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Insights from targeting
transferrin receptors to
develop vaccines for
pathogens of humans and
food production animals
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While developing vaccines targeting surface transferrin receptor proteins in

Gram-negative pathogens of humans and food production animals, the

common features derived from their evolutionary origins has provided us

with insights on how improvements could be implemented in the various

stages of research and vaccine development. These pathogens are adapted to

live exclusively on the mucosal surfaces of the upper respiratory or

genitourinary tract of their host and rely on their receptors to acquire iron

from transferrin for survival, indicating that there likely are common

mechanisms for delivering transferrin to the mucosal surfaces that should be

explored. The modern-day receptors are derived from those present in

bacteria that lived over 320 million years ago. The pathogens represent the

most host adaptedmembers of their bacterial lineages andmay possess factors

that enable them to have strong association with the mucosal epithelial cells,

thus likely reside in a different niche than the commensal members of the

bacterial lineage. The bacterial pathogens normally lead a commensal lifestyle

which presents challenges for development of relevant infection models as

most infection models either exclude the early stages of colonization or

subsequent disease development, and the immune mechanisms at the

mucosal surface that would prevent disease are not evident. Development of

infection models emulating natural horizontal disease transmission are also

lacking. Our aim is to share our insights from the study of pathogens of humans

and food production animals with individuals involved in vaccine development,

maintaining health or regulation of products in the human and animal

health sectors.
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Introduction

The original isolation and identification of receptor proteins

for the human iron-binding proteins, transferrin and lactoferrin

in the human pathogens Neisseria meningitidis and N.

gonorrhoeae (Schryvers and Morris, 1988a; Schryvers and

Morris, 1988b) raised the question of whether this was a

unique feature of the pathogenic Neisseria species or whether

these type of receptors could be found in bacterial pathogens in

other animal hosts. This search initially led to the identification

of transferrin receptors (Figure 1, right panel) in the porcine

pathogen Actinobacillus pleuropneumoniae (Gonzalez et al.,

1990), the bovine pathogens Pasteurella (Mannheimia)

haemolytica (Ogunnariwo and Schryvers, 1990) and

Haemophilus somnus (Histophilus somni) (Ogunnariwo et al.,

1990) and the poultry pathogen Haemophilus (Avibacterium)

paragallinarum (Ogunnariwo and Schryvers, 1992). A more

comprehensive search ultimately led to identifying transferrin

and lactoferrin receptors from bacteria in three lineages

(represented by the families Neisseriaceae, Moraxellaceae and

Pasteurellaceae) in humans, pigs, horses and several ruminant

species (Gray-Owen and Schryvers, 1996). Since these initial

approaches relied on the ability to purchase or produce

transferrin or lactoferrin and on acquiring collections of

clinical isolates, it was not readily extended to a broader range

of mammalian or vertebrate lineages. Nevertheless, this limited

survey leads to the expectation that there will be bacteria that

possess these receptors residing in the upper respiratory tract of
Frontiers in Cellular and Infection Microbiology 02
virtually all mammalian and bird lineages and may even be

present in terrestrial reptilian lineages.

The discovery of the transferrin receptors inN.meningitidis and

the inference that they would be important both during invasive

infection and for survival on the mucosal surface of the upper

respiratory tract led to the pursuit of the receptor proteins for a

vaccine against Group B meningococci (Danve et al., 1993).

Preliminary results prompted the selection of transferrin binding

protein 2 (Tbp2, now termed TbpB, Figure 1) as the vaccine antigen

(Lissolo et al., 1995) and, although there was considerable sequence

diversity, a vaccine comprised of 2 - 3TbpBswas expected to provide

comprehensive cross-protection (Rokbi et al., 1997).Theobservation

that the transferrin receptor in N. gonorrhoeae was required for

experimental infectionof thehumanmaleurethra in strainsnaturally

lacking lactoferrin receptors (Cornelissen et al., 1998) provided

additional support for targeting the transferrin receptor in a

vaccine. However, a decision to pursue other options than the

TbpB-based vaccine led to the development of the commercial

Bexsero and Trumenba vaccines against Group B meningococci by

novel approaches.

Solving the structure of the TbpB from the porcine pathogen A.

pleuropneumoniae (Moraes et al., 2009) and subsequent studies

(Calmettes et al., 2011; Yang et al., 2011) demonstrated that this

surface lipoprotein has a long anchoring peptide that would allow it

to extend from the outer membrane to beyond the polysaccharide

capsule to capture the iron-loaded formof transferrin (Figure 1, right

panel) anddeliver it to transferrin bindingproteinA (TbpA) through

an interaction involving the N-terminal segment of the anchoring
FIGURE 1

The evolution of iron acquisition systems in bacteria and multicellular animals. The timeline for appearance of microbial communities
(stromatolite), proteins involved in acquisition of iron by Gram-negative bacteria (TBDTs, Tf receptors, Lf receptors) and in multicellular animals
is illustrated in the left panel. Red arrows indicate evolutionary ancestors. The process for capture and iron removal from the two-component
receptor is illustrated in the right panel.
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peptide. Subsequently, the structure of the human transferrin-TbpA

complex was solved (Noinaj et al., 2012), providing insights into the

process of iron removal and transport through the TbpA channel,

using energy derived from an inner membrane-anchored energy

transfer complex (TonBExbBExbD)(Postle, 1993) that is commonto

all the TonB-dependent transporters (TBDTs). The discovery of a

novel single component receptor in bovine strains of P. multocida

that bound to the N-lobe of transferrin (Ogunnariwo and Schryvers,

2001) (Figure 1,RuminantTbpA2), contrasting the binding of theC-

lobe of transferrin by the two component receptors present in most

species, was surprising considering that the C-lobe is preferentially

iron-loaded under normal physiological conditions. The only

homologue that has been identified in other species is a TbpA2

receptor protein in strains ofH. somni (Ekins et al., 2004)whichmay

have been acquired from P. multocida. Since this receptor is only

present in ruminants, and preferentially binds to theN-lobe, it could

potentially reflect adaptation to unique physiological conditions in

the oropharyngeal region of ruminants due to their adaptation for

digesting grasses.

The availability of structural information provided the

opportunity to design modified antigens derived from TbpB

and TbpA with potential for improving their immunological

properties. The first modified antigen that was developed was a

site-directed mutant of a truncated TbpB protein from the

porcine pathogen Glaesserella (Haemophilus) parasuis that

provided complete protection from an intra-tracheal challenge

withG. parasuis in colostrum-deprived piglets (Frandoloso et al.,

2015). In contrast, the wild-type TbpB or a commercial vaccine

preparation provided limited protection in this infection model.

An intranasal challenge model was developed for G. parasuis to

provide a more natural route of infection and the mutant TbpB

was again shown to provide complete protection against

infection (Frandoloso et al., 2020). Notably, the pigs were

sampled for natural colonization prior to challenge and the

colony counts were reduced or eliminated in pigs immunized by

the intramuscular route by a standard vaccine formulation or by

needle-free application of a novel microparticle preparation.

Structural information was also used to design a novel hybrid

antigen consisting of a modified C-lobe of N. meningitidis

TbpB displaying a surface loop from the TbpA protein to

overcome challenges for commercial production of a

TbpA-based vaccine (Fegan et al., 2019). The hybrid antigen

was able to induce antibodies that were equally capable as those

produced against TbpA in binding to TbpA, inhibiting growth of

an iron-starved TbpB-deficient mutant strain and inducing

bactericidal antibodies.
An evolutionary perspective

Gram-negative bacteria have been present for a substantial

portion of the Earth’s history as there are fossils of microbial

communities containing Cyanobacteria (stromatolites, Figure 1)
Frontiers in Cellular and Infection Microbiology 03
that are nearly 2 billion years old and Cyanobacteria have been

implicated in the gradual oxygenation of the Earth’s atmosphere and

oceans from 2.7 to 1.7 billion years (Sosa Torres et al., 2015; Large

et al., 2022). The primordial seas had substantial levels offerrous iron

and the increased oxygen levels converted ferrous to insoluble ferric

ions and ultimately led to the generation of the ozone layer that

eventuallymade life on land possible. The reduction in available iron

in the oceans led to the production and secretion of iron-chelating

molecules by members of the microbial community along with

systems to capture and transport the iron complexes. The uptake

of iron complexes is mediated by TBDTs that are present in Gram-

negative bacteria that synthesize the iron-chelating molecules

(including high affinity siderophores) as well as bacteria that are

dependent upon siderophores produced by neighboring organisms

(D'Onofrio et al., 2010).

The common features of iron binding proteins found in

diverse animal lineages has led to the proposal that bilobed iron

binding proteins such as transferrin were generated by a gene

duplication event at least 670 million years ago and perhaps

nearly a billion years ago (Lambert et al., 2005; Lambert, 2012)

(Figure 1). Although somewhat speculative, the role of the

single-lobed transferrin precursor (slTfp) was likely initially

related to the efficient capture of iron from seawater. It is

generally accepted that another gene duplication event in

mammals led to the appearance of lactoferrin (Lambert et al.,

2005), but the molecular evolution in this family of proteins is

considerably more complex (Lambert, 2012).

The bacterial transferrin receptors are exquisitely specific for

host Tf (Gray-Owen and Schryvers, 1993) and in an elegant

study based on positive selection analysis the authors concluded

that host specificity of receptors for primate transferrin had

evolved over 40 million years of primate evolution (Barber and

Elde, 2014). Since the host-specific bacterial transferrin receptors

are present in bacteria that reside in the upper respiratory tract

of mammals and birds, the implication is that they have existed

for over 320 million years, when the Sauropsida and Synapsida

lineages diverged (Ostan et al., 2021) (Figure 1, TbpA and

TbpB). Unlike the host-specific two-component receptors in

bacteria that colonize the different mammalian, avian and

terrestrial reptilian lineages, which evolved from ancestral

receptors, the single component TbpA2 only present in

ruminants, likely evolved instead from an existing TBDT

involved in iron transport (Figure 1) as it extracts iron from

the N-lobe of Tf. This evolutionary process likely also occurred

for development of an ancestral TbpA2 (Figure 1) that bound

the C-lobe of Tf and was ultimately replaced by the more

efficient two component receptor. The appearance of

lactoferrin in the mammalian lineage due to a duplication of

the transferrin gene (Lambert et al., 2005) likely resulted in both

transferrin and lactoferrin being available on the mucosal

surface so that the co-evolution of the bacterial receptor with

this new transferrin would eventually lead to a lactoferrin

receptor (LbpA and LbpB) specific for host lactoferrin (Figure 1).
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The bacterial lineages that led to the Pasteurellaceae,

Neisseriaceae and Moraxellaceae families likely arose early

since there are bacteria in diverse ecological niches in these

lineages. This raises the question why transferrin receptors have

only been found to date in bacteria from the Pasteurellacea in

avian hosts (Ogunnariwo and Schryvers, 1992) and why

lactoferrin receptors did not appear in the Pasteurellacea.
Do iron acquisition capabilities
influence ‘biogeographical
distribution’ of commensals
and pathogens?

The important pathogens of humans and food production

animals that possess transferrin receptors (+/- lactoferrin

receptors) are from lineages that include related bacteria that

may or may not contain transferrin receptors (+/- lactoferrin

receptors) but rarely cause infection. These bacteria primarily

reside in microbial communities on the nasal, nasopharyngeal or

oral mucosal surfaces of their mammalian host and are

transmitted by the respiratory route. A subset of these bacteria

is sexually transmitted. The presence of transferrin on the

mucosal surface is inferred by the presence of the receptor

proteins, and probably the best information on the relative

amounts of transferrin and lactoferrin on mucosal surfaces

was obtained by measuring their presence in urine in a human

gonococcal infection study (Anderson et al., 2003). Studies of

microbial communities associated with infections suggested that

80% of the bacteria in microbial communities associated with

infections are present within spatially structured microbial

communities (Azimi et al., 2022). This raises the question of

whether the biogeography of ‘normal’microbiota is also spatially

structured and to what extent this involves preferential

localization in the vertical dimension (Figure 2). Regarding the

bacterial lineages that possess transferrin and lactoferrin

receptors that inhabit microbial communities on respiratory

and oral mucosal surfaces, this question can be extended to

how this relates to their relative abilities to acquire host and

environmental sources of iron.

In the well-studied human-colonizing Neisseria species, the

tendency to localize adjacent to the mucosal epithelial cells is

associated with the Opa (opacity) proteins that are not present in

commensal Neisseria species (Wanford et al., 2018). Studies with

transgenic mice expressing human CEACAM1 demonstrated an

increase in the extent and duration of Opa-dependent

colonization, and imaging confirmed that the Opa-expressing

bacteria in CEACAM1-humanized mice were tightly associated

with the mucosal epithelial cells in contrast to control mice in

which bacteria were visualized at different distances from the

mucosal surfaces (Johswich et al., 2013). It is important to
Frontiers in Cellular and Infection Microbiology 04
consider that the tight adherence by Opa proteins to mucosal

epithelial cells can trigger transcytosis across the epithelial cell

layer, which would also provide enhanced access to transferrin,

but survival would rely on additional mechanisms unique to the

pathogenic Neisseria (Gray-Owen and Blumberg, 2006)

(Figure 2). The availability of transferrin on the mucosal

surface will likely be greater closer to the epithelial cells, thus

commensal species that usually possess transferrin receptors

such as N. lactamica, N. polysacchareae and N. cinerea may

tend to grow more effectively if located closer to the mucosal

surface. The commensal species that are variable in the

possession of transferrin receptors such as N. sicca, N. mucosa,

N. subflava and N. flavescens (Chan et al., 2018) clearly are

capable of surviving without accessing transferrin, thus likely

can use alternate environmental iron sources, including iron

complexed by siderophores available within the microbial

community, and their distribution within the biofilm may

reflect that (Figure 2). Recent genomic studies indicate that the

phylogeny of human-colonizing Neisseria species is more

complex with seven additional species (Diallo et al., 2019),

which could provide a more comprehensive picture of the

relationship between iron acquisition mechanisms and

biogeographic distribution.

Applying similar logic to other bacterial lineages that are

present in human and animal hosts might suggest a similar

vertical distribution of ‘pathogens’ and ‘commensals’ (Figure 2),

which may provide unique opportunities for probing this

question with the spectrum of experimental tools and

approaches that continue to evolve (Azimi et al., 2022). It may

also be important to consider whether the ‘biogeography’ might

impact the detection of the different bacterial species in the

microbial community, especially when different sampling

methods are used in different studies aimed at evaluating the

relative prevalence of these organisms. This is particularly true in

host species such as mice where either swab or lavage samples of

the tissues tend to be implemented in different instances.
Development of infection models

The options for developing infection models are clearly

different for pathogens of humans and food production

animals, but the relevance of extrapolating results from one

host species to another is a common issue. The question of

whether demonstration of efficacy of a vaccine directed against

pigs (Frandoloso et al., 2015; Frandoloso et al., 2020) provides

‘proof of concept’ for potential success in developing vaccines

against human pathogens to some extent is similar to the

question whether mouse infection models can be used to

predict the success of human or animal vaccines. We see these

two approaches as complementary. More confidence in the

relevance of each could be gained when mouse infection
frontiersin.org
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models are implemented alongside infection models in pigs or

cattle and if the mouse models are able to predict relative efficacy

of vaccine antigens or formulations.

One of the major limitations of mouse infection models is

that they may not reflect host-specific interactions that are

essential for disease pathogenesis. This can be overcome by

using an appropriate mouse pathogen such as the case with

Citrobacter rodentium, which has proven to be an invaluable

model for Escherichia coli infection (Crepin et al., 2016). The

isolation of Neisseria musculi from wild mice (Weyand et al.,

2016; Ma et al., 2018) provided many insights into common

features between the species present in mice and humans, but

clearly does not serve as a fully relevant model for the pathogenic

Neisseria in humans as it lacks both transferrin and lactoferrin

receptors. It would be surprising if all the ancestral transferrin

and lactoferrin receptors from three different bacterial lineages

disappeared during the 70 million years of rodent evolution

(Swanson et al., 2019), but it may require a more targeted

strategy that uses samples other than oral swabs from wild

mice and perhaps other rodent species to isolate the bacteria.

It is also possible that it they will ultimately be discovered
Frontiers in Cellular and Infection Microbiology 05
through the increasing availability of genomic sequences of

bacteria in public databases.

The natural route of infection for most of the pathogens

expressing Tf and Lf receptors likely involves a close association

with the epithelial layer of the mucosal surface along the

respiratory tract, and proliferation due to a ready source of

iron on the mucosal surface or submucosal space after crossing

the epithelial cell layer. However, most infection models involve

directly administering a large dose of the bacteria to the lung or

peritoneal cavity where bacterial-derived toxins may play a role

in disease pathogenesis (Conlon et al., 1991; Tatum et al., 1998),

so toxin neutralization may be required for full protection in this

non-physiologic disease model. In our standard model for N.

meningitidis infection, we grow the bacteria under iron-limited

conditions to induce expression of the receptors and deplete

their ferritin iron stores to reflect the physiological conditions in

vivo, and then provide exogenous human Tf as a physiologically

relevant iron source. We have considered using this as a

surrogate infection model for targeting other iron acquisition

proteins by expressing the foreign gene in the tbp or lbp locus.

Recent studies have shown that it is possible to induce
FIGURE 2

Does transferrin availability vary in the upper respiratory tract for pathogens and commensals? The concentration of transferrin (Tf) would be
expected to be highest in the subepithelial space and decrease the further away from the epithelial cell layer the biofilm extends. In contrast,
the concentration of iron from environmental sources would be highest at the air-liquid interface. The rationale for the proposed localization
for Neisseria species is described in the text. The determination of the prevalence of receptors in Neisseria species has been described
previously (Chan et al., 2018) and the same approach was used to evaluate the presence of receptors in the bacteria from the Pasteurellaceae.
Access to Tf would not provide a tendency for H. parainfluenzae, A. aphrophilus and A. segnis to localize near the mucosal surface since they
do not possess Tf receptors. H. parahaemolyticus strains possess Tf receptors whereas only some strains of H. haemolyticus do. However, the
demonstrated competition between H. haemolyticus and H. influenzae (Atto et al., 2021) and similarity in adhesins (Singh et al., 2013) suggests
that at least some strains of H. haemolyticus occupy the same niche. All strains of Glaesserella parasuis possess Tf receptors, with more virulent
serovars possessing genes involved in binding to the mucosal surface. (Created with Biorender.com).
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experimental Glässer’s disease in pigs with an optimal dose of

Glaesserella parasuis bacteria administered by the intranasal

route (Frandoloso et al., 2020), which can be prevented by a

vaccine targeting a single surface antigen (TbpB), suggesting that

optimizing the dose for intranasal challenge by other pathogens

could be considered. The seeder pig challenge-exposure model

provides the most natural route of infection (Lechtenberg et al.,

1994), and modifications of the experimental design could

potentially enhance the efficiency of disease transmission when

applied to pigs or perhaps to other animal species.
Limitations of bacterins and
conjugate capsular vaccines

Conjugate capsular vaccines, in which a polysaccharide of

interest is conjugated onto a protein carrier, have been shown to

be highly successful in preventing infection byH. influenzae type

b (Hib) (Murphy et al., 1993), N. meningitidis (Martinon-Torres

et al., 2021) and Streptococcus pneumoniae (Kellner et al., 2008).

The introduction of the Hib capsular vaccine in the late 1980s

led to a dramatic reduction in Hib infections, particularly in

high-income countries (Peltola, 2000), that remained low for

nearly a decade without a substantial increase of infection by

other capsular types. This led to the impression that replacement

by other capsule types would not be a problem, which is in stark

contrast to the subsequent experience with capsular vaccines for

S. pneumoniae and N. meningitidis . An early study

demonstrating capsule switching between group B and C in N.

meningitidis without vaccine-induced selective pressure wisely

predicted that capsule switching could have important

consequences for conjugate capsular vaccines (Swartley et al.,

1997) that have since been realized. The introduction of the S.

pneumoniae 7-valent conjugate capsular vaccine led to changes

in nasopharyngeal colonization (Kellner et al., 2008) and

infection with accompanying evidence that a virulent serotype

4 strain had acquired the genes for production of the serotype

19A capsule (Croucher et al., 2011; Golubchik et al., 2012). The

production of vaccines against an increasing number of S.

pneumoniae capsular types clearly illustrate the challenges

these vaccines face. The complexities of microbial

communities and our limited understanding of how they are

affected by vaccines make predictions of outcomes challenging

such that even the dramatic impact on epidemics of meningitis

in Sub-Sarahan Africa by the MenAfriVac vaccine targeting the

group A capsule is facing concerns of replacement by other

capsular types (WHO, 2017).

The demonstration of capsule switching without (Swartley

et al., 1997) and with (Croucher et al., 2011) vaccine-induced

selective pressure also has important implications regarding

classical serology used for epidemiological purposes that often

are used to decide on commercial vaccine compositions. A

common approach for preventing diseases caused by animal
Frontiers in Cellular and Infection Microbiology 06
pathogens is the widespread use of inactivated whole-cell

vaccines (bacterins) (Liu et al., 2016). As with conjugate

capsular vaccines, the protection induced by inactivated

whole-cell vaccines is largely attributed to being directed

against the extracellular capsular polysaccharide. This results

in a highly specific protective response that is unable to yield any

cross-protection against strains expressing other capsular types

(Takahashi et al., 2001; Bak and Riising, 2002).

An early study of selected strains representing 15 serovars of

G. parasuis that classified them for their virulence potential

(Kielstein and Rapp-Gabrielson, 1992; Oliveira and Pijoan,

2004) has been used to justify the inclusion of strains

expressing specific capsular types into a bacterin formulation.

Strains belonging to serovar 7 were considered to have low

virulence potential since the G. parasuis serovar 7 reference

strain 174 was unable to cause disease in piglets (Kielstein and

Rapp-Gabrielson, 1992; Brockmeier et al., 2014). However,

outbreaks of Glässer’s disease with serovar 7 strains in swine

herds in China (Wang et al., 2017) and Brazil (Prigol et al., 2022)

have since been recorded. Furthermore, experimentally

challenging pigs with G. parasuis serovar 7 reference strain

174 has been shown to result in the classic symptoms of

Glässer’s disease (Frandoloso et al., 2015; Guizzo et al., 2018;

Frandoloso et al., 2020; Dazzi et al., 2020). Notably, strains can

lose virulence upon passage in vitro, which can be restored upon

passage in the host, as was implemented in two of these studies

(Frandoloso et al., 2020; Dazzi et al., 2020). A recent

epidemiological survey of G. parasuis serovars in different

regions in Brazil demonstrated that most of the circulating

strains were not covered by commercially available vaccines,

which the authors estimated could have perhaps prevented 28%

of the outbreaks reported in that study (Espindola et al., 2019).

Notably, there was substantial proportion of ‘non-typeable’

strains that were shown by PCR analysis to have distinct

patterns from the known capsular serotypes.

In contrast to bacterins and conjugate capsular vaccines that

do not induce a cross-protective immune response, protein-

based vaccines have the potential to induce a broad cross-

protective immune response, particularly if several protein

antigens are used (Rokbi et al., 1997). The distribution of

variant TbpBs amongst three porcine pathogens provides the

opportunity to prevent infection by all three pathogens with a

single multicomponent vaccine (Curran et al., 2015), which

might be enhanced further by redesigning the antigens.
Discussion

Although conjugate capsular vaccines and bacterins that

primarily induce an immune response against the capsular

polysaccharide have played a very important role in the prevention

of bacterial infections in humans and food production animals, there

is an ongoing threat of disease arising from bacteria displaying a
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different capsular type that can be acquired via horizontal gene

transfer. The potential for replacement with different variants of

protein antigens also exists, but the repertoire of variants that can be

acquired is restricted by the cross-reactivity of the immune response

induced by protein antigens and the specificity of the functions that

protein antigens possess. Studies with the porcine ‘pathogens’ G.

parasuis,A. pleuropneumoniae, andA. suis have illustrated that even

with a limited collection of somewhat geographically diverse isolates

one can obtain a reasonable representation of the overall global

diversity of the antigens (Curran et al., 2015). The observed

distribution of diversity between these three species and the

different geographical regions has been maintained with the

expanding availability of sequences from public databases and

strain collections, but the evolutionary significance of these

findings could be strengthened with samples from natural non-

pathogenic commensal populations. The potential to eliminate these

three species of bacteria from commercial pig barns with a broadly

cross-protective vaccine would almost certainly be viewed as worth

pursuing even if they may vary in the degree to which they are

considered pathogens. Ideally this would be monitored and studied

as it could provide insights for human vaccine development.

In the more intensely studied human infections caused by

Neisseria and Haemophilus species, the transferrin receptors have

beenshowntobepresent in someof thecommensal species, andearly

studies in Neisseria (Harrison et al., 2008) indicated that although

some clustering can be observed, it would be challenging to target the

immune response exclusively on TbpBs in the pathogenic species.

However, more recent analysis indicates that the sequence diversity

among gonococcal strains is more restricted, so that a TbpB-based

gonococcal vaccine would have a limited impact on ‘commensal’

Neisseria species. ATbpB-based vaccine againstH. influenzaewould

have the additional advantage of also targeting bacteria that lack a

polysaccharide capsule, including the non-typeable H. influenzae

(NTHi) (Novotny et al., 2017;De Smedt et al., 2021), that cause otitis

media in children and exacerbations of chronic obstructive

pulmonary disease (COPD) in adults (Murphy, 2015). It would

also address the issueof the increasing incidenceofmeningitis caused

by other capsular types ofH. influenzae (Ulanova and Tsang, 2009).

TbpB-based vaccines could also target Moraxella catarrhalis, thus

potentially extending protection to two of the main causes of otitis

media and COPD. A vaccine containing USPA2, a protective M.

catarrhalisantigen (Ysebaert et al., 2021), andaProteinE-PilA fusion

protein fromnon-typeableH. influenzae thatprotects colonization in

mice and Chinchillas (Ysebaert et al., 2019), is already in

development but the cross-protective properties of these antigens

have not been fully evaluated.

The cross-reactivity of the immune response against the

serogroup B polysaccharide capsule of N. meningitidis against

brain components (Finne et al., 1983) led to early efforts at

developing a vaccine targeting TbpB (Rokbi et al., 1997),

followed by development of the Trumenba vaccine, which

contains two distinct variants of the meningococcal factor H

binding protein (fHbp) (Wang et al., 2011), and the Bexsero
Frontiers in Cellular and Infection Microbiology 07
vaccine, consisting of three surface-exposed protein antigens

(NHBA, NadA, fHbp) with outer membrane vesicles (Pizza

et al., 2020). The degree to which these vaccines provide

comprehensive protection against potential disease isolates and

their impact on the commensal species are a function of the

antigenic components they target, which provides an

opportunity for potentially comparing their potential long-

term efficacy.

The Trumemba vaccine, which contains two lipidated factor H

binding protein (fHbp) variants, is predicted to provide broad cross-

protection frominfection (Wanget al., 2011) and theabsenceoffHbp

inN. lactamica (Chanet al., 2018) indicates that itwouldnot interfere

with the natural protection it provides (Dale et al., 2022). However,

thepropertyofbinding factorHisnotunique toFhBP, strains lacking

FhBP are still capable of inhibiting killing by the alternate

complement pathway and invasive disease is possible without the

ability to bind factor H (Lewis et al., 2013). However, post-licensure

analysis of clinical disease isolates for loss or change of factor H

binding components can address these concerns. The Bexsero

vaccine (Pizza et al., 2020) consists of three antigens selected by

reverse vaccinology, two with fusion partners, and includes a

detergent extracted outer membrane preparation (OMP) clearly

added to increase confidence in coverage. The OMP is responsible

for the strong local reaction to immunization with this vaccine. In

spite of the complexity of the vaccine composition, an elegant study

using a humanized mouse model of colonization with antigenically

diverse strains indicates the components of Bexsero induce a

protective immune response against sepsis but do not affect nasal

carriage (Buckwalter et al., 2017). This reflects vaccine studies in

humans (McMillanet al., 2021).The complexityof thevaccinemakes

post-licensure analysis of efficacy complicated and addressing its

impact on the commensal bacteria even more challenging.

The demonstrated importance of the Neisseria transferrin

receptors for survival on the mucosal surface in humans

(Cornelissen et al., 1998) and the A. pleuropneumoniae

transferrin receptors pigs (Baltes et al., 2002) makes them ideal

targets for a vaccine. The demonstrated efficacy of protection

induced by mutant TbpBs against infection (Frandoloso et al.,

2015) and colonization (Frandoloso et al., 2020) in their native

host provides proof of concept for their protective efficacy in

humans. The presence of TbpBs in commensal Neisseria species

does raise potential concern regarding the impact of TbpB-based

vaccines on the microbiome, but whether bacteria not intimately

associated with the epithelial surface (Figure 2) will be as

susceptible to adaptive immune mechanisms is an important

question. One advantage that TbpB-based vaccines provide is

the potential ability to implement studies in other hosts to

address the key issues prior to introduction of the vaccine into

humans. Tf receptors, which are essential for the survival,

proliferation, and pathogenesis of bacteria such as N.

meningitidis and H. influenzae in the human host, have the

potential to be superior vaccines due to the greatly diminished

likelihood of gene loss due to selection pressure exerted by the
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host immune response compared to the “non-essential” surface

antigens targeted by the Trumenba and Bexsero vaccines.

The hypothesis that there are transferrin and lactoferrin

receptors in several bacterial lineages in all mammalian hosts could

potentially be addressed by genomic sequences that accumulate over

the years from diverse studies. However, specifically addressing the

question in rodent species, and particularly wild mice, could

potentially provide invaluable tools for enhancing our

understanding of the host-commensal-pathogen relationship.

Clearly, the initial isolation and identification of Gram-negative

bacteria expressing transferrin or lactoferrin receptors that

normally reside in the nasal or upper respiratory tract of wild mice

may present challenges, but if successful, could lead to considerable

insights. The growing spectrum of tools and approaches available in

mice combined with approaches for evaluating the impact of the

microbiota (McCoyet al., 2019;KwonandSeong, 2021) could lead to

observations that apply broadly to the range of human and animal

pathogens that possess transferrin and lactoferrin receptors,

including the most effective strategies for inducing an immune

response for prevention of infection. Although it may be

challenging to secure funding from conventional sources, the

ability to perform experiments in parallel in food production

animals could provide ‘proof of concept’ that findings in mouse

infection models could help predict outcome in humans.

The demonstration that an optimal challenge dose in an

intranasal challenge model for G. parasuis infection in pigs

provides a more natural route of infection (Frandoloso et al., 2020)

may apply to other infections, but does not fully replicate the natural

route of infection. Optimizing the ‘seeder-pig challenge’ model

(Lechtenberg et al., 1994) would provide the most authentic route

of infection, but the degree to which it could be applied to other

animal species, including mice, is an open question. Nevertheless, it

should be recognized that certain vaccine components that are

deemed necessary for regulatory approval of certain vaccines due

to theuse ofnon-physiological infectionmodels,maynotbe required

for vaccines that are effective for disease reduction or elimination in

the real-world situation.
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