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Shareable abstract (@ERSpublications)
Among critically ill COVID-19 patients, low levels of anti-SARS-CoV-2 antibodies in the lower
airways, more than those levels in blood, correlate with poor outcome. This suggests the local
mucosal adaptive immune system is critical to SARS-CoV-2 response. https://bit.ly/49CNazp
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Abstract
Introduction Mounting evidence indicates that an individual’s humoral adaptive immune response plays a
critical role in the setting of SARS-CoV-2 infection, and that the efficiency of the response correlates with
disease severity. The relationship between the adaptive immune dynamics in the lower airways with those
in the systemic circulation, and how these relate to an individual’s clinical response to SARS-CoV-2
infection, are less understood and are the focus of this study.
Material and methods We investigated the adaptive immune response to SARS-CoV-2 in paired samples
from the lower airways and blood from 27 critically ill patients during the first wave of the pandemic
(median time from symptom onset to intubation 11 days). Measurements included clinical outcomes
(mortality), bronchoalveolar lavage fluid (BALF) and blood specimen antibody levels, and BALF
viral load.
Results While there was heterogeneity in the levels of the SARS-CoV-2-specific antibodies, we
unexpectedly found that some BALF specimens displayed higher levels than the paired concurrent plasma
samples, despite the known dilutional effects common in BALF samples. We found that survivors had
higher levels of anti-spike, anti-spike-N-terminal domain and anti-spike-receptor-binding domain IgG
antibodies in their BALF (p<0.05), while there was no such association with antibody levels in the
systemic circulation.
Discussion Our data highlight the critical role of local adaptive immunity in the airways as a key defence
mechanism against primary SARS-CoV-2 infection.

Introduction
The COVID-19 pandemic has had unprecedented effects on human health [1]. Some individuals with
SARS-CoV-2 infection remain asymptomatic; others develop severe illness with acute respiratory distress
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syndrome and multi-organ failure. While new COVID-19 infections remain common, over the past 3 years
the proportion that becomes critically ill has decreased significantly, presumably owing to increasing
population immunity to SARS-CoV-2 from prior infections and/or COVID-19 vaccination, or as a result of
the improved availability of therapeutics such as antivirals [2]. However, among people with severe
disease, the immunological determinants of fatal outcomes are not well known. To understand what
contributes to disease severity, progression and mortality, there has been much focus on the roles of the
innate and adaptive immune responses in determining clinical outcomes.

Several investigations have detailed circulating levels of IgM, IgA and IgG antibodies directed against
different domains of the SARS-CoV-2 spike protein, and how these change over the course of the disease
[1–5]. Other studies have aimed to correlate an individual’s adaptive systemic immune response to
SARS-CoV-2 infection with their clinical course and disease severity [3–8]. Generally, this has been done
by comparing SARS-CoV-2-specific antibody levels in the blood of asymptomatic infected individuals to
those with mild, moderate or severe COVID-19 disease. Overall, higher levels of IgG and IgA antibodies
have been detected in those with severe disease while IgM levels are not significantly associated with
severity of illness [3, 7, 9–11]. Furthermore, a failure to mount an early anti-SARS-CoV-2
immunoglobulin response in blood is associated with poor outcome [6, 8].

What remains unexplored is an evaluation of immunoglobulin levels in the blood of patients with similar
disease severity (e.g. all intubated, or all critically ill) or the quantification of antibodies in the lower
airways [11, 12]. In a prior investigation, we showed that in cross-sectional sampling of the lower airways
of critically ill COVID-19 patients obtained ∼10 days after intubation, lower levels of anti-SARS-CoV-2
antibodies were associated with increased mortality [12]. In the current study, we evaluated in parallel the
dynamics of local (lower airway) and systemic (blood) adaptive immune signatures and clinical outcomes
among hospitalised, intubated and critically ill COVID-19 adult patients. We hypothesised that
anti-SARS-CoV-2 antibody levels within the lower airways, rather than those in systemic circulation,
would be associated with mortality among critically ill COVID-19 patients.

Material and methods
Study population
This observational longitudinal cohort study included patients 18 years or older admitted to the intensive
care units at NYU Langone Health (New York, NY, USA) from 10 March to 10 May 2020 with a nasal
swab-confirmed diagnosis of SARS-CoV-2 infection by reverse transcriptase PCR (RT-PCR) assay and
respiratory failure requiring invasive mechanical ventilation. Clinical specimens were obtained during
clinically indicated bronchoscopy performed for airway clearance or for percutaneous tracheostomy
placement. Surviving subjects signed informed consent to participate in this study. Specimens and
metadata from deceased patients were de-identified and included in this study. Comprehensive
demographic and clinical data were collected from the electronic medical record. All protocols were carried
out in accordance with the Declaration of Helsinki and the study protocol was approved by the Institutional
Review Board of New York University (IRB#s16-00122).

Lower airway bronchoscopic sampling procedure
A total of 27 unvaccinated and mechanically ventilated COVID-19-infected adult patients with longitudinal
collection of lower airway bronchoalveolar lavage fluid (BALF) and blood specimens were included. At
least two BALF specimens were obtained per patient (median 2 specimens, interquartile range (IQR)
2–3 specimens). Paired BALF and blood specimens were collected at the same time points for 16 patients.
There were 11 patients with BALF samples who did not have blood specimens collected. The median time
from symptom onset to the first (baseline) BALF specimen collection was 17 days (IQR 14–20 days).
Most baseline BALF specimens were obtained within the first week of intubation (median 5 days,
IQR 3–7 days from intubation).

Both background and supraglottic (buccal) specimens were obtained prior to the procedure, as previously
described [13]. The background specimens were obtained by passing sterile saline through the suctioning
channel of the bronchoscope prior to the procedure. BALF specimens were obtained from one lung
segment at the discretion of the treating physician as clinically indicated. Specimens were then transferred
to a biosafety level 3 (BSL3) laboratory for processing. Once there, 2 mL of whole BALF was stored in a
tube prefilled with 2 mL of Zymo Research’s DNA/RNA Shield (R1100-250, Zymo Research Corp.) for
RNA/DNA preservation and virus inactivation. In addition, background control specimens (saline passed
through the bronchoscope prior to procedure) and supraglottic aspirates were stored in the same
RNA/DNA shield. A subset of specimens underwent BALF cell separation by centrifugation and cells
were cryopreserved in DMSO while acellular BALF was aliquoted for cytokine measurements. A paired
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blood specimen was also obtained in EDTA tubes (catalogue no. 355450; Becton Dickinson) and
PAXgene Blood RNA tubes (catalogue no. 762165; PreAnalytiX).

SARS-CoV-2 antibody profiling in BALF and blood specimens
The New York University proprietary custom Multiepitope Bead-based Immunoassay was used to measure
antibody responses to three SARS-CoV-2 recombinant proteins (SARS-CoV-2 (2019-nCoV) spike S2
ECD-His, catalogue no. 40590-V08B; SARS-CoV-2 (2019-nCoV) spike receptor binding domain
(RBD)-His, catalogue no. 40592-V08B; and SARS-CoV-2 (2019-nCoV) spike S1 N-terminal domain
(NTD)-His & AVI, catalogue no. 40591-V49H-B; all Sino Biological), using control analytes of human
serum albumin, tetanus toxoid (TT), staphylococcal leucocidin (LukS) and anti-human IgG ( Jackson
Immunoresearch) coupled to commercial paramagnetic beads (MagPix, Luminex), as adapted from the
manufacturer’s instructions [11, 12]. Antibody reactivity was evaluated by comparing levels in plasma and
BALF among SARS-CoV-2-infected patients and among smokers recruited for a pre-pandemic
investigation in which research bronchoscopy was performed [14]. The immunoglobulin levels are
qualitatively presented as the median fluorescence intensity (MFI) units. BALF dilution was 1:200 and
plasma dilution was 1:1000.

Viral load detection targeting the N gene
Digital droplet PCR was performed using the Bio-Rad SARS-CoV-2 Droplet Digital PCR Kit following
the manufacturer’s instructions. The kit uses primers and probes for three targets from the Centers for
Disease Control and Prevention 2019-nCoV assay. The system generates droplets for every sample tested
and the PCR amplification occurs within each droplet for three targets: N1 and N2 target the N gene of the
SARS-CoV-2 and RP targets the human RNAse P gene for sample integrity and as an internal control.
Following PCR amplification, the positive and negative droplets are designated as a dot-plot on the
QuantaSoft Analysis Pro software (BioRad). Once the data from the run is loaded onto the software, the
triplex probe mix assay is selected for visualising the two-dimensional dot-plot graph. On the graph, the
positive and negative dots appear as clusters. The different clusters were defined using the colour-coded
guide in the software. These clusters can be defined as positive or negative reactions for the different
targets (i.e. N1, N2 and RP, or a combination of any of these). The clusters were designated as positive for
N1, N2 or RP or a combination (N1+N2, N1+RP etc.). After applying the cluster designation, each
individual well was selected separately to manually inspect the cluster designations. Quantifications of the
three targets were generated by the software as copies·μL−1 once the cluster designation was complete. The
calculations were then performed to factor in the dilutions made for the PCR run to generate the RNA
copies·μL−1. The absolute viral load was calculated using the average of the N1 and N2 genes.

Statistical analysis
To assess the significance of the observed differences in antibody levels between paired blood and BALF
specimens, a Wilcoxon signed-rank test was used. A Mann–Whitney U test was employed to examine the
differences between antibody levels in surviving versus deceased patients. These nonparametric tests were
selected owing to the non-normal distribution of the immunoglobulin data (supplementary table S1), the
relatively small sample size and the independent nature of the two groups. A Pearson correlation was used
for the correlation analysis between viral load and BALF levels of SARS-CoV-2-specific
immunoglobulins. Study sample sizes were not predetermined through formal power analysis and the
investigation was conducted based on the opportunity to study such samples.

Results
Cohort/study design
Table 1 shows demographic and clinical characteristics of the included patients based on survival
(21 survivors versus six deceased). The majority of patients were male (26 patients, 96%) and younger
than 51 years (19 patients, 70%). A history of asthma, chronic kidney disease and organ transplant was
significantly associated with mortality (chi-square p-value <0.001). Overall, 33% of the cohort required
dialysis and 63% of the cohort were placed on veno-venous extracorporeal membrane oxygenation.

Most patients (25 out of 27, 93%) were hospitalised during March and April 2020, before the availability
of COVID-19 vaccines and before clinical management was standardised. Nearly all patients received
substantial doses of corticosteroids during their hospitalisation, defined as equivalent to daily prednisone
dose ⩾40 mg (22 patients, 82%). The median time spent on prednisone was 21 days (IQR 9–40 days), with
median daily prednisone equivalent of 37 mg (IQR 12–75 mg). There was no difference in the median
number of days on prednisone within the first 2 weeks of hospitalisation between those who survived
(8 days, IQR 5–9 days) and those who died (8 days, IQR 5–10 days) (p=0.78). There was also no statistical
difference in the average of each individual’s average daily dose of steroids (prednisone equivalent 50 mg,
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IQR 41–74 mg versus 50 mg, IQR 35–104 mg; p=0.91). Only two patients (7.4%) received remdesivir
treatment during their hospitalisation, and 17 patients (63%) received tocilizumab. No patients in this
cohort received monoclonal antibodies.

Antibody profile in the lower airways and systemic circulation
To investigate antibody responses to COVID-19 and other antigens, we used a previously validated
multiplex assay with >20-fold greater sensitivity than an index clinical anti-spike assay [11, 12]. We first
compared the levels of several antibodies to SARS-CoV-2-specific (spike (total), spike-NTD, spike-RBD,
nucleocapsid) and non-SARS-CoV-2-specific epitopes, with a control antimicrobial response to TT
reflecting prior vaccination and to LukS reflecting past natural staphylococcal infection, in plasma and
lower airway specimens from patients with COVID-19 and SARS-CoV-2-negative controls (supplementary
figure S1). As anticipated at these post-infectious time points, SARS-CoV-2-specific antibody levels were
significantly higher in COVID-19 patients compared to controls (p<0.001), both in the lower airways and
in the systemic circulation (supplementary figure S1A). In contrast, circulating antibodies against
non-SARS-CoV-2 antigens (TT and LukS) were similar in specimens from COVID-19 patients and

TABLE 1 Baseline demographics and clinical data

Total Survived Deceased p-value

Patients (n) 27 21 (77.8) 6 (22.2)
Age (years) 47 (39–54) 46 (33–49) 51 (49–56) 0.08
Age category (years) 0.13
<51 19 (70.4) 16 (76.2) 3 (50)
51–60 3 (11.1) 1 (4.8) 2 (33.3)
61–70 3 (11.1) 3 (14.3) 0 (0)
>70 2 (7.4) 1 (4.8) 1 (16.7)

Sex (male) 26 (96.3) 20 (95.2) 6 (100) 0.59
Race 0.46
White 10 (37) 7 (33.3) 3 (50)
Other/unknown 17 (63) 14 (66.7) 3 (50)

Ethnicity 0.48
Hispanic or Latino 9 (33.3) 7 (33.3) 2 (33.3)
Not Hispanic or Latino 14 (51.9) 10 (47.6) 4 (66.7)
Unknown 4 (14.8) 4 (19) 0 (0)

BMI (kg·m−2) 29 (24–33) 27 (24–30) 33 (29.75–35.5) 0.16
Charlson Comorbidity Index 3 (2–4.5) 3 (2.25–3.75) 3 (1–5) 0.18
Comorbidities
Asthma 2 (7.4) 0 (0) 2 (33.3) <0.001
Chronic kidney disease 2 (7.4) 0 (0) 2 (33.3) <0.001
Prior stroke 4 (14.8) 2 (9.5) 2 (33.3) 0.15
Diabetes 10 (37) 9 (42.9) 1 (16.7) 0.24
Hyperlipidaemia 10 (37) 7 (33.3) 3 (50) 0.46
Hypothyroidism 2 (7.4) 1 (4.8) 1 (16.7) 0.33
Hypertension 13 (48.1) 9 (42.9) 4 (66.7) 0.30
Prior solid organ or stem cell transplant 2 (7.4) 0 (0) 2 (33.3) <0.001

Smoking status 0.87
Current 4 (14.8) 3 (14.3) 1 (16.7)
Ex-smoker 3 (11.1) 2 (9.5) 1 (16.7)
Never-smoker 20 (74.1) 16 (76.2) 4 (66.7)

Early hospitalisation details
Symptom onset to intubation 11 (7.5–14.5) 11 (7–14) 11.5 (9.5–16.5) 0.46
Hospital admission to intubation 3.5 (2–6.5) 2 (1–4) 7 (5–10) 0.09
APACHE score (day of intubation) 19 (16–25) 17 (15–23) 26 (20.5–29.25) 0.03

Outcomes (days)
Hospital length of stay 60 (39–83.5) 60 (41–83) 57 (34.75–122.75) 0.66
ICU length of stay 51 (34.5–65.5) 51 (35–64) 51 (35–76) 0.84
Ventilator# 48 (24.5–62) 48 (24–62) 46.5 (28–76.25) 0.56

Data are expressed as n (%) or median (interquartile range), unless otherwise indicated. Chi square and Mann–
Whitney Wilcoxon tests were performed for categorical and continuous variables, respectively. Bold text
indicated statistical significance. BMI: body mass index; APACHE: Acute Physiology and Chronic Health
Evaluation; ICU: intensive care unit. # : total number of days on mechanical ventilation.
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controls. However, when the levels of these same antibodies against non-SARS-CoV-2 antigens (TT and
LukS) were evaluated in the lower airways, we observed significantly higher levels among COVID-19
patients (p<0.001, supplementary figure S1B).

We then evaluated the levels of IgA, IgG and IgM antibodies in the BALF and paired blood specimens at
baseline. As expected for a BALF specimen, the concentrations of antibodies in the lower airway
specimens were overall lower than those in the systemic circulation (figure 1a, b). Notably, while this trend
was consistent among the two non-SARS-CoV-2-related antibody responses (TT and LukS), for some
patients certain SARS-CoV-2-related antibody types were higher in BALF specimens compared to blood.

Clustering analyses of baseline lower airway and blood specimen levels revealed three clusters (figure 1c).
Cluster one included two lower airway specimens with low levels of all immunoglobulin isotypes. Clusters
two and three contained both BALF and plasma specimens, distinguished by cluster two having higher
levels of both IgA and IgM spike, spike-NTD and spike-RBD antibodies.

Impaired adaptive lower airway immune responses to SARS-CoV-2 among deceased patients
We examined the association of baseline levels of antibodies and clinical prognosis. In blood, neither
levels of SARS-CoV-2-specific antibodies nor levels of non-SARS-CoV-2-specific antibodies were
significantly different between the deceased and survivor subgroups (supplementary figure S2A, p>0.05).
In contrast, baseline levels of many anti-SARS-CoV-2 antibodies in BALF specimens, especially for the
IgG isotype, were lower among the deceased patients compared to the survivors (figure 2a). We modelled
the dynamic change in the levels of SARS-CoV-2-related antibodies over time. For the time points
available, the anti-SARS-CoV-2-specific immunoglobulin levels in blood did not follow a stable pattern
and no clear differences were found when comparing the deceased and survivor groups (supplementary
figure S2B, p>0.05). In contrast, in the deceased group, levels of many anti-SARS-CoV-2-specific
antibodies in the lower airway showed a blunted response within the first 21 days from symptom onset
compared to the survivor group (figure 2b). More specifically, this trend was notable among
anti-spike-RBD IgM antibody levels, anti-spike-NTD and anti-spike-RBD IgA antibody levels, and
anti-spike, anti-spike-NTD and anti-spike-RBD IgG antibody levels, but not among anti-nucleocapsid
antibodies (figure 2b, p⩽0.05 for those deemed significant). This was not the case after the first 21 days
from symptom onset, where we did not find a significant difference in antibody levels in the lower airway
in deceased patients compared to survivors (p>0.05).

We then investigated whether anti-SARS-CoV-2 antibody responses in the lung and systemic circulation
were associated with viral control. We assessed the relationship of SARS-CoV-2 levels (as measured by
quantitative RT-PCR testing of BALF specimens) in the lower airways with levels of anti-SARS-CoV-2
antibodies in both the blood and lower airways. In blood, the levels of anti-spike IgM, anti-spike-RBD IgA
and anti-nucleocapsid IgA were positively correlated with lower airway SARS-CoV-2 viral load
(supplementary figure S3A, Pearson p<0.05). In contrast, BALF levels of anti-spike IgG and
anti-spike-NTD IgG were negatively correlated with lower airway SARS-CoV-2 viral load levels
(figure 3a, Pearson p<0.05). In addition, we calculated the ratio of anti-SARS-CoV-2 antibodies to the
absolute SARS-CoV-2 levels in the BALF at baseline (figure 3b, p⩽0.05). The ratio was significantly
lower in the deceased group compared to those that survived for all anti-SARS-CoV-2 IgG antibodies as
well as for anti-spike-RBD IgA and anti-nucleocapsid IgA (figure 3b, p⩽0.05). In comparison, we did not
find statistically significant differences in the ratio of blood anti-SARS-CoV-2 antibodies to absolute
SARS-CoV-2 levels between the deceased and survivor groups (supplementary figure 3B). These data
further support the hypothesis that an inability to mount an early local pulmonary
anti-SARS-CoV-2-specific antibody response is a key step in viral replication and COVID-19 pneumonitis.

Discussion
The systemic host adaptive immune system plays a critical role in the defence against and control of
SARS-CoV-2 infection, but the immune response in the mucosae of the lower airways remains poorly
understood. Our cohort of 27 mechanically ventilated COVID-19 patients demonstrated heterogeneity in
the levels of anti-SARS-CoV-2 antibodies. A proportion of the paired samples showed similar antibody
levels in the BALF and plasma specimens despite the known dilution expected from BALF sampling.
Strikingly, reduced levels of anti-spike, anti-spike-NTD and anti-spike-RDB IgG antibodies in lower
airways, but not in systemic circulation, correlated with fatal outcome. Furthermore, this decreased
immunological response in the lower airway was inversely correlated with SARS-CoV-2 levels.

Prior investigations have primarily focused on the systemic adaptive immune response following acute
infection with SARS-CoV-2, with little emphasis on mucosal immunity. These studies found that blood
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levels of virus-specific antibodies inversely correlate with disease severity, with delayed systemic antibody
production associated with poor outcome [4, 7]. Given that the site of immunological exposure to viral
antigens can significantly influence the immune response and protect against subsequent infections,

** *** *

IgA IgM IgG

L
o

g
 Ig

 le
ve

l

TT

** *** **

IgA IgM IgG

LukS

NS ** *

IgA IgM IgG

L
o

g
 Ig

 le
ve

l

Spike

NS * *

IgA IgM IgG

Spike-NTD

NS NS **

IgA IgM IgG

Spike-RBD

NS ** **

IgA IgM IgG

Nucleocapsid

Baseline samples

Spike_IgA

Spike-NTD_IgA
Spike-RBD_IgA
Nucleocapsid_IgA
S435.462_IgA
S435.462.N439K.Y543F_IgA
S524.560_IgA
S564.584_IgA
S564.584.UK_IgA
S605.636.ADE_IgA
S802.827_IgA
S888.909_IgA
S1184.1209_IgA
LukS_IgA
TT_IgA
Spike_IgM

Spike-NTD_IgM
Spike-RBD_IgM
Nucleocapsid_IgM
S435.462_IgM
S435.462.N439K.Y543F_IgM
S524.560_IgM
S564.584_IgM
S564.584.UK_IgM
S605.636.ADE_IgM
S802.827_IgM
S888.909_IgM
S1184.1209_IgM
LukS_IgM
TT_IgM

Spike_IgG
Spike-NTD_IgG
Spike-RBD_IgG
Nucleocapsid_IgG
S435.462_IgG
S435.462.N439K.Y543F_IgG
S524.560_IgG
S564.584_IgG
S564.584.UK_IgG
S605.636.ADE_IgG
S802.827_IgG
S888.909_IgG
S1184.1209_IgG
LukS_IgG
TT_IgG

Sample type

1 2 3

105

104

103

102

101

104

103

102

101

a) b)

c)

Blood

BALF

Log Ab level
6

4
2
0
–2

FIGURE 1 Baseline antibody levels in paired lower airway and plasma specimens. a, b) Paired blood and bronchoalveolar lavage fluid (BALF)
specimens at baseline, with lines connecting specimens from the same subject (n=8), showing levels of antibodies to SARS-CoV-2-specific epitopes
(a) and non-SARS-CoV-2-specific epitopes (b). c) Heatmap of levels of antibodies to both SARS-CoV-2-specific and non-SARS-CoV-2-specific epitopes
in baseline blood and BALF specimens (blood, n=16 specimens; BALF, n=27). Statistical significance based on Wilcoxon signed rank test.
Ig: immunoglobulin; NTD: N-terminal domain; RBD: receptor-binding domain; NS: nonsignificant; TT: tetanus toxoid; LukS: staphylococcal
leucocidin; Ab: antibody. *: p⩽0.05; **: p⩽0.01; ***: p⩽0.001.

https://doi.org/10.1183/23120541.00789-2023 6

ERJ OPEN RESEARCH ORIGINAL RESEARCH ARTICLE | C. BARNETT ET AL.



NS NSNS NS NS NS

S
p

ik
e

-N
T

D

S
p

ik
e

-R
B

D

N
u

cl
e

o
ca

p
si

d

T
T

L
u

k
S

L
o

g
 M

F
I

IgA

*NSNS NS NSNS

IgM

*** NS NS NS

IgG

*

IgA IgM IgG

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Symptom onset to sample collection (days)

L
o

g
 M

F
I

Spike

* *

IgA IgM IgG

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Symptom onset to sample collection (days)

L
o

g
 M

F
I

Spike-NTD

* * *

IgA IgM IgG

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Symptom onset to sample collection (days)

L
o

g
 M

F
I

Spike-RBD

IgM IgG

10 20 30 40 50 10 20 30 40 50

IgA

10 20 30 40 50
Symptom onset to sample collection (days)

L
o

g
 M

F
I

Nucleocapsid

S
p

ik
e

S
p

ik
e

-N
T

D

S
p

ik
e

-R
B

D

N
u

cl
e

o
ca

p
si

d

T
T

L
u

k
S

S
p

ik
e

S
p

ik
e

-N
T

D

S
p

ik
e

-R
B

D

N
u

cl
e

o
ca

p
si

d

T
T

L
u

k
S

S
p

ik
e

104

102

100

a)

104

102

100

104

102

100

104

102

100

104

102

100

104

102

100

103

101

10–1

105

b)

Survived Deceased

https://doi.org/10.1183/23120541.00789-2023 7

ERJ OPEN RESEARCH ORIGINAL RESEARCH ARTICLE | C. BARNETT ET AL.



understanding the dynamic antibody response in key mucosal sites is essential. While we are not the first
to explore mucosal immunity, most other studies have focused on quantifying SARS-CoV-2-specific
antibodies in the saliva and nares [6, 15–18]. Levels of viral-specific antibodies in the upper airways
significantly correlate with levels in the blood, suggesting that antibody levels in the mucosa may be
derived from transudation from blood rather than local production [15, 18]. Our study seeks to explore the
interplay between lower airway and systemic immunity.

FIGURE 2 Lower airway levels of SARS-CoV-2-specific and non-SARS-CoV-2-specific antibodies by clinical outcome. a) Baseline levels of antibodies
to SARS-CoV-2-specific epitopes (spike, spike-N-terminal domain (NTD), spike-receptor-binding domain (RBD), nucleocapsid) and
non-SARS-CoV-2-specific epitopes (tetanus toxoid (TT), staphylococcal leucocidin (LukS)) by isotope in bronchoalveolar lavage fluid (BALF)
specimens in the survivor versus deceased groups. b) Longitudinal levels of antibodies to SARS-CoV-2-specific epitopes in BALF over time by clinical
outcome from day of symptom onset to sample collection. Statistical significance tested within the first 3 weeks, weeks 4–6 and >6 weeks by
Mann–Whitney Wilcoxon test. Ig: immunoglobulin; MFI: median fluorescence intensity; NS: nonsignificant. *: p⩽0.05.
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FIGURE 3 Correlation between viral load and SARS-CoV-2-specific immunoglobulin (Ig) levels in the lower
airways. a) Correlation between bronchoalveolar lavage fluid (BALF) viral load and BALF levels of
SARS-CoV-2-specific immunoglobulins. Orange colour indicates statistically significant correlation (Pearson
r<0.05). b) Ratio of the log10 anti-SARS-CoV-2 antibodies (Ab) to the log10 viral load in the BALF at baseline.
Statistical significance based on Mann–Whitney Wilcoxon test. NTD: N-terminal domain; RBD: receptor-binding
domain. *: p⩽0.05.
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We rationalised that higher levels of non-SARS-CoV-2-related antibodies in the lower airways of
mechanically ventilated COVID-19 patients, compared to controls, are likely due to higher protein
concentrations in the alveolar space of individuals with acute respiratory distress syndrome as a
consequence of capillary leak and/or high local antibody production by mucosal lymphoid tissue
associated with the lower airway [19]. Here, we have shown that, while blood levels of
non-SARS-CoV-2-specific antibodies are similar in COVID-19 patients and controls, antibody levels in the
lower airways are significantly higher in COVID-19 patients. When evaluating paired BALF and blood
specimens among our COVID-19 patients, we found that for some subjects SARS-CoV-2-related
antibodies were higher in BALF specimens than in blood. This finding was unexpected because the
technique for BALF sample collection dilutes epithelial lining fluid ∼50–100 times using sterile saline.
Hence, higher BALF antibody levels in these individuals likely reflects high local anti-COVID-19
pulmonary production. This strongly supports a role for active pulmonary mucosal antibody production
during SARS-CoV-2 infection.

With only 27 patients included in this analysis, this investigation is limited by its small sample size, with
the majority of subjects being male. The study was focused on patients who were mechanically ventilated,
with an emphasis on collecting specimens longitudinally and whenever a clinically indicated bronchoscopy
was performed. For this reason, it was not always possible to collect specimens at precise intervals and not
every BALF and blood specimen was collected on the same day. This limited the number of specimens we
could include in our paired analysis. Because we used the first clinically indicated bronchoscopy to collect
our baseline sample, we do not have specimens collected from these patients prior to the onset of their
severe illness; consequently, we were unable to evaluate immunoglobulin responses at earlier time points.
However, by including patients with similar degrees of disease severity, we established an association with
poor clinical outcome that may aid future risk-stratification of critically ill patients. Finally, these data are
limited to unvaccinated subjects during the first wave of the COVID-19 pandemic. Because COVID-19
vaccination has reduced the risk of severe COVID-19, further investigations are needed to understand the
lack of sufficient immune response among patients experiencing breakthrough SARS-CoV-2 infections.

Future investigations should include larger cohorts of patients with a wider range of disease severity, with
an emphasis on prospective serial collection of paired lower airway and blood specimens before and after
progression to severe disease. Further work is also needed to assess other factors that may influence the
adaptive immune responses, including gene expression profiling and in-depth assessments of the regulation
of T-cell and B-cell functions.

In summary, these data support not only the importance of local adaptive immune responses in the lower
airways of mechanically ventilated COVID-19 adults, but also the lower airway’s contribution to disease
outcomes. An improved understanding of the immune response in the respiratory tract might lead to
identification of prognostic biomarkers and development of new approaches to treat viral pathogens such
as SARS-CoV-2. This study serves to highlight and add to evidence supporting the key role of local
antibody production in the mucosal tissues as a mechanism of defence against poor outcomes of
SARS-CoV-2 infection.
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