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Cigarette smoke exposure attenuates the induction of antigen-
specific IgA in the murine upper respiratory tract
Joshua J. C. McGrath1,2, Danya Thayaparan1,2, Steven P. Cass1,2, Jonathan P. Mapletoft1,2, Peter Y. F. Zeng3, Joshua F. E. Koenig1,2,
Matthew F. Fantauzzi1,2, Puja Bagri1,2, Bruce Ly4, Rachel Heo5, L. Patrick Schenck2,6,14, Pamela Shen2,13, Matthew S. Miller2,7,8 and
Martin R. Stämpfli2,9,10,11,12

The upper respiratory tract is highly exposed to airborne pathogens and serves as an important inductive site for protective
antibody responses, including mucosal IgA and systemic IgG. However, it is currently unknown to what extent inhaled
environmental toxins, such as a cigarette smoke, affect the ability to induce antibody-mediated immunity at this site. Using a
murine model of intranasal lipopolysaccharide and ovalbumin (LPS/OVA) immunization, we show that cigarette smoke exposure
compromises the induction of antigen-specific IgA in the upper airways and systemic circulation. Deficits in OVA-IgA were observed
in conjunction with a reduced accumulation of OVA-specific IgA antibody-secreting cells (ASCs) in the nasal mucosa, inductive
tissues (NALT, cervical lymph nodes, spleen) and the blood. Nasal OVA-IgA from smoke-exposed mice also demonstrated reduced
avidity during the acute post-immunization period in association with an enhanced mutational burden in the cognate nasal Igha
repertoire. Mechanistically, smoke exposure attenuated the ability of the nasal mucosa to upregulate VCAM-1 and pIgR, suggesting
that cigarette smoke may inhibit both nasal ASC homing and IgA transepithelial transport. Overall, these findings demonstrate the
immunosuppressive nature of tobacco smoke and illustrate the diversity of mechanisms through which this noxious stimulus can
interfere with IgA-mediated immunity in the upper airways.
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INTRODUCTION
The upper respiratory tract (URT), including the nasal, oral, and
pharyngeal mucosae, serves as an important node of control for
inhaled pathogens. Immune responses in the URT are critical
to combat infectious agents and prevent them from spreading
to fragile sites such as the lungs, an organ in which pathogen
exposure may compromise gas exchange and cause life-
threatening tissue pathologies.
Immunity in the upper airways is multifactorial, encompassing

both innate and adaptive components. Among the adaptive
components, secretory (s)IgA antibody responses induced within
the upper airway lumen provide protection upon exposure to
respiratory pathogens, such as influenza virus1,2. sIgA antibodies
mediate their protective effects at mucosal surfaces by exclusion
and neutralization of inhaled pathogens, thereby precluding the
colonization or infection of local epithelial cells without eliciting
overt inflammatory responses3. In addition, recent evidence
suggests that sIgA may also prevent the local dissemination of
viral particles4. Through these mechanisms, sIgA-mediated
defense in the URT provides an initial barrier to infection,

complementing IgG- and cytotoxic T cell-mediated defenses that
protect the lungs against harmful infectious agents.
Cigarette smoke is a noxious inhaled stimulus that is known to

compromise or alter the function of the immune system, both
in the respiratory tract and at distal sites5. While it is well
documented that smokers are at increased risk of various
infectious diseases6, including influenza7, the mechanisms by
which smoke exposure causes this predisposition have not been
fully elucidated. With regards to sIgA responses in the URT, the
reported effects of cigarette smoke exposure are controversial. For
instance, Rylander et al. reported that smokers exhibited lower
levels of IgA specific for the lipopolysaccharides (LPS) of the Gram-
negative bacteria Pantoea agglomerans and Pseudomonas syringae
in nasal secretions compared to non-smokers within cohorts of
wood- and cotton-mill workers8. Similarly, a number of groups
have reported decreased baseline sIgA levels in the saliva of
cigarette smokers9–12, while still others have indicated that
smoking increases salivary IgA13,14. In mouse models, cigarette
smoke has been reported to inhibit IgA induction in the lungs
following influenza virus infection15; however, IgA is thought to
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play a minimal role in directly protecting the lower respiratory
tract from disease pathogenesis in this context1. Overall, to what
extent cigarette smoke modulates the induction of novel sIgA
responses in the upper airways, where this isotype is a potent
contributor to host defense, remains unclear. This is an important
knowledge gap, given that infectious diseases represent a
significant source of excess mortality in the 1.1 billion individuals
worldwide that continue to smoke tobacco16,17.
To address this question, we studied the effect of cigarette

smoke exposure on the induction of antigen-specific sIgA
responses in the URT of mice. We found that tobacco smoke
inhibited IgA induction in the systemic circulation and nasal
lumen, in part by attenuating the accumulation of antibody-
secreting cells (ASCs) in the underlying nasal mucosa and draining
lymphoid tissues. In addition to being decreased in quantity, we
provide evidence that IgA generated in smoke-exposed animals
possesses a lower antigen-binding avidity, but paradoxically, a
greater mutational load than observed in room air controls.
Furthermore, smoke exposure compromises the upregulation of
molecules critical to nasal ASC homing and transepithelial IgA
transport in the nasal mucosa. Overall, our findings clearly indicate
that cigarette smoke compromises multiple mechanisms involved
in effective sIgA induction in the URT and associated lymphoid
tissues.

RESULTS
Cigarette smoke compromises the induction of IgA responses
in the upper respiratory tract following intranasal LPS/OVA
administration
To investigate whether cigarette smoke compromises IgA induc-
tion in the upper airways, we exposed mice to either room air
(RA) or cigarette smoke (CS) for one week, and subsequently

intranasally immunized these mice with a mixture of LPS, a
prototypical pathogen-associated molecular pattern, and ovalbu-
min (OVA), a well-described model antigen, using a multidose
prime/boost schedule (Fig. 1A). Smoke exposure was continuous
during this protocol. We observed consistently decreased OVA-IgA
in both the nasal lavage fluid (NALF; Figs. 1B, S1A) and serum
(Figs. 1C, S1A) at 3, 7, 14, and 28 days post-boost (dpb). In a similar
manner, LPS-specific IgA was induced in the serum of room air-
exposed, but not smoke-exposed mice (Fig. 1D). Notably, despite
observing concurrent reductions in OVA-IgA in the NALF and
serum at 3dpb, no significant correlation was observed between
these two parameters within room air- and cigarette smoke-
exposed groups (RA: r= 0.2385, p= 0.5069 and CS: r= 0.1036,
p= 0.7758; Fig. 1E). Deficits in total IgA were also observed in the
NALF, while no significant changes were observed in the serum
(Figs. 1F, S1B/C). OVA-IgA and total IgA levels in the NALF
correlated strongly within smoke-exposed mice at 3dpb (r=
0.8402, p= 0.0023), while room air-exposed mice exhibited a
moderate but non-significant positive correlation (r= 0.4956, p=
0.1452; Fig. S1D). NALF and serum OVA-IgA were similarly
decreased at 3dpb in mice exposed to cigarette smoke for 10
and 32 weeks prior to immunization (Fig. S1E), as well as in mice
administered 1 or 7 booster doses (Fig. S1F). OVA-IgA induction
was also attenuated in the vaginal lavage fluid (VALF; Fig. 1G). In
contrast to IgA, OVA-specific IgM and IgG1 levels in the serum
were unchanged between groups (Fig. 1H), and OVA-IgM, which
can also be secreted across mucosal surfaces in a manner similar
to IgA, was not detectable in the NALF (data not shown). Finally,
when cigarette smoke-exposed mice were alternatively immu-
nized with a mixture of OVA and polyI:C, a TLR-3 agonist and viral
nucleic acid mimic, we found that the induction of OVA-IgA
responses was similarly impaired (Fig. 1I). These findings suggest
that acute and chronic cigarette smoke exposure compromises

Fig. 1 Cigarette smoke exposure compromises the induction of nasal and systemic IgA responses following intranasal LPS/OVA
immunization. A C57BL/6 mice were exposed to room air (RA) or cigarette smoke (CS) for the indicated durations. Subsequently, three doses of
LPS/OVA or PBS vehicle were administered intranasally to the upper respiratory tract, once daily. After 2 weeks of continued exposure, mice
received four booster doses of LPS/OVA or vehicle. Animals were culled and samples collected at the indicated timepoints. OVA-specific or LPS-
specific antibodies of the indicated isotypes were measured in the indicated samples by ELISA at (B, C) the indicated timepoints or (D, E, G–I)
3dpb. B, C Data represent n= 3–10 mice per group from three independent experiments. D, G, H Data represent n= 3–7 mice per group. E Data
represent n= 10 mice per group from two independent experiments. F Total IgA was measured by ELISA at the indicated timepoints. Data
represent 5–10 mice per group from two independent experiments. I Mice were exposed to room air or cigarette smoke for 1 week and
immunized with polyI:C/OVA as per the schedule in panel A. Data represent n= 4–5 mice per group. E Linear regression and Pearson’s
correlation, dotted lines represent 95% confidence bands. All others two-way ANOVA with Tukey’s post-hoc test. Mean ± SEM. *p < 0.05.
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the host’s ability to induce IgA responses against antigens in the
upper airways, and that such inhibition is observed in the context
of diverse pathogen-associated molecular patterns.

Cigarette smoke exposure attenuates OVA-specific ASC
accumulation in the nasal mucosa after intranasal LPS/OVA
immunization
IgA antibodies secreted into the upper airway lumen are produced
by antibody-secreting cells (ASCs; plasma cells) within the nasal
mucosa18. To determine whether the observed reduction in nasal
OVA-IgA was associated with changes in ASC populations, we next
quantified the presence of OVA-specific ASCs (IgD–B220loCD138+

IgG1–IgA+OVA+; Fig. 2a, FMO controls presented in Fig. S2A) in the
nasal mucosa by flow cytometry. OVA-specific ASCs were quantified
by intracellular staining with AlexaFluor (AF)647-conjugated OVA.
We observed reductions in the number of both total and OVA-
specific IgA ASCs (represented in Fig. 2b) in the nasal mucosa of
cigarette smoke-exposed mice at both 3dpb and 7dpb (Figs. 2c/d,
S2B/C). Notably, these differences were not caused by changes in
the total cellularity of the nasal mucosa (Fig. S2D). OVA-specific
ASCs comprised more than 50% of total IgA ASCs at 3dpb, with
smoke-exposed mice exhibiting a small but significant reduction in
this proportion compared to RA controls (Fig. 2e). Similar to
antibody titres, deficits in OVA-IgA ASCs were also observed in mice
exposed to cigarette smoke for either 10 or 32 weeks prior to
immunization (Fig. S2C). In contrast, OVA-IgA ASCs in the bone
marrow were not significantly reduced in the context of smoke
exposure at either 3 or 28dpb (Figs. 2f, S2E). These data
demonstrate that the deficit in nasal antigen-specific IgA observed
in the context of cigarette smoke exposure occurs, at least in part,
as a result of reduced ASC accumulation in the underlying mucosa.

Cigarette smoke exposure reduces nasal OVA-IgA avidity during
the acute post-immunization period while augmenting nasal Igha
mutational load
In addition to quantity, the antigen-binding affinity of antibodies
plays an integral role in their effector capacity. IgA responses

induced in upper airway-associated lymphoid tissues are able to
undergo somatic hypermutation (SHM) of their variable regions in
order to promote antibody affinity maturation19. In light of this,
we sought to assess metrics of antibody antigen-binding capacity.
Initially, we quantified the ability of intracellular IgA to retain
AF647-conjugated OVA by examining the ratio of IgA and OVA
median fluorescence intensities (MFIs) within nasal OVA-IgA ASCs
following intracellular staining. At 3dpb, we observed that there
was no significant difference in IgA MFI between OVA-IgA ASCs
generated in room air- and cigarette smoke-exposed mice
(Fig. 3A), suggesting that antibody production rate is likely similar
between ASCs induced under either condition. In contrast, OVA
MFI displayed a strong trend towards being reduced in the
context of cigarette smoke. When quantified as a ratio, smoke-
exposed mice demonstrated a significant reduction in OVA:IgA
within ASCs compared to room air controls (Fig. 3B). A similar
trend was observed at 7dpb, but by 14dpb no differences were
observed. Notably, during this timeframe the MFI ratio remained
stable for smoke-exposed mice but contracted for room air-
exposed mice. These early differences in MFI ratio suggest that,
despite the same amount of total IgA per OVA-specific IgA ASC,
there is a differential ability of smoke-exposed ASCs to retain
cognate antigen and thus an attenuated antigen-binding affinity.
Although similar measures of antigen retention by B cell

receptors have been demonstrated to correlate with avidity20, we
sought to confirm these findings through direct analysis of NALF
OVA-IgA antibodies. To do so, we used avidity ELISAs, which
feature an antibody dissociation step via the transient addition of
choatropic urea after sample incubation. Using this approach, we
determined that OVA-IgA in the NALF of smoke-exposed animals
demonstrated a lower avidity index than that of room air controls
at 3dpb (Fig. 3C). Similar to ASC MFI data, avidity indices
normalized by 28dpb, suggesting that smoke exposure delays
but ultimately does not permanently compromise the affinity
maturation of OVA-IgA responses following immunization.
Next, we assessed whether cigarette smoke exposure alters the

extent to which the IgA ASCs induced in the upper airways

Fig. 2 Cigarette smoke exposure attenuates OVA-specific IgA ASC accumulation in the nasal mucosa after intranasal LPS/OVA
immunization. Mice exposed to room air (RA) or cigarette smoke (CS) for one week were intranasally immunized with LPS/OVA, and mice
were analyzed at the indicated timepoints. a Nasal OVA-IgA ASC gating strategy (IgD–B220loCD138+IgG1–IgA+OVA+). b Flow cytometry plots
demonstrating total ASCs (top), and OVA-IgA ASCs within IgA ASCs (bottom) in the nasal mucosa at 7dpb. Frequencies presented are mean ±
SD. Absolute numbers of (c) total and (d) OVA-specific IgA ASCs were quantified in the nasal mucosa (NM) at the indicated timepoints. Data
represent (c) n= 3–7 mice per group from two independent experiments, (d) n= 3–7 mice per group from three independent experiments.
e Nasal OVA-IgA ASCs were quantified as a proportion of total IgA ASCs at 3dpb. Data represent n= 12 mice per group from two independent
experiments. f Absolute number of OVA-IgA ASCs in the bone marrow quantified at 3dpb. Data represent n= 3–10 per group. FVD: fixable
viability dye. e Student’s unpaired t-test, all others two-way ANOVA with Tukey’s post-hoc test. Mean ± SEM. *p < 0.05.
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undergo SHM. To do so, we performed high-throughput sequen-
cing to quantify mutational load within the heavy chain variable
region of nasal IgA transcripts as described by Turchaninova
et al.21. Specifically, we assessed the mean frequency of
replacement mutations within combined complementarity-
determining regions (CDRs 1/2), which comprise the antigen-
binding paratope, and framework regions (FWRs 1/2/3; Fig. 3D),
which are also reportedly also able to alter antibody effector
capacity22. Through clonal clustering23, we found that room air-
and smoke-exposed, immunized mice exhibited a similar pre-
dicted number of unique IgA clones per sample (Fig. S2F). In terms
of mutational load, we observed a significant increase in the
frequency of replacement mutations within CDR1/2 and FWR1/2/3
regions of smoke-exposed, immunized mice compared to room air
controls (Fig. 3D). Overall, these data suggest that IgA from the
nasal mucosa of smoke-exposed, immunized mice possesses a
greater mutational burden than room air controls, despite
demonstrating a reduced polyclonal avidity at this timepoint.

Cigarette smoke exposure attenuates the induction of OVA-IgA
ASCs in nasal-draining lymphoid tissues
ASCs that populate the upper airways are typically induced within
secondary lymphoid tissues that drain the nasal mucosa, such as the
nasal-associated lymphoid tissue (NALT), cervical lymph nodes (CLNs)
and spleen. To assess whether the observed reduction in nasal ASCs
results from attenuated ASC induction, we next quantified OVA-IgA
ASCs at these sites (IgD–B220loCD138+IgG1–IgA+OVA+; Fig. S3A). At
3dpb, a timepoint at which we observe a large attenuation of IgA
induction, we also observed that cigarette smoke attenuated the
expansion of both total (Fig. 4A/B) and OVA-IgA ASCs (Figs. 4C, S3G) in
the NALT. In room air-exposed mice, LPS/OVA immunization caused
the physical expansion of CLNs as measured by cellularity and weight
(Figs. 4D, S3B). In contrast, smoke-exposed naïve mice had smaller
CLNs at baseline, which did not expand to the same size as room air
controls following immunization. Notably, this difference in baseline
CLN weight could not be explained by differences in mouse weight,
which were minimal (Fig. S3F). Within the CLNs, we observed a
reduction in the absolute number of OVA-IgA ASCs, as well as the
proportion of OVA-IgA ASCs within total ASCs (Figs. 4E, S3C). Similarly,
although the spleen did not expand with immunization, spleens from
smoke-exposed mice were significantly smaller than those of room air
controls at baseline (Figs. 4F, S3D), and fewer OVA-IgA ASCs were
present (Figs. 4G, S3E). Lastly, we analyzed the blood at this timepoint,
and found fewer OVA-IgA ASCs in the blood of cigarette smoke-
exposed mice compared to room air controls (Fig. 4H). Overall, these
data suggest that cigarette smoke compromises the induction of

OVA-IgA ASCs in nasal-draining lymphoid tissues, including the NALT,
CLNs, and spleen, and ultimately reduces the output of these cells
into the circulation.
In light of the observed changes in IgA antigen-binding capacity

and mutational frequency in the context of smoke exposure, we
also sought to assess whether smoke-exposed mice exhibited any
differences in the number of germinal center B cells (GCBCs;
IgD–B220+CD138–GL7+CD95+; Fig. S3A), the B cell stage in which
SHM and affinity maturation occur. Interestingly, at baseline,
cigarette smoke-exposed control mice exhibited an increase in the
proportion of GCBCs in the NALT compared to room air controls
(Fig. 4I). However, at 3dpb, smoke-exposed mice exhibited fewer
total (Fig. 4I/J) and OVA-IgA GCBCs (Figs. 4K, S3H). Ultimately,
these data suggest that cigarette smoke-exposed mice exhibit
elevated basal NALT germinal center activity but feature reduced
antigen-specific IgA germinal center induction relative to room air
controls following intranasal immunization.

Cigarette smoke reduces basal CCL28 and VCAM-1 levels in the
nasal mucosa and interferes with the transcriptional upregulation
of VCAM-1 following intranasal immunization
Following their generation in secondary lymphoid tissues, newly-
formed ASCs migrate to the nasal mucosa24. Homing of ASCs to
respiratory surfaces is thought to be mediated by two molecular
axes: a) the interaction between CCL28 produced at the mucosa and
the CCR10 receptor on the surface of ASCs, and; b) the interaction
between VCAM-1 expressed by local endothelial cells and α4β1
integrin (VLA-4) on ASCs24. To assess whether cigarette smoke
compromises ASC homing, we first assessed baseline expression of
tissue-derived factors CCL28 and VCAM-1. Cigarette smoke exposure
reduced baseline expression of CCL28 and VCAM-1 in nasal
homogenates following both 2 and 8 weeks of exposure. In
contrast, no significant differences were observed in either CCL28 or
VCAM-1 expression in lung homogenates or serum (Fig. 5a/b). In
addition, we observed that the upregulation of VCAM-1, but not
CCL28, was impaired at 3dpb in nasal homogenates of cigarette
smoke-exposed mice (Fig. 5c). Vcam1 transcript upregulation was
similarly diminished in smoke-exposed mice that were administered
10 μg of LPS alone for 1 h (Fig. 5d). Next, we assessed the expression
of α4β1 integrin, the VCAM-1 binding partner. In this regard, we
observed a marginal but significant reduction in the proportion of
α4β1+ OVA-IgA ASCs within the CLNs of smoke-exposed mice, while
no difference was observed on cells in the bloodstream or nasal
mucosa (Fig. 5e). In the CLNs, more substantial reductions were
observed in the MFIs of both α4 and β1 integrin subunits (Fig. 5f).
Again, however, α4β1 expression in the bloodstreamwas equivalent,

Fig. 3 Cigarette smoke exposure reduces nasal OVA-IgA avidity during the acute post-immunization period while augmenting
mutational load in the cognate nasal Igha repertoire. Mice exposed to room air (RA) or cigarette smoke (CS) for one week were intranasally
immunized with LPS/OVA as described in Fig. 1, and metrics of antibody antigen-binding affinity and somatic hypermutation were assessed.
A Median fluorescence intensity (MFI) of IgA and OVA was quantified within OVA-IgA ASCs in the nasal mucosa at 3dpb. Data represent n=
11–12 mice per group from two independent experiments. B OVA:IgA MFI ratio at various timepoints. Data represent n= 11–12 mice per
group from two independent experiments (3dpb) and n= 5 mice per group (7dpb and 14dpb independently). C Avidity indices were derived
for NALF OVA-IgA by chaotropic urea ELISA. Data represent 13–15 animals per group from two independent experiments at each timepoint.
D Nasal Igha mRNA transcripts were analyzed at 3dpb by high-throughput immunoglobulin sequencing. Replacement mutations were
quantified in CDRs 1/2 and FWRs 1/2/3 on a per-clone basis. Data represent n= 3–9 mice per group. A.U. arbitrary units. A–C Student’s
unpaired t-tests, D Mann-Whitney test with Bonferroni correction. Mean ± SEM. *p < 0.05.
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and no differences were observed in the effector tissue. Overall,
these data suggest that cigarette smoke interferes with the
transcriptional upregulation of VCAM-1 in the nasal mucosa, likely
impairing the extravasation of ASCs into the submucosa following
immunization.

Cigarette smoke attenuates the upregulation of pIgR in the nasal
mucosa following intranasal immunization
In addition to impaired induction and homing of ASCs to the nasal
mucosa, quantities of IgA in the nasal lumen may be affected by
the efficiency of transepithelial transport. IgA is transported from
the submucosa across epithelial barriers with the assistance of the
polymeric immunoglobulin receptor (pIgR)24. Using Western blots,
we found that cigarette smoke exposure attenuated the
upregulation of pIgR and its post-transport cleavage product
secretory component (SC) in the nasal mucosa following LPS/OVA
administration (Figs. 6, S4). This impairment in pIgR upregulation
may further explain the reduced OVA-IgA levels observed in the
nasal lumen of smoke-exposed mice, given the non-redundant
role of this receptor in IgA transcytosis.

DISCUSSION
IgA-mediated immunity has been implicated in providing protec-
tion against viral agents in the upper airways1, and is thought to
be an important component of existing and novel vaccination

strategies against influenza and other mucosal pathogens25–28. As
a result, it is important to understand how common inhaled
environmental factors such as cigarette smoke can impact IgA
induction in the upper airways in order to identify circumstances
in which IgA-mediated defense, elicited by either natural infection
or intranasal vaccination, may be ineffective.
In our studies using LPS/OVA as a model immunogen, we

observed that both acute and long-term cigarette smoke exposure
attenuated the induction of antigen-specific IgA responses in the
URT and systemic circulation. Nasal and serum antigen-specific IgA
responses did not correlate well with one another, which support
previous findings in humans2, and studies in mice suggesting
differential mechanisms of mucosal and systemic IgA induction29.
In contrast, OVA-IgA correlated well with total IgA in the nasal
lumen, which suggests that the OVA-specific response comprised
the major proportion of total nasal IgA antibodies in our model.
Interestingly, cigarette smoke exposure also attenuated IgA
responses at the vaginal mucosa. The common mucosal immune
system is known to facilitate the dissemination of lymphocytes
between distal mucosal sites30, with antigen-specific responses
induced in the URT being able to provide protection at the female
reproductive tract. These findings imply that tobacco smoke may
compromise the efficacy of intranasal vaccination strategies
intended to elicit protective IgA responses in the genital tract31–33.
Notably, we observed an attenuation of OVA-IgA responses in the
URT and circulation even when polyI:C was used as an adjuvant

Fig. 4 The induction of antigen-specific IgA ASC responses is diminished in the NALT, CLNs and spleen in the context of cigarette smoke
exposure. Mice exposed to room air (RA) or cigarette smoke (CS) for one week were intranasally immunized with LPS/OVA as described in
Fig. 1, and NALTs, CLNs, spleen, and blood were assessed by flow cytometry at 3dpb. Total NALTASCs are (A) visualized as flow cytometry plots
within the parent gate (IgD– live singlets) and B quantified. C NALT OVA-IgA ASCs quantified as a percentage of total ASCs. NALT data points
represent the means of pooled samples (n= 5–7 mice per group per experiment) from three independent experiments. D Pooled CLN cell
count per mouse. E Absolute number of CLN OVA-IgA ASCs. F Spleen cell counts per mouse. Absolute number of OVA-IgA ASCs in the (G)
spleen and (H) whole blood. Data represent: (D–G) n= 3–12 mice per group from two independent experiments, (H) n= 3–10 mice per group,
one of two representative experiments is shown. Total NALT GCBCs are (I) visualized as flow cytometry plots within the parent gate
(CD138–B220+) and (J) quantified. K NALT OVA-IgA GCBCs quantified as a percentage of total GCBCs. NALT data points represent the means of
pooled samples (n= 5–7 mice per group per experiment) from two independent experiments. B, C, J, K Student’s unpaired t-tests, D–H two-
way ANOVA with Tukey’s post-hoc test. Mean ± SEM. *p < 0.05.
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instead of LPS, suggesting that mechanistically, smoke exposure
attenuates conserved elements of both TLR-4- and TLR-3/RIG-I-
dependent IgA inductive pathways.
Cigarette smoke exposure impaired the generation of short-lived

mucosal OVA-IgA ASCs in the nose, but not ASCs that populated
the bone marrow. This reduction in nasal ASCs notably corre-
sponded with a reduced number of these cells within inductive
sites that drain the nasal mucosa, including the NALT, CLNs, and
spleen. Evidence of reduced IgA ASCs in these secondary lymphoid
organs suggests that the activation of T cell-dependent B cell
responses at these sites is compromised. This may constitute
deficits in the activation or polarization of nasal dendritic cells34,35,
follicular helper T(FH) cells36, or B cells. Further investigation is
required to understand which of these pathways may be affected.
Overall, however, our findings suggest that IgA ASC expansion is

differentially modulated by cigarette smoke at different effector
sites, but is consistently impaired within inductive tissues.
The reduced VCAM-1 upregulation we observe is reflective of

previous observations in cigarette smoke extract/TNF-α-treated
human coronary artery endothelial cells37, suggesting that
circulating ASCs may be unable to extravasate into the nasal
mucosa though an inefficient ability to attach to local endothelial
cells. In addition, our baseline CCL28 and VCAM-1 data are in line
with previous clinical reports; in human smokers, CCL28 gene
expression has been observed to be attenuated in nasal
epithelium, but not bronchial epithelium, and VCAM-1 protein
expression is unchanged in the pulmonary vasculature relative to
controls38,39. Similarly, findings of impaired pIgR expression
strongly indicate that IgA produced in the nasal submucosa may
not be efficiently transcytosed to the nasal lumen following

Fig. 5 Cigarette smoke exposure attenuates the transcriptional upregulation of VCAM-1 in the nasal mucosa following immunization.
Mice were exposed to room air (RA) or cigarette smoke (CS) for 2 or 8 weeks. Serum, NM homogenates and lung homogenates were assessed
for a CCL28 and b VCAM-1 expression by ELISA. Data represent n= 5–7 mice per group from two independent experiments. c Mice were
exposed to room air or cigarette smoke for 1 week and intranasally immunized with LPS/OVA as described in Fig. 1a. At 3dpb, nasal
homogenates were assessed for CCL28 and VCAM-1 expression by ELISA. Data represent n= 5 mice per group. d Mice were exposed to room
air or cigarette smoke for 2 weeks and intranasally administered 10 μg of LPS alone. Vcam1 gene expression was quantified in nasal lysates 1 h
post-administration. Data in each group are normalized to the mean of the RA-PBS group. Data represent n= 5 mice per group. e, f Mice were
treated as in (c), at which point (e) the proportion of α4+β1+ integrin OVA-IgA ASCs and (f) the MFI of each integrin was quantified.
Data represent n= 5 mice per group. A.U. arbitrary units. a, b, e, f Student’s unpaired t-tests, c, d two-way ANOVA with Tukey’s post-hoc test.
Mean ± SEM. *p < 0.05.

Fig. 6 Cigarette smoke exposure attenuates the upregulation of pIgR in the nasal mucosa following immunization. Room air (RA) and
cigarette smoke (CS)-exposed mice were immunized with LPS/OVA as per Fig. 1. At 3dpb, and nasal mucosa was extracted. aWestern blots for
pIgR/secretory component (SC) were performed. An uncropped version of pIgR/SC blots is presented in Fig. S4. b pIgR and SC expression was
quantified by densitometry. Data represent n= 5 mice per group. A.U. arbitrary units. Two-way ANOVA with Tukey’s post-hoc test. Mean ±
SEM. *p < 0.05.
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immunization. pIgR expression and sIgA levels have been reported
to be attenuated in the airways of patients with severe chronic
obstructive pulmonary disease (COPD)40,41, an effect that is
thought to be caused by extensive epithelial remodeling during
disease progression40. In contrast, the attenuation of nasal pIgR
upregulation we observed occurs following an acute duration of
smoke exposure, and thus likely occurs via an alternate mechan-
ism. Overall, however, the data presented here demonstrate a
refractory capacity of stromal cells within nasal mucosa to
upregulate inflammatory molecules in response to immunogenic
stimulation following cigarette smoke exposure.
Importantly, we also observed differences in antibody affinity

and mutational load between room air- and smoke-exposed mice.
Nasal OVA-IgA ASCs from smoke-exposed mice exhibited lower
antigen retention despite expressing similar total levels of IgA
during the acute post-immunization period. These findings firstly
demonstrate that IgA production on a per-cell basis is similar
between groups, and thus that the observed deficit in NALF OVA-
IgA likely does not occur as a result of changes in antibody
production rate by individual ASCs. In addition, they provide
evidence that antigen-specific IgA produced in smoke-exposed
mice is of lower avidity than that produced by room air controls, a
finding confirmed by chaotropic ELISA analysis of NALF OVA-IgA.
Notably, these data are in line with clinical observations that
smokers more frequently produce low-avidity antibodies in
response to human papillomavirus (HPV) vaccination compared
to non-smokers42. However, to our knowledge such an observa-
tion has not been previously reported for sIgA.

Strikingly, mutational data seem at first to contradict avidity
findings, in that a greater level of mutation occurred within CDRs
and FWRs as a result of immunization in smoke-exposed mice
compared to room air controls. However, it is possible that smoke
exposure facilitates these mutations, either directly or indirectly, in
a manner that precludes them from undergoing rigorous affinity-
based selection against the immunization antigen. In turn, these
mutations could have potentially detrimental effects on affinity,
explaining the observed differences in antigen-binding capacity.
Notably, one limitation of our sequencing approach is that it
comprised the entire IgA repertoire rather than OVA-IgA ASCs
specifically. However, OVA-specific IgA ASCs comprised more
than 50% of the total IgA compartment in both room air- and
smoke-exposed mice at this timepoint, suggesting that the
mutational burden we observe is reflective of the antigen-
specific compartment.
In assessing NALT germinal center activity, we also observed

that smoke exposure upregulated the proportion of GCBCs at
baseline, but attenuated the induction OVA-IgA GCBCs compared
to room air controls. This suggests that the elevated mutational
load observed in smoke-exposed immunized mice occurs either as
a result of augmented germinal center activity at an earlier
timeframe following primary immunization doses, or alternatively,
does not occur as a result of events occurring after immunization.
In this regard, cigarette smoke may promote SHM of B cells
specific for smoke-associated antigens, which also demonstrate or
develop cross-reactivity to OVA antigen, prior to immunization.
Ultimately, further investigations are required to understand the

Fig. 7 Prospective mechanisms of cigarette smoke-mediated IgA inhibition in the upper respiratory tract. Mice exposed to cigarette
smoke during the course of intranasal immunization with LPS/OVA demonstrated reduced induction of antigen (OVA)-specific IgA antibodies
in the nasal and systemic circulation. These antibodies demonstrate reduced polyclonal avidity during the acute post-immunization
period. (1) Evidence of impaired OVA-IgA ASC accumulation in the nasal mucosa, secondary lymphoid tissues, and bloodstream suggest an
impairment in the activation these cells. Nasal OVA-IgA ASCs from smoke-exposed mice also demonstrate reduced OVA-binding capacity,
suggesting that they possess a reduced antigen-binding affinity compared to room air controls. (2) Data also demonstrate that cigarette
smoke exposure compromises the upregulation of VCAM-1 in the nasal mucosa following LPS exposure, suggesting that following generation
in secondary lymphoid tissues, these cells may not be able to efficiently extravasate back into the nasal mucosa. (3) Finally, pIgR expression in
the nasal mucosa was similarly impaired following immunization, strongly suggesting that IgA transepithelial transport may also be
attenuated.
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manner in which cigarette smoke exposure dysregulates antigen-
specific SHM and affinity maturation of sIgA responses in the URT.
In summary, our findings demonstrate for the first time that

cigarette smoke exposure has the capacity to attenuate antigen-
specific IgA responses induced in the upper airways of mice.
Importantly, the mechanisms by which smoke exposure inhibits
antigen-specific IgA induction in the upper airways are multifactorial,
seemingly comprising deficits in ASC induction, homing, and
transepithelial IgA transport (Fig. 7). These findings are of
importance, as sIgA has been implicated in providing a first line of
defense in precluding acquisition and carriage of respiratory viruses,
and preventing the cellular release and local dissemination of viral
particles4. Although one investigation demonstrated that intranasal
live-attenuated influenza virus (LAIV) vaccination was similarly
effective at generating protective serum haemagglutination-
inhibiting antibodies in smoking individuals as compared to non-
smokers43, it may be that cigarette smoke exposure specifically
inhibits IgA-mediated defense against early asymptomatic upper
airway infection, but not pulmonary defense mediated by IgG and
cellular immune responses. In support of this notion, a recent study
demonstrated that both cigarette smokers and e-cigarette users had
a diminished IgA response to LAIV vaccination in the upper
airways44, providing evidence that our findings are relevant to
humans. Ultimately, understanding mechanisms by which cigarette
smoke compromises antigen-specific IgA responses in the upper
respiratory tract may provide valuable insight into why smokers are
predisposed to infectious disease, and aid in identifying potential
challenges for the design and implementation of intranasal
vaccination strategies.

METHODS
Animals
6–10 week old female C57BL/6 mice were purchased from Charles
River Laboratories (Montreal, QC, Canada), and housed in the
McMaster Central Animal Facility. Mice were given ad libitum
access to food and water, and subject to 12 h light/dark cycling. All
experiments were approved by the Animal Research Ethic Board
at McMaster University.

Cigarette smoke exposure
Mice were exposed to mainstream cigarette smoke of 12 3R4F
research cigarettes (University of Kentucky; filters removed) over
50min, twice per day, 5 days per week in a whole-body smoke
exposure system (SIU48, Promech; Sweden). Details of the
protocol were reported previously45. Duration of smoke exposure
is detailed in the text. Control mice were exposed to room air only.

Intranasal Immunizations
Unanaesthetized mice were restrained, and a mixture of either
purified Escherichia coli O111:B4 LPS or polyI:C (10 μg; Sigma
Aldrich) and ovalbumin (OVA) (100 μg) in a combined volume of
10 μl was pipetted into the URT via the nares. This administration
protocol has been shown to restrict delivery to the upper airways
as opposed to the lungs46. Control mice received phosphate-
buffered saline (PBS) vehicle alone. Specific experimental admin-
istration schedules are described in the text.

Sample Collection and Processing
At the timepoints described in the text, mice were anaesthetized
with isoflurane and blood was collected via cardiac puncture. To
collect nasal samples, mice were culled by exsanguination, and
decapitated. The lower mandible was removed and nasal lavage
(NAL) was performed by cannulating the nasopharynx and
retrograde flushing the nasal passages with 300 μl of sterile PBS.
After removing the cranial skin and the palate, the nasal-associated
lymphoid tissue (NALT) was excised using a dissection microscope.
Subsequently, the external nose was removed, and the skull

bisected with scissors. The nasal mucosa (NM) was then excised
with fine forceps. Cervical lymph nodes (CLNs; mandibular,
accessory mandibular LNs) were extracted using a dissection
microscope. Vaginal lavage (VAL) was performed pipetting 150 μl
of PBS in and out of the vaginal opening, repeated twice.
Unheparinized blood was incubated at 37 °C for 1 h, micro-

centrifuged at 13,000 rpm for 10 min, and serum was collected.
NAL, BAL, and VAL were microcentrifuged at 2500 rpm for
10minutes to pellet cells. Serum, as well as nasal, bronchoalveolar,
and vaginal lavage supernatant fluid samples (NALF, BALF, VALF)
were stored at −80 °C for future analysis. Nasal mucosae and
spleens were mechanically dissociated by abrasion against a 40μm
filter. NALT and CLNs were mechanically dissociated by abrasion
between glass slides. NALT cells were pooled within each group
for staining and flow cytometry analysis due to low cellular yield.
Bone marrow (BM) was extracted by removing the ends of one
femur and flushing with sterile PBS. All samples were refiltered
using 40 μm filters, centrifuged at 1400 rpm for 5 min, and
resuspended in PBS. Spleen and BM cells were further treated
with ACK lysis buffer. Total cells were counted for each sample
using a haemocytometer or Countess™ Automated Cell Counter
(Invitrogen).

ELISAs
To detect OVA-specific IgA, NUNC Maxi-Sorp 96-well plates
(ThermoFisher Scientific) were coated with goat anti-mouse IgA
(Southern Biotech) in carbonate-bicarbonate buffer (CBB; Sigma).
Subsequently, plates were blocked with 1% bovine serum
albumin (BSA; Sigma Aldrich; in PBS), and incubated with sample
diluted in 1% BSA. All reagents herein were diluted in 1% BSA
unless otherwise indicated. Adherent OVA-specific antibodies
were detected using digoxigenated OVA (300 ng/ml), followed by
anti-digoxigenin-POD (poly) Fab fragments (Roche). ELISAs were
developed using tetramethylbenzidine (TMB; SurModics),
and stopped with 2 N H2SO4. To detect OVA-specific IgG1 and
IgM antibodies by ELISA, plates were coated with 4 μg/ml of
purified OVA (Sigma Aldrich) in PBS. Following blocking and
sample incubation as above, wells were incubated with biotiny-
lated antibodies specific for the indicated isotype heavy chains
(Southern Biotech) and detected using streptavidin-alkaline
phosphatase (ThermoFisher) and 4-NPP (Sigma). To detect LPS-
specific IgA, plates were coated with 50 μg/ml of purified
Escherichia coli O111:B4 LPS in CBB, blocked and incubated with
samples. Bound antibodies were detected with biotinylated anti-
IgA, streptavidin-AP, and 4-NPP. Background from empty control
wells was subtracted to acquire final O.D. values for all antigen-
specific antibody ELISAs. To detect total IgA, plates were
coated with anti-mouse IgA (Southern Biotech), blocked, and
incubated with sample as above. Subsequently, wells were
incubated with biotinylated anti-mouse IgA (Southern Biotech)
followed by development with streptavidin-HRP and TMB.
Concentrations were interpolated using a standard curve of
purified mouse IgA (Southern Biotech).
To generate avidity indices, we performed avidity ELISAs47,48.

ELISA plates were coated with OVA, blocked, and incubated with
sample as above for 2 h. After washing, samples were treated with
50 µl of 4 M urea in PBS, or PBS alone, at room temperature under
constant agitation for exactly 15min. Urea was washed off and
bound antibodies were detected using biotinylated anti-IgA,
streptavidin-HRP and TMB. Avidity indices were calculated as (O.
D.450 Urea / O.D.450 No Urea * 100) for each sample.
To detect CCL28 and VCAM-1, nasal mucosa and lungs were

homogenized in 400 μl of RIPA buffer containing protease
inhibitors. Bradford assay was used to determine the total protein
content of each sample. Subsequently, samples were normalized
to 0.25 μg/ml total protein, and assessed for CCL28 and VCAM-1
using commercial ELISAs (Biolegend and R&D, respectively) as per
the manufacturer’s instructions.
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Flow Cytometry
For flow cytometry, single-cell suspensions were transferred to a
96-well plate. Cells were stained for viability using LIVE/DEAD®

Fixable Yellow Dead Cell Stain (Molecular Probes; 1:400 in PBS),
and blocked with anti-CD16/32 (Biolegend; 1:100 in FACS
buffer (0.5% BSA, 2 mM EDTA in PBS)). Subsequently, cells were
stained with fluorophore-conjugated antibodies targeting specific
antigens (Table S1) diluted in FACS buffer. Cells were next fixed
and permeabilized using Cytofix/Cytoperm (BD Biosciences), and
intracellular staining was performed using antibody cocktails
and other stains diluted in Perm/Wash Buffer (BD Biosciences;
Table S1). Fluorescence-minus-one (FMO) controls were used to
determine thresholds for gating strategies. Data were collected
using a BD LSRFortessa (BD Biosciences), and data analysis
performed using FlowJo software (V10; TreeStar, Inc.). Absolute
cell number quantification was performed by multiplying the
frequency of the given population with regards to live singlet
events by the total cell count for that sample.

IgA Sequencing
To quantify mutational load within the nasal IgA repertoire, high-
throughput sequencing was performed. Briefly, at 3dpb the nasal
mucosae were removed and homogenized in buffer RLT (Qiagen)
containing β-mercaptoethanol. After centrifugation to remove
cellular debris, RNA was isolated from lysates using an RNeasy kit
(Qiagen) as per manufacturer’s instructions. 700 ng of total RNA
per sample was used for the sequencing analysis, which was
performed as per Turchaninova et al.21. Illumina adapters
(NEBNext DNA Library Prep Set; NEB E6040) were added to the
resulting cDNA products as per the manufacturer’s instructions.
All DNA cleanup steps were performed using Monarch PCR &
DNA Cleanup Kits (NEB T1030L). Asymmetric 400+ 200nt paired-
end sequencing was performed on an Illumina Mi-Seq platform
(v3). Sample demultiplexing and UMI-based assembly of full-
length variable regions was performed using MIGEC software. V
(D)J alignment against reference and clonal clustering was
performed using Change-O package23 with default settings.
Mutations were quantified within the full variable region using
the R package ShazaM (version 0.2.0)49. Overall, following all
processing steps we reconstructed a median of 69751 full length
IgA reads and that were clustered into a median of 4484 IgA
clones (Table S2).

RT-qPCR Analysis
To assess Vcam1 expression, the upper airways were lavaged with
RLT buffer, and RNA was extracted from the resulting mucosal
lysate as above. Subsequently, RNA was reverse transcribed into
cDNA using Superscript II (Invitrogen), as per manufacturer’s
instructions. cDNA was then quantified by qPCR using Taqman
primers and probes (Vcam1 Mm01320970_m1; ThermoFisher
Scientific) in a StepOnePlus real-time PCR system (Life Technol-
ogies Inc., Burlington, ON, Canada). Gene expression was
determined using the ΔΔCT method. Vcam1 gene expression
was normalized to that of the housekeeping gene Gapdh
(Mm99999915_g1), and expressed as a fold change relative to
the indicated control group.

Western Blotting
Nasal mucosae were homogenized in RIPA buffer (0.1% SDS, 0.5%
sodium deoxycholate, 1% Igepal CA-630 in PBS) containing
protease inhibitors (Roche, Complete Mini Protease Inhibitor
Cocktail, 11836153001), and a Bradford assay was used to quantify
total protein. 20 μg of protein per sample was loaded per well, and
a 10% gel was used to resolve the proteins. Following gel
resolution and transfer to nitrocellulose membrane, total protein
was assessed using LICOR REVERT Total Protein Stain as per
manufacturer’s instructions. After imaging the total protein stain,
and blocking, the membrane was incubated with a primary

monoclonal antibody specific for pIgR (AF2800, R&D), and,
subsequently, a secondary detection antibody. Following imaging
of pIgR bands, densitometry scores were determined using
ImageStudio Lite. Scores from pIgR (~115 kDa) and secretory
component (SC; ~95 kDa) bands were normalized to total protein
stain bands.

Statistical analysis
GraphPad Prism 8 (GraphPad Software, Inc.) was used for
statistical analyses. Two-group, single-variable comparisons were
assessed by unpaired Student’s T-test. Mutational load data were
assessed by Mann–Whitney U test with Bonferroni post-hoc
analysis. Two-way ANOVAs adjusted for multiple comparisons
using Tukey’s post-hoc test were used to assess all other multi-
variable comparisons. Significance (*) is defined as p < 0.05.

ACKNOWLEDGEMENTS
The authors wish to thank Joanna Kasinska and Mark R. McDermott for providing
technical support for experiments, as well as Mark Inman, Dawn Bowdish, and Judah
Denburg for advice regarding experimental design and analysis.

AUTHOR CONTRIBUTIONS
J.J.C.M., P.S. and M.R.S. conceived the study. J.J.C.M. and M.R.S. designed the
experiments. J.J.C.M., D.T., S.P.C., J.P.M., M.F., P.B., B.L., R.H., and J.F.E.K. conducted
experiments. L.P.S. provided technical support for experiments. P.Y.F.Z. conducted
bioinformatic analysis of raw sequencing data, and J.J.C.M. performed all other
analysis including compilation of sequencing data. J.J.C.M., D.T., S.P.C., M.S.M. and
M.R.S. were involved in data interpretation. J.J.C.M. and M.R.S. wrote the manuscript
with feedback from all authors. M.S.M. and M.R.S. secured funding for the study.

FUNDING
Funding for this study was provided by The Lung Health Foundation (previously
known as the Ontario Lung Association; M.R.S.), the Canadian Institutes for Health
Research (CIHR: M.S.M., M.R.S.: PJT-159792), and the Natural Science and Engineering
Research Council of Ontario (NSERC: M.S.M.). M.S.M. was partially supported by a CIHR
New Investigator Award.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41385-021-00411-9.

Competing interests: M.R.S. reports grants from RespiVert Ltd. part of Janssen
Pharmaceuticals and personal fees from AstraZeneca and Boehringer Ingelheim
outside the submitted work. As of January 2020, M.R.S. is an employee of C.S.L.
Behring A.G. All other authors have no conflicts of interest to declare.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Renegar, K. B., Small, P. A., Boykins, L. G. & Wright, P. F. Role of IgA versus IgG in

the control of influenza viral infection in the murine respiratory tract. J. Immunol.
173, 1978–1986 (2004).

2. Gould, V. M. W. et al. Nasal IgA provides protection against human influenza
challenge in volunteers with low serum influenza antibody titre. Front. Microbiol.
8, 1–9 (2017).

3. Corthésy, B. Multi-faceted functions of secretory IgA at mucosal surfaces. Front.
Immunol. 4, 1–11 (2013).

4. Okuya, K. et al. A potential role of non-neutralizing IgA antibodies in cross-
protective immunity against influenza A viruses of multiple hemagglutinin sub-
types. J. Virol. (2020). https://doi.org/10.1128/jvi.00408-20.

5. Stämpfli, M. R. & Anderson, G. P. How cigarette smoke skews immune responses
to promote infection, lung disease and cancer. Nat. Rev. Immunol. 9, 377–384
(2009).

6. Arcavi, L. & Benowitz, N. L. Cigarette Smoking and Infection. Arch. Intern. Med.
164, 2206–2216 (2004).

Cigarette smoke exposure attenuates the induction of antigen-specific IgA. . .
JJC McGrath et al.

1075

Mucosal Immunology (2021) 14:1067 – 1076

https://doi.org/10.1038/s41385-021-00411-9
https://doi.org/10.1128/jvi.00408-20


7. Lawrence, H., Hunter, A., Murray, R., Lim, W. S. & McKeever, T. Cigarette smoking
and the occurrence of influenza – Systematic review. J. Infect. 79, 401–406 (2019).

8. Rylander, R., Wold, A. & Haglind, P. Nasal antibodies against gram-negative bac-
teria in cotton-mill workers. Int. Arch. Allergy Appl. Immunol. 69, 330–334 (1982).

9. Barton, J. R., Riad, M. A., Gaze, M. N., Maran, A. G. D. & Ferguson, A. Mucosal
immunodeficiency in smokers, and in patients with epithelial head and neck
tumours. Gut 31, 378–382 (1990).

10. Giuca, M. R., Pasini, M., Tecco, S., Giuca, G. & Marzo, G. Levels of salivary immu-
noglobulins and periodontal evaluation in smoking patients. BMC Immunol. 15,
1–5 (2014).

11. Bennet, K. R. & Reade, P. C. Salivary immunoglobulin A levels in normal subjects,
tobacco smokers, and patients with minor aphthous ulceration. Oral. Surg., Oral.
Med. Oral. Pathol. Oral. Radiol. 53, 461–465 (1982).

12. Agarwal, A., Rao, S., Sowmya, S., Augustine, D. & Patil, S. Estimation of salivary
immunoglobulin A and serum immunoglobulin A in Smokers and Nonsmokers: A
Comparative Study. J. Int. Oral. Heal. 8, 1008–1011 (2016).

13. Norhagen Engström, G. & Engström, P. E. Effects of tobacco smoking on salivary
immunoglobulin levels in immunodeficiency. Eur. J. Oral. Sci. 106, 986–991 (1998).

14. Mandel, M. A., Dvorak, K. & Decosse, J. J. Salivary immunoglobulins in patients with
oropharyngeal and bronchopulmonary carcinoma. Cancer 31, 1408–1413 (1973).

15. Wang, J., Li, Q., Xie, J. & Xu, Y. Cigarette smoke inhibits BAFF expression and
mucosal immunoglobulin A responses in the lung during influenza virus infec-
tion. Respir. Res. 16, 1–12 (2015).

16. World Health Organization. WHO Report on the Global Tobacco Epidemic. (2015).
www.who.int/tobacco

17. Carter, B. D. et al. Smoking and mortality-beyond established causes. N. Engl. J.
Med. 372, 631–640 (2015).

18. Kiyono, H. & Fukuyama, S. NALT- versus Peyer’s-Patch-mediated mucosal
immunity. Nat. Rev. Immunol. 4, 699–710 (2004).

19. Shimoda, M. et al. Isotype-specific selection of high affinity memory B cells in
nasal-associated lymphoid tissue. J. Exp. Med. 194, 1597–1607 (2001).

20. Frank, G. M. et al. A simple flow-cytometric method measuring B cell surface
immunoglobulin avidity enables characterization of affinity maturation to influ-
enza a virus. MBio 6, 1–11 (2015).

21. Turchaninova, M. A. et al. High-quality full-length immunoglobulin profiling with
unique molecular barcoding. Nat. Protoc. 11, 1599–1616 (2016).

22. Klein, F. et al. Somatic mutations of the immunoglobulin framework are generally
required for broad and potent HIV-1 neutralization. Cell 153, 126–138 (2013).

23. Gupta, N. T. et al. Change-O: A toolkit for analyzing large-scale B cell immu-
noglobulin repertoire sequencing data. Bioinformatics 31, 3356–3358 (2015).

24. Macpherson, A. J., McCoy, K. D., Johansen, F.-E. & Brandtzaeg, P. The immune
geography of IgA induction and function. Mucosal Immunol. 1, 11–22 (2008).

25. Ambrose, C. S., Wu, X., Jones, T. & Mallory, R. M. The role of nasal IgA in children
vaccinated with live attenuated influenza vaccine. Vaccine 30, 6794–6801 (2012).

26. Terauchi, Y. et al. IgA polymerization contributes to efficient virus neutralization
on human upper respiratory mucosa after intranasal inactivated influenza vac-
cine administration. Hum. Vaccines Immunother. 14, 1351–1361 (2018).

27. Amorij, J. P., Hinrichs, W. L. J., Frijlink, H. W., Wilschut, J. C. & Huckriede, A. Needle-
free influenza vaccination. Lancet Infect. Dis. 10, 699–711 (2010).

28. Lycke, N. Recent progress in mucosal vaccine development: potential and lim-
itations. Nat. Rev. Immunol. 12, 592–605 (2012).

29. Gärdby, E. et al. Strong differential regulation of serum and mucosal IgA
responses as revealed in CD28-deficient mice using cholera toxin adjuvant. J.
Immunol. 170, 55–63 (2003).

30. McDermott, M. R. & Bienenstock, J. Evidence for a common mucosal immuno-
logic system. I. Migration of B immunoblasts into intestinal, respiratory, and
genital tissues. J. Immunol. 122, 1892–1898 (1979).

31. Johansson, E. L., Wassén, L., Holmgren, J., Jertborn, M. & Rudin, A. Nasal and
vaginal vaccinations have differential effects on antibody responses in vaginal
and cervical secretions in humans. Infect. Immun. 69, 7481–7486 (2001).

32. Wern, J. E., Sorensen, M. R., Olsen, A. W., Andersen, P. & Follmann, F. Simultaneous
subcutaneous and intranasal administration of a CAF01-adjuvanted Chlamydia
vaccine elicits elevated IgA and protective Th1/Th17 responses in the genital
tract. Front. Immunol. 8, 1–11 (2017).

33. Mestecky, J., Raska, M., Novak, J., Alexander, R. C. & Moldoveanu, Z. Antibody-
mediated Protection and the Mucosal Immune System of the Genital Tract:
Relevance to Vaccine Design. J. Reprod. Immunol. 85, 81–85 (2010).

34. Lee, H. et al. Phenotype and function of nasal dendritic cells. Mucosal Immunol. 8,
1–16 (2015).

35. Takaki, H. et al. Toll-like receptor 3 in nasal CD103+ dendritic cells is involved in
immunoglobulin A production. Mucosal Immunol. 11, 82–96 (2018).

36. Dullaers, M. et al. A T Cell-Dependent Mechanism for the Induction of Human
Mucosal Homing Immunoglobulin A-Secreting Plasmablasts. Immunity 30,
120–129 (2009).

37. Teasdale, J. E. et al. Cigarette smoke extract profoundly suppresses TNFα-
mediated proinflammatory gene expression through upregulation of ATF3 in
human coronary artery endothelial cells. Sci. Rep. 7, 1–10 (2017).

38. Zhang, X. et al. Similarities and differences between smoking-related
gene expression in nasal and bronchial epithelium. Physiol. Genomics 41, 1–8
(2010).

39. Schaberg, T. et al. Expression of adhesion molecules in peripheral pulmonary
vessels from smokers and nonsmokers. Lung 174, 71–81 (1996).

40. Gohy, S. T. et al. Polymeric immunoglobulin receptor down-regulation in chronic
obstructive pulmonary disease: Persistence in the cultured epithelium and role
of transforming growth factor-β. Am. J. Respir. Crit. Care Med. 190, 509–521
(2014).

41. Polosukhin, V. V. et al. Secretory IgA deficiency in individual small airways is
associated with persistent inflammation and remodeling. Am. J. Respir. Crit. Care
Med. 195, 1010–1021 (2017).

42. Namujju, P. B. et al. Impact of smoking on the quantity and quality of antibodies
induced by human papillomavirus type 16 and 18 AS04-adjuvanted virus-like-
particle vaccine - A pilot study. BMC Res. Notes 7, 2–7 (2014).

43. MacKenzie, J. S., MacKenzie, I. H. & Holt, P. G. The effect of cigarette smoking on
susceptibility to epidemic influenza and on serological responses to live
attenuated and killed subunit influenza vaccines. J Hyg (Lond). 77, 409–417
(1976).

44. Rebuli, M. E. et al. Electronic-cigarette use alters nasal mucosal immune response
to live-attenuated influenza virus: A clinical trial. Am. J. Respir. Cell Mol. Biol. 64,
126–137 (2021).

45. Shen, P. et al. Streptococcus pneumoniae colonization is required to alter the
nasal microbiota in cigarette smoke-exposed mice. Infect. Immun. 85, 1–14
(2017).

46. Southam, D. S., Dolovich, M., O’Byrne, P. M. & Inman, M. D. Distribution of
intranasal instillations in mice: effects of volume, time, body position, and
anesthesia. Am. J. Physiol. - Lung Cell. Mol. Physiol. 282, L833–L839 (2002).

47. Keating, R. et al. Broadly Reactive Influenza Antibodies Are Not Limited by
Germinal Center Competition with High-Affinity Antibodies Rachael. MBio 11,
1–13 (2020).

48. Tennant, R. K., Holzer, B., Love, J., Tchilian, E. & White, H. N. Higher levels of B-cell
mutation in the early germinal centres of an inefficient secondary antibody
response to a variant influenza haemagglutinin. Immunology 157, 86–91
(2019).

49. Cui, A. et al. A model of somatic hypermutation targeting in mice based on high-
throughput ig sequencing data. J. Immunol. 197, 3566–3574 (2016).

Cigarette smoke exposure attenuates the induction of antigen-specific IgA. . .
JJC McGrath et al.

1076

Mucosal Immunology (2021) 14:1067 – 1076

http://www.who.int/tobacco

	Cigarette smoke exposure attenuates the induction of antigen-specific IgA in the murine upper respiratory tract
	Introduction
	Results
	Cigarette smoke compromises the induction of IgA responses in�the upper respiratory tract following intranasal LPS/OVA administration
	Cigarette smoke exposure attenuates OVA-specific ASC accumulation in the nasal mucosa after intranasal LPS/OVA immunization
	Cigarette smoke exposure reduces nasal OVA-IgA avidity during the acute post-immunization period while augmenting nasal Igha mutational load
	Cigarette smoke exposure attenuates the induction of OVA-IgA ASCs in nasal-draining lymphoid tissues
	Cigarette smoke reduces basal CCL28 and VCAM-1 levels in the nasal mucosa and interferes with the transcriptional upregulation of VCAM-1 following intranasal immunization
	Cigarette smoke attenuates the upregulation of pIgR in the nasal mucosa following intranasal immunization

	Discussion
	Methods
	Animals
	Cigarette smoke exposure
	Intranasal Immunizations
	Sample Collection and Processing
	ELISAs
	Flow Cytometry
	IgA Sequencing
	RT-qPCR Analysis
	Western Blotting
	Statistical analysis

	Acknowledgements
	Author contributions
	Funding
	ADDITIONAL INFORMATION
	References




