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Background. While inflammatory and immune responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection in peripheral blood are extensively described, responses at the upper respiratory mucosal site of initial infection are 
relatively poorly defined. We sought to identify mucosal cytokine/chemokine signatures that distinguished coronavirus disease 
2019 (COVID-19) severity categories, and relate these to disease progression and peripheral inflammation.

Methods. We measured 35 cytokines and chemokines in nasal samples from 274 patients hospitalized with COVID-19. 
Analysis considered the timing of sampling during disease, as either the early (0–5 days after symptom onset) or late (6–20 days 
after symptom onset) phase.

Results. Patients that survived severe COVID-19 showed interferon (IFN)-dominated mucosal immune responses (IFN-γ, 
CXCL10, and CXCL13) early in infection. These early mucosal responses were absent in patients who would progress to fatal 
disease despite equivalent SARS-CoV-2 viral load. Mucosal inflammation in later disease was dominated by interleukin 2 (IL-2), 
IL-10, IFN-γ, and IL-12p70, which scaled with severity but did not differentiate patients who would survive or succumb to 
disease. Cytokines and chemokines in the mucosa showed distinctions from responses evident in the peripheral blood, 
particularly during fatal disease.

Conclusions. Defective early mucosal antiviral responses anticipate fatal COVID-19 but are not associated with viral load. Early 
mucosal immune responses may define the trajectory of severe COVID-19.
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Immunopathogenesis is a dominant feature of severe coronavi
rus disease 2019 (COVID-19) and hospitalized patients with es
tablished disease benefit from steroidal and anti-inflammatory 
therapies. In late-stage disease, immunopathogenesis is increas
ingly well characterized but less is known about early mucosal 
immune responses. In respiratory viral infections the upper re
spiratory tract (URT) is considered the site of initial viral repli
cation, with preexisting adaptive immunity preventing or 
limiting infection [1]. Interferons (IFNs) and innate immune 

effector cells provide the next layer of protection and are fol
lowed by adaptive T- and B-cell responses [2–4]. Severe acute re
spiratory syndrome coronavirus 2 (SARS-CoV-2) infection has 
been associated with an inadequate, delayed, or prolonged in
nate response, which can in turn delay adaptive responses [4, 5].

The value of immunomodulation in COVID-19 was first ob
served as reduced 28-day mortality following administration of 
dexamethasone to patients receiving oxygen or supportive ven
tilation [6]. Inhibition of interleukin 6 (IL-6) with monoclonal 
antibodies further demonstrated the benefit of immunosup
pressive therapies in COVID-19 [7]. An alternative to immu
nosuppression of established disease is the enhancement of 
protective immune responses, and interventions prior to or 
during early hospitalization are desirable. Disruption of viral 
replication has been studied for this aim; however, the antiviral 
molnupiravir performs no better than placebo at preventing 
hospitalizations within at-risk groups [8]. Symptomatic non
hospitalized SARS-CoV-2 patients treated <5 days after symp
tom onset with the anti–SARS-CoV-2 monoclonal sotrovimab 
demonstrated a reduction in subsequent hospitalizations [9], 
supporting the principal that early intervention may reduce 
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severity. However, antivirals and monoclonals risk decreasing 
efficacy due to viral escape mutations. Additionally, whilst 
higher viral load might be reasonably thought to influence se
verity, the relationship between URT viral load and severity 
is unclear [10–12]. Boosting host antiviral responses with pegy
lated IFN-λ within 7 days of symptom onset was effective in 
older participants at higher risk of severe disease [13]. While 
protective and harmful immune responses during COVID-19 
are well described in blood, human mucosal immune responses 
during SARS-CoV-2 infection are relatively understudied. This 
has limited the development of immunomodulatory therapies 
that could enhance protective mucosal responses, inhibit im
munopathogenesis, or define early prognostic markers.

The interval between SARS-CoV-2 exposure and symptom on
set has been estimated at 5 days, although this shortened as viral 
variants adapted to human transmission [14]. Therefore, the 
symptomatic period has been considered to transition from a 
virus-initiated early viral phase (<5 days of symptoms) to an in
flammatory phase [15]. The nasal mucosa offers a uniquely acces
sible window into the respiratory tract and, unlike lower airway 
sampling, can be performed repeatedly in large cohorts, enabling 
the characterization of rare disease outcomes. We used nasosorp
tion sampling in a large prospective multicenter cohort hospital
ized with COVID-19 to investigate the immune response in the 
upper airway and compared these responses to peripheral blood 
[16]. We now describe the temporal pattern of responses in par
ticipants of diverse severity, highlighting initial transient mucosal 
hyporesponsiveness in participants that progress to fatal disease.

METHODS

Study Design

The International Severe Acute Respiratory Infection Consortium 
(ISARIC) World Health Organization (WHO) Clinical 
Characterization Protocol for Severe Emerging Infections in the 
UK (CCP-UK) is a prospective cohort study of patients hospital
ized with COVID-19, with recruitment across 258 hospitals in 
England, Scotland, and Wales (National Institute for Health 
Research Clinical Research Network Central Portfolio 
Management System ID, 14152) [17]. The protocol, revision his
tory, case report form, patient information leaflets, consent forms, 
and details of the Independent Data and Material Access 
Committee are available online [18]. This was a prepositioned 
pandemic preparedness study with urgent public health research 
status [17]. Additional detail on the study design and analyses 
can be found in the Supplementary Materials.

RESULTS

Elevated Mucosal Proinflammatory Cytokine Levels in Severe and Fatal 
COVID-19

Prepandemic healthy controls (HCs, n = 25) and patients hos
pitalized with COVID-19 within 20 days of symptom onset 

(n = 274) provided nasal mucosal samples (Supplementary 
Table 1). Patients were categorized into 3 groups based upon 
peak severity using the WHO clinical progression scale [19]: 
moderate disease (n = 142) encompassing no oxygen therapy 
(WHO score 4) and oxygenation by mask or nasal prongs 
(WHO score 5); severe disease (n = 92) including noninvasive 
ventilation or high-flow nasal cannula oxygenation (WHO 
score 6) and invasive mechanical ventilation (WHO scores 7– 
9); and fatal disease (WHO score 10; n = 40). In agreement 
with the wider ISARIC4C cohort [20], fatal outcome was asso
ciated with older age and male sex (Supplementary Table 1).

To identify associations between severity and nasal cyto
kines/chemokines, K-means clustering and principal compo
nent analysis (PCA) were performed (Figure 1A and 
Supplementary Figure 1A–C, respectively) for HCs and 215 
participants with complete data (moderate n = 103, severe 
n = 59, fatal n = 28) sampled ≤20 days after symptom onset. 
Clustering identified 2 groups of participants (A and B), with 
cluster A having more severe and fatal peak-severity partici
pants (Figure 1A). Cluster A had elevated chemokines (eg, 
CCL2 and CCL4), inflammatory cytokines (eg, IFN-γ, IL-2, 
IL-6, tumor necrosis factor-α [TNF-α], IL-1β, and IL-12p70), 
and the anti-inflammatory cytokine IL-10 (marker cluster 1). 
PCA showed a concentrated group of HCs and groups of pa
tients with COVID-19 that diverged from HCs in PC1 (explain
ing 50.4% of variance) and PC2 (explaining 8.1% of variance) 
with greater peak severity and severity at time of sampling 
(Supplementary Figure 1A and 1B, respectively). Loading val
ues for PC1 and PC2 indicated IL-2, IL-12p70, TNF-α, IL-1β, 
and IFN-γ made strong contributions to this variance 
(Supplementary Figure 1C). These cytokines and chemokines 
were closely correlated, along with other markers in cluster A 
(Supplementary Figure 1D).

Despite the enrichment of patients with higher disease se
verity in cluster 1, this cluster included many moderate-disease 
patients. Similarly, cluster 2 included some fatal cases, although 
most had moderate disease at time of sampling (Figure 1A). 
These unsupervised analyses of mucosal cytokine and chemo
kine levels from patients hospitalized with COVID-19 there
fore indicated proinflammatory markers were associated with 
higher disease severity, and that the timing of sample collection 
during disease may influence cytokine and chemokine levels.

Mucosal Responses in COVID-19 Are Dominated by IFN-γ and IL-2

To define the association of individual mucosal immune mark
ers with COVID-19 severity, levels in the first sample per par
ticipant were directly compared between peak-severity groups 
and HCs. This highlighted increases in a range of cytokines, in
cluding IFN-γ, IL-2, IL-12p70, IL-10, and IL-4 in moderate 
(n = 142), severe (n = 92), and fatal (n = 40) peak-severity 
groups, relative to HCs (Figure 1B–D, respectively). Analysis 
of individual markers demonstrated considerable overlap 
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between peak-severity groups in many cytokines and chemo
kines, including IFN-γ, IL-2, and IL-10 (Figure 1E–M and 
Supplementary Figure 2). Levels of many markers were higher 
in the severe group, relative to moderate, but median levels in 
the fatal group were commonly equivalent to, or lower than, se
vere. Five markers were decreased in the moderate group, rel
ative to HCs; angiopoietin-2, A proliferation-inducing ligand 
(APRIL/TNFSF13), fibroblast growth factor-basic (FGF-basic), 
D-dimer, and matrix metalloproteinase (MMP-1). No nasal cyto
kines or chemokines were significantly different between severe 
and fatal groups, in contrast to our previous observations in plas
ma [16], indicating that patients that would succumb to 
COVID-19 had equivalent mucosal inflammation to those that 
would survive severe disease.

Equivalent Viral Loads Between Peak-Severity Groups

We next determined whether differences in mucosal inflamma
tion between severity groups could be accounted for by viral 
load. Nasal swabs collected ≤20 days after symptom onset 
showed equivalent viral loads between peak-severity groups 
(moderate n = 56, severe n = 14, fatal n = 28; Figure 2A). 
Relating these data to symptom duration at the time of sam
pling indicated no large-scale differences between peak- 
severity groups over the course of infection (Figure 2B). 
Nasal viral swabs collected at the same time as nasosorption 
sampling from 32 patients (n = 18 moderate, n = 6 severe, 
and n = 8 fatal peak severities) also showed no significant dif
ferences in viral load between severity groups (Figure 2C), or 
over time (Figure 2D). Viral loads also did not significantly cor
relate with contemporaneous nasosorption cytokine/chemo
kine levels (Figure 2E). These data indicated that viral load is 
unlikely to account for the differences in the scale and nature 
of the mucosal immune response between severity groups.

Longitudinal Nasal Sampling Demonstrates a Limited Early Mucosal 
Response in Fatal COVID-19

Given the indication that severity at the time of sampling might 
be associated with mucosal marker levels (Figure 1A), we stud
ied the kinetics of nasal cytokines and chemokines between 
peak-severity groups. Sequential nasal samples from 153 pa
tients (n = 115 with 2 repeat samples; n = 34 with 3 repeat sam
ples; n = 4 with 4 repeat samples, totaling 348 samples; 
Supplementary Table 2) demonstrated that median levels of 
IFN-γ, IL-2, IL-10, IL-12p70, IL-4, and IL-1α were low in fatal 
outcome participants in the first days after symptom onset, be
fore climbing to a peak between symptom days 15 and 20 
(Supplementary Figure 3). By contrast, nasal cytokine and che
mokine levels in the moderate and severe peak-severity groups 
changed less over time.

To determine whether cytokine and chemokine responses in 
fatal outcome participants were lower in the first days after 
symptom onset, we separated data into early (0–5 days after 

symptom onset, “viral”) and inflammation-dominated late 
(6–20 days after symptom onset “inflammatory”) phases [15]. 
PCA demonstrated overlap between peak-severity groups dur
ing either viral or inflammatory phases (Supplementary 
Figure 4). However, only the antiviral markers IFN-γ, 
CXCL10, and CXCL13 were elevated in the moderate group vi
ral phase relative to HCs (Figure 3A), along with decreases in 7 
cytokines and chemokines predominantly associated with vas
cular function (eg, angiopoietin-2, thrombomodulin). In the 
inflammatory phase, this IFN-led response expanded to include 
inflammatory markers (eg, IL-1α, IL-2, and IL-12p70; 
Figure 3B). A broader inflammatory state was evident during 
the viral phase in the severe outcome group, with IL-2, IL-10, 
and IFN-γ particularly increased, alongside IL-4, IL-12p70, 
and IL-1α (Figure 3C). Furthermore, IL-6 and TNF-α, previ
ously linked to severe disease in the circulation [16], were 
also elevated. These changes continued in the inflammatory 
phase (Figure 3D), indicating a stronger mucosal inflammatory 
response in severe disease than moderate and a relatively stable 
nature and scale of the mucosal immune response within the 
severe group. In contrast to the IFN-led early mucosal respons
es evident in moderate and severe groups, the fatal outcome 
group had nasal cytokine levels equivalent to HCs in the early 
viral phase (Figure 3E). After the absence of a discernible re
sponse during the viral phase in the fatal group, the inflamma
tory phase was associated with induction of a wide array of 
cytokines and chemokines like those in the severe group 
(Figure 3F). Analyses of individual marker levels between 
groups in the viral and inflammatory phases supported these 
differences in timing and breadth of mucosal responses 
(Figure 4 and Supplementary Figures 5 and 6). As an explorato
ry analysis, we determined the ratio of viral load to mucosal 
CXCL10 levels (as a measure of IFN activity) where data 
were available from contemporaneous samples (n = 36). 
Stratification of these data by severity group and disease phase 
demonstrated lower levels (indicating low CXCL10 levels for a 
given viral load) in the fatal viral phase group, although this did 
not achieve statistical significance relative to other groups ow
ing to the small group sizes (Supplementary Figure 7). These 
analyses indicated a limited mucosal response in early disease 
that would progress to fatal outcomes, in contrast to a largely 
IFN-dominated early response in those that will survive hospi
talization with COVID-19, followed by a delayed but robust in
flammatory response.

Robust Peripheral Inflammation in the Early Stages of Fatal COVID-19

To determine if differences between compartments were evi
dent, nasal data were compared to our previously reported 
blood data [16], selecting for plasma samples collected ≤20 
days after symptom onset (n = 416), comprising moderate 
(n = 210), severe (n = 150), and fatal (n = 56) peak-severity 
groups. To align with the nasal analysis, plasma cytokine data 
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Figure 1. COVID-19 severity was associated with clusters of elevated inflammatory markers in the nasal mucosa. A, K-means clustered heatmap of 35 cytokines and 
chemokines in the nasal mucosa of healthy controls (n = 25) and patients hospitalized with COVID-19 (n = 215). Annotations provide participant peak severity (peak severity), 
severity at the time of sample collection (sample severity), sex, age, duration of symptoms at the time of sample collection (days after symptom onset), and total duration of 
hospital stay (hospital stay) in days. B–D, Nasal cytokine and chemokine levels in patients hospitalized with COVID-19 (n = 274) shown as volcano plots relative to healthy 
controls for (B) moderate, (C ) severe, and (D) fatal peak COVID-19 severity groups. Data shown are −log10 transformed false discovery rate adjusted Wilcoxon rank-sum 
P values (horizontal line at cutoff ≥.05) plotted against log2 fold changes (vertical lines at cutoffs ≤ −2 and ≥2) for nasal samples taken at 0–20 days after symptom onset. 
E–M, Individual cytokines and chemokines of particular interest in each COVID-19 peak-severity group and healthy controls: (E) IFN-γ, (F ) IL-2, (G) IL-10, (H ) IL-12p70, (I ) IL-4, 
(J ) IL-1α, (K ) angiopoietin-2, (L) MMP-1, and (M ) APRIL. Group median levels are shown as lines and significance levels determined using Kruskal-Wallis tests with Dunn’s P 
value correction. B–M, Data from the first time point per participant are shown. *P < .05, **P < .01, ***P < .001. Abbreviations: APRIL, A proliferation-inducing ligand; 
COVID-19, coronavirus disease 2019; FC, fold change; FGF, fibroblast growth factor; G-CSF, granulocyte-colony-stimulating factor; GDF-15, growth differentiation factor 
15; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL, interleukin; IFN-γ, interferon-γ; MMP-1, matrix metalloproteinase-1; TNF-α, tumor necrosis factor-α; 
VEGF, vascular endothelial growth factor.
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Figure 2. Nasal viral load was not associated with peak COVID-19 severity or nasal marker levels. A, Viral load quantified by RT-qPCR on nasal swabs from patients with 
COVID-19 (moderate n = 56, severe n = 14, fatal n = 28) taken 0–20 days after symptom onset. B, Viral load data aligned with the duration of symptoms at the time of 
sampling (days after symptom onset). A subset of these participants (moderate n = 18, severe n = 6, fatal n = 8) had viral load data and time-matched nasosorption cytokine 
and chemokine data: (C ) viral load grouped by peak COVID-19 severity; and (D) viral load data aligned with duration of symptoms. E, Hierarchically clustered correlation matrix 
of nasal cytokines and chemokines and nasal viral loads, ranked using the Spearman rank correlation coefficient (RS). Correlations were corrected for multiple testing and 
nonsignificant correlations are denoted by empty boxes. B and D, Linear regression lines for moderate, severe, and fatal peak COVID-19 severity groups. Abbreviations: 
COVID-19, coronavirus disease 2019; G-CSF, granulocyte-colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon-γ; IL, in
terleukin; ns, not significant; RT-qPCR, reverse transcription quantitative polymerase chain reaction; TNF-α, tumor necrosis factor-α; vWF-A2, von Willebrand factor-A2.
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was normalized to HCs (n = 15) and comparisons made be
tween viral and inflammatory phases (Supplementary 
Figure 8 and Supplementary Table 3), demonstrating little 
change in the nature or scale of peripheral inflammation be
tween early and later stages of COVID-19.

To directly compare responses between nasal and plasma 
compartments, median levels of each marker in each severity 
group are shown as fold change relative to HC levels for each 
compartment (Figure 5). The viral phase of moderate partici
pants showed prominent increases in plasma IL-10, IL-8, and 
angiopoietin-2, while IFN-γ and CXCL10 increases relative to 
HCs were similar between nasal and plasma compartments 
(Figure 5A and Supplementary Figure 8A). These were similar 
in the inflammatory phase for moderate participants (Figure 5B
and Supplementary Figure 8B). In the severe group, plasma 
IL-6 elevations became more pronounced, during both viral 
and inflammatory phases (Figure 5C and 5D, respectively), 
while a robust elevation in nasal IL-2 was not evident in the 
plasma. Like the moderate group, neither nasal nor plasma cy
tokine and chemokine profiles in the severe group changed no
tably between the early viral and later inflammatory phases.

Plasma marker levels in the fatal group were similar to severe 
(Supplementary Figure 8); however, the nasal cytokine/chemo
kine response was relatively muted (Figure 5E). In contrast to 
the moderate and severe groups, the nasal marker profile in 
the fatal group expanded between the viral and inflammatory 
phases (Figure 5F). Interestingly, levels of IL-1β and IL-18 
were elevated in nasal samples of the inflammatory phase of 
both severe and fatal participants but were similar to HC levels 
in plasma (Figures 5D and 5F).

Together, this demonstrated that IFNs and IFN-driven che
mokines dominate the nasal and plasma immune response to 
COVID-19. In severe disease during both the viral and inflam
matory phases, IL-2 dominated the response in the nose, while 
IL-6 increased in the plasma and IFN-γ and IFN-induced che
mokines were evident in both compartments. In fatal cases dur
ing the early viral phase, the nasal immune response was 
diminished relative to those that would survive COVID-19; 
however, the plasma inflammatory response was robust.

DISCUSSION

This is the first large-scale multicenter study of respiratory mu
cosal inflammation during hospitalization with COVID-19, re
cruiting patients early in disease. Recruitment was before 
SARS-CoV-2 vaccination, so reflects primary infections in na
ive individuals. Fatal COVID-19 was marked by a limited early 
mucosal immune response that contrasted with the robust 
IFN-led response in milder disease. This deficient mucosal re
sponse contrasted with robust inflammation in peripheral 
blood from the earliest stages of fatal disease. Therefore, a 

weak early mucosal response despite robust peripheral inflam
mation was associated with mortality.

Weak early mucosal IFN responses might be expected to re
sult in elevated viral load. However, viral loads were equivalent 
between peak-severity groups, in agreement with larger studies 
[11], and were not associated with mucosal cytokine/chemo
kine levels. Progressive inflammatory responses in the URT 
may therefore represent local immune dysfunction, rather 
than a loss of control over viral replication. Viral clearance rates 
are slower in symptomatic individuals [21] and as such, longi
tudinal analyses of viral kinetics may more closely associate 
with mucosal immune responses. Self-reported symptom dura
tions are subjective and our definition of the viral phase (0–5 
days of symptoms) may be influenced by this. Pseudotime anal
yses using sequential viral load measurements per participant 
offer one opportunity to align biological data to features of viral 
replication that may better reflect the duration of infection. 
However, our viral load data were insufficient to perform 
such analyses, while variance in viral clearance owing to differ
ences in immune responses can confound derivation of pseu
dotime durations [11, 22].

Induction of IL-2 in the mucosa across severity groups may 
result from local T-cell activity, potentially fitting with blood 
lymphopenia in severe disease due to mucosal trafficking of pe
ripheral T cells. Unlike the blood, mucosal IFN-γ and IL-2 lev
els plateaued between severe and fatal COVID-19 groups in late 
disease. In line with these data, aberrant macrophage activation 
and impaired T-cell responses in diseased lungs [23], an inad
equate CD8+ T-cell response in fatal pneumonia, poor viral reg
ulation [24], and CD8+ T-cell lymphopenia are associated with 
severe disease [24, 25]. The early abundance of IFN-γ suggests a 
type I (including Th1) skewed mucosal response in milder dis
ease, while elevations in type II cytokines like IL-13 (linked to 
hyaluronan synthesis and severe disease [26]) in early severe 
disease suggest this skewing could change in more severe dis
ease. In contrast to differences in the early viral phase, the nasal 
inflammatory-phase response in the fatal group was similar in 
nature and scale to severe participants, suggesting that early ac
tivation of mucosal immune responses may influence disease 
trajectory.

Some markers were similar between compartments; however, 
IL-18 and IL-1β were markedly elevated in inflammatory phase 
nasal samples from severe and fatal groups, but not in plasma. 
This suggests inflammasome activation may be occurring in 
the airway during severe COVID-19 [27]. Nasal granulocyte- 
macrophage colony-stimulating factor (GM-CSF) was increased 
with no distinction between COVID-19 severity groups, in con
trast to plasma GM-CSF (and IL-6) levels, which scale with se
verity [16]. Levels of mucosal IL-6 and GM-CSF therefore 
offer less distinction between severity groups than equivalent pe
ripheral blood measures, highlighting common and unique fea
tures of immune responses between compartments.
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A deficient IFN response has been associated with COVID-19 
[28], with different mechanisms hypothesized. Firstly, the appar
ent lack of early IFN-centered mucosal responses in fatal disease 
may be attributed to age-related immunosenescence [29], which 
is a therapeutic target in COVID-19 [30]. This attribution is sup
ported by the older age of our fatal outcome group, and the risk 
associated with older age in COVID-19 [22]. Additionally, 
IFN-neutralizing autoantibodies associated with severe 
COVID-19 [31] may stall early mucosal IFN-centered responses, 

encouraging progression to pathologic inflammatory responses. 
Expression of the IFN-induced transcript IFI27 in peripheral 
blood has been linked to protection from disease in presymp
tomatic, asymptomatic, and abortive infections [25, 32, 33]. 
The weak IFN response in the mucosa may be a consequence 
of limited type I/III IFN expression in airway epithelial cells fol
lowing SARS-CoV-2 infection [34] (despite a strong inflamma
tory response) and may evidence the ability of SARS-CoV-2 to 
repress IFN responses, but does not explain why this ability 
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Figure 3. A muted early mucosal immune response was associated with fatal COVID-19. Cytokine and chemokine levels in nasal samples were compared to healthy control 
(n = 25) levels for each COVID-19 patient time group: (A) moderate, viral phase (0–5 days after symptom onset; n = 44); (B) moderate, inflammatory phase (6–20 days after 
symptom onset; n = 98); (C ) severe, viral phase (n = 18); (D) severe, inflammatory phase (n = 74); (E) fatal, viral phase (n = 9); and (F ) fatal, inflammatory phase (n = 31). A–F, 
Volcano plots with −log10 transformed false discovery rate adjusted Wilcoxon rank-sum P values (horizontal line at cutoff P ≥ .05) plotted against log2 fold changes relative 
to healthy controls (vertical lines at cutoffs ≤ -2 and ≥2 fold change). Abbreviations: APRIL, A proliferation-inducing ligand; COVID-19, coronavirus disease 2019; EN-RAGE, 
Extracellular newly identified receptor for advanced glycation end products/S100A12; FGF, fibroblast growth factor; GDF-15, growth differentiation factor 15; IFN-γ, inte
rferon-γ; IL, interleukin; MMP-1, matrix metalloproteinase-1; TNF-α, tumor necrosis factor-α; vWF-A2, von Willebrand factor-A2.
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Figure 4. Cytokine and chemokine levels during the viral and inflammatory phases between peak-severity groups. Individual markers’ particular distinctions between each 
COVID-19 peak-severity group and healthy controls, displayed by viral phase (0–5 days after symptom onset) or inflammatory phase (6–20 days after symptom onset): (A) viral 
phase IFN-γ; (B) inflammatory phase IFN-γ; (C ) viral phase IL-2; (D) inflammatory phase IL-2; (E) viral phase IL-10; (F) inflammatory phase IL-10; (G) viral phase IL-12p70; (H ) 
inflammatory phase IL-12p70; (I ) viral phase angiopoietin-2; and (J ) inflammatory phase angiopoietin-2. All panels show group median levels as lines and significance levels 
determined using Kruskal-Wallis tests with Dunn P value correction. *P < .05, **P < .01, ***P < .001. Abbreviations: COVID-19, coronavirus disease 2019; IFN-γ, interf
eron-γ; IL, interleukin.
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Figure 5. Pronounced blood plasma responses in the early stages of fatal COVID-19 despite weak mucosal responses. Median log2 fold-change values, relative to healthy 
control levels, for each cytokine or chemokine were contrasted between nasosorption samples (lighter shades) and plasma (darker shades) for each COVID-19 patient peak- 
severity group in viral (0–5 days after symptom onset) or inflammatory (6–20 days after symptom onset) phases: (A) moderate, viral phase; (B) moderate, inflammatory phase; 
(C ) severe, viral phase; (D) severe, inflammatory phase; (E) fatal, viral phase; and (F ) fatal, inflammatory phase. All panels show median log2 transformed cytokine fold- 
changes relative to healthy controls (healthy control levels therefore represented as the 0 line) for nasal samples and plasma samples by peak severity. Abbreviations: 
COVID-19, coronavirus disease 2019; EN-RAGE, Extracellular newly identified receptor for advanced glycation end products/S100A12; G-CSF, granulocyte-colony-stimulating 
factor; GDF-15, growth differentiation factor 15; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon-γ; IL, interleukin; TNF-α, tumor necrosis 
factor-α.
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may manifest differently between severity groups when viral 
loads are equivalent. Levels of type I/III IFNs are low in mucosal 
fluid samples and were not quantifiable in our samples. Another 
explanation for the weak IFN response may be the abundance of 
polymorphisms in IFN-associated genes associated with 
COVID-19 [35–37], which may prevent or stall IFN responses. 
Together, these reports demonstrate the importance of IFN re
sponses in limiting disease. Our data further this field by demon
strating that this deficient IFN response in the most severe cases 
of COVID-19 is most apparent in early mucosal responses.

The early anergic response in the nasal mucosa is reminiscent 
of the dysregulated immune response observed in blood during 
sepsis, combining elements of hyperinflammation alongside 
immunosuppression [38, 39]. Our data in fatal COVID-19 indi
cate that nasal mucosal responses are deficient even when hy
perinflammation is established in blood. Such dysregulation 
was also apparent as inflammasome activation in our data, sug
gesting that severe COVID-19 is associated with failure to 
mount early IFN responses in the mucosa, alongside epithelial 
cell damage and accumulation of activated macrophages that re
sult in delayed but excessive cytokine release [34, 40].

Our study is the largest to profile mucosal immune responses 
during severe COVID-19. Despite this scale, our sample size is 
limited in places, such as the number of longitudinal samples 
during early disease that progressed to fatal outcome. 
Respiratory sampling is challenging in patients with severe dis
ease, resulting in the paucity of large-scale studies of mucosal 
responses in COVID-19, relative to the number of studies on 
blood responses. These difficulties were mitigated through 
our use of minimally invasive nasosorption sampling [41]. 
However, the URT cannot be assumed to fully represent the 
lower airway. As such, our observation of delayed IFN respons
es in fatal COVID-19 may not be recapitulated in the lower air
way. Lower airway viral replication may similarly differ 
between severity groups in a way not evident in the URT; how
ever, obtaining lower airway samples from milder cases of 
COVID-19 is challenging and sputum and nasal viral loads cor
relate closely [42].

Our viral and inflammatory phases could be considered ar
bitrary; however, we selected these time period classifications 
as they have been suggested to define the point at which initial 
antiviral responses transition to inflammatory responses [15]. 
Our cohort were recruited prior to vaccine rollout and were un
likely to have been previously infected, given our recruitment 
in early 2020. Vaccination, SARS-CoV-2 infection history, 
and viral evolution are all likely to change cytokine, chemokine, 
and immune cell responses [43], and our findings should be 
validated in a modern cohort.

Immune suppression with corticosteroids and monoclonal 
antibodies benefit patients with COVID-19 [6, 7]. Peripheral 
IFN-λ administration has not achieved widespread therapeutic 
use [13]. Similarly, nebulization of IFN-β to the airway showed 

promise in phase 2 trials [44] but phase 3 trials recently failed to 
meet primary end points, despite showing promise in prevent
ing disease progression [45]. Our data indicate that the window 
of opportunity for correcting mucosal IFN deficiencies may be 
in the first days of symptoms, so targeting such therapies to this 
window may enhance apparent efficacy. The RECOVERY trials 
of dexamethasone demonstrated greatest benefit >7 days after 
symptom onset [6], roughly aligning with our transition be
tween viral and inflammatory phases. Similarly, anti–IL-6 is 
most effective in patients with elevated C-reactive protein [7], 
supporting the need to target therapies to distinct stages and 
phenotypes of disease.

We studied mucosal samples from SARS-CoV-2–naive par
ticipants hospitalized early in the pandemic. These unique fea
tures enabled us to demonstrate early IFN-related mucosal 
immune responses in hospitalized COVID-19 patients who 
survived, that were absent in those that progressed to fatal dis
ease. These data highlight the importance of early antiviral re
sponses in the mucosa in protecting against severe COVID-19 
and may guide the development and testing of therapeutics for 
the respiratory mucosa.
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