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Abstract

Background
The nasal mucosa is the primary entry site for many respiratory viruses, and immune molecules present
at the time of exposure may dictate if infection occurs. However, the baseline immune state in healthy
adults – and how it influences susceptibility to viruses – remains poorly defined.

Methods
Levels of 16 immune molecules were measured in nasal secretions from two independent cohorts of
healthy adults (total n = 166, Luminex). Participants were clustered based on normalized concentrations
of immune analytes to identify profiles. An in vitro organotypic model of the nasal epithelium was used
to examine the effect of immune profiles on SARS-CoV-2 infection: primary human nasal epithelial cells
(n = 9 donors) were grown at air-liquid interface to induce mucociliary differentiation (42 days), treated
with recombinant human cytokines (72 hours), and then challenged with wildtype SARS-CoV-2 Omicron
BA.1 (24 hours). SARS-CoV-2 entry factor expression (post-cytokines, pre-challenge) and viral infection
(N gene) were measured by qRT-PCR.

Results
In both cohorts, a unique cluster was observed, characterized by distinctly high levels of antiviral
interferons – particularly IFN-λ3 – with comparatively low levels of inflammatory chemokines and
cytokines. In contrast, individuals with high overall levels of inflammatory mediators had absent IFN-λ3.
In vitro, pretreatment with IFN-λ3 and IFN-α2, but not with pro-inflammatory cytokines, significantly
reduced SARS-CoV-2 replication in differentiated nasal epithelial cultures, despite upregulating ACE2
expression.

Conclusions
Healthy adults exhibit distinct nasal immune profiles, with an IFN-λ3–dominant, low-inflammatory state
conferring resistance to SARS-CoV-2 in vitro. The nasal immune milieu may influence susceptibility to
respiratory viruses and the efficacy of mucosally administered vaccines.

BACKGROUND
Respiratory viral infections represent a significant global public health challenge, contributing to
substantial morbidity, mortality, and economic burden1–3. The COVID-19 pandemic, caused by the novel

coronavirus SARS-CoV-2, served as a stark reminder of the persistent risks posed by respiratory viruses4.
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The nasal mucosa is the primary site for the attachment, entry, and initial replication of many respiratory
viruses, including SARS-CoV-25–7. Nasal epithelial cells express high levels of key viral entry factors,
such as ACE2 and TMPRSS2, which facilitate SARS-CoV-2 binding and internalization8–10. However,
nasal epithelial cells are also the first line of defence against infection, providing physical protection
(direct barrier, mucus, and ciliary action), secreting antiviral factors (e.g., interferons), and coordinating
the initial antiviral immune response (e.g., through production of chemokines and cytokines)11. Emerging
evidence emphasizes the critical role that early interferon responses play in controlling viral replication
and preventing viral progression to lower respiratory tract (LRT) infection12,13. In severe COVID-19 cases,
delayed or suppressed type I and III IFN responses were frequently coupled with the activation of
inflammatory mediators such as TNFα, MCP1, and MIP14–16. This dysregulated immune response

contributes to the development of a hyperinflammatory state, or “cytokine storm”15–18, which is a
hallmark of severe infection.

Despite the importance of the initial immune response to SARS-CoV-2 in determining disease severity,
the factors determining early host responses are poorly understood, in part because it is difficult to study
the events immediately preceding and during initial infection. Observational studies suggest that host
factors (e.g., age, sex, genetics, microbiome and chronic illness), as well as environmental exposures
(e.g., smoking), can alter the nasal mucosa and immune response to respiratory viral infections19–22.
Children typically mount a more robust early innate immune response, characterized by elevated
interferon signalling and cytokine production, whereas aging is associated with immunosenescence – a
decline in immune cell function and response vigour – resulting in increased vulnerability to severe
disease outcomes23–25. Smoking has been linked to impaired antiviral responses, such as reduced IFN-γ

production upon influenza viral challenge26,27, caused by elevated baseline secretion of pro-inflammatory
cytokines like IL8 and MCP128,29. The local microbiome has been linked to differential immune
responses to SARS-CoV-2, with variations in its composition modulating local IFN responses30–32. Pre-
existing differences in nasal immunity may influence whether exposure to SARS-CoV-2 results in
infection and, if infection occurs, disease severity33,34. However, whether these immune alterations
translate into increased susceptibility to SARS-CoV-2 infection, or elevated viral burden and altered
disease progression, is still not well understood. To date, most research has focused on immune
responses during or after infection, leaving the baseline immune state of the nasal mucosa in healthy
individuals poorly characterized.

To address this knowledge gap, we characterized the immune landscape of the nasal mucosa in two
independent cohorts of healthy adults. We observed two distinct profiles of nasal immune molecules,
reproduced across both cohorts. One profile was defined by high levels of type I and III interferons – IFN-
α2 and IFN-λ3 – with low levels of prototypic proinflammatory cytokines. In contrast, a second profile
comprised individuals with low IFN-λ3 levels but elevated inflammatory chemokines. To investigate the
ex vivo functional impact of these distinct immune profiles, we pre-treated primary nasal epithelial
cultures with representative immune mediators prior to challenge with SARS-CoV-2. We found that the
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specific interferon-associated nasal immune profile, but not pro-inflammatory nasal immune profiles,
was protective against SARS-CoV-2 challenge.

METHODS

Study Participants and Sample Collection
This is a cross-sectional, retrospective study of samples collected from two observational cohorts. The
Healthcare Worker (HCW) cohort was established for surveillance of COVID-19 seroconversion and
asymptomatic infection among essential healthcare workers at George Washington University (GWU) in
Washington, DC, United States, between 2020 and 2021. HCW participants volunteered to provide self-
collected anterior nasal samples and completed questionnaires on demographic information, including
sex, age, race, ethnicity, and medical history. The George Washington Occupational Health (GWOH)
cohort participants comprised adults aged 18–45 who attended the GWOH Influenza Vaccination Clinic.
GWOH participants provided self-collected anterior nasal swabs prior to vaccination and provided
demographic information, including sex, age, race, ethnicity, medical history, and recreational tobacco
history.

Samples included in this study were from 110 HCW participants and 79 GWOH participants who were
negative for SARS-CoV-2 and without respiratory symptoms at the time of sampling. Among GWOH
cohort participants, only pre-vaccination collected nasal swabs were used for this study. All participants
provided written informed consent, and approval was obtained from the Human Subjects Research
Ethics Board at Western University (project ID: 119682) and the Institutional Review Board at George
Washington University (IRB# NCR202448 and NCR213697).

Nasal swab collection
In the HCW and GWOH cohorts, participants self-collected anterior nasal swabs using 3D-printed lattice
swabs (HCW, due to limited commercial availability of swabs early in the pandemic) or sterile nylon-
flocked swabs (GWOH) into 500 µL of a stabilization buffer containing phosphate-buffered saline (PBS)
with a protease inhibitor (cOmplete Mini Protease Inhibitor Cocktail, Roche), primocin antimicrobial
agent (InvivoGen), and 10% bovine serum albumin (Sigma-Aldrich). Nasal swab eluent was aliquoted and
stored at -80°C before transfer to Western University (London, Canada) for immune assays35.

Immune analyte quantification
Sixteen immune analytes were chosen for quantification based on their previously described
associations with inflammation, epithelial barrier function, and anti-viral defences: IFN-α2, IFN-λ3, IFN-γ,
IL1α, IL1β, IL6, IL8/CXCL8, IL10, IL13, IL17A, TNFα, RANTES/CCL5, MIP1β/CCL9, MIG/CXCL9,
IP10/CXCL10, and MUC5AC36–49. Of these analytes, IFNγ, IL10, IL13, IL17A, IL1β, IL6, IL8, MIP1β, and
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TNFα were quantified using the Luminex Human High Sensitivity T Cell Panel kit (HSTCMAG-28SK;
Millipore Sigma); IFNα2, IL1α, IP10, MIG, and RANTES were quantified using the Luminex Human
Cytokine/Chemokine/Growth Factor Panel A kit (HCYTA-60K; Millipore Sigma); IFN-λ3 was quantified
using the Human Cytokine/Chemokine Magnetic Bead Panel IV (HCYP4MAG-64K; Millipore Sigma); and
MUC5AC was measured by ELISA (EKN47139-96T; Biomatik). Millipore Multiplex Kits were used along
with Luminex xMAP technology to detect immune molecules. Both Luminex and ELISA assays were
performed according to the manufacturer's instructions. Samples were run in duplicate, and Belysa
immunoassay curve-fitting software (Belysa v1.2) was used to calculate coefficients of variation (CV),
generate standard curves, and determine the lower limits of quantification (LLOQ). The LLOQ of each
analyte in each cohort was assigned using Belysa Software based on the spread of unknowns (samples)
relative to standards on the standard curve.

Primary Nasal Epithelial Cultures
Mature nasal epithelial cultures with mucociliary differentiation were generated from primary cells
isolated from participants undergoing skull base surgery in London, Ontario. Isolation of primary nasal
epithelial cells, generation of mature nasal epithelial cultures, tissue processing, and imaging were
performed according to the protocol published by Lam et al.50. Detailed methods are also provided in the
Supplementary Information. All tissue donors provided written informed consent, and approval was
obtained from the Human Subjects Research Ethics Board at Western University (project ID: 119682).

SARS-CoV-2 challenge
Mature nasal epithelial cultures (42 days post-ALI) were used for SARS-CoV-2 challenge. The apical
mucus was removed by washing the apical surface of the inserts with 100 µl PBS (Wisent Inc.). Then,
the basolateral medium was replaced with PneumaCult-ALI medium supplemented with a reduced
hydrocortisone concentration (200 nM) and cytokine cocktails representing physiologically relevant
concentrations of immune proteins comprising the chemotactic and IFN-high immune profiles. The
chemotactic IPT cocktail included MIP-1β (200 ng/mL; 271-BME-010/CF, R&D Systems), RANTES (200
ng/mL; 278-RN-010/CF, R&D Systems), TNF-α (50 ng/mL; 210-TA-020/CF, R&D Systems), IP-10 (400
ng/mL; 266-IP-010/CF, R&D Systems), IL-8 (200 ng/mL; 208-IL-010/CF, R&D Systems), and MIG (400
ng/mL; 392-MG-010/CF, R&D Systems). The IFN-high IPT cocktail consisted of IFN-λ3 (1 ng/mL; 5259-IL-
025/CF, R&D Systems) and IFN-α2 (5 ng/mL; NBP2-34971, Novus Biologicals). All procedures using
infectious SARS-CoV-2 were performed in a BSL-3 facility at the Imaging Pathogens for Knowledge
Translation (ImPaKT) facility following standard safety guidelines. Optimal SARS-CoV-2 infection
conditions were assessed across various multiplicities of infection (MOI: 0.001, 0.01, 0.1) and durations
of infection (24-, 48- and 72-hours post-infection (hpi)). Optimization data is presented in Supplementary
Fig. 1. Cells were pre-treated with immune mediators for 72 hours prior to SARS-CoV-2 challenge. Fresh
cytokines and media (reduced hydrocortisone) were replenished 24 hours prior to challenge. Infection
with SARS-CoV-2 Omicron BA.1 (from the British Columbia Centre for Disease Control Public Health
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Laboratory) was conducted at an MOI of 0.01 by adding 100 µl viral inoculum to the apical side of cells
and incubating for 1 hour at 37°C. After infection, the viral inoculum was removed, the cells were washed
three times with 100 µl PBS and then incubated at 37°C. Twenty-four hours after viral challenge, apical
surfaces of cells were washed three times with 100 µl PBS to remove secreted virus. Cells were then
lysed with 200 µl TRIzol reagent (Invitrogen) and incubated at room temperature for 10 min. RNA was
extracted using the PureLink RNA Mini Kit (Invitrogen), and intracellular viral load was measured via qRT-
PCR for SARS-CoV-2 N gene as described previously50. Corrected cycle threshold (Ct) values were
calculated by subtracting the Ct of the gene of interest from that of the housekeeping gene, ribosomal
protein lateral stalk subunit P0 (RPLP0). Infections were performed on mature epithelia generated from
n = 9 donors, in quadruplicate.

SARS-CoV-2 receptor mRNA quantification
Mature nasal epithelial cultures (42 days post-ALI) were used to assess the impact of cytokine cocktails
on SARS-CoV-2 receptor expression. As described above, apical mucus was removed, and basolateral
media were replaced with PneumaCult-ALI medium containing a reduced concentration of
hydrocortisone (200 nM) and IPT cytokine cocktails. After 72 hours, with replenishment of fresh
cytokines and medium at 48 hours, cells were lysed and collected with TRIzol reagent, and then RNA was
extracted using the PureLink RNA Mini Kit (InVitrogen). SARS-CoV-2 receptor expression (ACE2 and
TMPRSS2) was quantified by qRT-PCR, as previously described50. This experiment was performed in
triplicate using tissues from three different donors.

Statistical analysis

In vivo nasal immune characterization
All analyses were performed in R version 4.3.1. Samples with an analyte concentration above the LLOQ
but with a CV > 20% were re-run once, and if the CV remained high, the datapoint was excluded from
analyses. Detection of IL1α, which is constitutively expressed in the nasal mucosa51, was used as a
marker of adequate self-sampling. Of the 110 self-collected HCW samples, 23 were excluded based on
undetectable IL-1α, leaving n = 87 participants; all GWOH samples had detectable IL1α.

Due to differences in sample collection protocols, analyses were performed independently for each
cohort unless otherwise indicated. Data was analyzed using R (version 4.4.2) and RStudio (2023.06.1 + 
524) with the following packages: cluster (v2.1.6), dplyr (v1.1.4), factoextra (v1.0.7), ggplot2 (v3.5.1),
ggpubr (v0.6.0), indicspecies (v1.8.0), reshape2 (v1.4.4), rstatix (v0.7.2), stringr (v1.5.1), tidyverse
(v2.0.0), and vegan (v2.6-10).

Analyte concentrations were log10-transformed and converted to percentiles relative to the highest

measured value for each analyte; a pseudo-value of 1 was added to all concentrations to prevent taking
the log of zeros. Immune analyte clustering was performed independently for each cohort using the k-
medoids clustering algorithm (PAM) on a Bray-Curtis distance matrix, with k set to five clusters. The
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number of clusters was selected using a traditional elbow method with the function ‘fviz_nbclust’ from
the factoextra package in R (parameters: method=“wss”, FUNcluster = pam, nboot = 500).

For each cohort, immune analyte concentrations (log10-transformed pg/ml) were compared between
clusters using Kruskal-Wallis tests, followed by pairwise Dunn tests with false discovery rate (FDR)
adjustment. Within each cohort, multilevel pattern analyses [indicspecies package function ‘multipatt’
(parameters: func=“IndVal.g”, duleg = TRUE, permutations = 999)] were used to identify analytes that
significantly contributed to the clustering pattern. The relative abundances of immune analytes were
compared between participants with a high-IFN immune profile vs. all other participants using the
Wilcoxon rank-sum test with Benjamini-Hochberg FDR correction.

Demographic variables were analyzed separately for each cohort. Kendall’s rank correlation test was
used for age, and a Wilcoxon rank-sum test was applied to biological sex and racial groups. The Fisher's
Exact Test was used for categorical variables. The log10-transformed concentrations of each analyte
were compared across categorical groups using the Wilcoxon rank-sum test (for two-group
comparisons) or the Kruskal-Wallis rank sum test (for variables with more than two categories), followed
by a Dunn test with FDR adjustment when appropriate. Associations between analyte concentration and
continuous demographic variables were assessed using the Kendall’s rank correlation test.

Ex vivo mature airway epithelia experiments
To assess differences in both SARS-CoV-2 receptor expression and SARS-CoV-2 replication, a row-
matched one-way ANOVA was performed across IPT pre-treatment groups. Post hoc comparisons
between each IPT group and the unstimulated control were conducted using an uncorrected Fisher’s
Least Significant Difference (LSD) test.

RESULTS

The adult nasal mucosa is host to distinct nasal immune
profiles
The HCW analytic cohort (n = 87) consisted primarily of young adults (median age 32 years, IQR 30–
42.8) with a balanced sex distribution (male 55%, female 45%). Participant characteristics are
summarized in Table 1.
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Table 1
Healthcare Worker (HCW) cohort participant

characteristics

    HCW (n = 87)

Age, years

Age, median (Q1-Q3)

30.0-42.8

Sex, n, %  

  Female 39 (45%)

  Male 48 (55%)

Race  

  White 36 (41%)

  Black or African American 24 (28%)

  Asian 22 (25%)

  American Indian or Alaska Native 1 (1.1%)

  More than one race 4 (4.6%)

Medical History  

  Lung Disease 11 (13%)

  Heart Disease 2 (2.3%)

  Diabetes 3 (3.4%)

  Cancer 2 (2.3%)

We identified five distinct nasal immune profiles among the participants using a clustering analysis of
the panel of normalized concentrations (relative to the maximum) of immune analytes (Fig. 1). Nasal
immune profile clusters 1 and 2 appeared distinct from the remaining clusters. Cluster 1 was defined by
significantly higher relative concentrations of interferons, including IFN-λ3, IFN-α2, and IFN-γ (all p < 
0.01), while individuals in cluster 2 were defined by significantly higher inflammatory markers TNF-α, IL6,
RANTES, IP10, MIG, MUC5AC, IL8, IL1β, and MIP-1β (all p < 0.05). Participants in clusters 3 to 5 had
successively lower levels of inflammatory chemokines and cytokines, including IL8, IP10, MIG, RANTES,
and MUC5AC. Detailed pairwise comparisons across nasal immune profile clusters can be found in
Supplemental Table 1.

Validation of Nasal Immune Profiles in an Independent
Cohort
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Nasal swabs were collected from a second cohort of 79 participants attending a flu vaccine clinic
(GWOH) at GWU in 2022 and analyzed to validate the observed nasal immune profiles. Participants from
this GWOH cohort were younger (median age 19 vs. 32 years, p < 0.001; IQR 18.0–23.0), more likely to be
white (70% vs 41%, p < 0.01), and less likely to be black (or of African American descent) than the HCW
cohort (6% vs 28%, p < 0.01; Table 2). However, they had a similar balanced sex distribution (male 52%,
female 48%). Demographic data from the GWOH cohort are presented in Table 2.
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Table 2
Demographics of participants in the George Washington

Occupational Health (GWOH) cohort.

    n = 79

Age (median, in years) 19

Biological sex, n, %  

  Female 38 (48%)

  Other 1 (1%)

Race  

  White 55 (70%)

  Black or African American 5 (6.3%)

  Asian 13 (16%)

  American Indian or Alaska Native 0 (0%)

  More than one race 6 (7.6%)

Medical History  

  Asthma 11 (14%)

  Allergies 36 (46%)

Children residing in household 4 (5.1%)

Pets residing in household 10 (13%)

Antibiotic use (last 14 days) 8 (10%)

People residing in household n = 69 respondents

  1 7 (10%)

  2 27 (39%)

  3 6 (9%)

  4 29 (42%)

Lifetime inhaled nicotine use n = 69 respondents

  Any 32 (48%)

  Cigarette 25 (36%)

  Electronic cigarette/vape 18 (26%)

  Cigar 15 (22%)
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    n = 79

  Hookah 13 (19%)

Cumulative lifetime cigarette use among 25 who used

  1 cigarette 5 (16%)

  2–5 cigarettes 14 (56%)

  6–15 cigarettes 3 (12%)

  15–25 cigarettes 0

  26 + cigarettes 3 (12%)

In general, immune analyte concentrations were higher in the GWOH cohort compared to the HCW
cohort (Supplemental Table 2), and additional demographic data were collected. Nevertheless, as in the
HCW cohort, this analysis revealed five distinct clusters of participants with a strong dichotomy between
GWOH cluster 1, similar to the previously identified HCW cluster 1, and the other clusters; in the GWOH
cohort, however, this dichotomy was driven solely by IFN-λ3 (Fig. 2). Similar to the HCW cohort, immune
analyte concentrations sequentially decreased from cluster 2 to 5, with participants in cluster 5 having
overall low levels of all immune analytes. A full list of the significant pairwise differences in soluble
immune molecules across GWOH clusters is provided in Supplementary Table 3. After accounting for
false discovery, no significant associations were observed between any participant demographics and
immune cluster membership.

Association between nasal immune markers and host
characteristics
Host demographics were associated with specific nasal immune markers in the GWOH cohort. Female
sex was associated with significantly lower IL1α (median 1.75 vs. 2.09 log10 (value + 1) pg/ml, p < 0.01)

and IL1β (median 0.00 vs 0.34 log10 (value + 1) pg/ml, p < 0.01) than male sex (Supplemental Fig. 2).
Age was negatively correlated with relative concentrations of RANTES, IL6, IP10, and MIG (all p < 0.05;
Supplemental Fig. 3). Compared to white participants, Asian study participants had significantly lower
levels of pro-inflammatory cytokines and chemokines, including MIG, IL-6, TNF-α, IP10, MIP1β, and IL-8
(all p < 0.05; Supplemental Fig. 4). Having a history of seasonal allergies was associated with
significantly higher levels of IFN-γ, IL17A, IL6, and MIP1β (all p < 0.05), while a history of asthma was
associated with higher levels of TNFα (p < 0.05; both Supplemental Fig. 5). While female sex was
statistically associated with higher IL13 concentrations in the HCW cohort (Wilcoxon rank-sum test: W = 
1032, p < 0.05), IL13 was detected in only 3% of individuals. No other associations between host
demographics and specific immune markers were observed in the HCW cohort.
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While smoking was relatively uncommon among GWOH cohort participants, some patterns emerged
with specific nasal immune markers. Participants who reported having ever using a hookah had
significantly lower concentrations of IL1α and IL6 compared to those who reported never having used
(IL1α median 1.61 vs 1.96 and IL6 median 0.30 vs 0.61 log10 (value + 1) pg/ml, both p < 0.05),
participants reporting regular use of e-cigarettes (used on > 14 of the past 30 days), were more likely to
have detectable IFN-λ3 compared to those who did not regularly use e-cigarettes (2/2 vs 7/65, p < 0.05),
and participants who had ever smoked a cigar had higher levels of IL13 compared to those who had not
(median 1.23 vs 0.97 log10 (value + 1) pg/ml, p < 0.05; Supplemental Fig. 6).

Pretreatment with type I and III interferons, but not chemokines, reduces the susceptibility of primary
nasal epithelial culture to SARS-CoV-2 infection

To assess the functional impact of two highly contrasting nasal immune profiles on modifying nasal
mucosal susceptibility to respiratory viral infection, we tested the indicator immune markers from nasal
immune profile clusters 1 and 2 – high interferons vs. high pro-inflammatory cytokines – in a primary
nasal epithelial culture. Representative images of mature nasal epithelial cultures are shown in Fig. 3,
illustrating pseudostratified epithelium (Fig. 3A) with mucociliary differentiation, including goblet cell
formation (Fig. 3B) and cilia (Fig. 3C-D).

We first assessed how exposure to the indicator immune markers from clusters 1 and 2 affects
expression of the SARS-CoV-2 receptor (ACE2) and co-factor (TMPRSS2) in primary nasal epithelial
cultures (Fig. 4A-B). While neither treatment significantly impacted TMPRSS2 expression, as compared
to unstimulated controls (ΔCt: controls = -1.792 vs. cluster 1 = -2.321 vs. cluster 2- = -2.226), epithelial
cultures treated with cluster 1 (interferon-high) profile had significantly increased ACE2 expression
compared to unstimulated controls (ΔCt: -2.648 vs. -5.837, p = 0.006) (Fig. 4B).

We further tested how treatment with recombinant human protein mixtures, broadly recapitulating the
two immune profiles of interest, impact nasal epithelial cultures susceptibility to replication-competent
SARS-CoV-2 Omicron Ba.1. This showed that epithelial cultures treated with cluster 1 (interferon-high)
profile had significantly lower mean SARS-CoV-2 N gene expression after 24 hours than unstimulated
controls (ΔCt: control = 7.14 vs. cluster 1 = 3.26) Fig. 4C). In contrast, treatment with the cluster 2
(chemokine-high) profile had similar SARS-CoV-2 N gene expression to unstimulated controls (ΔCt:
control = 7.14 vs. cluster 2 = 7.81; p = 0.1305, Fig. 4C).

DISCUSSION
The nasal mucosa is the primary site of viral entry and plays a critical role in shaping the course of viral
infections and their management. In this study, we identified two distinct, reproducible nasal immune
profile types in healthy adults: a high-interferon (IFN-λ3–dominant) low-inflammatory state and a pro-
inflammatory/chemotactic low-interferon state. This dichotomy was consistently observed across two
independent cohorts, despite differences in swab collection, participant demographics, and time,
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underscoring their robustness. We found that the high-interferon profile, but not the high pro-
inflammatory/chemotactic profile, protected against wildtype SARS-CoV-2 in vitro, suggesting the
baseline immune status of the nasal mucosa is a critical determinant of SARS-CoV-2 susceptibility.

We assessed the functional role of immune profiles using differentiated primary human nasal epithelial
cultures. In vitro pretreatment of nasal epithelia with interferons (IFN-λ3 and IFN-α2) but not pro-
inflammatory cytokines (MIP-1β, RANTES, TNF-α, IP-10, IL-8, MIG) conferred significant protection
against SARS-CoV-2 Omicron BA.1 challenge. These findings suggest that a naturally occurring IFN-λ3–
dominant, low-inflammatory immune state in the nasal mucosa may confer intrinsic resistance to
infection, consistent with the ability of IFN-λ to promote epithelial antiviral programs while restraining
chemokine-driven inflammation52–55. The antiviral protection we observed is likely mediated by robust
induction of interferon-stimulated genes (ISGs) in epithelial cells, conferring a cell-intrinsic antiviral state.
We confirmed the well-established link between IFN signalling and ACE2 expression: IFN pretreatment
upregulated ACE2 in our primary nasal epithelial model. This observation not only supports the known
role of IFNs in modulating ACE2 expression but also validates the relevance of our in vitro model to in
vivo conditions, where similar ACE2 upregulation occurs in response to IFN signaling56–58. Despite the
increase in ACE2, infection levels still decreased, indicating that the antiviral effects driven by IFN
responses override any potential enhancement of viral entry due to increased ACE2 expression. This
finding helps reconcile conflicting reports on ACE2 modulation and viral susceptibility57,59. Our data
therefore reinforce the complex interplay between viral entry factors and innate immune defences in
primary human tissues, demonstrating the multifaceted role of cytokines during viral infection.

Our results extend prior murine and in vitro studies showing that IFN-λ exerts potent antiviral activity
without inducing systemic inflammatory responses60–64. Unlike type I or II IFNs, IFN-λ receptors are
predominantly expressed on epithelial cells, limiting their activity to mucosal surfaces65,66. In respiratory
viral infection models, IFN-λ limits neutrophil recruitment and IL1-driven pathology, preserving tissue
integrity while enhancing local antiviral defence52,54. Importantly, most previous work has examined
experimentally induced IFN-λ responses53,67,68, whereas our study demonstrates that this protective,
low-inflammatory immune tone exists naturally in a subset of healthy adults. This supports recent
models, proposing that baseline IFN-λ activity sets a mucosal “antiviral tone” that can influence infection
outcomes. This phenomenon may also explain why certain individuals remain asymptomatic and quickly
clear the virus, while others are more prone to developing severe disease.

Despite several associations between individual immune analytes and participant demographics or
airway exposures, none correlated with immune cluster membership. Age was negatively associated
with multiple analytes, consistent with immunosenescence shaped by lifelong antigen exposure and
environmental stressors69,70. Asthmatic participants had elevated TNFα, in line with its role in airway

inflammation71, and those with seasonal allergies showed higher IFN-γ, IL17A, IL6, and MIP-1β, reflecting
the mixed Th1/Th17 response typical of allergic airway disease72–75. Female participants had lower
nasal IL1α/β than males, consistent with evidence that sex hormones modulate IL1β secretion and that
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men mount stronger IL1 responses76–78. Asian participants had lower levels of several cytokines,
paralleling reports of divergent T-effector polarization in chronic sinus disease79. Tobacco exposures

also shaped responses: environmental smoke is linked to Th2 skewing80, matching our finding that cigar
users had higher IL13. Notably, cigarette smoke and nicotine impair production of type I/II IFN in
response to the live-attenuated influenza vaccination81–83. We observed that frequent e-cigarette use
was associated with higher baseline IFN-λ3, which protected against SARS-CoV-2 in vitro. If high IFN-λ3
similarly inhibits the replication of live-attenuated vaccines, this could dampen vaccine-induced immune
priming. Further research on the effect of the pre-existing immune milieu on variability in mucosal
vaccine efficacy is warranted84,85. While informative for hypothesis generation, our cross-sectional
design precludes conclusions on confounding, directionality, or causality.

A key unresolved question is what factors drive the emergence of these distinct nasal immune profiles in
healthy adults. The nasal microbiome is a strong candidate, as commensal bacteria can modulate
epithelial signalling at mucosal surfaces, influencing basal immune tone and antiviral readiness86–89.
Variability in microbial community structure could therefore prime the mucosa toward either an IFN-λ–
dominant antiviral state or a more chemotactic/pro-inflammatory state. Host intrinsic factors, including
genetic variations in immune-related genes and signalling pathways, can further shape protein
expression profiles and, in turn, contribute to inter-individual differences in steady-state mucosal
immunity90–94. Environmental exposures, such as allergens95–97, air pollutants98–100, and tobacco
smoke101,102, also recalibrate mucosal immune responses, suppressing or skewing cytokine output.
Longitudinal and multi-omics approaches integrating microbiome composition, host genetics, and
exposure histories will be essential to define the drivers and stability of these immune profiles over time.

Our findings have translational relevance, as IFN-λ appears to balance two essential functions of the
mucosal barrier – providing robust antiviral defence while limiting collateral inflammation – thereby
enabling viral control without excessive tissue injury. Baseline IFN-λ3 levels in the nasal mucosa could
serve as a biomarker for mucosal resistance, supporting assessment of host defence capacity or
informing targeted prophylactic approaches. Intranasal IFN-λ delivery has shown promise in pre-
exposure prophylaxis models, including reduced SARS-CoV-2 infection and transmission in
rodents62,67,103. It could be further explored in humans to transiently boost epithelial antiviral tone.
However, the benefits of IFN-λ must be weighed against its potential to delay epithelial repair during
prolonged signalling54,104, underscoring the need for careful optimization of dosing and timing.

CONCLUSION
This study provides valuable insights into patterns of expression of nasal immune mediators and their
impact on susceptibility to SARS-CoV-2 infection. Our findings demonstrate that a naturally occurring
IFN-λ3–dominant, low-inflammatory nasal immune profile exists in healthy adults, and suggest this
profile confers protection against SARS-CoV-2. These findings support a model in which IFN-λ acts as a
central determinant of mucosal immune tone, promoting robust epithelial antiviral responses while
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limiting inflammation-driven pathology. Understanding the determinants and stability of this set-point
may help identify individuals at increased risk for severe respiratory viral disease and guide the
development of targeted prophylactic strategies.

Limitations of the study
This study has several limitations. First, its observational cross-sectional design does not allow for
causal inference regarding the relationships between baseline immune analytes and participant
characteristics. While reproducible immune profiles were identified across two independent cohorts,
direct cross-cohort comparisons were limited by methodological differences. In particular, the HCW
cohort relied on 3D-printed swabs during early pandemic shortages, whereas the GWOH cohort used
standardized commercial swabs under direct observation at a later stage of the pandemic, when
participants were more familiar with self-collection. These differences likely contributed to the generally
higher analyte concentrations observed in the GWOH cohort and complicate direct comparisons105.

While pretreatment with chemokines did not alter susceptibility in vitro, our ex vivo model lacked
immune cells, restricting assessment to direct effects of soluble mediators on epithelial infection.
Inflammatory chemokines may exert important effects in vivo by recruiting and activating immune
cells106, functions not captured by our model. Additionally, severe SARS-CoV-2 disease is characterized
by a hyperinflammatory response with elevated serum levels of IL1β, IL1Rα, IL6, IL7, IL10, IP10, and TNF-
α, alongside an impaired IFN response15,17,106, mirroring the chemokine-high nasal profile observed in
our participants. Individuals with a chemokine-high, interferon-low profile may be more vulnerable to
severe COVID-19 pathogenesis, but this could not be explored in our ex vivo model. Expanded co-culture
models incorporating immune cells will be required to dissect these interactions in a multicellular
context. Understanding these dynamics could be critical for identifying individuals at higher risk and
developing strategies to mitigate severe disease.

Finally, our sample size was modest and limited to adults up to 72 years of age. The generalizability of
these findings to pediatric or older populations, or to other respiratory viruses, remains to be determined.
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Figures

Figure 1

Adults form five distinct clusters based on secreted immune mediators. Concentrations of immune
analytes were quantified in nasal swabs self-collected by 87 participants from the HCW cohort. Each
vertical column represents one sample from a single participant, and each square represents the relative
concentration (normalized to the highest observed concentration in the study) of the specific immune
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analyte. Participants were clustered based on their relative concentration of all immune analytes
(partition around medoids (PAM), k=5).

Figure 2

GWOH cohort participants form five distinct clusters based on secreted immune mediators.
Concentrations of immune analytes were quantified in nasal swabs self-collected by 79 adults in the
GWOHcohort. Each vertical column represents one participant, and each square represents the relative
abundance of the indicated immune analyte (proportional to the highest observed concentration).
Participants were clustered based on their relative abundances of immune analytes (partition around
medoids (PAM), k=5).
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Figure 3

Characterization of mature nasal epithelial tissues. (A) Hematoxylin and eosin (H&E) staining
demonstrating the pseudostratified organization of nasal epithelia. (B) Periodic acid–Schiff (PAS)
staining highlights mucus-producing goblet cells, with black arrows indicating glycogen-rich mucus
residues on the nasal epithelium. (C) Immunofluorescent staining revealing tissue composition:
acetylated α-tubulin (cilia, yellow), p63 (basal/proliferative cells, magenta), and DAPI (nuclei, cyan). (D)
Scanning electron microscopy (SEM) image showing cilia formation. Scale bars: 50 μm. Brightness and
contrast were adjusted to improve visualization.
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Figure 4

Interferons, but not other inflammatory mediators, protect mature nasal airway cultures from SARS-
CoV-2, despite increasing ACE2 gene expression. Mature organotypic nasal epithelial cultures were
stimulated with cytokine cocktails representative of IFN-high or chemokine-high immune profiles for 72
hours prior to SARS-CoV-2 infection. Prior to infection, cells were harvested to quantify (A) TMPRSS2
and (B) ACE2 transcript levels by RT-qPCR, normalized to RPLP0 (n=3 donors). (C) The IFN-high profile
significantly reduced SARS-CoV-2 N gene expression compared to unstimulated controls, while the
chemokine-high profile had no significant effect (n=9 donors). Each data point represents the mean of
either triplicate or quadruplicate wells from an individual donor; data point symbols indicate tissue
donors. Statistical analysis was performed using a row-matched one-way ANOVA, followed by post hoc
comparisons to the unstimulated control using an uncorrected Fisher’s LSD test. p-values are indicated
on the graphs.
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