MchB proteins show adhesive 

functions and are specifically involved in M. catarrhalis attachment to human epithelial 

cells [37,38]. The expression of these proteins in the outer membrane was found to be 

conserved among a panel of six M. catarrhalis clinical isolates [38]. These antigens were 

found to be expressed in the outer membrane of 63% of 16 isolates tested in another analysis 

[37]. There are no detailed data available to show the immunologic properties of these 

proteins thus far. Further studies are needed to shed more light on the immunogenicity, 

functional antibody responses and protective immune responses for these proteins to be 

evaluated as vaccine antigen targets.

2.1.5 Pilin—Pilin is the major protein subunit of type IV pili (TFP), which are filamentous 

surface appendages of M. catarrhalis [40]. Pilin is composed of two major subgroups of 

protein, PilA clade 1 that can be subdivided into PilA1a and PilA1b, and PilA clade 2 

(PilA2). PilA1a, PilA1b and PilA2 have a calculated molecular weight of 16.7, 15.4 and 

17.0 kDa, respectively, constituting 32.1, 10.4 and 57.5% of 106 tested clinical isolates, 

respectively [41]. By forming TFP, pilin is essential for natural genetic transformation and 

can also enhance biofilm formation in a continuous-flow chamber model [40,42]. Pilin also 

contributes to the adherence of M. catarrhalis to human epithelial cells cultured in vitro and 

NP colonization of M. catarrhalis in a chinchilla model [42]. Pilin clades exhibit a high 

degree of homology in the N-terminal PilA region, but a divergence at the C terminus. 

Unlike many other pathogens that express heterogeneous TFP, all M. catarrhalis isolates 

express one of two major clades of TFP, and these M. catarrhalis surface structures are both 

homogeneous in nature and highly conserved [41].

There is no available data measuring immune responses to pilin in either animal models or 

humans although all of the above findings support that pilin may be a potential vaccine 

antigen target. Further studies are warranted to delineate the immunologic characteristics 

and potential protective responses that pilin could provide for a vaccine.

2.1.6 Ubiquitous surface protein A1 and A2—Ubiquitous surface protein (Usp)A1 

and UspA2 were listed as top antigens for M. catarrhalis vaccine candidates in the past. 

However, recent observations indicate that UspA1 and UspA2 have diverse sequences with 

varied structures resulting in different phenotypes and divergent functions in interacting with 

host targets among strains and clinical isolates. Therefore, these proteins are no longer high 

in terms of priority in the list of vaccine targets. UspA1 and UspA2 are heat-modifiable 

proteins with predicted molecular weight of 83 and 60 kDa, respectively, but they appear 

130 kDa (UspA1) and above 200 kDa (UspA2) after denaturation in SDS–PAGE [43]. 

UspAs are adhesins and autotransporters with an oligomeric coiled-coil structure [44]. They 

also play a role in serum resistance [45,46] and other virulence mechanisms.

UspA1 and UspA2 were shown to be antigenically conserved among M. catarrhalis clinical 

isolates and contain surface-exposed epitopes [47]. However, there are various ‘cassettes’ of 

peptide sequence in the UspA variants from a variety of independent M. catarrhalis isolates 

[48]. Modular assortment of unrelated ‘cassettes’ of peptide sequence results in divergence 

of individual UspA proteins. Exchange of certain variant cassettes accounts for strain-
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specific differences in UspA protein function and confers differing phenotypes among 

different M. catarrhalis isolates [48]. UspA1 also has varied adherence activity binding to 

host epithelial cells due to poorly conserved amino acid sequences in the CEACAM-binding 

regions among different strains [49]. Another study demonstrates that UspA proteins 

exchange their functional regions in vivo and this genetic change contributes more 

heterogeneity in the sequence and function of the protein family than previously believed 

[50].

Both UspA1 and UspA2 induce naturally acquired antibodies in children and adults 

[22,31,33]. UspA1- and UspA2-pspecific antibodies from guinea pig and mice also show 

bactericidal activities [51,52]. Immunization with individual UspA1 and UspA2 proteins 

enhances bacterial clearance from the lungs in mice challenged with M. catarrhalis [51,52]. 

In sum, UspA proteins have been extensively characterized and tested and their potential as 

vaccine antigen targets has diminished over time.

2.2 Proteins involved in nutrient acquisition

2.2.1 Oligopeptide permease protein A—Oligopeptide permease protein A (OppA) is 

an oligopeptide binding protein of the oligopeptide permease ABC transport system, which 

mediates the uptake of peptides and fitness of M. catarrhalis in the respiratory tract [11]. 

OppA is a lipoprotein with a molecular mass of 74 kDa. Although thought to be a soluble 

periplasmic protein, OppA expresses epitopes on the surface of M. catarrhalis in flow 

cytometry analysis and in a whole-cell ELISA assay [53]. OppA is pivotal for the ability of 

M. catarrhalis to persist in the respiratory tract [11]. A nucleotide sequence analysis 

displays that the gene identity scores range from 98.7 to 100% among 10 sputum isolates 

from adults with COPD and 10 middle ear fluid isolates from children with otitis media. 

These data indicate that the oppA gene is highly conserved among M. catarrhalis strains.

Intranasal immunization of OppA induced systemic and mucosal antibodies in mice and 

resulted in enhanced clearance of M. catarrhalis in a mouse pulmonary clearance model 

[53]. The collected data suggest that OppA is an immunogenic protein antigen with surface-

exposed epitopes inducing protective immune responses. Further studies are warranted to 

investigate the immune protection response and mucosal immune response in humans to 

evaluate the vaccine potential of OppA.

2.2.2 Transferrin-binding proteins—Transferrin-binding proteins (Tbps) are receptors 

for human transferrin in the outer membrane of M. catarrhalis. Two Tbps identified to date 

are TbpA and TbpB. TbpA has a molecular mass of 115 kDa and is essential for iron 

acquisition from transferrin [54]. TbpB, previously termed OMP B1 [55], has a molecular 

mass of 80 kDa [54] and plays only a facilitative role in iron acquisition [56]. TbpA is a 

TonB-dependent integral membrane protein and TbpB is a peripheral protein attached to the 

outer membrane via a lipid tail [57]. M. catarrhalis acquires iron via the binding of TbpA 

and TbpB to transferrin and then transporting iron across the bacterial membrane through a 

channel formed by TbpA [57]. The tbpA gene is highly conserved, with 98% identity in 

deduced sequences between two detected M. catarrhalis strains, whereas tbpB gene displays 

high-level heterogeneity with 63% identity and 70% similarity in deduced sequences 
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between the same strains [54]. Immunoblot analysis demonstrates that epitopes of M. 

catarrhalis TbpA and TbpB are antigenically conserved and that there is constitutive 

expression of the tbp genes [54].

Guinea pig anti-TbpB antiserum displays bactericidal activities and kills heterologous 

strains within the same family, whereas anti-TbpA antiserum is not bactericidal [54]. Serum 

IgG antibodies directed to TbpB are detected in patients with bronchiectasis persistently 

colonized with M. catarrhalis, and these antibodies recognize surface-exposed epitopes of 

TbpB. However, these surface-exposed epitopes of TbpB are heterogeneous among strains 

of M. catarrhalis [58]. Serum IgG antibodies to TbpB are detected in children with M. 

catarrhalis-caused otitis media during their convalescent stage [59]. Serum antibodies 

against TbpB were detected in all 17 convalescent sera from patients with pulmonary 

infections caused by M. catarrhalis, whereas the antibodies are detected in only 3 of 17 

paired sera from the acute phase of infections in the same patients. However, there was 

considerable antigenic heterogeneity among TbpBs from different strains after analyzing the 

reactivity of these anti-sera with heterologous strains. Serum antibodies to TbpA were not 

found in the same study cohort [60]. All these observations suggest that TbpB is expressed 

and immunogenic in vivo, and elicits serum functional antibodies; however, it has other 

characteristics that are less favorable for this antigen as a vaccine target.

2.2.3 Lactoferrin-binding proteins—Lactoferrin-binding proteins (Lbps) are receptors 

for human lactoferrin on the outer membrane of M. catarrhalis. Two members of Lbps, 

LbpA and LbpB have been identified so far. LbpA and LbpB have molecular masses of 

approximately 100 and 84 kDa, respectively [61]. LbpA, similar to TbpA, serves as the 

transmembrane channel for transport of iron across the outer membrane and is essential for 

iron acquisition from human lactoferrin. LbpB, similar to TbpB, plays an important 

facilitative role in the iron acquisition process. M. catarrhalis acquires iron from human 

lactoferrin by the same mechanism as from human transferrin [57]. Two tested M. 

catarrhalis strains showed 98% identity in deduced sequences of LbpA and 92% identity in 

deduced sequences of LbpB. The LbpB of a third M. catarrhalis strain exhibited 77% 

identity and 84% similarity to the other two LbpB proteins [62].

Mouse anti-sera to recombinant LbpA have no bactericidal effect, whereas anti-sera to 

recombinant LbpB are found to be weakly bactericidal [62]. Serum antibodies against LbpB 

have been detected in all of 17 convalescent sera tested from patients with pulmonary 

infections caused by M. catarrhalis, whereas the antibodies were detected in 3 of total 17 

paired sera from acute phase of the infections in the same patients. However, antigenic 

heterogeneity was found among LbpBs from different strains by analyzing the reactivity of 

these anti-sera with heterologous strains. Serum antibodies to LbpA are not found in the 

same study cohort [60]. The current data support LbpB to be investigated further for a M. 

catarrhalis vaccine antigen candidate; however, it has characteristics that are not as 

favorable for this antigen to become a vaccine target.

2.2.4 Catarrhalis outer membrane protein B/OMP B2—Catarrhalis outer membrane 

protein B (CopB), also named as OMP B2, is an iron-repressible protein on the outer 

membrane of M. catarrhalis [63-65]. It has a molecular mass of 81 kDa with a similar 
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amino acid sequence to those of TonB-dependent OMPs of other gram negative bacteria 

such as Neisseria gonorrhoeae and Neisseria meningitides [65]. CopB exerts a direct or 

indirect effect on the ability of M. catarrhalis to utilize iron bound to transferrin and 

lactoferrin although the mechanism is not completely understood [65]. CopB also 

contributes to the resistance of M. catarrhalis to normal human serum [63]. A Southern blot 

analysis showed that the genes encoding CopB proteins existed in all of eight tested M. 

catarrhalis strains and were fairly well conserved [63]. An mAb reactive with CopB was 

found to bind a majority (70%) of tested M. catarrhalis strains. Moreover, two strains 

unreactive to the mAb were both demonstrated to possess one or more antigenic 

determinants that were also present in the CopB protein of a strain, which reacted with the 

mAb [63]. Serum IgG to CopB was detected in elderly patients with pneumonia [66]. 

Sputum IgA to CopB was detected in COPD patients [33]. Salivary IgA was observed in 

children aged 1 – 24 months with acute respiratory tract infections [31]. Passive 

immunization with an mAb reactive with CopB enhances the clearance of bacteria from the 

lung of mice challenged with M. catarrhalis [63]. More studies are needed to reveal the 

protective responses that CopB could induce to be considered as a vaccine antigen target.

2.2.5 OMP E—OMP E, a 50-kDa OMP of M. catarrhalis, is a trimeric porin [67]. It has 

borderline homology with long-chain fatty acid transporter (FadL) of E. coli, which is 

responsible for long-chain fatty acid transport, suggesting that OMP E may also be involved 

in binding and transport of fatty acids [67]. In an analysis of PCR restriction fragment length 

polymorphisms, the ompE gene was present in all 19 tested strains from diverse geographic 

and clinical sources and was the same size (1.4 kb) in all the strains [67]. Gene sequence 

analysis revealed that the highly conserved genes encoding OMP E remained stable among 

M. catarrhalis strains during colonization of the human respiratory tract [68]. OMP E 

expresses at least one surface-exposed epitope, which is highly conserved among M. 

catarrhalis strains and which is located in the amino-terminal 184 amino acids of the 

molecule [69].

IgA and IgM to OMP E in sputum supernatants and IgG, IgM and IgA to OMP E in sera 

were detected in patients with chronic bronchitis [69]. The conservation of OMP E and its 

surface-exposed epitopes supports OMP E to be studied further as a vaccine candidate 

antigen target.

2.3 Other OMPs

2.3.1 Moraxella surface proteins—Moraxella surface proteins (Msp)s including 

Msp22, Msp75 and Msp78 were discovered by genome mining [70]. Msp22 is an ~ 22 kDa 

lipoprotein of 152 amino acids. The msp22 gene is part of gene cluster that includes a 

coproporphyrinogen III and GTP cyclohydrolase II, suggesting that Msp22 may be involved 

in transport of iron and other divalent cations across the outer membrane. Msp22 contains 

the same peptide CXXCH motif as that of cytochrome C, which is involved in heme binding 

and exhibits heme-dependent peroxidase activity [71]. Msp75 has a molecular mass of a ~ 

75 kDa and shares homology (73% identity, 83% similarity) with succinic semialdehyde 

dehydrogenase of Psychrobacter species and other gram negative bacteria. Msp75 shares 

homology with a region of the chromosome of Agrobacterium tumefaciens that is associated 
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with virulence [72]. Msp78, which contains a signal sequence, has high levels of similarity 

and identity to an anaerobically induced nitrate reductase. Homologs of this protein have 

been identified as OMPs. Msp22, Msp75 and Msp78 all show 97 – 99% amino acid 

homology among 10 M. catarrhalis strains tested, and are therefore believed as attractive M. 

catarrhalis vaccine antigens due to the high conservation [70].

Both systemic and mucosal immunizations of recombinant Msp22 and Msp75 elicit robust 

serum and mucosal IgG and IgA antibodies in mice [73]. Both rabbit and mouse anti-sera to 

recombinant proteins Msp22 and Msp75 recognize corresponding native proteins in multiple 

strains of M. catarrhalis [73]. Serum IgG and sputum IgA to recombinant Msp22, Msp75 

and Msp78 have been detected in COPD patients who acquired and cleared M. catarrhalis 

[70]. Intranasal immunization with recombinant Msp22 significantly reduced the lung 

bacterial burden in mice challenged with M. catarrhalis [73]. Further studies are warranted 

to investigate the functions of Msp22 and the protective immune response in humans, which 

Msp22 may provide as a vaccine antigen. In addition, further studies should explore the in 

vivo expression of Msp22 on the surface of M. catarrhalis and the potential protective 

immune response to Msp75 in animal models and humans.

2.3.2 OMP G1—OMP G1 was first identified as one of the 8 OMP proteins among 50 M. 

catarrhalis clinical isolates, which constantly appears in SDS–PAGE gel after 

electrophoresis [74]. A further study found that OMP G1 was composed of two proteins, 

OMP G1a and OMP G1b [75]. OMP G1a has a calculated molecular mass of 16 kDa but 

appears as 29 kDa in SDS–PAGE due to the aberrant migration in SDS–PAGE probably 

caused by the lipidation and the high proline content. OMP G1a is a non-heat-modifiable 

lipoprotein and both native and recombinant OMP G1a contain covalently bound palmitic 

acid [75,76]. OMP G1b has a molecular mass of 29 kDa and is a heat-modifiable protein 

containing an unblocked amino-terminus [75]. The sequence of OMP G1a shares homology 

with several known and hypothetical copper-binding lipoproteins, such as NlpE (CutF) of E. 

coli, which plays a role in induction of the two-component signal transduction system by 

adhesion [77]. No homologous sequence has been found for OMP G1b in Gen Bank. Amino 

acid sequences of OMP G1a are 90 – 100% identical with 21 of the 24 pairs showing 98% 

or higher identity among 25 strains tested. Amino acid sequences OMP G1b were 92 – 

100% identical with 20 of 24 strains showing a 96% or higher identity among the same 

panel of 25 strains [75]. OMP G1 proteins were also demonstrated to express determinants 

that are exposed on the surface of the intact M. catarrhalis bacterium [78].

Serum IgG and sputum IgA to OMP G1a develop in COPD patients following acquisition 

and clearance of M. catarrhalis [76]. Serum IgG antibodies following natural infection were 

found to direct predominantly at OMP G1a epitopes that are not exposed on the bacterial 

surface [76]. Future studies should define surface-exposed epitopes to assess whether the 

protein can be presented to the host in a form, which elicits protective antibodies. OMP G1b 

should also be investigated on the immunologic properties to be considered as a potential 

vaccine antigen target.

2.3.3 M35—M35 is a general porin expressed on the outer membrane of M. catarrhalis 

with a molecular mass of 36.1 kDa [79]. M35 is necessary for the uptake of important 
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energy sources by M. catarrhalis and is likely an essential functional protein for in vivo 

colonization [80]. M35 may also be involved in resistance mechanisms against 

aminopenicillins and general stress responses. DNA sequencing has shown that the M35 

gene sequence is highly conserved (99.6 – 100% of nucleotides) among 18 tested M. 

catarrhalis isolates. Mouse anti-M35 sera bound to whole-cell protein preparations from all 

15 tested M. catarrhalis isolates in an immune blot assay [79]. Anti-sera from mice 

immunized with recombinant M35 were not bactericidal but did enhance opsonic activity. 

Mucosal immunization with recombinant M35 via intra-Peyer’s patch enhanced bacterial 

clearance from the lungs of mice challenged with M. catarrhalis [81]. Further studies are 

necessary to reveal the immune responses and potential protective responses in humans for 

M35 to be considered as a vaccine candidate target.

2.4 Non-protein outer membrane components

2.4.1 Lipooligosaccharide—Lipooligosaccharide (LOS) is a major virulence factor in 

the outer membrane of M. catarrhalis. It has a molecular mass of 2.5 – 4 kDa [3] and 

consists of three major serotypes, A, B and C, based on the different carbohydrate groups 

added in one of the three carbohydrate branch chains, which are linked to the common 

polysaccharide inner core [82]. M. catarrhalis is basically classified into three serotypes A, 

B and C, based on the LOS structures, which account for 61.3, 28.8 and 5.3% of the 302 

tested strains, respectively [83]. Serotype A and C LOSs share a common N-acetyl-D-

glucosamine residue in their LOS branches and induce antibodies cross-reactive to each 

other, but less so to serotype B LOS [84]. LOS plays a pivotal role in inducing inflammatory 

responses [85-87]. LOS is also involved in adherence to human epithelial cells [88] and 

mediating serum resistance [89]. Studies show that LOS is relatively conserved [2,90].

LOS does not contain epitopes recognized by CD4+ T-cells and induces only low level of 

non-memory antibody response. Serum IgG and sputum IgA to M. catarrhalis LOS have 

been detected in COPD patients after clearance of M. catarrhalis [22,33,91]. LOS is 

detoxified by removal of most lipid A moieties, and then covalently conjugated to protein 

carriers to form dLOS–protein conjugates. The conjugates derived from serotypes A, B and 

C all elicit high levels of antigen-specific serum and mucosal antibodies in mice and rabbits 

[92-94]. Bactericidal antibodies are also detected in both mice and rabbits immunized with 

dLOS–protein conjugates [92-94]. Moreover, intranasal immunization with dLOS–protein 

conjugates from serotype A enhances the clearance of M. catarrhalis strains of serotypes A 

and C but not B from the lungs of mice challenged with either serotype [95]. To circumvent 

the incomplete coverage of any conjugates from the three LOS serotypes, a mutant LOS is 

produced from an LOS mutant of serotype A strain O35E (O35Elgt5) with a terminal 

galactose (Gal) residue removed from the LOS oligosaccharide branch, Gala1-4Galb1-4Glc 

[82]. The dLOS–protein conjugate from O35Elgt5 exhibits broad spectrum coverage, 

eliciting high levels of serum IgG with bactericidal activity against all three serotypes of M. 

catarrhalis [82]. Further investigation on protective effects is required to assess the mutant 

LOS-based conjugate as a vaccine antigen. Another approach has been attempted by 

combining the dLOS–protein conjugates from all three serotypes of M. catarrhalis as a 

vaccine antigen [96]. Intranasal immunization of the combined dLOS–protein conjugates 

induces significant humoral and cell-mediated immune responses, which enhance the 
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clearance of six strains of all three serotypes of M. catarrhalis from the lungs of mice 

challenged with the bacteria [96]. Thus, LOS-based conjugates are effective vaccine 

antigens and deserve to be evaluated further.

2.5 Newly identified potential vaccine antigens

More recently, sustained efforts have achieved progresses in identifying more new M. 

catarrhalis vaccine antigens such as OlpA [97], ORF113 [98] and liposome-associated 

OMPs [99]. These antigens have shown the features of a vaccine antigen such as 

immunogenic, exposed or partially exposed to the surface, and conserved. Some of the 

antigens play key roles in the pathogenesis of M. catarrhalis infections such as NP 

colonization and complement resistance [97-99]. Further investigation of these target 

molecules may prove they are potential M. catarrhalis vaccine candidates.

3. Efficacy evaluation

The current approach for assessing the efficacy of M. catarrhalis vaccine antigen targets 

includes ELISA, bactericidal and opsonophagocytosis assays, adherence inhibition assays, 

cell-mediated immune assays, and animal models. ELISA is used as a primary method to 

determine the immunogenicity of vaccine antigen targets. Eliciting effective serum and 

mucosal antibody responses in the host is required for antigens to be considered for further 

study. We have selected five M. catarrhalis proteins (OMP CD, OppA, Msp22, Hag and 

PilA2) as vaccine candidates and detected natural serum IgG responses to these proteins in 

children with M. catarrhalis NP colonization with or without AOM at ages 6, 9, 12, 15, 18, 

24 and 30 – 36 months. Figure 1 shows that all antigens were immunogenic in children at 

age 6 – 36 months, and there was a rise in antibody concentrations over time as the child 

ages, although the IgG values are diverse with a spread of >2 log in titer (100 – 20,000 ng/

mL). Thus, detecting natural antibody responses by using clinical samples is effective to 

assess the immunogenicity of M. catarrhalis antigens in targeted populations.

Bactericidal assays, opsonophagocytosis assays and adherence assays are widely used in 

vitro methods to evaluate functional antibodies and may provide information on correlates 

of protection. Bactericidal and opsonophagocytosis assays examine bacterial surface-

exposed antibodies that fix complement on the bacterial cell membrane leading to cell lysis 

and/or opsonophagocytosis of the bacteria. Adherence assays focus on the inhibitory activity 

of antibodies against bacterial surface-exposed epitopes that allow the bacteria to adhere to 

human respiratory tract epithelial cells. Cell-mediated immunity is the primary host response 

through which vaccines exert antigen-specific defense against the pathogen. The efficacy of 

M. catarrhalis antigen targets can be evaluated at various stages and aspects of the cell-

mediated immune responses such as antigen processing by antigen-presenting cells 

including dendritic cells and macrophages, and CD4+ T-cell activation (Th-1 and Th-2 cell 

responses), memory responses of T cells and B cells, and so on.

M. catarrhalis is exclusively a human pathogen and does not cause respiratory infectious 

diseases in animals. M. catarrhalis is readily cleared within 24 – 48 h after inoculation into 

mouse lungs 2 and 5 days after inoculation into chinchilla middle ears [90]. Currently, there 

is not an animal model of M. catarrhalis disease available for vaccine testing. The mouse 
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lung clearance model is broadly used to evaluate in vivo protection response of M. 

catarrhalis antigens. By systemic and/or intranasal immunization, some M. catarrhalis 

antigen targets have demonstrated effectiveness in enhancing clearance of bacteria from 

mouse lungs challenged with M. catarrhalis strains. The chinchilla nasopharynx can be 

colonized by M. catarrhalis for several weeks, and therefore is another animal model. 

However, none of the in vitro functional assays, the mouse lung clearance model and the 

chinchilla NP colonization model demonstrate a definite correlation with protective immune 

responses in humans. Therefore, animal models for M. catarrhalis diseases such as otitis 

media and lung infections are highly desired to be developed for M. catarrhalis vaccine 

target evaluation.

4. Conclusions

M. catarrhalis is an important pathogen causing AOM in children and acute exacerbation of 

COPD in adults. Elucidation of the roles that the many possible targets play in M. 

catarrhalis pathogenesis will guide antigen selection and efficacy assessments. A panel of 

potential vaccine antigens has been identified and tested in animal models or with human 

samples.

5. Expert opinion

The natural immune responses of some promising M. catarrhalis vaccine protein targets, 

such as OppA and Msp22, have been investigated by our laboratory recently. A number of 

OMPs such as MID/Hag, McaP, OMP CD and PilA have been shown to be involved in the 

adherence of M. catarrhalis to respiratory epithelial cells. The antibodies elicited by some of 

these molecules have been shown to be functional, blocking the adhesion of M. catarrhalis 

and therefore protecting against NP colonization and further pathogenesis. Therefore, we 

envision an M. catarrhalis vaccine that includes three antigens with perhaps two antigens 

that play a role in M. catarrhalis adherence to human NP and/or lung bronchial epithelial 

cells. We did not observe a difference in the naturally acquired serum antibody levels to the 

M. catarrhalis antigens tested among different races and ethnicity, which represents a 

diverse race and ethnic enrollment in a developed country. However, tests may be required 

to determine the homogeneity of the responses to these potential antigens especially 

focusing on some specific high-risk target populations.

By using bioinformatics such as sequence analysis, and structure and function predictions, 

reverse vaccinology [100] has been applied to identify many M. catarrhalis vaccine 

candidates. Protein antigens such as OppA and Msp22, -75 and -78, and pili have been 

identified using this genome-based approach. Subsequently, these antigens have been 

characterized for their immunogenicity and potential immune protection responses in vitro 

and in vivo. With much reduced time for antigen identification, reverse vaccinology may be 

more broadly used for identifying more promising M. catarrhalis protein vaccine candidates 

in the future. The majority (89%) of M. catarrhalis isolates from patients with lower 

respiratory tract infections are resistant to complement-mediated killing [101]. Hence, 

targeting surface molecules involved in serum resistance may help to identify efficacious M. 

catarrhalis antigens. OMP CD, OMP E, CopB, LOS Pk epitope and UspA proteins have all 
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been found to contribute to serum resistance of M. catarrhalis [102]. Thus, complement-

mediated killing of M. catarrhalis may be revived if these antigen targets on the bacterial 

surface could be blocked by specific serum antibodies through immunization. In vivo 

expression of antigens such as UspA proteins [103] and MID/Hag [29] is subject to phase 

variation, which is regulated by phase varions [104]. For vaccine antigen selection, it is 

necessary to understand what different host conditions modulate phase variation. An antigen 

constantly and abundantly expressed on the surface of M. catarrhalis without phase 

variation in both healthy and diseased conditions is a better vaccine candidate. A significant 

difference in expression of MID/Hag gene and serotype A and B LOS has been observed 

between M. catarrahlis isolates from children and those from adults with respiratory 

diseases [105]. The decreased expression of virulence-associated gene MID/Hag and biofilm 

formation in the M. catarrhalis isolated from adults compared to those from children is 

suggested as an immune evasion mechanism by the organism [105]. Therefore, the age 

factor of the target population, children, adults or both, should be evaluated if antigens such 

as Hag or LOS are selected as vaccine candidates. M. catarrhalis is a mucosal pathogen and 

the NP and bronchial mucosa is the frontline where M. catarrhalis lands and causes diseases 

in the human respiratory tract. Induction of a mucosal immune response may be important 

for host immunity against M. catarrhalis. Current and future M. catarrhalis vaccine studies 

should place priority on characterizing the role of the mucosal immune response in 

protection. Developing safe and potent mucosal adjuvants for humans is another important 

goal for M. catarrhalis vaccine research. The current immunologic data on M. catarrhalis 

antigens have been mostly collected from animals. Developing an animal model mimicking 

M. catarrhalis-caused diseases, such as otitis media and lung infections, would be of great 

value for M. catarrhalis vaccine target assessment. Mice with human immune system 

components (also termed ‘humanized’ mice) have been developed as in vivo models to study 

the infections with human pathogens [106]. Humanized mice are explored as hosts for many 

pathogens that are relevant to human disease but do not infect other animal species. In these 

models, human immune cells or tissues such as hematopoietic progenitor cells or fetal liver 

and thymus tissues (bone marrow, liver and thymus ) are transferred into immune-

compromised mice such as nonobese diabetic/severe combined immunodeficiency mice 

[106,107]. The reconstituted mice can produce pathogen-specific human immune responses 

to varying degrees after infection by human pathogens [106,107]. Immunization of 

humanized mice with vaccine antigens also induces immunogen-specific human humoral 

and cell-mediated immune responses [106,108,109]. Therefore, we hope that the lack of an 

animal model for M. catarrhalis infections will be solved by using humanized mice in the 

future.

Although natural antibody responses are detected in clinical human samples, vaccination-

induced immune responses for M. catarrhalis antigens have not been tested in humans yet. 

The safety, immunogenicity and antigen-specific protective immune responses of the current 

potential M. catarrhalis antigens should be evaluated in clinical trials. It is unlikely that an 

M. catarrhalis vaccine will have only one single antigen component [110]. A combined 

LOS–protein conjugate vaccine consisting of three serotypes of detoxified LOS has 

demonstrated broad-spectrum protection against all three serotypes of M. catarrhalis, 

accounting for > 95% of the total strains and clinical isolates. A combined LOS–protein 
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conjugate vaccine that includes three proteins described in this review that have different 

functions would represent an attractive vaccine combination product.
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Article highlights

• Moraxella catarrhalis is an exclusive human mucosal pathogen that causes 

respiratory tract infections in children and adults.

• The need to target M. catarrhalis with vaccine development is pressing because 

M. catarrhalis infections cause a heavy socioeconomic burden worldwide and 

almost all M. catarrhalis are resistant to β-lactam antibiotics.

• Thus far, a panel of potential M. catarrhalis vaccine antigens have been 

identified and characterized.

• Developing animal models for M. catarrhalis diseases and uncovering the role 

and mechanisms of the mucosal immune response are crucial for better 

evaluating M. catarrhalis vaccine targets.

• Clinical trials will be the next milestone for M. catarrhalis vaccine 

development.
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Figure 1. 
Natural acquisition of serum IgG to 5 recombinant M. catarrhalis proteins, OMP CD (A), 
OppA (B), Msp22NL (C), PilA2 (D) and Hag5-9 (E) in children with M. catarrhalis 

nasopharyngeal (NP) colonization with or without acute otitis media (AOM) at the age of 6 

– 36 months. Msp22NL is a recombinant non-lipidated form of Msp22 and Hag5-9 is a 

truncated MID/Hag spanning the amino acids 385 – 863 of the natural protein. The results 

are represented by mean ± standard error. n = 17 – 24 for each age time point.
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