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SUMMARY 

Nasal colonization by Staphylococcus aureus or Streptococcus pneumoniae is 

associated with an increased risk of infection by these pathobionts, whereas nasal 

colonization by Dolosigranulum species is associated with health. Human nasal epithelial 

organoids (HNOs) physiologically recapitulate human nasal respiratory epithelium with a 

robust mucociliary blanket. We reproducibly monocolonized HNOs with these three 

bacteria for up to 48 hours with varying kinetics across species. HNOs tolerated bacterial 

monocolonization with localization of bacteria to the mucus layer and minimal cytotoxicity 

compared to uncolonized HNOs. Human nasal epithelium exhibited both species-specific 

and general cytokine responses, without induction of type I interferons, consistent with 

colonization rather than infection. Only live S. aureus colonization induced IL-1 family 

cytokines, suggestive of inflammasome signaling. D. pigrum and live S. aureus decreased 

CXCL10, whereas S. pneumoniae increased CXCL11, chemokines involved in 

antimicrobial responses. HNOs are a compelling model system to reveal host-microbe 

dynamics at the human nasal mucosa.  

BRIEF REPORT 

There is an urgent need for human-based models that accurately exemplify bacterial 

nasal colonization. Methicillin-resistant Staphylococcus aureus (MRSA) is a leading 

cause of death due to antimicrobial resistant bacteria globally.1 The human nasal 

passages are a primary habitat for S. aureus with a third of humans nasally colonized.2,3 

Moreover, S. aureus nasal colonization is a risk factor for S. aureus infection with ~80% 

of infection isolates matching the person’s nasal isolate.4-6 In the absence of an effective 

vaccine7,8, antibiotic-based S. aureus nasal decolonization is the only current strategy to 
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reduce infections.9-11 Further, evolutionary analysis shows humans are the major hub for 

S. aureus host switching among mammalian species.12 Thus, development of human-

based models to investigate S. aureus nasal colonization is vitally important for the World 

Health Organizations’ One Health, which is “an integrated, unifying approach that aims to 

sustainably balance and optimize the health of people, animals, and ecosystems.”13 

Similarly, S. pneumoniae human nasal colonization is the primary reservoir for both 

invasive pneumococcal disease (IPD) and for pneumococcal transmission.14 Vaccination 

has reduced IPD; however, in the absence of a universal vaccine for S. pneumoniae, IPD 

remains a global threat to human health.1,15 To date, experimental human pneumococcal 

colonization studies are limited to only a few serotypes16, and it is unknown whether 

findings are applicable to a broader range of serotypes, including highly virulent 

serotypes. In contrast to the threat posed by these two nasal pathobionts, the genus 

Dolosigranulum is frequently associated with healthy cohorts in studies of human nasal 

microbiota17 and is inversely associated with S. aureus nasal colonization in adults18-20 

and with S. pneumoniae nasal colonization in children.21,22 Furthermore, D. pigrum 

inhibits S. aureus in vitro19 and protects Galleria mellonella from S. aureus infection in 

vivo23, supporting its likely role as a nasal mutualist. Using these three species, we 

demonstrate here that human nasal epithelial organoids (HNOs; aka human nose 

organoids) are a physiologically relevant model system for elucidating conserved and 

species-specific human microbiont-epithelial interactions.  

HNOs offer more physiological accuracy, genetic diversity, and long-term experimental 

use than other colonization models. Based on the Sachs et al. method for generating 

Human Airway Organoids24, HNOs are derived from tissue-resident stem cells collected 
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using nasal mucosal swabs/washings and propagated ex vivo as three-dimensional (3D) 

organoids that can be frozen and passaged for long-term experimental use. Dispersed 

3D organoids plated in monolayers on transwells and differentiated at an air-liquid 

interface (ALI) accurately recapitulate human nasal respiratory epithelium with ciliated 

cells, goblet cells, basal cells, club cells, and a thick mucus layer that is circulated by 

functional cilia and in contact with air.25 Rajan et al. established HNOs as a model system 

for respiratory viral infections25; however, this model has not been previously applied to 

host-bacterial interactions.  

HNOs overcome crucial limitations of other model systems for investigating epithelial-

microbiont interactions. Primary human nasal epithelial cell explants (pHNECs), although 

physiologically equivalent, are restricted to short-term studies due to limited passaging.26 

Immortalized respiratory cell lines (e.g., CALU3, RPMI 2650, A549 cells) lack a 

physiological mucus layer, lack the multiple cell types present in human nasal epithelium, 

and fail to represent human genetic diversity.27,28 ALI-polarization of these cell lines29-31 

or of immortalized human nasal epithelial cells32 generates models that can tolerate live 

bacterial colonization for 4 to 72 hours, depending on the species29-32; however, these 

still fall short of recapitulating the human nasal mucociliary blanket. Animal models, e.g., 

the cotton rat33, have the advantage of a systemic immune response; however, many 

human nasal microbionts poorly colonize nonhuman models and animal models of human 

nasal microbiota may nominally reflect human-microbe interactions.34 As shown below, 

HNOs overcome these limitations. 

Fixing HNOs in Clark’s solution35,36 and staining with Periodic acid-Schiff (PAS) and 

hematoxylin revealed a substantial apical mucus layer atop the epithelium with visible 
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apical ciliated cells, goblet cells, and numerous basal cells (Figure 1A). This robust 

mucus production by HNOs differentiated at ALI is a vital element since mucus affects 

bacterial behavior by reducing adherence and biofilm formation.37,38 To replicate in vivo 

environmental conditions, we performed experiments with HNOs at the human nasal 

passage temperature of 34 °C.39 Accounting for human nasal temperature is particularly 

important since S. aureus31,40-42 and S. pneumoniae43,44 behave differently at 34 °C, or 

lower, compared to at the human internal body temperature of 37 °C. Based on bulk RNA 

sequencing, HNOs differentiated at 37 °C and shifted to 34 °C for experimentation were 

transcriptionally similar to those maintained at 37 °C throughout (Figure S1A), indicating 

the shift to 34 °C had minimal effects on epithelial transcription. Hypothesizing that we 

could use these HNOs to investigate bacterial nasal colonization, we developed protocols 

for live bacterial monocolonization by S. aureus, S. pneumoniae, and D. pigrum. 

All three nasal microbionts monocolonized HNOs at 34 °C, as measured by colony 

forming units (CFUs) recovered per HNO at 24 and 48 hours (Figure 1B). To preserve 

the mucus layer and maintain the air interface, we apically inoculated HNOs with 107 - 

108 CFUs of bacteria in only 15 µL of buffer, with control HNOs receiving buffer alone 

(Methods in Supplemental Information). To account for host genetic variability, we used 

three different donor-derived HNO lines, which are indicated by different shapes in 

graphs. We used a linear mixed model (LMM) to account for the hierarchical nature of our 

data, with n ≥ 3 independent experiments within each HNO line. The LMM allowed us to 

assess the variability due to both HNO line and independent experiments (as random 

effects). The variability due to HNO line was minimal when modeling the CFU and LDH 

data (Table S1A-B), allowing us to focus the model on the different bacterial treatments 
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(as a fixed effect). (For details on statistical analysis see reproducible code available at 

(https://klemonlab.github.io/HNOBac_Manuscript/). 

All 3 HNO donor lines had a median of 6 x 105 human cells per transwell (Figure S1B) 1 

day prior to bacterial inoculation for an estimated mean multiplicity of inoculation of 15 - 

200. At 24 hours, S. aureus CFUs/HNO were reduced 374-fold from the inoculum, with 

an LMM-predicted mean of ~2.8 x 104 (Table S1A), but then appeared to rebound, 

increasing 330-fold between 24 and 48 hours (purple, Figure 1B), suggesting replication 

on the mucosal surface. At 24 hours, D. pigrum CFUs/HNO were reduced 990-fold from 

the inoculum, with a model-predicted mean of ~5.4 x 104 CFUs/HNO, which further 

decreased 17-fold by 48 hours (blue, Figure 1B). At 24 hours of colonization, S. 

pneumoniae CFUs/HNO were reduced 35-fold from the inoculum, with a model-predicted 

mean of ~106 CFUs/HNO, which further decreased 39-fold by 48 hours (lavender, Figure 

1B). Experiments at human internal body temperature of 37 °C gave similar results 

(Figure S1C). Together, these assays demonstrate persistence of close to 105 

CFUs/HNO at 24 or 48 hours, providing theoretically sufficient bacterial biomass for 

downstream assays in future experimentation. Moreover, these data point to the ability of 

the nasal epithelium to control the bacterial biomass during colonization. 

Bacteria resided in the mucus layer during colonization. To assess bacterial localization, 

we colonized with live bacteria that were prelabeled with MitoTracker Red CMXRos45 

(which stains live bacterial cells and has fluorescence that survives fixation). Then, after 

HNO fixation and sectioning, we visualized the mucus layer and goblet cells using an anti-

MUC5AC antibody and the epithelial cell nuclei and bacterial DNA using Hoechst 33342 

dye (Figure 1C-E). Both colonized HNOs and uncolonized controls (Figure 1F) showed 
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secretion of MUC5AC+ mucus. Moreover, bacteria were visible in the mucus layer of 

HNOs after 6 hours of colonization (Figure 1C-E). This supports prior reports of S. aureus 

localization in mucus during nasal colonization of ferrets46 and of S. pneumoniae 

localization in mucus layer during colonization of nasal epithelial tissue explants.47 

To assess HNO health following bacterial colonization, we measured lactate 

dehydrogenase (LDH), an enzyme that is released from epithelial cells when plasma 

membrane integrity is compromised, in the basal medium.48 For uncolonized HNOs, LDH 

levels in the basal medium increased 1.6-fold between 1 hour before colonization to 48 

hours (Figure 1G). HNOs colonized with D. pigrum or S. pneumoniae released similar 

amounts of LDH as uncolonized controls (Figure 1G, Table S1B). HNO colonized with 

S. aureus released slightly (3.5-fold) more LDH by 48 hours than did uncolonized controls 

(Figure 1G, Table S1B). Similar results were obtained at 37 °C (Figure S1D). These data 

indicate a similarly low level of cellular damage in uncolonized and bacterially colonized 

HNOs.  

HNOs displayed both species-specific and general cytokine production in response to 

monocolonization with S. aureus, D. pigrum, or S. pneumoniae. Based on their 

pathogenic potential, we hypothesized the pathobionts S. aureus and S. pneumoniae 

would initiate a more prominent nasal epithelial innate immune response compared to the 

candidate mutualist D. pigrum. To test this, we measured HNO apical and basal cytokine 

production in response to monocolonization with each species, with apical production 

modeling release into human nasal mucus/lumen and basal production modeling release 

into tissue and circulation. We assayed a wide range of epithelial-produced cytokines 

(including those involved in allergic response, inflammasome signaling, matrix 
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metalloproteinases, acute inflammation, chemotaxis, growth factors, response to 

viral/bacterial infection, and anti-inflammation), totaling 39 cytokines, 30 of which met the 

threshold for detection in at least one compartment (apical and/or basal). To assess 

whether live and dead bacteria elicited similar effects, we also inoculated HNOs with a 

comparable number of dead bacteria killed by gamma irradiation, which should preserve 

the structure of surface-exposed antigens.49 We visualized the log2-fold-change in each 

cytokine detected at 48 hours in each colonized condition vs. the uncolonized control 

HNO, which revealed both species-specific and general responses to bacterial 

colonization (Figure S2A; Table S1C). 

In terms of a species-specific effect, S. aureus colonization induced interleukin-1 (IL-1) 

family cytokines consistent with an inflammasome response (Figure 2A). Inflammasomes 

are cytosolic multiprotein complexes that are assembled in response to pathogen-

associated molecular patterns (PAMPs) and/or damage-associated molecular patterns 

(DAMPs). Inflammasomes serve as both sensors and effectors of downstream 

inflammatory responses usually leading to pyroptotic cell death, which releases 

intracellular defenses50 and DAMPs that enhance recruitment of immune cells to the site 

of infection.51 Monocolonization with live S. aureus increased release of interleukin-1 

alpha (IL-1α) by 39-fold apically and 33-fold basally compared to uncolonized HNOs 

(Figure 2A). Again, we used an LMM for analysis, which showed that HNO line accounted 

for little of the variability (Table S1D). The fold changes mentioned here are based on the 

LMM predicted means (Table S1E). IL-1α is a key alarmin initiating inflammasome 

signaling.52 Both the pro- and mature forms of IL-1α bind to and actively signal through 

the IL-1 receptor (IL-1R)53, and the Luminex assay used here detects both forms. In 
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opposition, IL-1 receptor antagonist (IL-1RN, previously known as IL-1RA) competitively 

binds to the IL-1R inhibiting both the pro- and mature forms of IL-1α and dampening 

inflammasome activation. Live S. aureus monocolonization also increased HNO 

production of IL-1RN by 4-fold apically and 50-fold basally. This raised the question of 

whether IL-1α or IL-1RN is dominant in the HNO response to S. aureus colonization. 

Using the same samples, we detected net IL-1R activation in the HEK-Blue IL-1R reporter 

line indicating that IL-1α activity dominated apically (Figure S2B) and basally (Figure 

S2C) during live S. aureus colonization. Cells undergoing stress or damage release IL-

1α, leading to inflammasome activation and subsequent release of mature IL-18 and/or 

IL-1β.52 In response to live S. aureus colonization, HNOs also released higher levels of 

IL-18 (but not IL-1β) with a 23-fold apical and basal increase, suggesting inflammasome 

activation in a subset of epithelial cells in line with a very modest increase in LDH release 

under this condition (Figure 1G). In contrast, gamma-irradiated dead S. aureus had no 

effect on HNO production of IL-1 family cytokines compared to uncolonized (Figure 2A). 

Moreover, only live S. aureus increased apical IL-18 release and only live S. aureus 

increased basal HNO release of IL-1 family cytokines, with no detectable effect of live or 

dead D. pigrum or S. pneumoniae. In a human study of nasal inoculation with autologous 

S. aureus, increased IL-1β in nasal secretions was associated with S. aureus clearance 

from the nasal passage (IL-1α and IL-18 were not measured).54 Thus, our data showing 

HNO release of IL-1 family cytokines in response to live S. aureus colonization 

recapitulates an in vivo S. aureus human nasal colonization response further supporting 

HNOs as a surrogate to identify host factors affecting S. aureus nasal colonization.  
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Several monocolonization conditions resulted in decreased secretion of cytokines 

involved in antimicrobial immune responses below the levels of uncolonized controls 

(Figure 2B). Live or dead D. pigrum or live S. aureus decreased apical production of 

CXCL10 (previously known as IP-10) ~10-fold compared to uncolonized control HNOs, 

whereas there was little-to-no apical change in response to S. pneumoniae (Figure 2B). 

CXCL10 binds to the CXCR3 receptor inducing many downstream functions, e.g., 

chemotaxis of CXCR3+ cells, regulation of cell growth and proliferation, and promotion of 

apoptosis.55 CXCL10 also exhibits antibacterial effects against USA300 S. aureus56 and 

can stimulate release of S. aureus Protein A.57 CXCL10 promotes inflammation, which 

can have detrimental or beneficial effects on disease outcomes. For example, in adults, 

higher serum levels of CXCL10 are associated with increased severity of SARS-CoV2 

infection58 and higher levels of CXCL10 in nasal lavage fluid are associated with type 1 

chronic rhinosinusitis.59 In contrast, in infants, higher levels of CXCL10 in nasal washes 

are associated with protection against severe respiratory syncytial virus infection.60 In 

young adults and children, nasal microbiota profiles enriched for 

Dolosigranulum/Corynebacterium are associated with lower likelihood of severe 

respiratory symptoms during SARS-CoV2 infections.61 It is interesting to speculate that 

D. pigrum could modulate CXCL10 levels during SARS-CoV2 infection since high levels 

of CXCL10 in SARS-CoV2 infection are associated with increased severity.58 Either live 

or dead D. pigrum suppressed nasal epithelial production of CXCL10, whereas only live, 

but not dead, S. aureus suppressed CXCL10 production (Figure 2B), suggesting different 

mechanisms of suppression. Although inoculating peripheral blood mononuclear cells 

with S. aureus peptidoglycan lowers CXCL10 protein levels62, the nasal epithelial 
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response observed here required live S. aureus. In contrast, dead S. pneumoniae 

increased production of basal CXCL10 and apical CXCL11. Increased mucosal CXCL10 

levels are associated with pneumococcal carriage in older adults.63 CXCL11 also acts via 

binding to the CXCR3 receptor, activating the same pathways as CXCL1064, and, along 

with CXCL10, is up-regulated in response to pneumococcal lung infection in mice.65 

Overall, our data demonstrate that the HNOs are an excellent model for investigating 

nasal epithelial cytokine responses to bacterial colonization.  

HNOs also displayed some general responses to bacterial colonization. For example, in 

response to live or dead bacteria, HNOs increased production of cytokines that interact 

with macrophages and neutrophils (Figure 2C). Compared to uncolonized HNOs, both 

live and dead bacteria of all three species induced a 10-to-109-fold increase in apical and 

basal production of G-CSF and CCL20 (previously known as MIP-3α), except that dead 

S. aureus only induced a 3.4-fold increase in basal CCL20. CCL20 is a chemokine that 

attracts lymphocytes66 and dendritic cells.67 G-CSF is a growth factor that modulates 

neutrophil activity and enhances their survival in the epithelium.68 In contrast to the 

increase in G-CSF and CCL20, bacterial colonization of HNOs induced only mild 

increases in the pleiotropic cytokines TNF and IL-6, e.g., live D. pigrum and S. 

pneumoniae induced a 5-to-6-fold increase in apical TNF (Figure 2D). Although, dead S. 

pneumoniae induced a 28- and 18-fold increase in IL-6 apical and basal, respectively. 

This finding is in line with observations of S. aureus cell-free conditioned medium on 

pHNECs69 or bacteria colonization on immortalized cell lines.30,70 In contrast to the low-

level baseline production of TNF and IL-6, uncolonized HNOs produced high levels of IL-

8 (ranging from 1,000 to 5,000 pg/mL) without an increase in response to bacterial 
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colonization. Of note, monocolonized HNOs did not increase production of type 1 

interferons (Figure S2A; Table 1), a key epithelial response to bacterial and viral 

infection71,72, consistent with this being a model of microbiont colonization of the human 

nasal epithelium. 

To our knowledge, this is the first report using HNOs differentiated at an ALI to investigate 

colonization of nasal respiratory epithelium by human nasal microbionts. HNOs 

differentiated at ALI (2D) have been used previously to investigate disease phenotypes, 

e.g., cystic fibrosis73 and chronic rhinosinusitis74, as well as respiratory viral infections.25,75 

The differentiation at and maintenance of an ALI separates these HNOs from 3D HNOs 

and 2D HNOs with apical medium.74,76-78 This study is also the first to show that colonizing 

bacteria restricted to the mucociliary blanket are sufficient to induce an innate immune 

response in nasal epithelium. Our results show that monocolonization of human nasal 

epithelium with three nasal species resulted in distinct colonization dynamics and host 

responses. An epidemic USA300 strain of MRSA showed an initial drop in mucosal 

burden followed by a subsequent rebound suggesting active replication on nasal 

epithelium. Moreover, the epithelial innate immune response to S. aureus included higher 

levels of IL-1 family cytokines, indicative of activation of an inflammasome response. 

Additionally, we demonstrated that the candidate nasal mutualist D. pigrum reduced 

human nasal epithelial production of CXCL10, an inflammatory cytokine implicated in 

antimicrobial response and immune activation. Nasal colonization by D. pigrum has 

repeatedly been associated with positive health outcomes and HNOs now provide a 

means to elucidate the mechanisms of D. pigrum interactions with human nasal 

epithelium. In contrast, S. pneumoniae, a nasal pathobiont associated with negative 
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health outcomes and worsened viral infection symptoms, increased HNO production of 

antimicrobial and inflammation-associated cytokines. Unlike experimental human 

pneumococcal colonization, HNOs could be used to study colonization by a broader 

range and more virulent serotypes of S. pneumoniae, expanding efforts to identify key 

mechanisms of pneumococcal nasal colonization. Future applications for HNOs include 

extension to the pediatric nasal epithelium75 and potential for genetic manipulation of 

organoid lines, as is done with human intestinal organoids.79 Overall, the data presented 

here demonstrate that HNOs are a powerful model system for elucidating microbiont-

epithelial interactions and providing new insights into the functions of human nasal 

microbiota.  
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Figure 1. Human nasal epithelial organoids tolerate nasal microbiont colonization 

and restrict bacteria to the mucus layer. (A) HNOs differentiated at an ALI produced a 

robust mucus layer (pink). Uncolonized HNO919 was fixed in Clarke’s solution, cross-

sectioned, and stained with PAS (magenta) to highlight goblet cells, secreted mucus, and 

cilia, and with hematoxylin (navy) to highlight epithelial cells and imaged at 40x 

magnification. (B) Three HNO lines (HNO918 circles, HNO204 squares, HNO919 

triangles) were each monocolonized with S. aureus (purple), D. pigrum (blue), and S. 

pneumoniae (lavender) at 34 °C for up to 48 h. At time 0, 107 CFUs of a bacterium in 15 

µL of EBSS were inoculated apically. Recovered CFUs/HNO at 24 and 48 h are shown. 

Independent experiments for B, G: HNO918 ≥ 3, HNO204 ≥ 7, and HNO919 ≥ 5. Data (B 

and G) were analyzed using a linear mixed model (LMM) to determine statistical 
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significance with p-values adjusted for multiple comparisons (24 to 48 h in B and 

Uncolonized to each bacterial species in G) using the Holm method, shown above the 

horizontal bars. Vertical brackets represent the model-predicted mean values and 

confidence intervals (+/- twice the standard error of the mean). Including HNO line in the 

LMM as a random effect showed that HNO line accounted for little of the variability (Table 

S1A-B). (C) D. pigrum, (D) S. aureus, and (E) S. pneumoniae localized in the mucus layer 

at 6 h of HNO monocolonization. (F) Uncolonized HNO control. Shown are representative 

fluorescent images of cross-sections of colonized or uncolonized HNOs fixed and stained 

with anti-MUC5AC antibody highlighting mucus and goblet cells (green), and Hoechst 

highlighting host nuclei and bacterial cells (blue) at 60x magnification. Yellow boxes 

indicate the area that is shown below at a higher magnification (100x) to highlight bacteria 

(prestained with MitoTracker Red CMXRos prior to colonization) in the mucus layer. (C-

F) Representative images are from experiments done with lines HNO204 and HNO918, 

each assayed on a different day: (C) HNO918, (D) HNO204, (E) HNO918, (F) HNO204. 

(G) Fold change in lactate dehydrogenase release of uncolonized (gray) HNOs, and 

HNOs colonized with S. aureus (purple), D. pigrum (blue), or S. pneumoniae (lavender) 

in HNO basal medium at 48 h compared to -1 h samples from the same well.  
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Figure 2. Human nasal epithelium exhibits species-specific and general cytokine 

responses to colonization by common nasal microbionts. HNO production of 

cytokines (pg/mL) detected in the apical wash or the basal medium after 48 h (shape 

indicates line and color indicates bacterial species). (Data for all 39 cytokines are in Table 

S1C-E with fold-change compared to the uncolonized control in Figure S2A). (A) Live S. 

aureus induced increased nasal epithelial production of IL-1 family cytokines (pg/mL) by 

48 h, a response distinct from that to both D. pigrum and S. pneumoniae. (B) Live or dead 

D. pigrum and live S. aureus decreased epithelial apical production of CXCL10 compared 

to the uncolonized condition. In contrast, dead S. pneumoniae increased epithelial basal 

production of CXCL10 and apical production of CXCL11. (Basal CXCL11 was below limit 

of detection). (C) HNOs increased apical and basal production of G-CSF and CCL20 

(MIP-3α) in response to all three bacteria, live or dead. (D) HNO production of TNF, IL-6, 

and IL-8 was modestly affected by bacterial monocolonization. Apical TNF mildly 

increased in response to live D. pigrum and S. pneumoniae, but not S. aureus. Apical IL-

6 increased in response to dead D. pigrum or dead S. pneumoniae. Basal IL-6 increased 

in response to live S. aureus, live or dead D. pigrum, and dead S. pneumoniae. HNO 

production of IL-8 was stably high without and with bacterial colonization. Data are from 

three independent experiments in each of two HNO lines: HNO204 (squares), HNO919 

(triangles). We used a linear mixed model to determine statistical significance. The 

vertical brackets represent the model-predicted mean values and confidence intervals 

(+/- twice the standard error of the mean). Horizontal lines are included connecting pairs 

of bacterial conditions for all analyzed contrasts that met the threshold for statistical 

significance (adjusted p < 0.05) and had a magnitude of effect greater than 4-fold (with 
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this threshold chosen to highlight differences with a larger effect size and improve 

readability of the bars). See Table S1E for all adjusted p values.  
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Supplemental Materials 

Methods 

Isolation and passaging of 3D human nasal organoids (HNOs). The isolation and 

passaging of human nasal epithelial organoids (aka human nose organoids) and the lines 

used here are previously described.1,2 HNOs were established for use and distribution by 

the Baylor College of Medicine (BCM) 3D Organoid Core under a protocol (H-46014) 

approved by the BCM Institutional Review Board and with donor informed consent. In 

brief, both a nasal wash and a midturbinate swab were collected into a 50 mL conical 

tube from each donor and placed on ice until centrifugation. The supernatant was mixed 

with 10 mL airway organoid (AO) medium (as described in1 without penicillin and 

streptomycin) containing 0.5 mg/ml collagenase (Sigma-C9407), 250 ng/mL amphotericin 

B, and 10 ng/mL gentamicin on an orbital shaker at 4 °C for 30 to 60 minutes (min). Three 

hundred μL of fetal bovine serum (FBS, Fisher #FB129999102) was added to the 

suspension to inactivate the collagenase and the suspension was mildly sheared using a 

1 mL pipette tip and filtered through a 100-μm cell strainer (VWR #76327-102). The 

suspension was then centrifuged at 400 x g for 5 min at 4 ºC (Eppendorf 5702R). 

Supernatant was discarded and the cell pellet was washed twice in 10 mL wash medium 

(as described in1 without penicillin and streptomycin) and centrifuged at 400 x g for 5 min 

at 4 °C. Each nasal-cell pellet was resuspended in 30 μL of Corning Matrigel GFR 

Basement Membrane Matrix (Corning #356231), placed in a 24-well culture plate, and 

incubated at 37 °C, 5% CO2 for 20 min to solidify. Upon completed gelation, 500 μL of 

AO medium was added to each well and plates were incubated in a humidified 37 °C, 5% 

CO2 (Thermo Scientific Heracell Vios 160i). The medium was changed every 4 days. The 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2024. ; https://doi.org/10.1101/2024.09.25.614934doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.25.614934
http://creativecommons.org/licenses/by-nc-nd/4.0/


cells were passaged every 7 days. To passage, the 3D HNOs were washed with 0.5 nM 

Ethylenediaminetetraacetic acid (EDTA, Thermo Scientific J15694AE) in cold Phosphate 

Buffered Saline (PBS) and centrifuged at 300 x g for 5 min at 4 ºC. Each cell pellet was 

resuspended in 500 μL of 0.05% trypsin-EDTA (Gibco 25300120) then incubated at 37 

°C in a 5% CO2 incubator for 4 min to break up the cells. To neutralize trypsin, we added 

1 mL of wash medium with 10% FBS and dispersed the cells by pipetting 50 times. The 

cells were then centrifuged for 5 min at 300 x g and resuspended in 30 μL Matrigel per 

HNO to be generated. Cells were then placed into wells on a cell culture plate, allowed to 

solidify, and incubated as described above. 

Differentiation of HNOs as 2D cultures at an air-liquid interface. As previously 

published1, after 7 days of propagation in AO medium, 3D HNOs were washed  with 5 nM 

EDTA as above to disperse cells and then incubated for 5 min in 0.05% trypsin-EDTA. 

We then added 1 mL of wash medium with 10% FBS and dispersed the 3D HNOs into 

approximately single cells by mechanically pipetting 160 times with a P1000 tip. The 

single-cell suspension was filtered through a 40-μm VWR cell strainer (#76327-098), then 

centrifuged for 5 min at 400 x g at 4 °C. The cell pellet was resuspended in AO medium 

supplemented with 25 ng/mL Epidermal Growth Factor (EGF; Gibco #PMG8043) and 150 

μL of the single-cell suspension was plated drop by drop on the center of the apical side 

of a cell-culture-coated transwell insert (Corning #3470) pretreated with 30 μg/mL of 

bovine Type I collagen (Gibco #A1064401). Then 600 μL of AO medium supplemented 

with 25 ng/mL EGF was added to the basal side of each transwell. (One 3D HNO well 

was used to seed one transwell.) HNOs were incubated at 37 °C in a humidified 5% CO2 

incubator for 4 days, then medium was removed from both the basal and the apical sides 
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and 600 μL of PneumaCult Airway Organoid Differentiation Medium (AODM; STEMCELL 

Technologies #05060) was added only to the basal side creating an air-liquid interface 

(ALI) culture. Basal medium was changed twice weekly while HNOs were differentiated 

at ALI for 21 days. 

Transepithelial electrical resistance (TEER). The minimum TEER for each batch of 

HNOs used for experiments was 600 Ohms. The median TEER for each line was as 

follows: HNO204 1100 Ohms, HNO918 808 Ohms, HNO919 840 Ohms. (The range of 

the average TEER (for measured wells) per experiment was as follows: HNO204 655-

1860 Ohms, HNO918 585-1080 Ohms, HNO919 715-1460 Ohms.) We measured the 

TEER of 1 (and sometimes 2) individual HNO per line per experiment immediately after 

receiving wells from the Baylor College of Medicine 3D Organoid Core, which was ~24 

hours before bacterial inoculation. We added 100 μL of Earle’s Balanced Salt Solution 

without calcium, magnesium, or phenol red (EBSS; Gibco 14155063) to the apical side 

of the selected HNO, placed the TEER meter probe (World Precision Instruments EVOM2 

with STX2 electrodes) into the liquid in the transwell according to the methods in3, and 

recorded the Ohms. After probe removal, cells were scraped off the transwell with a pipet 

tip, resuspended in 100 μL of  EBSS, and transferred to a clean 1.5 mL microcentrifuge 

tube for mycoplasma testing. After testing TEER on an individual HNO well, we changed 

the basal medium of all the other HNO wells and placed the 24-transwell plate into a 

humidified 5% CO2 incubator at the specified temp (34 °C or 37 °C). 

Mycoplasma testing. A representative well on each transwell plate for each HNO line 

was confirmed to be negative for Mycoplasma prior to experimentation as described here. 

The microfuge tube containing the resuspended HNO that had been used to measure 
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TEER (above) was heated at 95 °C for 15 min to lyse HNO cells. From the same transwell, 

we collected the basal medium into a separate 1.5 mL microcentrifuge tube. Each tube 

was used in a separate PCR reaction with either the Biovision Mycoplasma PCR 

Detection kit or the Venor GeM Mycoplasma Detection kit, per manufacturer’s protocol. 

Electrophoresis on the PCR reactions on a 1% TopVision agarose gel made with and ran 

in a 1X Tris Acetate EDTA (TAE) buffer followed by staining DNA with SYBR Safe 

(Invitrogen #S33102) was used to detect which samples were positive for Mycoplasma. 

Only transwell plates with a representative HNO negative for Mycoplasma were used for 

experiments. 

Epithelial RNA extraction and sequencing. HNOs were plated at ALI and differentiated 

at 37 ºC for 21 days, as described above. On day 21, the 2D HNOs at ALI were either 

collected for RNA extraction (red in Figure S1A) or shifted to 34 ºC for two more days 

(grey in Figure S1A). RNA was extracted from 2 pooled HNOs for each line from each 

condition. HNO wells were first washed once with 2x PBS. The following steps were then 

completed using the QIAGEN RNeasy Mini kit per the manufacturer’s instructions using 

the on-column DNase digestion and Qiashredder tubes. Briefly, we added 350 μL of RLT 

buffer with β-mercaptoethanol (BME; 10 μL BME per 1 mL RLT buffer) in the HNO well 

and mixed by pipetting then transferred the lysate into a QIAshredder column for 

centrifugation at 16000 x g for 2 min at room temperature (RT), discarding the 

QIAshredder column. We added 350 μL of freshly made 70% ethanol to the filtrate and 

mixed well by pipetting. The sample was then transferred to a RNeasy Mini spin column 

in a 2 mL collection tube and centrifuged at 16000 x g for 30 sec, discarding filtrate. After 

performing the On-Column DNase digestion step, we continued with RNA cleanup steps. 
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To elute RNA, we placed the RNeasy spin column in a 1.5 mL collection tube, added 40 

μL RNase-free water directly to the spin column membrane and centrifuged for 2 min at 

16000 x g. A Nanodrop 2000 (Thermo Fisher Scientific) was used to quantify the RNA. A 

260/230 ratio of ≥ 2 was the threshold for use for RNA sequencing. Novogene performed 

the sequencing using non-directional poly-A library preparation and 20 million paired 

reads using their Illumina NovaSeq 6000 and X-Plus Sequencing Platform. 

Analysis of RNAseq data. We used the FASTQC package v0.11.9 to inspect the quality 

of the raw sequence reads. We used TrimGalore v0.6.5 with the default settings to 

remove Illumina adapters and low-quality basepairs prior to aligning reads to human 

genome build GRCh38.98 using HiSAT2 v2.2.1.4 We then used featureCounts to 

generate a count matrix from the aligned reads. The DeSeq2 package (v1.44.0)5 was 

used to perform principal component analysis of the feature count data. Detailed code to 

analyze the RNAseq data and create the corresponding plot is available 

online (https://klemonlab.github.io/HNOBac_Manuscript/Methods_RNASeq.html). 

Enumeration of cells per HNO. To separate the HNO from the transwell, we added 200 

μL of 0.25% Trypsin-EDTA (Gibco #25200056) and incubated at 37°C in a humidified 5% 

CO2 incubator for 10-15 min. We then gently pipetted up and down 3 times with a 200 μL 

pipet tip to help dislodge the cells and incubated for an additional 10-15 minutes. We then 

gently pipetted up and down at least 20 times to disperse into individual cells and collected 

the suspension in a 1.5 mL Eppendorf tube. An aliquot of the nasal epithelial cell 

suspension was mixed with equal parts Trypan blue. Viable cells were counted manually 

using a Levy Double Count Chamber hemocytometer (Andwin Scientific 15170208). 
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Detailed code to analyze the cells count data and create the corresponding plots is 

available online (https://klemonlab.github.io/HNOBac_Manuscript/Methods_MOC.html).  

Bacterial growth conditions. Dolosigranulum pigrum strain KPL30657, the USA300 

methicillin-resistant Staphylococcus aureus strain JE28, and Streptococcus pneumoniae 

strain 6039 were each grown on BD BBL Columbia agar medium with 5% sheep’s blood 

(BAP) at 34°C in a humidified 5% CO2 incubator. We struck from a frozen 15% glycerol 

stock stored at -80 °C onto BAP for single colonies. After 36 hours of growth, 10-15 D. 

pigrum single colonies were picked up with one sterile cotton swab (Puritan #25806) and 

bacteria were spread as a small lawn on one sterile 47 mm diameter, 0.2-μm 

polycarbonate membrane (Millipore Sigma #GTTP04700) atop BAP. This was repeated 

for four more BAP plates. After 36 hours of growth, we collected D. pigrum from 3-4 

membranes using a sterile cotton swab, then resuspended the cells in EBSS, and 

adjusted the optical density at 600 nm (OD600) to yield ~1x107 CFUs per 15 μL (as 

described below). We struck MRSA JE2 from a frozen glycerol stock for single colonies 

on a sterile 47 mm, 0.2-μm polycarbonate membranes on BAP. After 14 hours of growth, 

5-10 colonies of MRSA were picked up with a sterile swab, resuspended cells in EBSS, 

and the resuspension was normalized to an OD600 that would yield ~1x107 CFUs per 15 

μL EBSS. We struck S. pneumoniae from a frozen glycerol stock for singles directly onto 

BAP. After 12 hours of growth, 10-15 colonies were picked up with a sterile cotton swab 

and swabbed as a lawn onto a sterile 47 mm, 0.2-micron polycarbonate membranes atop 

BAP, preparing 4 plates. After 14 hours of growth, we collected S. pneumoniae lawns 

from 4 membranes on each side of a sterile swab, resuspended cells in EBSS, and 

adjusted the OD600 to yield ~1x107 CFUs per 15 μL EBSS. 
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Calculation of the number of bacterial colony forming units in a given optical 

density. D. pigrum was grown for 36 hours, and S. aureus and S. pneumoniae were 

grown for 12-14 hours, as described above. For each species, 20 - 30 single colonies 

were resuspended in 2-3 mL of EBSS and the OD600 was measured. We then made a 

series of suspensions in EBSS with a range of OD600 values from 0.1 to 1.5 and performed 

serial dilutions of each of the suspensions. A drip-plate method was used to enumerate 

CFUs. We inoculated 20 μL from each dilution twice onto BAP, tilting the petri dish to 

allow the 20 μL to drip down the plate to facilitate the counting of colonies after growth. 

After counting colonies, we calculated the total CFUs per 15 μL of original suspension for 

each OD600 value and generated a standard curve to determine what OD600 would yield 

an HNO inoculum of 107 CFUs/15 μL EBSS for each species. 

Bacterial colonization of HNOs and enumeration of bacterial CFUs. We gently 

pipetted 15 μL of each bacterial suspension (~1x107 CFUs) onto the surface of each 

corresponding HNO in a transwell. Uncolonized control HNOs received 15 μL of EBSS 

alone. The 24-well transwell plates were then centrifuged at 120 x g for 1 min at 25°C in 

an Eppendorf Centrifuge 5430 R to help absorb the bacterial suspension into the apical 

mucus layer. HNOs were then incubated at either 34°C or 37°C in a humidified 5% CO2 

incubator. We collected HNOs for bacterial CFU enumeration after 24 or 48 hours by first 

removing basal medium and adding 75 μL of 0.25% Trypsin-EDTA to the apical surface 

of each well and incubating at 37 °C for 15 min to lift the HNO from the transwell. Second, 

we added 75 μL of 0.025% Triton-X 100 (Thermo Scientific J66624.AE) to each well and 

then pipetted the mixture up and down 30 times to fully break up the epithelial cell layer. 

We then made serial dilutions to enumerate the total bacterial CFUs on each HNO. In a 
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small subset of the independent experiments, S. aureus destroyed the HNO epithelial cell 

layer and the data from such wells was excluded from further analysis. Detailed code to 

analyze the CFU data, perform statistical analysis, and create the corresponding plots is 

available online (https://klemonlab.github.io/HNOBac_Manuscript/Methods_CFUs.html). 

Lactate Dehydrogenase (LDH) Assay. Basal medium was collected at -1 and 48 hours 

relative to time of colonization from all HNO wells, including uncolonized controls, and 

immediately stored at -80 °C. LDH activity was measured in duplicate using the Promega 

CytoTox Non-Radioactive Cytotoxicity Assay (#G1780), per the manufacturer’s 

instructions. Cytotoxicity for each experiment was calculated as the fold change in LDH 

in basal medium from an HNO at 48 h compared to the same HNO at -1 hour relative to 

colonization, including for the uncolonized controls. Detailed code to analyze the LDH 

data, perform statistical analysis, and create the corresponding plots is available online 

(https://klemonlab.github.io/HNOBac_Manuscript/Methods_LDH.html). 

Brightfield Microscopy. Uncolonized HNOs were inoculated with 15 μL of EBSS then 

incubated at 34 °C for 24 hours. After 24 hours, we fixed HNOs in Clarke’s solution (75% 

ethanol and 25% glacial acetic acid) by removing each HNO-containing transwell from its 

plate and submerging it in 2 mL of RT fixative in the well of a 24-well plate for 30 min. 

After fixation, HNO transwells were rinsed twice by submersion in 100% anhydrous 

methanol at 4 °C for > 30 min. We then cut the bottom membrane, on which the HNO 

sits, of each transwell from its plastic housing with a sterile scalpel and stored the HNO 

plus membrane at 4 °C in anhydrous methanol until submission to the TMC Digestive 

Disease Center Tissue Analysis & Molecular Imaging Core for paraffin embedding, 

sectioning, and staining. Sections were stained with Sigma-Aldrich Microscopy PAS 
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staining kit (#1.01646.0001), and then counterstained with hematoxylin (Epredia, #7211). 

Images were taken with a Nikon Eclipse Ci-L bright field microscope (Serial Number 

702085) at 40x magnification. Fiji Is Just ImageJ (FIJI) was used to white-balance the 

image and add a scale bar.  

Fluorescence Microscopy. HNOs were inoculated with ~1x107 CFUs of D. pigrum, S. 

aureus, or S. pneumoniae in 15 μl of EBSS or, as a control, with EBSS alone, as 

described above. Live bacterial resuspensions were prestained with MitoTracker Red 

CMXRos (Invitrogen #M7512) before colonization.10 Briefly, each bacterium was 

resuspended in 10-15 mL EBSS to an OD600  of 1 prior to adding 1 μL of 1 mM MitoTracker 

Red CMXRos per mL of resuspension and incubating at RT for 1 hour. Prestained 

bacteria were washed twice with 10-15 mL of EBSS by centrifugation at 10000 x g for 10 

min at RT and resuspended in EBSS. The OD600 of each resuspension was adjusted to 

yield ~1x107 CFUs per 15 μL EBSS and HNOs were monocolonized with bacteria as 

described above. After 6 h of colonization at 34 °C, we fixed HNOs, including uncolonized 

controls, in Clarke’s solution, and stored them as described above. Samples were 

submitted to the TMC Digestive Disease Center Tissue Analysis & Molecular Imaging 

Core for paraffin embedding, sectioning, and staining. Briefly, after tissue processing, the 

membranes were bisected and embedded in paraffin (Richard-Allen Scientific, 22900700) 

for cross-sectioning. The paraffin-embedded membranes were deparaffinized and 

subjected to antigen retrieval (Biocare, CB910M). The sections were incubated with 4% 

bovine serum for 1 hour to block nonspecific protein binding, then were incubated 

overnight at 4°C with the primary antibody, MUC5AC (Invitrogen, #MA5-12178, dilution 

1:1000). The MUC5AC primary was detected using an Alexa Fluor 488-conjugated goat 
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anti-mouse secondary antibody (Invitrogen #A11001; dilution 1:300), and the slides were 

counterstained with Hoechst (Invitrogen™ 33258 #H3569, dilution 1:10,000) for 10 min 

and washed with deionized (DI) water. Coverslips were added with Invitrogen ProLong 

Glass Antifade Mountant (#P36980). Stained HNOs were imaged using an Olympus IX83 

epifluorescence deconvolution microscope (#2000 IXplore IX83) equipped with an IX3 

laser (#IX3-ZDC2) at 60x magnification using the blue (excitation 350 +/- 25 nm, emission 

460 +/- 25 nm) and green (excitation 470 +/- 20 nm, emission 525 +/- 25 nm) channels to 

detect the Hoechst and MUC5AC signal, respectively. Stained HNOs were imaged at 

100x magnification using the blue, green, and red (excitation 560 +/- 20 nm, emission 630 

+/- 37.5 nm) channels to detect the Hoechst, MUC5AC, and MitoTracker Red CMXRos 

signal, respectively. All images were processed for publication using FIJI to adjust 

contrast to maximize visibility and minimize overexposure in each color channel 

separately, merge channels, and add scale bars.  

Gamma-irradiation to kill bacteria. To sufficiently inactivate bacteria while maintaining 

structural integrity, we irradiated each bacterium with between > 1,000 and < 8,000 grays, 

per Correa et al..11 We resuspended each bacterial species separately in EBSS to an 

OD600 equal to ~1x107 CFUs/15 μL and added 25 mL of each bacterial resuspension 

separately to a 50 mL conical tube and irradiated overnight in a Gammacell-1000 

Irradiator (Atomic Energy of Canada Ltd.) with a Cesium-137 source. This instrument 

generates 758.3 rads/min, and each sample was irradiated for ~9.5 hours for a total of 

4,322 grays of radiation. After irradiation, we gently washed bacteria to remove lingering 

reactive oxygen species by pelleting cells at 6,000 x g for 10 min, removing the 

supernatant, and resuspending in an equal amount of EBSS. We plated 2 drips of 20 μL  
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of each resuspension on BAP and cultured for 48 hours at 34°C in a humidified 5% CO2 

incubator and verified the absence of viable bacteria. We aliquoted the remaining 

resuspension in 1 ml aliquots and flash-froze each in a dry ice and ethanol mix before 

storage at -80 °C. For each experiment, we thawed a fresh aliquot of gamma-irradiated 

bacteria at RT, and we used 15 μL of each resuspension to inoculate an HNO with dead 

bacteria. Two 20 μL drips were plated at the beginning of each experiment to verify the 

absence of viable bacteria in the experimental inoculum. 

Immunoassays for detection of cytokines. HNOs were colonized with either live 

(approximately 107 CFUs) or dead (gamma-irradiated) bacteria resuspended in EBSS 

and included uncolonized control HNOs inoculated with buffer alone. After 48 hours at 

34°C in a humidified CO2 incubator, basal medium was collected from each well and 

transferred to a sterile 1.5 mL microcentrifuge tube. The apical side of each HNO was 

separately washed by adding 150 µL of AODM and pipetting up and down 3 times before 

transferring the wash to a sterile 1.5 mL microcentrifuge tube. Each HNO was washed a 

second time with the same volume and both washes were pooled. Samples were frozen 

at -80 °C until use in immunoassays. For immunoassays, samples were submitted to the 

Digestive Disease Center Functional Genomics and Microbiome core with the following 

Millipore Sigma magnetic-bead panel kits: 1) Milliplex Human Cytokine Panel III with IL-

29, I-TAC, CCL20/MIP-3a, MIP-3b; 2) Milliplex Human Cytokine Panel A with MIG, IFNg, 

IFNa2, TNF-a, IP-10, RANTES, IL-1a, IL-1ra, IL-1b, IL-5, IL-6, IL-8, IL-10, IL-12p70, IL-

13, IL-18, MIP-1a, MIP-1b, MCP-1, MCP-3, IL-17A, IL-17E/IL-25, Eotaxin/CCL11, G-

CSF, GM-CSF, VEGF-A; 3) Milliplex Human MMP Panel 2 with MMP1, MMP2, MMP7, 

MMP9 and MMP10; and 4) Milliplex Human Cytokine Panel IV with IL-32, IL-36/IL-1F8, 
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IL-37/IL-1F7, IL-38/IL-1F10. Samples were assayed per the manufacturer’s instructions 

and analyzed with Luminex xPONENT for Magpix (version 4.2, build 1324) on a Magpix 

instrument. Data was analyzed with Milliplex Analyst (version 5.1.0.0, standard build 

10/27/2012). All sample values below the manufacturer’s limit of detection were set at the 

limit of detection for analysis. Each individual assay of a cytokine at a given location (e.g., 

apical IL-6) was considered below the limit of detection (gray tiles in Figure S2A) if > 75% 

of the (39) samples were at or below the manufacturer’s limit of detection, except when 

the few samples (≤ 25% of the total samples) above that threshold had log2-fold changes 

for colonized compared to uncolonized that were ≥ 2.5 times higher than samples at the 

limit of detection. This only occurred for basal production of IL-18 in response to live 

MRSA. Detailed code to analyze the cytokine data, perform statistical analysis, and create 

the corresponding plots is available online 

(https://klemonlab.github.io/HNOBac_Manuscript/Methods_Cytokines.html). 

Detection of catalytically active IL-1α and IL-1β. HEK-Blue™ IL-1R Cells (InvivoGen 

HKB-IL1R) were propagated according to the manufacturer’s instructions. These reporter 

cells detect both IL-1α and IL-1β activity, without distinction, to the extent that it is greater 

than IL-1RN activity. The same apical and basal medium samples used for cytokine 

detection were tested for catalytically active IL-1α and IL-1β. Briefly, after adding 20 µL 

of either HNO basal medium or apical wash to the bottom of a 96-well plate, we inoculated 

each well with 3 x 105 HEK-Blue cells and incubated for 22 hours at 37 °C in a humidified 

5% CO2 incubator. HEK-Blue cells partially adhere to the bottom of the 96-well plate 

during incubation. At collection, plates were tapped gently to mix the liquid and 20 µL of 

spent HEK medium from each well was transferred into a corresponding well of a new 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2024. ; https://doi.org/10.1101/2024.09.25.614934doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.25.614934
http://creativecommons.org/licenses/by-nc-nd/4.0/


96-well plate prior to addition of 180 μL of freshly prepared QUANTI-Blue™ Solution 

(Invivogen REPQBS) per well. The assay developed at 37 °C for 2.5 hours before reading 

absorbance at 620 nm. A standard curve was constructed using InvivoGen recombinant 

human IL-1β as a positive control. Detailed code to analyze the HEK-Blue data and create 

the corresponding plots is available online 

(https://klemonlab.github.io/HNOBac_Manuscript/Methods_HekBlue.html). 

Statistical Analysis. R (v4.4.0) and RStudio (v2023.12.1+402) were used for data 

analysis, statistics, and data visualization12,13. A complete list of the R packages used is 

available at https://klemonlab.github.io/HNOBac_Manuscript/RSession.html. For 

analysis of the CFU, LDH, and cytokines data, we used the lme4 package (v1.1-35.5) to 

fit the data to linear mixed-effects models.14 For each assayed HNO temperature, we 

modeled the log-transformed CFU counts (excluding initial inoculum measurements at 

time 0) considering bacterial species and collection timepoint as fixed effects. Likewise, 

at each HNO temperature, we modeled the ratio of LDH activity after 48 h of colonization 

relative to 1 h before colonization with bacterial species as a fixed effect. We modeled the 

log-transformed pg/mL data for each different cytokine assay derived from the apical or 

basal surfaces of the HNOs separately defining as fixed effect in each model the 

interaction variable “Bac.Via” that combines bacterial condition (uncolonized, D. pigrum, 

S. aureus, or S. pneumoniae) with viability status (control, live, or dead). Across all the 

analyzed data we considered experimental replicate (i.e., date) nested under HNO line 

as random effects (Table S1E). This identifies and corrects for the percentage of variation 

due to donor line differences and experimental batch effects. Some of the cytokine’s fitted 

models were ‘singular’ due to HNO line-associated variance being close to zero; those 
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models were recalculated with only experimental replicate as a random effect. We 

performed an ANOVA for each model with p-values added by the afex package (v1.4-

1).15 If the resultant global p-value for fixed effects was < 0.05, then individual contrasts 

were calculated with the emmeans package (v1.10.4).16 We used the Holm method17 for 

multiple comparisons adjustment for comparing results from each bacterial species at the 

24 and 48 h timepoints in the CFU data (3 contrasts) and to compare each species to the 

uncolonized condition in the LDH data (3 contrasts). For the cytokine data we analyzed 

the following contrasts: the uncolonized control and all other conditions, all combinations 

of live bacterial species, and live vs. dead for each bacterium. In view of the large number 

of comparisons (588 contrasts), to account for multiple comparisons, we then used FDR18 

for adjustment across all the selected contrasts across all cytokine assays (Table S1D). 

Detailed code for all statistical analysis is available online 

(https://klemonlab.github.io/HNOBac_Manuscript/index.html). 

Data Availability. Sequencing data files and raw count matrix file are available at the 

Gene Expression Omnibus, accession number GSE277582. 
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Figure S1. Nasal microbionts colonize HNOs at human internal body temperature, 

37 °C. (A) In a Principal Component Analysis, epithelial transcription (read counts) within 

an HNO line was comparable between HNOs differentiated at 37 °C for 21 days (red) and 

HNOs shifted to 34 °C (gray) for an additional 2 days after the 21 days of differentiation 

at 37 °C (n = 2 independent experiments with 3 HNO lines). (B) HNO lines derived from 

different donors had comparable cells per HNO well. The median number of cells in each 

HNO was 6.01x105 for line HNO204, 6.9x105 for line HNO918, and 5.15x105 for line 

HNO919 in n = 4 independent experiments per line. (C) HNOs were monocolonized with 

S. aureus (purple), D. pigrum (blue), and S. pneumoniae (lavender) at 37 °C for up to 48 

h. At time 0, 107 CFUs of a bacterium in 15 µL of EBSS were inoculated apically. 

Recovered CFUs/HNO at 24 and 48 h are shown. (D) Fold change in lactate 

dehydrogenase release of uncolonized (gray) HNOs, and HNOs colonized with S. aureus 

(purple), D. pigrum (blue), or S. pneumoniae (lavender) into HNO basal medium at 48 h 

compared to samples taken 1 h prior to colonization from the same well at 37 °C. HNOs 

colonized by S. aureus had 1.8-fold higher basal LDH release compared to the 

uncolonized control. For C and D, the independent experiments per HNO line were 

HNO918 > 4, HNO204 > 4, and HNO919 > 2. Data (C, D) were analyzed using a linear 

mixed model to determine statistical significance and the Holm method was used to adjust 

p-values (shown above the horizontal bars) for multiple comparisons (24 to 48 h in C and 

uncolonized to each bacterial treatment in D). Vertical brackets represent the model-

predicted mean values and confidence intervals (+/- twice the standard error of the 

mean). 
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Figure S2. HNOs produce general and species-specific cytokine responses to 

bacterial colonization, including IL-1 receptor activation in response to live S. 

aureus. (A) The heatmap shows the log2-fold change of the ratio between the average 

amount of each cytokine detected in an apical wash or in the basal medium of HNOs 

monocolonized with live or dead (gamma irradiated) bacteria compared to the 

uncolonized control at 48 h of colonization at 34 °C. Gray tiles indicate levels below the 

limit of detection (Table S1C). IL-12 is IL-12p70. MMPs are matrix metalloproteinases. 

GF is growth factors. Anti-In is anti-inflammatory. (B) The apical and (C) basal IL-1α and 

IL-1β detected in the cytokine assays in Figure 2A is biologically active. HEK-Blue™ IL-

1R Cells were used to detect catalytically active IL-1α and IL-1β produced by HNOs in 

the same apical washes and basal medium samples used for Figure 2. Recombinant IL-

1β was used to construct a standard curve to determine pg/mL of active IL-1α and IL-1β 

in HNO samples. The upper limit of detection of the assay was 500 pg/mL, denoted by 

the gray dashed line. For A, B, and C, data are from three independent experiments in 

each of two HNO lines (HNO204, HNO919).  
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