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Abstract

Objectives. There is an increasing appreciation for the need to
study mucosal antibody responses in humans. Our aim was to
determine the utility of different types of samples from the
human respiratory tract, specifically nasopharyngeal (NP) swabs
obtained for diagnostic purposes and bronchoalveolar lavage
(BAL) obtained in outpatient and inpatient settings. Methods. We
analysed antibody levels in plasma and NP swabs from 67
individuals with acute influenza as well as plasma and BAL from
individuals undergoing bronchoscopy, including five control
subjects as well as seven moderately and seven severely ill subjects
with a respiratory viral infection. Levels of a2-macroglobulin were
determined in BAL and plasma to assess plasma exudation.
Results. IgG and IgA were readily detectable in BAL and NP swabs,
albeit at different ratios, while IgM levels were low. The total
amount of antibody recovered from NP swabs varied greatly
between study participants. Accordingly, the levels of influenza
HA-specific antibodies varied, and individuals with lower amounts
of total Ig in NP swabs had undetectable levels of HA-specific Ig.
Similarly, the total amount of antibody recovered from BAL varied
between study participants. However, severely ill patients showed
evidence of increased plasma exudation, which may confound
analysis of their BAL samples for mucosal antibodies. Conclusion.
Nasopharyngeal swabs collected for diagnostic purposes may have
utility in assessing antibodies from the human nasal mucosa, but
variability in sampling should be accounted for. BAL samples can
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be utilised to study antibodies from the lower respiratory tract,
but the possibility of plasma exudation should be excluded.

Keywords: antibodies, BAL, mucosal immunity, nasopharyngeal
swab

INTRODUCTION

Antibodies are an important component of
protective immunity against respiratory viral
infections like influenza and SARS-CoV-2. For
antibodies to provide protection against infection
with such pathogens, they must be present and
exert their functions at the site of viral entry, the
respiratory tract. However, antibody responses to
infection or vaccination are typically assessed in
serum or plasma from circulating blood. Although
antibodies in the circulation can serve as correlates
of protection,1 understanding the generation and
maintenance of mucosal antibody responses in
humans remains largely unknown.

Because of the SARS-CoV-2 pandemic, there has
been increasing interest in measuring antibodies in
the human respiratory tract before, during or after
infection and/or vaccination. Such measurements
could provide critical insights into the induction
of mucosal immunity by different vaccination
regimes, the longevity of mucosal immunity and
ultimately correlates of protection from infection
and severe disease. Attempts to study mucosal
antibodies in such contexts have been primarily
focused on the analyses of saliva samples (recently
reviewed2). However, the extent to which saliva
recapitulates antibodies in the nasal mucosa
remains unknown and saliva may not reflect
antibodies in the lower respiratory tract. Immunity
in the nasal mucosa can be assayed in nasal
wash samples3,4; such procedures, however, are
logistically challenging. While a minority of studies
have assessed nasopharyngeal swabs for the
presence of antibodies,5–8 their utility in assessing
upper respiratory tract immunity remains unclear.
Similarly, immunity in the lower respiratory tract
may be assessed in bronchoalveolar lavage (BAL)
samples, which are typically collected as part of
bronchoscopy procedures on severely ill patients.
In the context of such severe respiratory infections,
it is important to consider whether the underlying
tissue damage and excessive plasma exudation
confound the analysis of mucosal antibodies in
such samples. To address these questions, we
analysed antibody levels in NP swabs and BAL

samples, as well as paired plasma, from different
cohorts.

RESULTS

Detection of antibodies in BAL samples and
nasopharyngeal swabs from healthy
subjects

We first assessed the presence of antibodies
of different isotypes in eight healthy subjects
undergoing elective outpatient research bron
choscopy. Paired plasma, NP swabs and BAL
samples were assessed for the presence of
antibodies regardless of isotype (Figure 1a) as well
as endpoint titres of IgG, IgA or IgM antibodies
(Figure 1a). IgG and IgA antibodies were readily
detectable in all sample types and across all
donors, while IgM was barely detectable in all
samples (Figure 1a and Supplementary figure 1a).
In a complementary approach, we used standard
curves (Supplementary figure 1b) to determine
the concertation (lg mL�1) of each isotype in
different samples. Interpolated concentrations for
the different isotypes were well correlated with
matched endpoint titres (Spearman r = 0.99,
P < 0.001) (Supplementary figure 1c). Although
the use of different secondary antibodies to
detect different isotypes may confound their
comparison, we note that the interpolated
concentrations of all isotypes from plasma are in
accordance with reference values for each
isotype9 and the interpolated concentrations from
BAL are in accordance with previous studies.10 At
the very least, our data clearly demonstrate that
both IgG and IgA are present in samples from
both the upper and lower respiratory tract but at
different ratios (Figure 1c).

Variability in sampling of antibodies using
NP swabs

In our analysis of antibody levels from NP swabs
(Figure 1), we noted a considerable degree of
variability in the total amounts of IgG and IgA
recovered for each subject. To further characterise
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this variability, we assessed NP swabs collected as
part of the EDFLU study11 from 67 subjects
presenting to the Emergency Department with
acute influenza. These NP swabs were collected in

addition to diagnostic swabs and stored for
further analyses. We quantified the amount of
antibody in these NP swabs and found extensive
variability across the 67 subjects, ranging from

Figure 1. Detection of antibodies in BAL samples and nasopharyngeal swabs. (a) ELISA curves from plasma, NP swab and BAL for total Ig (heavy

and light chain), IgG, IgA and IgM. Measured optical density at 490 nm and a fitted sigmoidal 4 parameter logistic curves are shown. Each curve

represents a different subject. The dotted horizontal line represents the cut-off value for endpoint titre calculations (39 background signal).

(b) Interpolated concentrations of IgG, IgA and IgM for paired plasma, NP swab and BAL samples. (c) Ratios of IgG and IgA concentrations in

paired samples. Samples from control subjects were used for this figure (n = 8). Statistical significance was determined by a Friedman’s test with

Dunn’s correction for multiple comparisons.
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0.08 to 105.3 lg mL�1 of total antibody
(coefficient of variation 137.3%) (Figure 2a). The
levels of IgA varied similarly (coefficient of
variation 124.8%). This contrasted with the more
homogenous levels of total and IgA antibodies in
plasma from the same subjects (coefficient of
variation 43.2% and 79.4% respectively). The
amount of antibody recovered from NP swabs was
not associated with the sex of the subject
(Figure 2b) and was only modestly affected by age
(Spearman r = �0.33, P = 0.006 for total Ig;
Spearman r = �0.23, P = 0.04 for IgA) (Figure 2c).
Plasma levels of total Ig or IgA were not
correlated with age. The total amounts of Ig and
IgA recovered from NP swabs or plasma were not
different when subjects were grouped as
moderately ill (n = 43) or severely ill subjects
(n = 24) (median sampling time of 3 and 4 days
post symptom onset respectively) and compared
to NP swabs from control subjects (n = 6)
(Figure 2d, Supplementary figure 1d).

The substantial variability observed needs to be
considered in the analysis of antigen-specific
antibody titres from NP swabs. Indeed,
when we assessed the antibody tires against
influenza virus HA in this cohort (matched to the
infecting subtype), 25.3% (17/67) and 34.2%
(23/67) had undetectable levels of total HA-specific
and IgA HA-specific antibodies, respectively,
in their NP swabs, despite all plasma samples
having detectable levels (Figure 2e). Importantly,
NP swabs for which HA-specific antibodies
were undetectable had significantly lower overall
antibody levels recovered (Figure 2f). Consistently,
the levels HA-specific antibodies detected in NP
swabs were correlated to the total amount of Ig
detected (Supplementary figure 1e). This result
highlights how variability in sampling may affect
the detection of antigen-specific antibodies. It
would therefore be important to normalise
antigen-specific antibody measurements to the
total amount of antibody recovered to account
for the extensive variability in sampling.

Increased plasma exudation in BAL samples
from critically ill patients may confound the
assessment of mucosal antibodies

We next assessed whether similar variability was
present in BAL samples. We analysed paired BAL
and plasma samples from five control
subjects, seven moderately ill influenza A or B
infected subjects and seven severely ill influenza B

or SARS-CoV-2 infected subjects. One moderately ill
influenza B infected subject provided two
longitudinal samples, totalling a sample size of 20
for this analysis. Due to the limited volumes of
sample available from some subjects, we analysed
the total levels of antibody (2o antibody against
heavy and light chain), but not of specific isotypes.
The total amount of antibodies detected varied
considerably across subjects, ranging from 1.7 to
383.5 lg mL�1 total antibody (coefficient of
variation 216.1%). This was in contrast to the more
homogenous levels of antibodies in plasma from
the same subjects (coefficient of variation 42.1%).
We noted, however, that the variability could be
attributed to the BAL samples from severely ill
subjects (Figure 3a). Indeed, severely ill subjects had
significantly higher levels of antibodies in the BAL,
but not plasma, than moderately ill or control
subjects (Figure 3a). Accordingly, we found that
severely ill subjects had significantly higher levels
of tetanus-specific antibodies in the BAL, but not
plasma, than moderately ill or control subjects
(Figure 3b). When we focused the analysis on the
13 samples from control and moderately ill
subjects, the total amount of antibodies detected
only ranged from 1.7 to 8.8 lg mL�1 total antibody
with a coefficient of variation of 63.6%.

We reasoned that severely ill subjects may have
increased plasma exudation due to inflammation
and/or vascular leakage in the airways because of
damage to the epithelial cell barrier. To address this
question, wemeasured the BAL and plasma levels of
a2-macroglobulin (a2-M), which is considered a
marker of plasma exudation.12–14 We found
significantly higher levels of a2-macroglobulin in
severely ill subjects than in moderately ill or control
subjects, which was not reflected in paired plasma
samples (Figure 3c). The levels of a2-M in BAL were
positively correlated with the levels of total and
tetanus-specific Ig in the BAL (Spearman r = 0.71,
P < 0.001 for total Ig; Spearman r = 0.59, P = 0.006
for tetanus) (Figure 3d). Overall, the antibodies
present in the lower respiratory tract of severely ill
subjects are likely confounded by increased plasma
exudation and vascular leakage due to
inflammation and tissue damage, and, thus, may
not accurately reflect mucosal antibody responses.

DISCUSSION

Due to the increasing need to develop novel
vaccine strategies that establish robust mucosal
immunity in the airways, the assessment of
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Figure 2. Variability in sampling of antibodies from nasopharyngeal swabs. (a) Concentrations of total Ig and IgA in plasma and NP swabs from

EDFLU subjects (n = 67). Each datapoint represents a different subject and the line shows the median. (b) Concentrations of total Ig and IgA in

plasma and NP swabs from EDFLU subjects grouped by sex (male n = 30, female n = 37). Median and 95% confidence intervals are shown.

Statistical significance was determined by a two-way ANOVA with Sidak’s correction for multiple comparisons. (c) Correlation between

concentrations of total Ig and IgA in plasma or NP swabs and age. Spearman’s r coefficient and P-value are shown for statistically significant

comparisons. (d) Concentrations of total Ig and IgA in NP swabs from EDFLU subjects grouped based on disease severity (moderate n = 43,

severe n = 24) and control subjects (n = 6). Statistical significance was assessed by a Kruskal–Wallis test with Dunn’s correction for multiple

comparisons. (e) Concentrations of HA-specific Ig and IgA in plasma and NP swabs from EDFLU subjects (n = 67). Dotted horizontal line

represents the limit of detection. Samples with undetectable levels of HA-specific antibodies were imputed as 0.001 lg mL�1. (f) Concentrations

of total Ig and IgA in plasma and NP swabs from EDFLU subjects grouped based on whether HA-specific antibodies were detectable (n = 50 for

Ig, n = 44 for IgA) or not (n = 17 for Ig, n = 23 for IgA). Statistical significance was assessed by a Mann–Whitney test.
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antibodies in the upper and lower human
respiratory tract is of great importance. Specifically,
it is critical to understand (i) the relationship

between the levels of mucosal antibodies and
protection (from infection, disease and/or viral
replication), (ii) the decay rates of antibodies in the

Figure 3. Increased exudation and plasma leakage in BAL samples from critically ill patients. (a) ELISA curves and interpolated concentrations of

total Ig for BAL and plasma according to disease severity. (b) ELISA curves and interpolated concentrations of tetanus toxoid-specific Ig for BAL

and plasma according to disease severity. (c) Concentrations of a2-macroglobulin in BAL and plasma according to disease severity. (d) Correlation

between concentrations of a2-macroglobulin in BAL and concentrations of total and tetanus toxoid-specific Ig in BAL. In all panels of this figure,

statistical significance was assessed by a Kruskal–Wallis test with Dunn’s correction for multiple comparisons (n = 5 control subjects, n = 8

samples from 7 moderately ill subjects, n = 7 severely ill subjects).
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respiratory mucosa and the cellular sources of
long-lived mucosal antibodies and (iii) how
mucosal antibodies compare to circulating
antibodies in terms of clonotypic composition and
the resulting breadth of cross-reactivity, potency of
activity and extent of effector functions between
the two compartments. Our study explored the
utility and limitations of different samples that
would be required to answer such questions in
different populations of study participants (healthy,
moderate disease and severe disease). Our study
focused on the assessment of binding antibody
titres, and further work is needed to establish
robust assays that measure antibody-mediated
neutralisation in these samples. Nonetheless,
binding antibody titres can be informative
correlates of protection.6,7,15

The upper respiratory tract can be sampled by
nasal lavage/aspiration; however, these methods
are not performed routinely. As an alternative,
saliva has been collected as a mucosal sample.
While saliva can be collected readily and in
minimally invasive ways, the extent to which it
accurately reflects the nasal mucosa remains
unclear. While our study does not address this
question, we demonstrate that NP swabs can be
used to readily sample the nasal mucosal surface,
which may be a useful alternative, especially as
they are routinely collected for diagnostic and
surveillance purposes. Direct comparison between
antibodies in saliva and NP swabs, as well as nasal
aspirates, would be of interest as these may be
preferable in certain settings. The detection of
antibodies in diagnostic NP swabs in this study is
consistent with other studies.5,8 However, our
analysis of 67 samples from patients with acute
influenza exemplifies the potential variability in
sampling that needs to be accounted for
in quantitative analyses. This study evaluated the
antibody content of nasopharyngeal swab
samples and did not address any relationships
between antibody content in this type of sample
versus other sampling methods such as anterior- or
mid-turbinate nasal swab sampling. Further work
is required to determine whether different types
of swabs may perform better in terms of
sampling by either providing a greater yield of
antibodies and/or reduced variability.
Highlighting the potential of NP swabs, recent
analyses of antibodies in NP swabs have been
instrumental in the correlating nasal antibodies
to SARS-CoV-2 viral clearance7 as well as
characterising the longevity of IgA antibodies in

the human nasal mucosa after SARS-CoV-2
infection.6

Bronchoalveolar lavage is a common way of
sampling the lower respiratory tract and the
analysis of BAL samples following viral infection
and/or vaccination is providing critical novel
insights into important questions around mucosal
immunity.16–19 Frequently, however, such BAL
samples may be excess material from bronchoscopy
procedures performed on severely ill patients for
clinical reasons. We highlight that such samples
may be confounded by excessive plasma exudation
and vascular leakage and may not accurately
reflect mucosal immunity. Although these samples
may be relatively easily accessible due to the
logistical difficulties of obtaining BAL samples from
healthy subjects, it is critical to appreciate their
limitations and caution is urged in interpreting
results. Measurement of markers like a2-M could
be useful in assessing the extent of plasma
exudation prior to the analysis of such samples.

Due to the samples available for this study, we
cannot determine how much of the variability in
NP swab antibody levels is due to variability
in sampling or true biological variability.
Additional analyses are thus needed to determine
the extent to which the observed variability is
due to sampling or true biological variability
between individuals. Finally, it would be
important to determine correlations in the levels
of antigen-specific antibodies between the three
compartments (serum, BAL, nasal mucosa), which
we could not determine based on the samples of
this study.

Overall, our findings provide important insights
for the assessment of antibodies in the upper and
lower respiratory tract of humans. Understanding
antibody responses at these sites will be critical in
developing vaccines that establish robust
immunity at mucosal surfaces.

METHODS

Participants and sample collection

We analysed paired plasma, NP swab and/or BAL samples
that were obtained from influenza or SARS-CoV-2 infected
subjects or control subjects (Supplementary table 1) as part
of two previous studies.11,20 Samples were selected for this
study based on availability. Infection status (control,
moderately ill, severely ill) was determined as previously
described.20 Control subjects were healthy individuals who
did not exhibit an influenza-like illness for at least 60 days
prior to outpatient bronchoscopy and BAL procedure.
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Moderately ill influenza subjects were individuals with
symptomatic influenza A (IAV) or influenza B (IBV) virus
infection that did not require hospitalisation prior to
outpatient bronchoscopy and BAL procedure. Severely ill
influenza subjects were individuals with severe IAV or IBV
virus infection who were intubated for acute respiratory
failure and BAL sampling was performed as a part of
standard clinical care. Severely ill COVID-19 subjects were
individuals with severe COVID-19 who were intubated for
acute respiratory failure and BAL sampling was performed
as part of standard clinical care.

For subjects with severe COVID-19 or influenza, BAL fluid
was obtained via bronchoscopy that was performed for a
clinical reason, most frequently to evaluate for bacterial
coinfection, at the discretion of the patient’s treating
physician. The BAL samples analysed in this study were
excess material collected during that clinical bronchoscopy
with BAL procedure. For severe influenza and severe
COVID-19 bronchoscopy procedures, the BAL was collected
most frequently by wedging the bronchoscope within the
right middle lobe bronchus. Each clinical procedure
involved instilling 100 mL of sterile saline and collecting all
returned fluid. Most of each sample was sent to the clinical
laboratory for analysis, but ~10–15 mL of the BAL sample
was provided to a member of the study.

For subjects with moderate illness and control subjects,
samples were obtained during a scheduled elective
outpatient research bronchoscopy. Briefly, following subject
consent and safety screening with blood coagulation studies
and a screening chest X-ray, outpatient subjects received i.v.
conscious sedation along with the application of lidocaine to
the upper airway and vocal cords as the bronchoscope was
passed into the airways. A brief visual inspection of the
airways was performed to select an appropriate location for
BAL collection; however, all outpatient research BAL samples
were collected in the right middle lobe bronchus. BAL samples
were collected by the instillation of 100–150 mL of sterile
saline and collection of all returned lavage fluid.

Bronchoalveolar lavage fluid was processed by
centrifugation at 400 g for 15 min at 4°C to pellet cells and
debris. Clarified BAL fluid was stored at �80°C until further
analysis. Nasopharyngeal swabs were collected using Becton
Dickinson swabs (product number 220529, Becton Dickinson,
New Jersey, USA) in 3 mL of universal virus transport media.
NP swabs were collected by trained nurse clinical research
coordinators using standard clinical methods. Following
collection, NP swabs were vortexed vigorously for 1 min and
aliquots were stored at�80°C until further analysis.

Informed consent was obtained from all subjects or their
legally authorised representatives. The Institutional Review
Board at Washington University in Saint Louis, USA,
approved these studies (approval numbers 2017-10-220,
2018-08-115, 2019-10-011, 2020-03-085 and 2020-06-151). All
studies complied with the ethical standards of the Helsinki
Declaration.

Assessment of antibodies by ELISA

ELISAs were performed in 96-well plates (MaxiSorp; Thermo
Fisher, MA, USA) which were coated with 100 lL of antigen
diluted to 1 lg mL�1 in PBS, by incubating overnight at
4°C. The following antigens were used: tetanus toxoid

(kindly provided by Daved Fremont), influenza virus H1
(A/Brisbane/2/2018; Sino Biological, Beijing, China), influenza
virus H3 (A/Hong Kong/4801/2014; kindly provided by Florian
Krammer), influenza virus B HA (B/Washington/2/2019; Sino
Biological) or bovine serum albumin (negative control). To
determine the total amount of antibody, plates were coated
with AffiniPure Goat Anti-Human IgA + IgG + IgM (H + L)
(Jackson ImmunoResearch, PA, USA) at 1 lg mL�1 in PBS.
Plates were blocked with 10% FBS and 0.05% Tween 20 in
PBS. Plasma, NP swabs or BALF were serially diluted in
blocking buffer and added to the plates. Plasma samples
were diluted 1:50 and then 3-fold serially for the analysis of
antigen-specific antibodies or 1:100 and the 5-fold serially for
the analysis of total antibody levels. NP swabs were diluted
1:3 and then 2-fold serially for the analysis of antigen-specific
antibodies or 1:20 and the 5-fold serially for the analysis of
total antibody levels. BAL samples were diluted 1:2 and then
2-fold serially for the analysis of antigen-specific antibodies
or 1:5 and the 3-fold serially for the analysis of total antibody
levels. Plates were incubated for 90 min at room temperature
and then washed 3 times with 0.05% Tween 20 in PBS.
Secondary antibodies conjugated to horseradish peroxidase
were diluted in blocking buffer before adding to wells and
incubating for 60 min at room temperature. The following
secondary antibodies were used: goat anti-human IgG
(H + L)-HRP (goat polyclonal against IgG heavy chain
and Ig light chains, Jackson ImmunoResearch, 1:2500), goat
anti-human IgG (polyclonal, Fcc fragment specific, 1:11 500,
Jackson ImmunoResearch), goat anti-human IgA (polyclonal,
Jackson ImmuoResearch, 1:2500) and goat anti-human IgG
IgM (polyclonal, 1:4000, Caltag, ThermoFisher). Plates were
washed 3 times with 0.05% Tween 20 in PBS and three times
with PBS before the addition of o-phenylenediamine
dihydrochloride peroxidase substrate (Sigma-Aldrich).
Reactions were stopped by the addition of 1 M hydrochloric
acid. Optical density measurements were recorded at
490 nm. For each experiment, purified IgG and IgA
monoclonal antibodies produced in-house as previously
described21 or purified serum IgM (ChromPure Human IgM,
Jackson ImmunoResearch) were used to generate standard
curves from which concentrations were interpolated using a
sigmoid 4PL curve in Graphpad Prism v9. Alternatively,
endpoint titres were determined using 39 the average signal
of background (2o HRP antibody only) wells as a cut-off by a
sigmoid 4PL curve in Graphpad Prism v9.

Assessment of a2-macroglobulin by ELISA

The levels of a2-macroglobulin were determined using
Human Alpha 2-M ELISA Kit (Human Alpha 2-M ELISA
Kit, Thermo Fisher) according to the manufacturer’s
instructions. Plasma samples were assayed at a 1:2000
dilution and BALF samples were assayed at a 1:2 dilution.
All samples and standards were tested in duplicate.
Concentrations were interpolated from a standard curve
using a sigmoid 4PL curve in Graphpad Prism v9.

Statistical analysis

Statistical significance was assessed by a Kruskal–Wallis test
with Dunn’s correction for multiple comparisons, a
Friedman’s test with Dunn’s correction for multiple
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comparisons, a two-way ANOVA with Sidak’s correction for
multiple comparisons, a Mann–Whitney test as detailed in
the figure captions. Correlations were assessed using
Pearson’s correlation coefficient.
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