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Abstract 
Meningococcal meningitis is a central nervous system infection caused by Neisseria meningitidis, 

a strictly human pathogen which commonly colonizes the nasopharyngeal epithelium. 

Antimicrobial peptides (AMPs) are part of the innate immune system and are secreted in response 

to N. meningitidis ligands recognized primarily by TLR2 and TLR4. This study aimed to investigate 

expression of the AMPs DEFB1, DEFB4, CAMP and the NF-κB negative regulator TNFAIP3 in 

hypopharyngeal epithelial FaDu cells exposed to N. meningitidis serogroups B, C, W, Y and the 

laboratory strain FAM20, and to resolve whether serogroup specific differences in their 

expression exist. Gene targets were assessed at 24 h post exposure, modelling a sustained 

response to early nasopharyngeal colonization. Response to commensal Limosilactobacillus 

reuteri and Ligilactobacillus salivarius bacteria was assessed at 6 h and 24 h as a preliminary 

comparison. RT-qPCR analysis showed significant upregulation of TNFAIP3 in all live bacterial 

exposure conditions, with N. meningitidis exposures resulting in high levels of induction. L. 

salivarius and L. reuteri inductions were modest relative to unexposed controls. DEFB4 was 

induced in all serogroups at low levels from an undetected baseline. The constitutive expression 

of DEFB1 became undetectable following exposure to serogroups B, C and W, but not following 
FAM20 and serogroup Y exposures, possibly indicating serogroup specific suppression. CAMP 

expression was retained across all exposure conditions. While these findings are consistent with 

A20 mediated NF-κB attenuation during colonization, no differences between serogroups were 

significant, suggesting immune response during colonization may depend on ligand structures 

which vary independently of serogroups. 

 

 



 
 

Popular Scientific Summary 
Without the antimicrobial molecules naturally secreted by your airway cells, you would quickly 

become infected with high loads of bacteria, which would multiply uncontrollably and eventually 

infect your bloodstream and possibly brain. The cells lining your pharynx, the passage connecting 

your nose and mouth to your lungs, are constantly producing antimicrobial peptides (AMPs), a 

defense system which has evolved alongside bacteria over millions of years in our ancestors. 

These molecules are one of the immune system’s first lines of defense and are responsible for 

keeping the normal flora of bacteria living in your airways at a manageable level, and to fend off 

invasive, pathogenic bacteria which cause disease. Other beneficial, probiotic bacteria, such as 

lactobacilli, also colonize the pharynx, and these can increase the number of AMPs that are 

secreted by interacting with the cells lining this passage. Since they are not as susceptible to AMPs, 

this strategy allows them more space and nutrients to survive, and in turn prevent other more 

harmful bacteria from taking up residence.  

Neisseria meningitidis is a potentially fatal bacterium which can invade through the pharynx tissue 

and travel through your bloodstream to cause meningococcal meningitis, an infection of the brain, 

with very high fatality rates if it progresses to this stage. It can also cause a serious blood infection, 

sepsis. This bacterium can be found in up to 10% of the human population at any given time, and 

is typically asymptomatic, kept at bay by the immune system and AMPs which keep its levels low. 

N. meningitidis, however, has evolved several mechanisms to resist these molecules, and possibly 

even mechanisms to reduce their production by the body.  

By understanding how Neisseria meningitidis interacts with the immune system during 

colonization, it is possible to identify strategies it has evolved to evade our natural defenses. This 

study investigated how different strains of N. meningitidis affect expression of AMPs in cells of the 

throat lining. It was found that N. meningitidis potently activates a protein called A20 which 

suppresses the immune response leading to a reduced secretion of certain AMPs. Despite this, 

certain AMPs were still produced at low levels, while others were functionally turned off 

depending on the N. meningitidis strain. Understanding strain specific differences in human 

immune response could reveal immune evasion mechanisms during colonization, improving 

understanding of disease progression and potentially guiding vaccine development by identifying 

particularly evasive strains.  
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1. Introduction 
Bacterial meningitis is an acute infection of the central nervous system characterized by 
inflammation of the meninges, with significant mortality rates of up to 15% and high rates of post-

infection complications in nearly a quarter of patients (Runde et al., 2023). The pathogenesis of 

this disease involves bacterial crossing of the blood-brain barrier (BBB) and subsequently potent 

neuroinflammation leading to increased BBB permeability (Barichello et al., 2023). As the BBB 

typically protects against pathogenic breaching from bacteria which have invaded the 

bloodstream, there are few pathogens which are capable of crossing it. One of these includes 

Neisseria meningitidis which commonly inhabits the human nasopharynx as a commensal 

(Coureuil et al., 2012) and is present in up to 10% of the human population at any given time 

(Santos-Neto et al., 2019). In rare cases, N. meningitidis becomes pathogenic and breaches the 

nasopharyngeal epithelium, causing invasive disease (Barichello et al., 2023). This epithelium is 

continuously exposed to pathogens present in the environment and thus acts as the first line of 

defense against invasion and colonization and it has therefore evolved an innate immune 

response to resist infection by microbes. This defense is primarily activated through recognition 

of pathogen-associated molecular patterns (PAMPs) by pattern-recognition receptors (PRRs) 

such as Toll-like receptors 2 and 4 (TLR2/TLR4) which trigger a proinflammatory signaling 

cascade, ultimately releasing cytokines, chemokines, and various antimicrobial peptides (AMPs) 

(Johnstone & Herzberg, 2022).  

The two primary families of AMPs in humans are defensins and cathelicidins, and these have 

broad antimicrobial and immunomodulatory effects. They are expressed widely among cell types 

and are able to embed into or associate with microbial cell membranes to lyse them or enter 

microbial cells to disrupt cellular processes (Huan et al., 2020). Humans express a single 

cathelicidin, LL-37, encoded by the cathelicidin antimicrobial peptide (CAMP) gene. It is 

constitutively expressed at low levels in epithelial cells and is primarily regulated by cAMP 

signaling pathways, requiring two transcription factors to bind its promoter, cAMP-responsive 

element-binding protein (CREB) and activator protein 1 (AP-1) (Bandurska et al., 2015). β-

defensins are the second major family of AMPs expressed in epithelial cells (Huan et al., 2020). 

Two primary β-defensins in epithelial cells are human β-defensin 1 (hBD-1), encoded by DEFB1, 
which is constitutively expressed at low levels, and human β-defensin 2 (hBD-2), encoded by 

DEFB4, which is highly inducible via PAMP recognition (Doss et al., 2010). DEFB4 regulation is 

directly affected by NF-κB activity, as it contains three binding sites for this protein on its 

promoter, and additionally requires the binding of AP-1, which can be activated via the mitogen-

activated protein kinase (MAPK) pathway (Gan et al., 2014). The regulation of DEFB1 in 

pharyngeal epithelial cells is not well documented and is described to be basally regulated by 

hypoxia-inducible factor 1-alpha (HIF-1α) (Kelly et al., 2013) but also epigenetically in epithelial 

cells (Kallsen et al., 2012). As its promoter lacks NF-κB binding sites, it is therefore not directly 

regulated by NF-κB activity (Fu et al., 2023).  

TNFα-induced protein 3 (TNFAIP3) encodes A20 which is a regulator molecule with potent anti-

inflammatory properties and protects against apoptosis during cellular stress. Its primary 

function is reducing inflammation by negatively regulating the NF-κB pathway which is 

responsible for the activation and cascade of several downstream proinflammatory pathways 

(Priem et al., 2020). During infection, this pathway, alongside MAPK, is primarily activated 

through TLRs which recognize a broad range of microbe associated molecular patterns (MAMPs) 

and PAMPs. Two main TLRs detect highly conserved bacterial components. TLR4 recognizes lipid 

A on lipopolysaccharides (LPS) which are a primary component of Gram-negative bacteria and 

TLR2 which mainly recognizes outer membrane lipoproteins as well as peptidoglycans from 

Gram-positive bacteria (Kawai & Akira, 2007). TNFAIP3 typically acts as an early target of NF-κB 
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activation and attenuation, primarily requiring NF-κB to bind to its promoter region to begin 

transcription, creating a negative feedback loop. The TNFAIP3 promoter is already primed, as 

some of its co-activators and its general transcription machinery are constitutively expressed and 

bound, allowing NF-κB binding to induce rapid transcription (Coornaert et al., 2009). Its 

expression is fine-tuned with additional regulatory mechanisms and co-activators, but 

particularly at a post transcriptional level (Das et al., 2018). It has been speculated that bacteria 

are able to co-opt A20 signaling to allow for persisting colonization as commensals, inducing A20 

to attenuate NF-κB, reducing AMP production, specifically DEFB4. This has been observed in the 

opportunistically pathogenic Staphylococcus epidermidis (Simanski et al., 2019), but also 

potentially as a mechanism of immune evasion by N. meningitidis (Wassing et al., 2021). 

N. meningitidis is a Gram-negative aerobic bacterium with potent immunostimulatory PAMPs 

which cause a severe immunological response, which itself contributes to its lethality (Resta et al., 

2025). The primary virulence factors are its endotoxin lipooligosaccharide (LOS), capsule 

polysaccharides and surface proteins such as porins, namely PorA and PorB (Rouphael & 

Stephens, 2012). The meningococcal LOS is a modified form of LPS, and depending on its lipid A 

structure, it induces a variable immunological response through TLR4 (Plant et al., 2006). N. 

meningitidis is classified into serogroups based on capsule polysaccharide structure, with 

serogroups A, B, C, W, X and Y responsible for most invasive disease (Rouphael & Stephens, 2012). 

In serogroups B, C, W and Y, the capsule consists of sialic acid which mimics human cellular 

surfaces and helps conceal N. meningitidis ligands while also conferring resistance to AMPs and 

complement mediated killing. Serogroup B specifically mimics the human fetal neural cell 

adhesion molecule, allowing for highly effective immune evasion (Tzeng et al., 2016). Variations 

in PorA and PorB allow for further classification by serosubtype (now referred to as genosubtype) 

and serotype, respectively (Rouphael & Stephens, 2012). N. meningitidis is further classified into 

clonal complexes via sequence type (ST), which have been shown to be serogroup independent, 

with certain lineages more highly associated with invasive disease. The ST-11 clonal complex is 

classified as hyperinvasive and results in increased fatality regardless of serogroup and is a highly 

conserved lineage (Zarantonelli et al., 2008). Two clinical ST-11 isolates and the laboratory 

adapted FAM20 ST-11 strain are included in this study. 

The mechanisms through which N. meningitidis becomes pathogenic are not fully understood 

(Resta et al., 2025), highlighting the importance of investigating the immune response during 

colonization. Most studies on AMP function have focused on the intestinal epithelia, skin 

keratinocytes and non-epithelial cell lines (Doss et al., 2010), and the nasopharyngeal AMP 

response to N. meningitidis is even less well characterized. The role of TLR4 in the early defense 

against N. meningitidis is also insufficiently explored, partly due to its strictly human colonization 

(Johswich, 2017). Studies focusing on serogroup AMP induction have used cell lines such as HEK-

TLR4, not representative of epithelial colonization (Zughaier, 2010). Recent work has, however, 

used human pharyngeal epithelial FaDu cells, a head and neck squamous cell carcinoma (HNSCC) 

cell line derived from the hypopharynx (Rangan, 1972), to study the nasopharyngeal epithelial 

AMP response to the FAM20 N. meningitidis strain belonging to serogroup C and the commensal 

lactobacilli Limosilactobacillus reuteri and Ligilactobacillus salivarius (Wassing et al., 2021). The 

findings in this study showed that the Gram-positive L. salivarius and L. reuteri significantly 

induced hBD-2 expression, while N. meningitidis did not, and during coincubation N. meningitidis 

dampened the L. reuteri induced hBD-2 expression. A mechanism in which N. meningitidis 

upregulates A20 expression was postulated to explain this observation, as NF-κB was also not 

significantly induced by N. meningitidis. This suggests a difference in colonization strategy, as 

hBD2 was shown to be dose dependently lethal to N. meningitidis but not L. reuteri. Wassing et al. 

(2021) described this as an immunomodulatory evasion mechanism employed by N. meningitidis, 

however only a single serogroup C strain was studied. Another recent study investigating the 
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proinflammatory cytokine and chemokine response in FaDu cells found significant variation in 

their secretions across serogroups (Persson et al., 2024), suggesting that serogroup specific 

differences in pharyngeal cellular response may also extend to AMP induction. 

1.1 Aim 
The aim of this study was to investigate the immune response to N. meningitidis exposure and 

whether serogroup dependent differences exist in AMP and TNFAIP3 expression by modelling the 

sustained nasopharyngeal epithelial response to early colonization at 24 h. This was done by 

exposing hypopharyngeal FaDu cells to pathogenic Neisseria meningitidis strains of four 

serogroups (B, C, W, Y) and the FAM20 laboratory strain and measuring the expression of DEFB1, 

DEFB4, CAMP and TNFAIP3. L. salivarius and L. reuteri were investigated to provide a preliminary 

qualitative comparison of AMP and TNFAIP3 response to commensal bacterial strains and to act 

as positive controls, with LPS tested as a known TLR4 agonist.  

1.2 Objectives 
The objectives of this study were to: 

• Use RT-qPCR to determine the expression of DEFB1, DEFB4, CAMP and TNFAIP3 at 24 h in 

preexisting RNA samples extracted from FaDu cells individually exposed to five N. 

meningitidis strains encompassing four serogroups to assess serogroup differences in 

epithelial immune response. 

• Culture Limosilactobacillus reuteri, Ligilactobacillus salivarius and FaDu cells to generate 

positive RT-qPCR controls following RNA extraction at 6 h and 24 h, providing verification 

of cell exposure conditions, qPCR assays and a preliminary qualitative comparison to N. 

meningitidis.  

2. Materials and Methods 

2.1 Cell Culture Conditions 
The FaDu cell line was a cryopreserved stock (HTB-43, ATCC) and was maintained in DMEM with 

GlutaMAX (Cat. #31966-021; Gibco) supplemented with 10% heat-inactivated fetal bovine serum 

(HI-FBS; Cat. #S181BH-500; Biowest) and 1% Penicillin-Streptomycin (10,000 U/mL; Cat. 

#P0781; Sigma-Aldrich), referred to as DMEM1. A 2% FBS DMEM without Penicillin-Streptomycin 

was also used (DMEM2). Cells were cultured in T-75 flasks (Cat. #83.3911.002; Sarstedt) at 37°C 

with 5% CO₂ in a humidified incubator in 20 mL DMEM1. Cells were sub-cultured upon reaching 

70-80% confluency and seeded with 2.5 × 106 or 1.75 × 106 cells/flask for 48 h or 72 h growth 

periods, respectively. 

Cells were passaged by washing with Dulbecco’s PBS and detached using TrypLE Express Enzyme 

(Cat. #14190-094 and Cat. #12604021 respectively; Gibco). TrypLE was neutralized with DMEM1 

and centrifuged for 5 minutes at 300 × g before cell resuspension. Viability was assumed based on 

adherence and morphology. 

2.2 L. reuteri and L. salivarius Strains and Culturing 
L. reuteri and L. salivarius (Table 1) were maintained on MRS agar plates (55.2 g/L MRS broth 

base, 14 g/L bacteriological agar; Cat. #84613.0500 and Ref. EU3918718 respectively; VWR 

International) and sub-cultured every 7-10 days. Overnight cultures were grown from single 

colonies in MRS broth in sealed 15 mL tubes filled to minimize oxygen exposure. Cultures and 

plates were incubated at 37°C, and plates stored at 4°C. Anaerobic conditions were created using 

Anaerocult A mini gas generator systems (Cat. #1.32369.0001; Merck) for L. reuteri and a candle 

jar for microaerobic conditions for L. salivarius. 



4 
 

Table 1. L. reuteri and L. salivarius Designations 

Strain Designation Source 
Ligilactobacillus salivarius  CCUG 39464 Culture Collection University of Gothenburg 
Limosilactobacillus reuteri      CCUG 44144 Culture Collection University of Gothenburg 

2.3 Neisseria meningitidis Strains and Samples 
RNA samples were provided by the Institution for Medical Sciences, Örebro University, Örebro, 

Sweden, generated as described by Nilsson (2025). FaDu cells were seeded at 3 × 10⁵ cells/well 

in 24-well plates 24 h prior to exposure to five N. meningitidis strains, shown in Table 2 (Persson 

et al., 2024; Jolley et al., 2018) at an MOI of 10 in DMEM2. Nonadherent bacteria were removed at 

6 h, with an additional 18 h incubation before extraction with GeneJET RNA Purification Kit (Cat# 

K0731; Thermo Fisher Scientific). RNA samples from three biological replicates representing 

independent exposures were provided for each strain and the unexposed control.  

Table 2. Neisseria meningitidis Strains 

Strain ID Abbreviation Serogroup Genosubtype Sequence Type Clinical Description 
FAM20 FAM20 C P1.5,2 ST-11 Lab Ref. Strain 
02-590-077 NmC C P1.5,2 ST-11 Fatal 
03-590-139 NmB B P1.7,16 ST-32 Fatal 
12-590-208 NmW W P1.5,2 ST-11 Fatal 
12-590-330 NmY Y P1.5-2,10-1 ST-23 Recovered 

2.4 Bacterial Exposures and RNA Extractions  
L. salivarius and L. reuteri exposures used FaDu cells from passages 21-26. Cells were seeded on 

6-well plates (Cat. #83.3920; Sarstedt) at 6 × 10⁵ cells/well, reaching 70-80% confluency 

(approximately 9.1 × 105 cells/well) after 24 h in 2 mL of DMEM1. 1 h before exposure, cells were 

washed twice with 1 mL PBS, and media was replaced with 2 mL DMEM2.  

Overnight L. reuteri and L. salivarius cultures were sub-cultured into filled 15 mL tubes at 2% 

volumes and grown to mid-log phase (OD600 0.3-0.5). Validated OD600-CFU ml-1 curves (Appendix 

1) were used to quantify bacterial counts in MRS broth before centrifugation at 3000 × g for 5 min, 

washing, and resuspension in DMEM2 to deliver an MOI of 10. E. coli LPS (Cat. #tlrl-pb5lps; 

InvivoGen) was dosed in independent exposures at 500 ng/mL of DMEM2. Plates were shaken for 

1 min at 200 rpm post-exposure and incubated at 37°C and 5% CO₂. Exposures were maintained 

continuously as adhesion was not characterized. 

FaDu RNA was extracted at 6 h and 24 h timepoints using the RNeasy Mini or Mini Plus kit (Cat. 

#74104; Cat. #74134; Qiagen). Cells were scraped and lysed after washing twice with 1 mL 4°C 

PBS. RNA was eluted into 30 µL of RNase free water. Purity and concentration were assessed using 

a DeNovix DS-11+ spectrophotometer and a Qubit 3.0 with RNA HS Assay Kit (Cat. #Q32852; 

Thermo Fisher Scientific).  

2.5 TaqMan Assays and qPCR Methodology 
All RNA samples, including N. meningitidis samples stored at -70°C, were diluted to 80 ng/µL for 

cDNA synthesis. 10 µL of each dilution was reverse transcribed using a High-Capacity cDNA 

Reverse Transcription Kit (Cat. #4368813; Thermo Fisher Scientific) according to manufacturer’s 

protocols. 

qPCR was performed on a PikoReal Real-Time 96 PCR System (Thermo Scientific). 20X TaqMan 
assays (Applied Biosystems) shown in Table 3 were diluted to 10X, and cDNA was diluted to the 

RNA input equivalent of 5 ng/µL. Total qPCR reaction volumes were 5 µL, consisting of 2.5 µL 

TaqMan Fast Advanced Master Mix (Cat. #4444557), 0.5 µL of 10X TaqMan assay and 2 µL of cDNA 

template (10 ng per well). Standard TaqMan fast cycling conditions were used (50°C for 2 min 
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followed by 40 alternating cycles of 95°C for 15 s and 60°C annealing for 1 min). PikoReal Software 

2.2 was used for Cq determination and fluorescence thresholds were set equivalent across all gene 

targets and adjusted between experimental sets. Mean biological replicate Cq and ΔCq values are 

included in Appendices 2 and 3. 

Table 3. TaqMan Assays 

Gene Target Protein Catalogue ID 
DEFB1A hBD-1 Hs00608345_m1 
DEFB4A hBD-2 Hs00175474_m1 
CAMP LL-37 Hs00189038_m1 
TNFAIP3 A20 Hs00234713_m1 
YWHAZ 14-3-3ζ Hs01122454_m1 

2.5.1 qPCR Plate Setups 

Each N. meningitidis gene target was assessed on an individual plate, using a sample maximization 

approach (Hellemans et al., 2007) with three biological replicates per strain and unexposed 

controls run in triplicate. Lactobacilli gene targets were assessed on separate plates per timepoint, 

with three biological replicates of L. reuteri, L. salivarius, LPS and unexposed controls on each plate 

in triplicate. Each plate included positive and non-template controls (NTCs) in triplicate. 

2.5.2 Reference Gene 

YWHAZ was selected as a reference gene based on a Tataa Biocenter Reference Gene Panel (Cat. 

#A101) performed on these samples at Örebro University. Stability was reevaluated using 

GeNorm (Vandesompele et al., 2002) and NormFinder (Andersen et al., 2004), which ranked 

YWHAZ as the most stable single gene (Appendix 4). Stability in lactobacilli and LPS exposures 

and respective unexposed controls was verified post-hoc, showing minimal Cq variations of 

26.28±0.47 at 24 h, and 26.34±0.72 at 6 h.  

2.5.3 Statistical Analysis 

Biological replicates (n = 3) represent independent experimental bacterial exposures of FaDu cells 

using fresh cell preparations and bacterial cultures, each measured in technical triplicate by RT-

qPCR. Three independent sets of unexposed FaDu cells served as controls: one for N. meningitidis 

exposures and one for each lactobacilli timepoint. Technical replicates lacking a sigmoidal curve 

were excluded. Technical replicates below Cq 30 had small standard deviations under Cq 0.25, 

below the Cq 0.5 cutoff. Standard deviations exceeding this cutoff occurring above Cq 30 were 

retained as Poisson sampling variation increases with quantification cycle and their exclusion 

would instead introduce bias (Ruiz-Villalba et al., 2021). Exposure conditions and unexposed 

controls required ≥2/3 technical replicates to amplify in ≥2/3 biological replicates; those not 
meeting this criterion, including partial amplification across replicates, were marked ND and 

excluded from statistical analysis and quantitative presentation. Datasets for genes with technical 

replicates consistently amplifying above Cq 35 were deemed too close to the limit of detection 

(LOD), where Poisson sampling variation dominates, preventing statistical analysis. MIQE 

recommendations for LOD determination (Bustin et al., 2009) were not applied as validated 

TaqMan assays were used. The LOD was set to the detection cutoff (Cq 40). 

NTC wells with Cq values attributed to baseline fluorescence drift without sigmoidal amplification 

were not considered contamination. Gene expression was normalized to YWHAZ and reported as 

-ΔCq values, 2-ΔCq values or fold change via the 2(-ΔΔCt) method (Livak & Schmittgen, 2001). One N. 

meningitidis unexposed control replicate showing elevated DEFB4 and TNFAIP3 expression 

suggestive of cellular stress was retained across all gene analyses, as its inclusion was 

conservative and required for a sufficient control sample size. N. meningitidis and lactobacilli 

exposures were not statistically compared, as exposures were independently conducted at 

different institutions. 
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Statistical analysis and data presentation used Prism 11.0 (GraphPad Software) to run one-way 

ANOVA on ΔCq values followed by Dunnett’s post-hoc test for comparisons of LPS and lactobacilli 

treatments to unexposed controls, or Tukey’s post-hoc test for comparisons between all N. 

meningitidis strains and associated unexposed controls to additionally assess serogroup 

differences. As ΔCq values are log-scale and approximately normally distributed, only parametric 

analysis was applied for consistency, as non-parametric analysis has limited statistical power at n 

= 3. Normality of residuals and homogeneity of variance were assessed, with a small deviation in 

one dataset (Appendix 5). 

2.6 AI Declaration 
All written work, ideas, analyses and literature review are original and the author’s own work. No 

content within this thesis was AI generated. Claude Opus 4.6 (Anthropic) was used for 

troubleshooting during the experimental phase, and to a minor extent for editing, structural 

feedback and R programming assistance. 

3. Results 
This work investigated the gene expression of YWHAZ, DEFB1, DEFB4, CAMP and TNFAIP3 in 

hypopharyngeal FaDu cells across two experimental sets using RT-qPCR. The lactobacilli 

experimental set confirmed assay validity and served as a qualitative comparison, investigating 

expression following exposure to either L. reuteri, L. salivarius, or LPS. For the N. meningitidis 

experimental set, expression of gene targets was measured in provided RNA isolate samples 

extracted at 24 h post exposure (18 h post washing of nonadherent bacteria) in cells exposed to 

strains belonging to the serogroups B, C, W, Y and the laboratory strain FAM20 (belonging to 

serogroup C). These are referred to as NmB, NmC, NmW, NmY and FAM20 respectively. Sample 

purity and concentrations were confirmed to be sufficient for downstream RT-qPCR (Appendices 

6 and 7). As exposures for these two sets of experiments were conducted in separate laboratories 

and differed in operators and FaDu cell passages, direct statistical comparisons between them 

were not performed.  

3.1 Gene Expression Following Exposure to N. meningitidis 
RT-qPCR analysis of the N. meningitidis exposure conditions revealed that DEFB1 detection was 

serogroup dependent (Figure 1). Low levels of detectable expression near the LOD were 

maintained in cells exposed to FAM20 and NmY (Appendix 2), where the small decreases in 

expression relative to unexposed controls cannot be reliably quantified due to stochastic sampling 

variation. Statistical comparison was not performed on DEFB1 data as analysis near the LOD 

requires accounting for Poisson sampling variation, which is not feasible at three technical 

replicates. Expression of DEFB1 was not detected in NmB, NmC or NmW exposures according to 

the detection criteria, while remaining detectable in all unexposed controls, albeit with large 

biological variation. In contrast, the constitutive expression of CAMP was detected in all N. 

meningitidis strains and unexposed controls, with detection closer to the LOD than DEFB1. 

Although near the LOD, detection remained consistent between conditions (Appendix 2) and 

normalized expression levels are presented in Figure 5. Notably, CAMP expression was 

maintained in NmB, NmC and NmW, indicating that DEFB1 non-detection was not the result of a 

general sample technical failure in detecting low abundance targets in these samples. 
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Figure 1. Relative DEFB1 expression in FaDu cells measured by RT-qPCR, in unexposed controls and 

following 24 h exposure to five N. meningitidis strains at an MOI of 10, normalized to YWHAZ and expressed 

as fold-change relative to unexposed controls, with the Y-axis on a log2 scale. As expression occurred close 

to the LOD, where stochastic sampling variation limits reliable comparison, data is presented descriptively.  

Plotted points represent individual biological replicate fold change values (n = 2-3) for each strain, while 

bars and numerical values represent fold change calculated from arithmetic mean ΔΔCq values. Error bars 

indicate standard deviation of ΔΔCq values propagated through the 2^(−ΔΔCq) transformation. NmB, NmC and 

NmW did not meet detection criteria, labelled ND. 

Low levels of DEFB4 induction were consistently detected across all N. meningitidis exposure 

conditions, with only one biological replicate failing to meet detection criteria. This expression 

occurred at levels sufficient for statistical comparison (Appendix 2). DEFB4 was detected in one 

unexposed control biological replicate, possibly suggesting cellular stress. The other two 

unexposed controls showed no detection as was expected for this inducible gene, precluding the 

establishment of an unexposed control baseline expression level. Therefore, only serogroup 
specific differences were analyzed, and 2-ΔCq values of all exposure conditions are presented in 

Figure 2. Values represent DEFB4 expression as a fraction of YWHAZ expression levels, indicating 

very low levels of induction. No significant differences were found between serogroups (one-way 

ANOVA, F(4, 9) = 2.663, p = 0.1024; Tukey’s, all p > 0.1375).  
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Figure 2. DEFB4 expression in FaDu cells measured by RT-qPCR, in unexposed controls and following 24 h 

exposure to five N. meningitidis strains at an MOI of 10, normalized to YWHAZ. Bars represent 2-ΔCq values 

calculated from arithmetic mean ΔCq, with the Y axis on a linear scale. Plotted points (n = 2-3) and values 

represent expression relative to YWHAZ, and error bars represent the standard deviation of ΔCq propagated 

through the 2^(−ΔCq) transformation. Significance between serogroups was determined using a one-way 

ANOVA with Tukey’s post-hoc test on ΔCq values. No significant differences were found between serogroup 

DEFB4 expression. Controls did not meet detection criteria (≥ 2/3 biological replicates), labelled ND. 

Exposure to every N. meningitidis strain resulted in significant upregulation (one-way ANOVA, 
F(5,12) = 7.932, p = 0.0017; Tukey’s) of TNFAIP3 expression relative to unexposed controls 

(Figure 3). NmB showed the highest induction (36.5-fold, p = 0.0017), followed by FAM20 (25.1-

fold, p = 0.0041), NmC (21.4-fold, p = 0.0061) and NmY (12.8-fold, p = 0.0046). Induction in NmW 

was lower but still significant at 10.3-fold change (p = 0.0387). The same control replicate with 

heightened DEFB4 expression also showed a higher baseline TNFAIP3 expression relative to the 

other unexposed controls, again suggesting stress related gene expression in this biological 

replicate, however, its inclusion was conservative for estimating induction. While differences in 

fold changes between serogroups were observed, none reached significance. 
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Figure 3. Relative TNFAIP3 expression in FaDu cells measured by RT-qPCR, in unexposed controls and 

following 24 h exposure to five N. meningitidis strains at an MOI of 10, normalized to YWHAZ and expressed 

as fold-change relative to unexposed controls, with the Y-axis on a log2 scale. Plotted points represent 

individual biological replicate fold change values (n = 3) for each strain, while bars and numerical values 

represent fold change calculated from arithmetic mean ΔΔCq values. Error bars indicate standard deviation 

of ΔΔCq values propagated through the 2^(−ΔΔCq) transformation. Significance was determined using a one-

way ANOVA with Tukey’s post-hoc test on ΔCq values. Asterisks indicate significance relative to unexposed 

controls, with no significant differences observed between serogroups (* p < 0.05, ** p < 0.01). 

3.2 Gene Expression Following Exposure to L. salivarius, L. reuteri, and LPS 
Gene expression in FaDu cells following exposure to either L. reuteri or L. salivarius at an initial 

MOI of 10, or LPS at a dosage of 500 ng/mL, was assessed using RT-qPCR at 6 h and 24 h. Detection 

was generally near the LOD, limiting quantitative interpretation for most gene targets. For 

precision in MOI dosing, regression curves for both L. salivarius and L. reuteri were generated to 

allow for the quantification of viable bacterial cells, with R2 values of 0.97 and 0.96 and Log10 

regression equations of y = 1.78x + 7.29 and y = 1.88x + 7.16, respectively (Appendix 1). Growth 
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of L. salivarius was observed to be optimal in microaerophilic conditions in a candle jar, while L. 

reuteri grew optimally in anaerobic conditions, allowing for strong correlations between OD600 

values and CFU/mL. Prior to extraction, signs of visible bacterial chains and increased bacterial 

growth compared to initial exposure of both L. salivarius and L. reuteri were observed at 6 h via 

microscopy. At 24 h, excessive bacterial growth was evident visually, also indicated by 

acidification of the phenol-red containing media to yellow in some biological replicates. FaDu cells 

remained adherent even at 24 h, and no obvious signs of cellular death were visually observed. 

Replicates without a color change in media were chosen for RNA extractions as acidification could 

potentially affect cellular expression of the investigated genes.  

Expression of DEFB1 at 6 h following exposure to L. salivarius or L. reuteri did not meet detection 

criteria, however, partial detections consistent with low level expression near the LOD were 

observed across these two conditions, while low levels of expression were detected in LPS 

exposures (Appendix 3A). Unlike the N. meningitidis experimental set, the inconsistent detection 

of the expected constitutive DEFB1 expression in controls limits interpretation of its expression 

across conditions at 6 h, as no basal level of expression can be quantified.  Detection at 24 h was 

consistent across all conditions (Appendix 3B), and L. salivarius, L. reuteri, and LPS exposures 

retained expression comparable to the unexposed control baseline. Amplification occurred near 

the LOD, and normalized DEFB1 expression is presented in Figure 5. 

The expression of CAMP was detected across all L. salivarius, L. reuteri, and LPS exposure groups 

as well as unexposed controls at both 6 h and 24 h. Amplification in several biological replicates 

approached the LOD at both timepoints, and large biological variation in expression was observed 

at 6 h. This precluded fold change calculations as the variation in expression between biological 

replicates was larger than variation between conditions (Appendix 3A). This variation was 

reduced when expression was assessed at 24 h, and the expression of CAMP in exposure 

conditions was comparable to controls, consistent with constitutive expression of CAMP (Figure 

5).  

DEFB4 expression was not detected in any unexposed controls at either assessed timepoint, 

consistent with its characterization as an inducible gene. Exposure to LPS, while being a strong 

TLR4 agonist, did not result in induction of DEFB4. However, DEFB4 was sporadically detected 

near the LOD after L. salivarius and L. reuteri exposures. At 6 h, low level induction was detected 

in L. reuteri exposures, and in one biological replicate of L. salivarius (Appendices 3A and 3B). This 

pattern was reversed at 24 h, with detection occurring in L. salivarius and an L. reuteri biological 

replicate. The normalized expression between both time points was comparable across these two 

exposure conditions (Figure 5). This pattern suggests very low DEFB4 induction resulting in 

expression near the LOD, preventing statistical interpretation.  

Large induction in the expression of TNFAIP3 was observed in L. salivarius and L. reuteri across 

both timepoints. At 6 h, these two exposure conditions showed significant induction (one-way 

ANOVA, F(3, 8) = 20.92, p = 0.0004, Dunnett’s), and L. salivarius had an approximate 6.0-fold 

increase in TNFAIP3 expression (p = 0.0007), while L. reuteri showed a 4.6-fold induction (p = 

0.0019) relative to unexposed controls (Figure 4A). At 24 h, induction of TNFAIP3 remained 
significantly elevated across these two conditions (one-way ANOVA, F(3, 7) = 42.13, p < 0.0001, 

Dunnett’s), with L. salivarius showing a 5.5-fold increase in expression (p < 0.0001) and L. reuteri 

an increase of 3.7-fold (p = 0.0008) relative to unexposed controls (Figure 4B). LPS TNFAIP3 

response remained near baseline at both timepoints, showing no statistically significant increase 

in its expression.  
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Figure 4. Relative TNFAIP3 expression in FaDu cells measured by RT-qPCR following 6 h (A) and 24 h (B) 

exposure to L. salivarius or L. reuteri at an MOI of 10, or 500 ng/mL of LPS, normalized to YWHAZ and 

expressed as fold-change relative to unexposed controls. Plotted points represent individual biological 

replicate fold change values (n = 2-3), for each strain and LPS, while bars and numerical values represent 

fold change calculated from arithmetic mean ΔΔCq values. Error bars indicate standard deviation of ΔΔCq 

values propagated through the 2^(−ΔΔCq) transformation. Significance relative to unexposed controls was 

determined using a one-way ANOVA with Dunnett’s post-hoc test on ΔCq values (* p < 0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001). 

3.3 Expression Relative to YWHAZ Across All Conditions 
A heatmap showing the expression of all gene targets across all exposure conditions and 

unexposed controls is presented in Figure 5 and represents expression levels normalized to 

YWHAZ (-ΔCq). TNFAIP3 expression across all exposure conditions was strongly induced, with the 

highest relative expression across all assessed genes, while relative AMP expression tended to be 

much lower. The expression of DEFB4 was detected in all N. meningitidis exposures at low levels, 

and sporadically across L. reuteri and L. salivarius conditions. DEFB1 was consistently detected in 

the unexposed N. meningitidis controls as well as in the NmY and FAM20 exposures, but was 

entirely undetected in NmB, NmC, and NmW. At 6 h, DEFB1 was inconsistently detected following 

L. salivarius and L. reuteri exposure, as well as in unexposed controls, preventing estimation of 

basal expression and limiting interpretation. At 24 h, detection was consistent across all 

conditions, comparable to unexposed controls. CAMP was detected across all conditions at 

comparable levels relative to respective unexposed controls, with no effect distinguishable from 

biological variation or stochastic sampling variation in detection. 
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Figure 5. Heatmap of log2 transformed 2-ΔCq values (equivalent to -ΔCq), showing expression of DEFB1, 

DEFB4, CAMP and TNFAIP3 across all exposure conditions and unexposed controls normalized to YWHAZ. 

Values represent mean -ΔCq for each condition relative to YWHAZ, with larger values indicating higher 

relative expression, and values approaching zero indicating similar expression to YWHAZ. Crossed cells 

indicate no detection according to the detection criteria (≥2/3 technical replicates in ≥2/3 biological 

replicates). Partially detected samples are presented in Appendices 2 and 3. N. meningitidis and lactobacilli 

expressions are not directly comparable due to these two sets of experimental exposures being conducted 

at different labs by different operators, using FaDu cells of differing passages.  

4. Discussion 
N. meningitidis is a strictly human pathogen and begins its pathogenesis by colonizing the 

nasopharyngeal epithelium. The transition from asymptomatic carriage to invasive disease is still 

poorly understood (Resta et al., 2025). This study aimed to further characterize the AMP immune 

response of FaDu pharyngeal epithelial cells to several pathogenic N. meningitidis strains by 

simulating the sustained response to early colonization at 24 h. Whether the expression of AMPs 

differed across serogroups was investigated, however, no serogroup specific differences could be 

resolved. This may reflect low statistical power or the downregulation of capsule expression 

which occurs during epithelial attachment (Deghmane et al., 2002; Tzeng et al., 2016), as this 

exposes ligand structures that are serogroup independent. Expression following exposure to L. 

salivarius, L. reuteri or LPS was also measured to serve as experimental validation and preliminary 

comparisons to N. meningitidis, representing AMP and TNFAIP3 induction in response to 

commensal bacteria. Significant levels of TNFAIP3 expression were induced across all exposure 

conditions except LPS, where induction did not reach significance. N. meningitidis exposures 

produced the largest inductions relative to respective unexposed controls. DEFB4 was induced in 
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all N. meningitidis exposures at low but consistently detectable levels from an undetected baseline 

(Figure 2). The pattern of DEFB1 detection suggests a suppression to below detectable levels 

following NmB, NmC and NmW exposures. Low levels of CAMP expression were detected across 

all conditions. DEFB4 and DEFB1 were detected at levels very close to the LOD following L. 

salivarius and L. reuteri exposure, with CAMP showing slightly higher expression, limiting 

quantitative interpretation (Appendix 3). 

4.1 Constitutive HNSCC TNFAIP3 Expression 
The most striking trend observed from the RT-qPCR data was the high level of relative TNFAIP3 

expression compared to the low levels of induction in the investigated AMPs. High baseline 

TNFAIP3 expression was found in all unexposed controls, at levels near YWHAZ expression (Figure 

5). This observed baseline is likely due to an attenuating response to NF-κB (Priem et al., 2020). 

Baseline NF-κB is permanently elevated in HNSCC cancer lines (Lun et al., 2005), as TNFAIP3 is 

generally not active constitutively in noncancerous epithelial cells (Hayden & Ghosh, 2008). 

Beyond this baseline expression level, significant induction of TNFAIP3 occurred in all N. 

meningitidis serogroup exposures, at high fold changes (Figure 3). Differences in induction 

between strains may reflect differences in LOS lipid A phosphorylation, which affects the 

magnitude of TLR4 activation (John et al., 2017), alongside variation in PorB structures, which 

modulate TLR2 signaling (Toussi et al., 2016). 

While differences in TNFAIP3 induction magnitudes were observed between N. meningitidis 

serogroups, none of these reached statistical significance. However, this could be due to biological 

variation and small sample size, as serogroup specific variation in inflammatory response has 

been reported, with serogroup B inducing the largest response (Persson et al., 2024), consistent 

with findings in this present study. While NmB produced the highest TNFAIP3 induction, it 

possesses the most effective sialic acid capsule structure for immune evasion (Tzeng et al., 2016), 

further suggesting that epithelial immune response may be driven by subcapsular ligands. As LOS 

structure can vary between strains independently of serogroups (Rouphael & Stephens, 2012), 

TLR4 induction magnitude itself may not be entirely attributable to serogroup alone. Due to 

differences in N. meningitidis adherence between serogroups (Persson et al., 2024), any 

differences in AMP or TNFAIP3 expression between serogroups due to the washing step at 6 h 

disproportionately removing N. meningitidis would be biologically relevant as the nasopharynx 

itself constantly clears nonadherent N. meningitidis via mucus production, and nonadherent N. 

meningitidis do not typically interact with the epithelial surface (Audry et al., 2019). 

4.2 Sustained TNFAIP3 Expression and NF-κB activation 
The sustained TNFAIP3 induction at 24 h is likely due to consistent stimulation by live, replicating 

N. meningitidis bacteria, and constant ligand recognition via TLR4/TLR2 pathways by their LOS 

and porin proteins respectively, causing continuous NF-κB activation (Johswich, 2017), resulting 

in sustained TNFAIP3 expression (Lim et al., 2022). This is consistent with its observed expression 

in LPS, a potent TLR4 inducer (Lu et al., 2008) which represents a stimulus without replication, 

showing nearly unaltered TNFAIP3 induction at 6 h and 24 h (Figure 4). The significant but more 

modest induction of TNFAIP3 from baseline levels in L. salivarius and L. reuteri was likely due to 

their lack of LPS/LOS ligands as these are both Gram-positive bacteria. Their MAMPs instead 

trigger host response primarily via TLR2 and other PRR pathways rather than through TLR4, 

although the specific recognition mechanisms for L. salivarius and L. reuteri are not well 

characterized in pharyngeal epithelial cells (Udayan et al., 2021; Hoang et al., 2018). As TLR4 

induces stronger NF-κB activation than TLR2 via an additional signaling pathway (Kawai & Akira, 

2007), absent or lesser TLR4 activation by L. salivarius or L. reuteri would expectedly result in a 

lower NF-κB response. Due to experimental setup, comparisons in TNFAIP3 induction between N. 
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meningitidis and L. salivarius and L. reuteri cannot be directly made, but Wassing et al. (2021) also 

noted this same pattern of induction between N. meningitidis and these lactobacilli. 

4.3 Promoter Architecture Differences Between TNFAIP3 and DEFB4  
Alongside high levels of TNFAIP3 expression, DEFB4 was induced in all N. meningitidis serogroups 

and FAM20 (Figures 2 and 5). The DEFB4 expression seen in one N. meningitidis unexposed 

control indicated cellular stress rather than constitutive expression (Woo et al., 2014), 

corroborated by elevated TNFAIP3 expression, where inclusion of this stressed replicate in 

analysis yielded conservative estimates of induction. It was retained across all gene analyses as 

its exclusion would reduce control sample size. As no true baseline for DEFB4 expression could be 

determined, precluding fold change calculations, expression was estimated and analyzed using 2-

ΔCq values not adjusted to controls (Figure 2), showing clear low-level induction of DEFB4 from an 

undetected baseline, representing real biological signal consistent with negative regulation by 

TNFAIP3 (Coornaert et al., 2009). The low-level expression of DEFB4 at 24 h contrasts with results 

reported by Wassing et al. (2021), where at 6 h no significant induction was observed. This could 

be explained by a strong initial A20 mediated NF-κB suppression at 6 h, with residual NF-κB 

accumulation sufficient for DEFB4 transcription (Woo et al., 2014) not occurring until 24 h.  

Both TNFAIP3 and DEFB4 are transcriptionally activated by NF-κB, and co-induction would be 

logically expected, however their promoter architecture differs substantially. TNFAIP3 is rapidly 

induced by NF-κB due to a primed promoter architecture, requiring only NF-κB binding for 

transcription (Coornaert et al., 2009), allowing for strong initial NF-κB suppression. The DEFB4 

promoter includes a total of three NF-κB binding sites but also requires AP-1, alongside multiple 

additional transcription factors which modulate its activity (Woo et al., 2014). Additionally, A20 

feedback regulation only attenuates NF-κB, allowing a persisting feedback loop to be maintained 

(Verstrepen et al., 2010). Residual NF-κB from A20 feedback, along with MAPK mediated AP-1 

activation via TLR2 recognition of PorB (Toussi et al., 2016), may have allowed for the low-level 

transcription which was detected. The siRNA silencing of TNFAIP3 was demonstrated by Wassing 

et al. (2021) to restore DEFB4 expression in this same system, confirming that A20 mediated NF-

κB suppression is the primary limiting factor for DEFB4 expression in FaDu cells. They further 

showed that N. meningitidis is dose dependently susceptible to hBD-2, meaning that suppression 

or reduction in DEFB4 expression would increase its ability to survive at the epithelial surface. 

DEFB4 induction has also been shown to be possible independent of NF-κB activation through 

MAPK/AP-1 in gingival epithelial cells (Krisanaprakornkit et al., 2002), although it is not clear 

whether this would extend to FaDu or nasopharyngeal cells. Whether the high levels of TNFAIP3 

induction observed reflect host feedback or active bacterial modulation could not be resolved in 

this study.  

4.4 Serogroup Specific DEFB1 Suppression and Constitutive CAMP Expression 
DEFB1 was not detected in NmB, NmC and NmW (Figure 1), and this likely was not due to elevated 

TNFAIP3, as the DEFB1 promoter lacks NF-κB and AP-1 binding sites (Fu et al., 2023), with 

baseline expression primarily regulated by HIF-1α (Kelly et al., 2013). This reduction in 

expression also is unlikely to be due to an insufficient cDNA input, as CAMP, detecting even closer 

to the LOD, remained detectable in the same aliquots (Figure 5). Unlike in the lactobacilli 

experimental set at 6 h, where DEFB1 was inconsistently detected near the LOD across all 

conditions including unexposed controls (Appendix 3A), DEFB1 expression in the N. meningitidis 

exposures was detected in unexposed controls and absent only in specific serogroups, suggesting 

condition specific suppression rather than a detection limitation. Wassing et al. (2021) reported 

no change in DEFB1 expression following exposure to FAM20, which was also observed in the 

present study. However, this study identified a possible serogroup specific suppression not 

previously captured which warrants further investigation. The suppression of DEFB1 may 
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represent a colonization advantage, potentially through serogroup or strain dependent 

modulation of host signaling pathways. 

The expression of CAMP was detected across all controls and exposure conditions near the LOD, 

preventing reliable statistical analysis (Figure 5, Appendices 2 and 3). This pattern of detection 

reflects the constitutive expression of CAMP which is primarily regulated by an NF-κB 

independent cAMP/CREB and AP-1 pathway in epithelial cells (Chakraborty et al., 2009). While 

N. meningitidis is susceptible to the LL-37 peptide encoded by CAMP, several mechanisms have 

evolved to manage LL-37 mediated killing. These include efflux pumps that can excrete membrane 

permeating LL-37, and surface modifications which reduce interactions with antimicrobial 

peptides, preventing cell lysis (Tzeng & Stephens, 2015). N. meningitidis is also able to upregulate 

capsule gene expression in response to nonlethal LL-37 levels, but importantly, adhesion to the 

epithelial surface itself confers resistance to LL-37. When attached to FaDu cells, N. meningitidis 

has been shown to have approximately 10-fold greater resistance to LL-37 than bacteria in 

suspension (Jones et al., 2009). This reduces the need for suppression of CAMP during 

colonization, consistent with its constitutive expression remaining unaffected across all N. 

meningitidis exposure conditions in this study.  

4.5 Conclusion 
This study extended the single strain FAM20 findings of Wassing et al. (2021) across four 

additional N. meningitidis strains representing four serogroups, confirming that sustained 

TNFAIP3 induction during early colonization is a general response upon exposure to N. 

meningitidis of serogroups B, C, W and Y, with levels remaining significantly elevated after 24 h of 

exposure. TNFAIP3 induction in L. salivarius and L. reuteri was also significant, but at a lower 

relative magnitude, consistent with patterns described by Wassing et al. (2021). DEFB4 was 

induced at low levels across all serogroups, contrasting with the absence of induction at 6 h 

reported by Wassing et al. (2021), likely reflecting residual NF-κB accumulation over time within 

the host A20-mediated negative feedback loop. DEFB1 was suppressed in NmB, NmC and NmW, a 

serogroup specific effect not previously reported, which may represent a colonization advantage. 

CAMP expression was maintained constitutively, consistent with existing N. meningitidis 

resistance to LL-37 reducing the need for its suppression. These findings suggest that AMP 

expression during N. meningitidis colonization is not uniformly suppressed but rather varies by 

gene and regulatory pathway. As expression was measured at the transcript level, protein 

measurements would be required to determine true levels of AMP secretion. While differences in 

expression of TNFAIP3 and DEFB4 were observed between serogroups, these differences failed to 

reach statistical significance. Furthermore, even if significant differences were identified, 

serogroup specific differences could not be distinguished from strain specific differences in this 

study. This is due to the N. meningitidis capsule being downregulated during epithelial attachment 

(Tzeng et al., 2016), exposing subcapsular ligands which vary independently of serogroup and 

contribute to the immune response through TLR signaling. Further investigation of the epithelial 

AMP response to N. meningitidis during colonization is needed, as it is not well characterized in 

pharyngeal epithelial cells.  
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5. Ethical Aspects and Impact on Society 
To model early colonization and assess the immune response to N. meningitidis, L. salivarius and 
L. reuteri, the human pharyngeal FaDu HNSCC immortalized cell line was used. This cell line was 

isolated from a squamous cell carcinoma of the hypopharynx isolated from a 56-year-old male 

patient (Rangan, 1972). Due to being a long-established cell line, no ethical approval was required 

for the use of this cell line. The N. meningitidis isolates used to generate the RNA were acquired 

from the National Reference Laboratory repository for N. meningitidis at Örebro University 

Hospital, and no ethical application was required as the RNA isolates were generated and 

provided by Örebro University.  

As these cells were obtained from a male patient, the results may not be equivalent across sexes. 

This has the possibility to perpetuate gender bias in scientific knowledge as differential immune 

response between sexes has been noted in literature (Klein & Flanagan, 2016). Further studies 

should incorporate female derived pharyngeal or airway cell lines to ensure the generalizability 

of findings between sexes. 

N. meningitidis remains a significant public health problem, with substantial mortality rates upon 

meningeal infection, highlighting the importance of understanding conserved and serogroup 
specific mechanisms of nasopharyngeal colonization. This work expands on current knowledge 

by characterizing serogroup dependent modulation of epithelial AMP and TNFAIP3 expression, 

increasing insight into how N. meningitidis evades innate immune defenses during colonization 

prior to invasive infection. 

6. Future Perspectives 
The FaDu cell line used in this study can only serve as a model for nasopharyngeal colonization, 

as it has constitutive NF-κB expression due to being an HNSCC carcinoma cell line (Lun et al., 

2005), which may influence the A20 feedback loop and obscure the effect of N. meningitidis 

exposure on NF-κB and TNFAIP3 and subsequent AMP secretion. Future studies should 

incorporate a nasopharyngeal cell line without baseline NF-κB activity, such as NP69, which has 

already been utilized in N. meningitidis invasion studies (von Papen et al., 2016). 

Increased biological replicate sample size would more effectively account for inherent biological 

variations in expression, increasing statistical power and interpretability, while increasing cDNA 

inputs would allow for more accurate quantifications of expression slightly further from the LOD. 

To account for the biological significance of N. meningitidis adherence (Persson et al., 2024), 
multiple washing steps should be utilized in sustained colonization/carriage models. This would 

better model the mucosal environment of the nasopharynx (Audry et al., 2019). 

At a mechanistic level, measuring IgA protease levels relative to NF-κB and TNFAIP3 may 

characterize active ST-11 colonization strategies, as ST-11 strains secrete IgA protease capable of 

entering the host nucleus and cleaving the NF-κB p65/RelA subunit during colonization (Besbes 

et al., 2015). The siRNA silencing of TNFAIP3 across serogroups could determine whether 

previously reported A20 mediated DEFB4 suppression extends beyond FAM20. Characterizing 

serotypes, immunotypes, and other capsule independent ligands using additional strains would 

reveal whether observed variation in AMP induction correlates with subcapsular ligand 

differences, while protein measurement would reveal whether gene induction corresponds to 

functional AMP secretion. The nasopharyngeal epithelium’s immunological role in prevention of 

invasive meningococcal disease developing from persistent colonization remains largely 

unexplored, particularly regarding serogroup and strain variation, indicating an essential need for 

further research.  
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Appendix 1. Standard curves for L. salivarius (A) and L. reuteri (B) showing the correlation between OD600 

values and CFU/mL, with the Y-axis on a log10 scale. OD600 readings were taken in MRS broth, and individual 

datapoints are an average of two CFU/mL values, determined by serially diluted plate counts back 

calculated to original suspension values. Linear regression lines and equations are shown. These curves 

were generated using a 2% culture incubated for 2 h and then adjusted to an initial OD600 of 0.4 to 0.5 before 

dilution. Each OD600 value was serially diluted in MRS broth and then plated on MRS agar in duplicate at 1 

× 10-4 to 1 × 10-6 dilutions and grown in respective optimal conditions. 
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Appendix 2. Mean Cq Values for N. meningitidis Exposure Biological Replicates 

Sample YWHAZ  TNFAIP3 (ΔCq) DEFB1 (ΔCq) DEFB4 (ΔCq) CAMP (ΔCq) 

FAM20 Rep A 27.00 21.42 (-5.58) 37.01 (10.01) 34.98 (7.98) 37.13 (10.13) 

FAM20 Rep B 27.23 19.75 (-7.48) 36.06 (8.83) 34.14 (6.91) 38.21 (10.98) 

FAM20 Rep C 25.98 19.97 (-6.01) 36.35 (10.37) 32.46 (6.48) 37.30 (11.32)    

 

  

NmB Rep A 32.82 26.25 (-6.57) ND 36.35† ND 

NmB Rep B 27.37 20.56 (-6.82) ND 33.70 (6.32) 37.54 (10.17) 

NmB Rep C 26.68 19.37 (-7.31) ND 32.07 (5.39) 38.24 (11.56) 
   

 

  

NmC Rep A 26.15 20.26 (-5.89) 37.70† 33.72 (7.58) 37.70† 

NmC Rep B 26.13 20.03 (-6.10) ND 33.44 (7.30) 36.71 (10.58) 

NmC Rep C 26.02 19.64 (-6.38) ND 32.93 (6.91) 37.83 (11.81) 
   

 

  

NmW Rep A 25.95 22.13 (-3.82) ND 35.07 (9.11) 39.01 (13.06) 

NmW Rep B 26.97 21.14 (-5.83) 37.46† 33.44 (6.47) 38.95† 

NmW Rep C 25.83 20.26 (-5.57) ND 33.74 (7.91) 38.51 (12.68) 
   

 

  

NmY Rep A 26.92 20.18 (-6.74) 36.20† 33.23 (6.30) 38.79† 

NmY Rep B 26.09 19.70 (-6.38) 36.29 (10.20) 32.68 (6.59) 36.53 (10.44) 

NmY Rep C 26.67 20.91 (-5.77) 36.41 (9.73) 32.23 (5.56) 37.56 (10.88) 
   

 

  

Control Rep A 25.63 25.38 (-0.25) 34.71 (9.08) ND 37.55 (11.92) 

Control Rep B 25.40 24.98 (-0.42) 33.85 (8.45) ND 37.02 (11.62) 

Control Rep C 25.66 21.21 (-4.45) 36.54 (10.88) 34.15 (8.49) 36.88 (11.22) 

Mean Cq and ΔCq values for YWHAZ, TNFAIP3, DEFB1, DEFB4 and CAMP across all N. meningitidis biological 

replicates, calculated from technical triplicates, measured using qPCR with TaqMan assays on a PikoReal 96 

machine. ΔCq values were calculated as gene target Cq − YWHAZ Cq. All thresholds were set equal between 

each gene target. Values assigned ND had no detection across any technical replicate. Bolded values denoted 

with † indicate detection in 1/3 technical replicates, and these values were therefore excluded from analysis 

according to exclusion criteria (2.5.3). NmB Rep A showed an elevated YWHAZ Cq value (32.82), indicating 

a lower cDNA input or upstream RT inefficiency. This meant low transcript targets (CAMP, DEFB1) were not 

detected according to criteria in this biological replicate, but YWHAZ normalization accounted for this in the 

case of TNFAIP3 analysis. 
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Appendix 3A. Mean Cq Values of 6 h Lactobacilli Exposure Biological Replicates 

Sample 6 h YWHAZ  TNFAIP3 (ΔCq) DEFB1 (ΔCq) DEFB4 (ΔCq) CAMP (ΔCq) 

L. salivarius B1 27.70 24.31 (-3.40) 37.72† ND 37.74 (10.04) 

L. salivarius B2 26.22 23.43 (-2.80) ND ND 33.19 (6.96) 

L. salivarius B3 25.30 22.55 (-2.75) 37.49† 36.00 (10.69) 35.64 (10.33) 
      

L. reuteri B1 27.31 25.51 (-1.80) 37.41 (10.09) ND 37.50 (10.19) 

L. reuteri B2 25.76 23.16 (-2.60) 37.38† 35.89 (10.13) 32.46 (6.70) 

L. reuteri B3 26.05 22.67 (-3.38) 36.78† 36.55 (10.50) 32.49 (6.44) 
      

LPS B1 26.81 26.45 (-0.36) 36.89 (10.08) ND 36.74 (9.93) 

LPS B2 25.56 25.11 (-0.44) 36.41 (10.85) ND 32.28 (6.72) 

LPS B3 25.71 24.82 (-0.89) 36.1† ND 32.13 (6.42) 
      

Control B1 27.03 27.12 (0.09) 37.64 (10.61) ND 36.60 (9.57) 

Control B2 26.53 25.75 (-0.77) 37.64† ND 32.97 (6.45) 

Control B3 26.07 25.54 (-0.53) 36.55† ND 32.68 (6.61) 

Mean Cq and ΔCq values for YWHAZ, TNFAIP3, DEFB1, DEFB4 and CAMP across all 6 h lactobacilli, LPS and 

unexposed control biological replicates, calculated from technical triplicates, measured using qPCR with 

TaqMan assays on a PikoReal 96 machine. ΔCq values were calculated as gene target Cq − YWHAZ Cq. All 

thresholds were set equal between each gene target. Values assigned ND had no detection across any 

technical replicate. Bolded values denoted with † indicate detection in 1/3 technical replicates, and these 

values were therefore excluded from analysis according to exclusion criteria (2.5.3). For DEFB1, unexposed 

controls and L. reuteri did not meet detection criteria at the biological replicate level and were excluded 

from analysis. 

Appendix 3B. Mean Cq Values of 24 h Lactobacilli Exposure Biological Replicates 

Sample 24 h YWHAZ  TNFAIP3 (ΔCq) DEFB1 (ΔCq) DEFB4 (ΔCq) CAMP (ΔCq) 

L. salivarius B1 26.98 25.06 (-1.92) 36.72 (9.74) ND 37.21 (10.23) 

L. salivarius B2 26.04 23.69 (-2.35) 35.27 (9.23) 36.20 (10.15) 35.87 (9.83) 

L. salivarius B3 25.83 23.31 (-2.52) 37.11 (11.28) 36.11 (10.27) 35.28 (9.45) 
      

L. reuteri B1 ND ND ND ND ND 

L. reuteri B2 25.76 24.10 (-1.67) 36.93 (11.17) ND 33.93 (8.17) 

L. reuteri B3 25.80 24.10 (-1.70) 35.66 (9.85) 37.07 (11.26) 33.29 (7.49) 
      

LPS B1 26.96 26.65 (-0.31) 36.41 (9.45) ND 36.21 (9.25) 

LPS B2 26.05 26.09 (0.04) 35.81† ND 34.27 (8.22) 

LPS B3 26.08 26.17 (0.09) 36.56 (10.48) ND 35.66 (9.58) 
      

Control B1 26.89 27.34 (0.45) 35.74 (8.85) ND 36.13 (9.24) 

Control B2 26.46 26.14 (-0.32) 35.49 (9.03) ND 33.90 (7.44) 

Control B3 26.08 26.56 (0.47) 36.29 (10.21) ND 33.75 (7.66) 

Mean Cq and ΔCq values for YWHAZ, TNFAIP3, DEFB1, DEFB4 and CAMP across all 24 h lactobacilli, LPS and 

unexposed control biological replicates, calculated from technical triplicates, measured using qPCR with 

TaqMan assays on a PikoReal 96 machine. ΔCq values were calculated as gene target Cq − YWHAZ Cq. All 

thresholds were set equal between each gene target. Values assigned ND had no detection across any 

technical replicate. Bolded values denoted with † indicate detection in 1/3 technical replicates, and these 
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values were therefore excluded from analysis according to exclusion criteria (2.5.3). Biological replicate L. 

reuteri B1 showed no amplification and was considered a failed sample. For DEFB4, L. reuteri did not meet 

detection criteria at the biological replicate level and was excluded from analysis. 

 

Appendix 4 

 

Appendix 4A. Gene stability results from RefFinder (Xie et al., 2012) ranking reference gene stability using 

normFinder (Andersen et al., 2004). YWHAZ was ranked as the most stable with a value of 0.127. Panel was 

performed on these samples using the Tataa Biocenter Reference Gene Panel by A. Nilsson (2025). 

Appendix 4B. Average M values 

Gene Avg. M 
GAPDH 0.4091 
UCB 0.3401 
TUBB 0.3019 
GUSB 0.2719 
TBP 0.2415 
ACTB 0.2153 
RPLP 0.1897 
YWHAZ 0.1718 
HPRT1-PPIA 0.1501 

Average M values generated in R version (version 4.4.0, R Core Team; 2024) using GeNorm analysis 

(Vandesompele et al., 2002). YWHAZ has an average M value of 0.1718. Pairwise variation V2/3 = 0.0045, 

well below the 0.15 threshold. Panel was performed on these samples using the Tataa Biocenter Reference 

Gene Panel by A. Nilsson (2025). 
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Appendix 5. Variance and Normality of Residuals 

Gene Analyzed Brown-
Forsythe p 

D'Agostino 
p 

Anderson-
Darling p 

Shapiro-
Wilk p 

Kolmogorov-
Smirnov p 

Assumptions 
met 

6 h TNFAIP3 
Analysis (LB) 

0.6215 0.9775 0.8856 0.9908 0.10 Yes 

24 h TNFAIP3 
Analysis (LB) 

0.7993 0.6105 0.7597 0.6919 0.10 Yes 

TNFAIP3 Nm 0.7409 0.0272* 0.3468 0.1675 0.10 Yes* 

DEFB4 Nm 0.5641 0.8564 0.9566 0.9988 0.10 Yes 

Normality of residuals was assessed for gene targets analyzed via one-way ANOVA using D'Agostino-

Pearson, Anderson-Darling, Shapiro-Wilk and Kolmogorov-Smirnov tests, and homogeneity of variance 

using Brown-Forsythe tests, at α = 0.05, performed in Prism 11.0 (GraphPad Software). Kolmogorov-

Smirnov p-values of >0.10 reflect Prism's reporting limit. * In the TNFAIP3 analysis, D'Agostino-Pearson 

indicated a minor deviation from normality (p = 0.027), however Shapiro-Wilk, Anderson-Darling and 

Kolmogorov-Smirnov tests did not (all p > 0.05). Parametric analysis was retained as non-parametric tests 

have limited power with groups at n = 2-3. For Nm (N. meningitidis) DEFB1 and CAMP conditions and for 

the 6 h and 24 h LB (lactobacilli) conditions, additionally DEFB4, expression near the LOD prevented reliable 

statistical analysis.  

Appendix 6. N. meningitidis RNA Purity and Concentration Values 

Sample Conc. (ng/ul) A260/280 A260/230 

FAM20 Rep A 387.04 2.03 2.16 

FAM20 Rep B 457.98 2.05 2.15 

FAM20 Rep C 423.88 2.03 2.20 

NmB Rep A 172.90 2.02 1.77 

NmB Rep B 169.52 2.01 1.06 

NmB Rep C 169.96 2.02 1.54 

NmC Rep A 157.70 1.99 1.42 

NmC Rep B 146.30 2.02 1.39 

NmC Rep C 204.21 1.98 1.85 

NmW Rep A 391.02 2.04 2.12 

NmW Rep B 326.81 2.04 2.14 

NmW Rep C 388.83 2.02 2.17 

NmY Rep A 206.75 1.98 1.78 

NmY Rep B 187.42 2.03 1.03 

NmY Rep C 160.10 1.99 1.88 

Control Rep A 592.10 2.04 2.16 

Control Rep B 467.07 2.06 2.25 

Control Rep C 482.75 2.05 2.18 

RNA concentrations and purity values for all N. meningitidis biological replicates along with associated 

unexposed controls extracted at 24 h, taken using a DeNovix DS-11+ spectrophotometer. Some samples 

showed lower A260/230 ratios, but all amplified consistently in RT-qPCR. 

  



27 
 

 

Appendix 7. Lactobacilli RNA Purity and Concentration Values 

Sample (6 h) Conc. 
(ng/ul) 

A260/280 A260/230 
 

Sample (24 h) Conc. 
(ng/ul) 

A260/280 A260/230 

L. salivarius B1 297.39 2.03 1.71 
 

L. salivarius B1 436.91 2.05 1.91 

L. salivarius B2 277.57 2.05 1.54 
 

L. salivarius B2 386.75 2.04 2.18 

L. salivarius B3 376.70 2.04 2.06 
 

L. salivarius B3 285.83 2.04 2.04 

L. reuteri B1 302.97 2.05 1.94 
 

L. reuteri B1 425.89 2.05 2.19 

L. reuteri B2 357.46 2.04 2.13 
 

L. reuteri B2 421.91 2.05 2.02 

L. reuteri B3 312.29 2.04 1.99 
 

L. reuteri B3 449.43 2.04 2.09 

LPS B1 340.92 2.03 2.10 
 

LPS B1 468.38 2.06 2.05 

LPS B2 210.72 2.02 2.07 
 

LPS B2 425.43 2.06 2.05 

LPS B3 341.83 2.02 2.17 
 

LPS B3 287.48 2.04 1.99 

Control B1 279.17 2.04 1.70 
 

Control B1 526.90 2.05 2.13 

Control B2 309.76 2.04 2.19 
 

Control B2 316.00 2.04 2.06 

Control B3 273.77 2.02 2.04 
 

Control B3 510.14 2.04 2.06 

RNA concentrations and purity values for all lactobacilli and LPS biological replicates along with associated 

unexposed controls extracted at 6 h and 24 h, taken using a DeNovix DS-11+ spectrophotometer. 


