The non-pathogenic commensal Neisseria; friends and foes in infectious disease
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Abstract
Purpose of review:

Non-pathogenic commensal Neisseria are rarely considered in the clinical setting despite evidence that they can cause invasive opportunistic infections. In contrast, they may offer protection against pathogenic Neisseria, and such relationships are being actively explored in experimental studies. 
Recent findings:

Recent case reports are presented of invasive infection caused by non-pathogenic Neisseria in patients on novel biologic therapies. On the other hand, Neisseria lactamica, a non-pathogenic commensal, has been shown in human challenge studies to inhibit colonisation by Neisseria meningitidis. Experimental mouse models have also explored the inhibitory effects of non-pathogenic Neisseria on Neisseria gonnhoreae infection. Cutting-edge advances in metagenomics and microbiomics are being used to understand the mechanisms underpinning these effects. 
Summary: 

Clinicians should have increased awareness of non‑pathogenic Neisseria. Firstly, as new immunomodulating therapies become licenced, the interactions that maintain balance between commensals and their human hosts may be altered. Secondly, these bacteria are showing promise in their capacity to exclude pathogenic Neisseria species from their anatomical niches. 
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Introduction

Many species of the genus Neisseria asymptomatically colonise the human oro-nasopharynx. With the exception of Neisseria meningitidis, they colonise most commonly the upper respiratory tract of infants and young children, and are less frequently isolated from adults. They exist as non-pathogenic commensals, and even N. meningitidis, a polysaccharide capsule-expressing organism capable of causing severe invasive meningococcal disease (IMD), is a benign coloniser in the vast majority of healthy carriers. Recent studies in the fields of human challenge and metagenomics have expanded our understanding of the role of commensal Neisseria in the evolution and stability of the upper respiratory tract microbiome. Neisseria lactamica has received particular attention, as it appears to inhibit acquisition and even promote clearance of upper respiratory tract N. meningitidis, inviting the exciting possibility of harnessing commensal relationships to reduce colonisation (and therefore invasion) by potential pathogens. Unexpectedly, non-meningococcal commensal Neisseria have also been reported as causes of opportunistic invasive infection, and recent case reports have highlighted their potential to cause disease in patients receiving novel immunomodulating therapies. 
This article will summarise the published evidence that commensal Neisseria cause invasive infection, review the carriage of commensal Neisseria and the evidence of inter-species interactions within the Neisseria genus, and discuss the possibilities this provides for preventing disease caused by Neisseria.  
Invasive infection caused by oro-pharyngeal commensal Neisseria
Neisseria meningitidis is a common commensal of the human oro-nasopharynx up to 20-30% of teenagers and young adults in Europe (1). However, invasive infection occurs in only a small minority of those colonised, amounting to 0.9 cases of IMD per 100,000 per year (2). Most disease is caused by a minority of serotypes, with the remaining majority of serotypes being associated almost exclusively with colonisation (3). In contrast, non-meningococcal commensal Neisseria species do not cause invasive infection in immunocompetent individuals, and are particularly abundant in childhood, where bacteria of the Neisseria genus are present in the oropharynx of up to 97% of children (4). However, they have been identified as rare causes of opportunist invasive disease in hosts with immunosuppression or indwelling prosthetic material (5).

Eculizumab, a novel biologic agent, has recently been associated with invasive commensal Neisseria infection. This drug acts on the terminal components of the complement pathway, preventing the production of opsonophagocytic molecules and formation of the membrane attack complex. It is licensed in the European Union for the treatment of paroxysmal nocturnal haemoglobinuria, atypical haemolytic uraemic syndrome and refractory generalised myasthenia gravis (6). A case series by Crew et al. recently described seven cases of invasive commensal Neisseria infection in patients treated with Eculizumab (including four children) (7). Patients presented with signs of invasive bacterial infection, and admission blood cultures grew various Neisseria species, including N. sicca, N. cinerea, N. mucosa, and N. flavenscens. Treatment regimens varied, mainly consisting of cephalosporins or penicillin-based antibiotics. All seven patients survived the acute infection, with two dying from other causes later. Eculizumab is also associated with a 1000 to 2000-fold increase in IMD, and is only recommended in patients who have been fully vaccinated against N. meningitidis (8).
Liu et al. (5) presented a comprehensive review of invasive infection by commensal Neisseria species, further demonstrating the capacity for these organisms to act as opportunists in at-risk hosts. Since this review was published, there have been more recent case reports of invasive opportunistic commensal Neisseria infection, including N. cinerea meningitis and bacteraemia following rhizotomy of the trigeminal nerve (9), N. cinerea bacteraemia in a patient who had previously undergone splenectomy (10), and N. subflava acute cholangitis in a patient with cholangiocarcinoma following endoscopic retrograde cholangiopancreatography (11).
Neisseria lactamica has received particular attention in the literature, as it is currently being used in human challenge research studies (discussed below). Although none of these human challenge studies have reported invasive infection in immunocompetent study volunteers, N. lactamica’s role in human research warrants a closer look at its disease-causing potential. There have been 14 reported cases of invasive N. lactamica infection in humans (Table 1), almost all in individuals with significant co-morbidities, such as chromosomal disorders or malignancy, or on immunosuppressive therapy. Further, some `cases` were likely to have represented colonisation only rather than true infection, with cultures obtained from non-sterile sites not typically associated with Neisseria infection (for example, a vaginal swab in a patient with clinical and microbiological features of urinary tract infection (12). There have been three reports of N. lactamica meningitis in seemingly immunocompetent infants (13–15), with N. lactamica cultured from blood in two cases and cerebrospinal fluid (CSF) in all three. However, these cases all occurred in the era before molecular diagnostics, with speciation based on more subjective colorimetric tests of lactose metabolism. Further, none of the reports mentioned confirmation by a Neisseria reference laboratory, and one (15) provided no details at all of how N. lactamica was identified. All three papers were published between 1976 and 1978, less than a decade after N. lactamica was first described, and there have been no convincing reports of invasive N. lactamica infection in immunocompetent hosts since. 
Carriage of non-pathogenic Neisseria
Apart from these reported infections, commensal Neisseria species are best viewed as normal oro-nasopharyngeal flora, with predictable carriage patterns across the human lifespan. A study in the sub-Saharan African meningitis belt, a region with particularly high rates of IMD, found that non-meningococcal commensal Neisseria are over-represented in young infants compared to older children and adults (relative risk ratio 2.59-5.90 for children under 14 years old; 0.51-1.00 for individuals over 15 years old) (16). The most common Neisseria cultured was N. lactamica, carriage of which peaked in those aged 1-4 years, with carriage of N. polysaccharea, N. bergeri and N. subflava being less commonly cultured. This is concordant with a historical study of Neisseria carriage in the USA in 1965, which found that colonisation of the oropharynx by Neisseria species increased during the first year of life until all of those sampled were colonised with Neisseria (although this study did not offer species-level resolution of Neisseria carriage) (17). Neisseria lactamica appears to be the most commonly-occurring commensal Neisseria in early life, and has been well-characterised due to its relationship with N. meningitidis (discussed below). Colonisation with N. lactamica increases to a peak between the first and third years of life, before waning to low rates in adulthood. Although individual studies report significant variation in rates of N. lactamica carriage, including variation within a single population sampled at different time-points (18), the overall age-related carriage trend appears consistent across a wealth of studies (Figure
 1).

Interactions between Neisseria species
It has long been established that there is an inverse relationship between oro-nasopharyngeal carriage of N. meningitis and N. lactamica. First characterised in 1978 in a cohort of 2,969 children in the USA, Gold et al. found that N. meningitidis carriage remained low in the first years on life before slowly rising to a peak in children aged 14-17 years old, while colonisation with N. lactamica increased from birth, peaking early in life (18-24 months old) before waning in teenagers (19). Furthermore, these changes in colonisation status were inversely proportional. This disparity in carriage of N. lactamica and N. meningitidis by age was also observed in the UK in 1987 during a meningococcal outbreak (20). Olsen et al. later found that carriage of N. lactamica was inversely associated with risk of developing IMD in an outbreak setting in the Faroe Islands (21). This study highlighted the clinical significance of this inverse carriage relationship, and planted the seed for researchers to further investigate N. lactamica, with a view to better understanding oro-nasopharyngeal commensalisation and even developing novel strategies to reduce IMD (discussed below).
Further evidence of inter-Neisseria species competition has recently been presented by So et al., demonstrating the capacity of N. elongata to inhibit growth of N. gonorrhoeae (22). In-vitro co‑culture of N. elongata (an oro-nasopharynx commensal) and N. gonorrhoeae (a urogenital pathogen) resulted in growth inhibition of N. gonorrhoeae but not N. elongata. The authors suggested that this effect was associated with the secretion of N. elongata DNA into the co-culture supernatant and uptake of this DNA by N. gonorrhoeae. These findings were replicated in a mouse model, in which vaginal inoculation with N. elongata enabled mice to clear N. gonorrhoeae much faster than N. elongata-free mice. The clinical utility of this finding remains unclear, as N. elongata and N. gonorrhoeae do not share an anatomical niche in humans. However, further research may foster greater understanding of this and other inter-Neisseria relationships, and possibly offer avenues to modify colonisation and even prevent human infection. 

Human challenge model of commensalisation using N. lactamica 
Human challenge studies in healthy adult volunteers, involving experimental oro-nasopharyngeal inoculation with (and subsequent colonisation by) N. lactamica, have confirmed and elaborated on the inverse relationship between N. lactamica and N. meningitidis. Neisseria lactamica inoculation not only prevented new N. meningitidis acquisition, but also displaced existing meningococcal colonisation over the 6-month study period (23). Of note, the reduction in meningococcal carriage observed in those colonised with N. lactamica (from 24.2% to 14.5% at 6 months, with a trough of 6.7% at 4 weeks) was greater than the reduction observed following vaccination with the meningococcal B or ACWY vaccines. The reason for this inverse relationship is unclear, although it does not appear to be mediated by the production of cross-reactive serum bactericidal antibodies (SBA) against N. meningitidis, the process targeted during vaccine development (24). However, an increase was observed in salivary IgA and serum IgG against N. lactamica antigens, as well as cross-reactive opsonophagocytic antibodies against N. meningitidis. The significance of these antibodies is unclear, and it remains to be seen if the inverse relationship described may be related to systemic cellular immunological processes, and/or local cytokine and inter-microbial interactions. 
Metagenomics in the study of non-pathogenic Neisseria
While studies on non-pathogenic Neisseria have relied largely on culture-based techniques, the rapidly expanding fields of metagenomics and microbiomics are enhancing our understanding of these organisms, and their role as commensals and potential pathogens. Amplicon-based techniques allow construction of taxonomic maps of bacterial niches, by sequencing highly conserved genes possessing predictable variability at genus (and sometimes species) level (e.g. the hypervariable regions of the pan-prokaryotic 16s ribosomal RNA [rRNA] genes). In contrast, whole genome sequencing (WGS) offers species and strain-level resolution, although can be unreliable when applied to lower biomass niches, such as the oro-nasopharynx. 

Amplicon-based 16s rRNA approaches can enrich our understanding of upper respiratory tract Neisseria carriage across the human lifecourse. In adults, Neisseria make up 8.2% of the salivary microbiome (272 phylotypes), making Neisseria the 4th most abundant genus (25). In a study of nares swabs from unrelated children and adults, the genus Neisseria was significantly over-represented in children compared with adults (2.3% vs 0.1% of nares microbiome) (26). Stearns et al. corroborated this finding, reporting a higher proportion of Neisseria in oropharyngeal and nasopharyngeal swabs from healthy children compared with their primary caregivers (27).

A study of 520 oral metagenomes from 242 individuals employed several techniques to comprehensively profile Neisseria strains (28). These techniques identified inter-strain differences by comparing over 25,000 single nucleotide polymorphisms (SNPs), 400 conserved bacterial proteins, 200 strain-specific marker genes, 4600 multi-locus sequence typing (MLST) signatures, and copy number of repetitive DNA uptake sequences. The results suggest that particular Neisseria strains localise to discrete oral niches (e.g. palate, gingiva, throat, tongue), and that their presence is stable in individuals across multiple time-points. A similar study profiled 55 Neisseria genomes by sequencing 16s rRNA, 53 conserved ribosomal protein subunit (rps) genes, and a further 246 genes common to all 55 genomes (29). They found that rps-based MLST signatures could reliably speciate Neisseria, and suggested that this approach could even facilitate updated taxonomic classification (e.g. re-classifying N. flavescens as a biovar of N. subflava, and designating a strain of N. polysaccharea as a distinct species). 

Microbiome studies have also reported on the potential pathogenic role of commensal Neisseria in human disease. For instance, 16s rRNA sequencing demonstrated that Neisseria are significantly overrepresented in duodenal samples from 20 patients with active coeliac disease, compared with 15 healthy controls and 6 coeliac patients on a gluten-free diet (26% relative abundance compared with 10% and 4% respectively) (30). Moreover, duodenal cultures confirmed that viable N. flavescens accounted for most of this over-representation, and that N. flavescens isolates from these cultures could induce expression of pro-inflammatory cytokines in mouse and human in vitro dendritic cells and ex vivo healthy duodenal tissue. A more recent study corroborated these findings in 56 patients, and found that the oropharyngeal microbiome closely correlated with the duodenal microbiome in these patients (31).

Metagenomic research can further our understanding of interactions between commensal Neisseria. For example, in human challenge studies on nasopharyngeal N. lactamica carriage, WGS identified mutations in phase variable loci involved in host-commensal interaction and iron acquisition (32). The role of these mutations remains unclear, but may relate to the suppressive effect of N. lactamica on N. meningitidis by simple inter-species competition.
Conclusions and future work
Commensal Neisseria are normal oro-nasopharyngeal flora, and, with the exception of N. meningitidis, appear to not cause disease in healthy individuals. However, they may have a physiological role in modulating colonisation by potential pathogens, as highlighted by the inhibition of oro-nasopharyngeal N. meningitidis colonisation by experimental inoculation with N. lactamica. Looking ahead, it is intriguing to contemplate whether experimental inoculation of infants with N. lactamica may offer further valuable insights into the dynamics of oro-nasopharyngeal Neisseria commensalisation, and, in doing so, facilitate reduction of N. meningitidis carriage and even invasive disease in this vulnerable population. 
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Key points
· Non-pathogenic commensal Neisseria can cause invasive opportunistic infection in individuals with risk factors, such as immunomodulating therapies
· Neisseria lactamica, a non-pathogenic commensal, has been shown in human challenge studies to exclude Neisseria meningitidis in the oro-nasopharynx for up to six months
· Advances in metagenomics and microbiomics are facilitating exploration of the effect of commensal bacteria both on humans and pathogens
Table and Figure legends 

Table 1 

Case reports of invasive infection by Neisseria lactamica. Details of cases presented by increasing age; CSF: cerebro-spinal fluid; DTP: diphtheria, pertussis and tetanus; ONPG: O-Nitrophenyl-β- galactopyranoside

Figure 1 

Percentage of study participants colonised with Neisseria lactamica by age (19–21,33–37). Studies were included if carriage data was presented by age. Bennett et al. (33) reported longitudinal data from two weeks of life; all other papers included here were cross-sectional carriage studies. When papers presented data in graphics, data was extracted from figures (data extraction tool: https://apps.automeris.io/wpd/). 
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