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ABSTRACT
Chronic obstructive pulmonary disease (COPD) is a common chronic respiratory illness in older adults. 
A major cause of COPD-related morbidity and mortality is acute exacerbation of COPD (AECOPD). Bacteria 
in the lungs play a role in exacerbation development, and the most common pathogen is non-typeable 
Haemophilus influenzae (NTHi). A vaccine to prevent AECOPD containing NTHi surface antigens was 
tested in a clinical trial. This study measured IgG and IgA against NTHi vaccine antigens in sputum. 
Sputum samples from 40 COPD patients vaccinated with the NTHi vaccine were collected at baseline and 
30 days after the second dose. IgG and IgA antibodies against the target antigens and albumin were 
analyzed in the sputum. We compared antibody signals before and after vaccination, analyzed correlation 
with disease severity and between sputum and serum samples, and assessed transudation. Antigen- 
specific IgG were absent before vaccination and present with high titers after vaccination. Antigen- 
specific IgA before and after vaccination were low but significantly different for two antigens. IgG 
correlated between sputum and serum, and between sputum and disease severity. Sputum albumin 
was higher in patients with severe COPD than in those with moderate COPD, suggesting changes in 
transudation played a role. We demonstrated that immunization with the NTHi vaccine induces antigen- 
specific antibodies in sputum. The correlation between IgG from sputum and serum and the presence of 
albumin in the sputum of severe COPD patients suggested transudation of antibodies from the serum to 
the lungs, although local IgG production could not be excluded.

Clinical Trial Registration: NCT02075541

PLAIN LANGUAGE SUMMARY
What is the context?  
● Chronic obstructive pulmonary disease (COPD) is the most common chronic respiratory illness in older 

adults and the third leading cause of death worldwide.
● One bacterium in the lungs, non-typeable Haemophilus influenzae (NTHi), is responsible for acute 

exacerbation of the disease, characterized by an increase in airway wall inflammation and symptoms, 
leading to high morbidity and mortality.

● A vaccine targeting NTHi was previously developed but did not show efficacy in reducing exacerba
tions in COPD patients, probably because the vaccine did not elicit an immune response in the lung 
mucosae, where the bacteria are located.

What is the impact? 
● Parenteral immunization with new vaccines targeting NTHi is able to elicit immune defense at the 

level of lung mucosae.
● Now that antibodies can be measured in sputum, new vaccines against COPD exacerbations or other 

lung infections can be tested for efficacy in the actual target tissue.
● Also, lung immunity against specific pathogens can now be tested.
What is new? 
● We determined that antigen-specific antibodies were present in the lungs after vaccination; these 

were assessed in sputum after vaccination with NTHi surface antigens.
● NTHi-specific IgG were present in the lungs and appeared to have arrived there primarily by transuda

tion, a type of leakage from the serum to the lung mucosae.
● Transudation appeared to be stronger in severe than in moderate COPD patients.
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Introduction

Chronic obstructive pulmonary disease (COPD) is the 
most common chronic respiratory illness in older adults 
and the third leading cause of death worldwide, responsible 
for about 6% of all deaths in 2019.1 It is characterized by 
progressive airflow-limitation and mucus production, and 
associated with an abnormal inflammatory response in the 
lungs. The abnormal response leads to airway obstruction, 
mucociliary dysfunction, structural changes to the airways, 
and systemic effects.2,3

Acute Exacerbation of COPD (AECOPD) is character
ized by an increase in airway wall inflammation and symp
toms and AECOPD episodes are a major cause of COPD- 
related morbidity and mortality.4,5 AECOPD may, among 
others, be triggered by the acquisition of new bacterial 
strains in the lungs.6 According to an extensive review, in 
AECOPD sputum samples, Haemophilus influenzae was the 
main bacterial pathogen detected in 20% to 30% of sam
ples, followed by Streptococcus pneumoniae and Moraxella 
catarrhalis (Mcat) both detected in 10% to 15% of 
samples.7 In a more recent two-year follow-up of COPD 
patients, in the first year (with 306 exacerbations reported), 
54% of AECOPD samples were PCR-positive for non- 
typeable Haemophilus influenzae (NTHi), and in 
the second year (with 177 exacerbations reported) 39% of 
AECOPD samples were PCR-positive for NTHi.8,9

A multi-component adjuvanted vaccine targeting NTHi 
and Mcat surface antigens had been developed by GSK 
Vaccine and was tested in a phase 2 clinical trial, where it 
did not show overall efficacy in reducing exacerbations in 
COPD patients.10 Given that AECOPD-associated patho
gens, such as NTHi and Mcat, are mainly localized in the 
respiratory mucosa, an efficacious vaccine is expected to 
elicit an immune response also in the lung mucosae. In 
addition, it would be convenient to be able to measure 
antibodies directly in sputum samples as a read-out of 
lung immunity after vaccination with an NTHi-Mcat 
vaccine.

The current study aimed to determine the feasibility of 
measuring antibodies against vaccine antigens in sputum sam
ples. Hereto, we analyzed antigen-specific antibodies in spu
tum samples from adults with moderate or severe COPD that 
received a vaccine that contained only NTHi antigens – with
out Mcat antigens – as part of a placebo-controlled phase 2 
trial (NCT02075541).11 This NTHi vaccine contained three 
NTHi surface antigens, protein D (PD), protein E (PE), and 
type IV pilin subunit protein (PilA), and AS01E as adjuvant.12 

AS01E is a liposome-based adjuvant comprising 3-O-desacyl- 
4′-monophosphoryl lipid A (MPL) and QS-21, a saponin 
extracted from the bark of the Quillaja saponaria Molina tree.

The specific objectives of the study were to: 1) measure 
antigen-specific immunoglobulin G (IgG) and immunoglobulin 
A (IgA) in sputum before and after vaccination; 2) determine 
whether a correlation exists between the antibodylevels in the 
sputum and previously determined antibody titers in serum; 3) 
determine whether a correlation exists between the antibody 
levels in the sputum and disease severity; and 4) evaluate trans
udation to determine the source of the antibodies.

Methods

Sputum samples

Sputum samples were obtained from the randomized, obser
ver-blind, placebo-controlled phase 2 clinical trial 
(NCT02075541) conducted in Sweden and the United 
Kingdom (UK) between 8 July 2014 and 19 April 2017.11 In 
that trial, sputum samples from patients (aged 40–80 years) 
with moderate to severe COPD were collected before the first 
dose (PRE) and 30 days (DAY90) after the second dose (which 
is given 60 days after dose 1) of vaccination with the NTHi 
vaccine. The DAY90 samples were chosen for analysis as the 
highest concentrations of antigen-specific antibodies were 
detected in serum in those samples.11

Meso Scale U-plex assay plate preparation

An assay was set up to detect immunoglobulins specific for 
antibodies against the NTHi surface antigens PD, PE, and PilA, 
and Ovalbumin (OVA) as a negative control, in sputum. The 
U-plex assay plates are 96-well plates in which each well is 
coated at up to 10 separate microspots with unique linkers. 
Other unique complementary linkers attached to the antigens 
of interest self-assemble with the linkers on the plate to ensure 
each microspot binds only one specific antigen.

A 167 nM solution of each biotinylated protein was pre
pared in a diluent of phosphate-buffered saline (PBS) and 0.5% 
bovine serum albumin (BSA) to prepare the U-plex assay 
plates (Meso Scale Diagnostics, Rockville, MD). Each biotiny
lated protein was coupled to a unique linker, mixed by vortex
ing, and incubated for 30 minutes at room temperature. The 
reaction was stopped with a U-plex stop solution and incu
bated for another 30 minutes. Equivalent amounts of each 
linker-coupled protein solution and the appropriate amount 
of stop solution were added into a single tube, resulting in 
a 16.7 nM concentration of each protein. Then, 50 µl of this 
multiplex coating solution was added to each well of 5- or 
7-assay U-plex plates. Plates were then incubated for 1 hour at 
room temperature while shaking and washed three times with 
150 µl wash buffer (PBS, 0.05% Tween).

U-plex assay

Sputum samples were diluted with diluent buffer by serial 
dilution to 1:50, 1:500, and 1:5,000 for measuring antigen- 
specific IgA, and diluted to 1:10, 1:50, and 1:500 for measuring 
antigen-specific IgG. Then, 25 µl of diluted sample was added 
to each well of the assay plates and incubated for 1 hour at 
room temperature while shaking, followed by washing three 
times with 150 µl wash buffer (PBS, 0.05% Tween).

Sulfo-Tag detection antibodies (SULFO-TAG Anti-Hu 
/NHP IgG Antibody or SULFO-TAG Anti-Hu/NHP IgA 
Antibody, Meso Scale Diagnostics, Rockville, MD) were pre
pared in diluent buffer at 0.25 µg/ml, and 30 µl of the diluted 
detection antibodies were then added to all wells. Plates were 
incubated for 1 hour at room temperature while shaking at 
650 rpm, then washed three times with 150 µl wash buffer. 
A 2× read buffer (Meso Scale Diagnostics, Rockville, MD) 
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solution was prepared in water, and 150 µl of the 2× read 
buffer was added per well. Plates were then read in the 
MESO QUICKPLEX SQ 120 plate reader (Meso Scale 
Diagnostics, Rockville, MD). The final response was com
puted by dividing the antigen-specific signal by the OVA 
signal, measured within the same well, to reduce the impact 
of the background signal and better discriminate the specific 
response.

To verify that the results from the U-plex assay correlated 
with results obtained with the traditional ELISA used to mea
sure Ig in the blood11 we compared the measurement of 
specific Ig in several sera. The correlation analysis results 
showed that there was a high correlation (r ranging from 
0.914 to 0.980) between the results from the two assays 
(Figure S1).

Albumin measurement

Albumin was measured in the sputum samples as a marker of 
protein transudation from serum with a fluorometric Albumin 
Assay Kit (Abcam, Cambridge, UK), according to the manu
facturer’s protocol. The albumin was measured in duplicate 
sputum samples (at dilution 1:20) from 6 moderate and 6 
severe patients at day 0 (PRE), 12 randomly selected moderate 
and all 12 severe patients (DAY90), and in three duplicate 
serum samples from normal controls (at dilution 1:200).

Data analysis

To reduce the background and determine the specific 
response for the Meso Scale data, the final response was 
computed by dividing the signal of the antigen-specific 
antibodies by the signal of the anti-OVA antibodies mea
sured in the same well. The albumin data were quantified 
by interpolating the signal on the standard line as the 
average of two measurements. Random selection of samples 
for albumin analysis was performed with SAS 9.4. All 
geometric mean comparisons were performed with log10- 
transformed data by testing the equivalence of the mean, 
except for albumin which was analyzed in the original 
scale. The homogeneity of the variance was analyzed by 
a Bartlett test, and when the hypothesis of equal variance 
between the groups could not be rejected, a pooled t-test 
analyzed the equivalence of the means, otherwise the 
Welch Anova test was applied.

All correlation coefficients were computed with log10- 
transformed data. Correlation coefficients were calculated 
between antibody levels in sputum and serum at 30 days 
after the second vaccination (DAY90) for each antigen and 
between U-plex assay results and traditional ELISA results in 
several sera. Raw data were analyzed with JMP16 software 
(JMP, Cary, NC). Data from antibody titers in the serum of 
the same patients at the same time points (PRE and DAY90) 
were available from the phase 2 clinical trial.11

Table 1. Patient characteristics.

Participants 
N = 40

Age at enrollment in years, mean ± SD 66.3 ± 9.3
Female sex, n (%) 20 (50%)
COPD severity, n (%)

moderate 28 (70%)
severe 12 (30%)

Number of exacerbations during the 12 study months, mean ± SD and median (IQR) 2.9 ± 2.3 and 2 (1–3.5)
Number of exacerbations 1 month post-dose 2 in moderate COPD patients (N = 28), mean ± SD

moderate exacerbations 2.6 ± 2.1
severe exacerbations 2 ± NA

Number of exacerbations 1 month post-dose 2 in severe COPD patients (N = 12), mean ± SD
moderate exacerbations 1.2 ± 0.4
severe exacerbations 0

IQR, interquartile range; N, number; SD, standard deviation.

Table 2. Respiratory function values.

Moderate patients (N = 28)* Severe patients (N = 12)

Range Mean (SD) Range Mean (SD)

FEF25–75 0.37–1.41 0.67 (0.25) 0.20–0.68 0.38 (0.15)
FEV1 0.96–2.51 1.75 (0.44) 0.75–1.57 1.06 (0.26)
FEV1/FVC ratio 42.10–66.70 54.51 (7.24) 31.00–48.90 38.92 (5.88)
FEV1pp 52.30–79.80 64.37 (9.18) 32.30–45.70 37.53 (4.44)
FEV1REV −208.00–163.00 33.89 (82.01) −44.00–297.00 66.75 (93.72)
FEV1REV% −9.06–10.04 2.35 (4.72) −4.09–27.97 7.51 (9.35)
FVC 1.52–5.16 3.26 (0.88) 2.11–4.13 2.74 (0.60)
FVCpp 64.20–111.50 89.49 (12.60) 58.00–95.10 73.64 (12.27)
PEF 3.00–7.89 5.28 (1.49) 2.21–4.50 3.45 (0.71)
PEFpp 45.50–99.70 76.37 (15.93) 27.0–71.60 49.47 (10.80)

*data from 27 patients for FEV1REV and FEV1REVP. 
FEF25–75, forced expiratory flow at 25–75% of forced vital capacity; FEV1, forced expiratory volume in one second; FEV1pp, 

percentage of predicted value of FEV1; FEV1REV, FEV1 after a reversibility test; FEV1REV%, percent change in FEV1 after 
a reversibility test; FVC, forced vital capacity; FVCpp, FVC percent predicted; N, number; PEF, peak expiratory flow; 
PEFpp, percent predicted.
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Results

Patients and samples

Sputum samples from all COPD patients vaccinated with the 
NTHi vaccine for whom both PRE and DAY90 samples were 
available were obtained from participants in a phase 2 clinical 
trial (NCT02075541).11 This resulted in 40 COPD patients 
(aged 40–70 years), of which 28 had moderate and 12 had 
severe COPD. Participants’ characteristics are presented in 
Table 1 and their respiratory function values are presented in 
Table 2. Of these participants, PRE and DAY90 samples were 
available. In total, 80 sputum samples were analyzed, each in 
three dilutions per assay. Comparable conclusion can be 
drawn for all the dilutions for both IgG and IgA and none of 
the dilutions were at saturation, to illustrate this the dilution 
curves for the IgG levels are included in the Supplemental 
Material (Figure S2). All subsequent analyzes were performed 
with the data from dilutions 1:10 for IgG and 1:50 for IgA.

Vaccine antigen-specific IgG antibodies increased in 
sputum after vaccination

IgG antibodies were analyzed in the sputum samples at three 
different dilutions. Subsequent analyzes of the signals of the 
IgG antibodies were performed with the data from dilu
tions 1:10.

The PRE and DAY90 signals of the IgG antibodies 
against NTHi antigens were normalized for the signals of 
IgG antibodies against the negative control OVA signal and 
then plotted. Geometric mean IgG antibody signals specific 
for the three NTHi antigens PD (Figure 1a), PE 
(Figure 1b), and PilA (Figure 1c) were 1.08, 0.94, and 
1.01 respectively before vaccination, while after vaccination 
these were significantly higher at 4.89, 8.79, and 3.35, 
respectively (p < .0001 for each). The signal of the antibo
dies against OVA remained unchanged (data not shown), 
as expected for the negative control.

Figure 1. IgG response pre-vaccination vs post-vaccination. Signals (presented in log10) from IgG antibodies specific for a) PD, b) PE, and c) PilA, normalized for the 
signals from IgG antibodies against OVA. Signals are from sputum samples collected before the first vaccination (PRE, n = 37) and 30 days after the second vaccination 
(DAY90, n = 40) with the NTHi vaccine. Each circle represents one sample, measured at dilution 1:10. The horizontal line represents the geometric mean. A value of ≤ 1 
indicates background signal (as the specific signal is equal to the signal of the negative control). Gmean, geometric mean; IgG, immunoglobulin G; NTHi, non-typeable 
Haemophilus influenzae; OVA, ovalbumin; PD, Protein D; PE, Protein E; PilA, type IV pilin subunit protein.

Figure 2. IgA response pre-vaccination vs post-vaccination. Signals (presented in log10) from IgA antibodies specific for a) PD, b) PE, and c) PilA, normalized for the 
signals from IgA antibodies against OVA. Signals are from sputum samples collected before the first vaccination (PRE, n = 37) and 30 days after the second vaccination 
(DAY90, n = 40) with the NTHi vaccine. Each circle represents one sample, measured at dilution 1:50. The horizontal line represents the geometric mean. A value of ≤1 
indicates background signal (as the specific signal is equal to the signal of the negative control). Gmean, geometric mean; IgA, immunoglobulin A; NTHi, non-typeable 
Haemophilus influenzae; OVA, ovalbumin; PD, Protein D; PE, Protein E; PilA, type IV pilin subunit protein.
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Vaccine antigen-specific IgA antibodies were low in 
sputum

IgA antibodies were analyzed in the sputum samples at three 
different dilutions. Subsequent analyzes of the signals of the 
IgA antibodies were performed with the data from dilutions 
1:50 as the differences were more pronounced at that dilution.

Similar to the IgG antibodies, the PRE and DAY90 signals 
of the IgA antibodies against NTHi antigens were normalized 
for the signals of IgA antibodies against the negative control 
OVA signal and plotted. Geometric mean IgA antibody signals 
specific for the three NTHi antigens PD (Figure 2a), PE 
(Figure 2b), and PilA (Figure 2c) were 0.97, 1.06, and 1.20 
respectively before vaccination, and these were only very 
slightly increased to 1.19, 1.37, and 1.46 respectively after 
vaccination. These increases were statistically significant for 
PD and PE (each p < .05) but not for PilA.

Correlation between IgG signals in serum and IgG titers in 
sputum samples

As NTHi antigen-specific IgG antibody signals were detected 
at high levels in sputum DAY90 samples, we next analyzed 
whether these sputum signals correlated with the IgG antibody 
titer in serum, as analyzed previously during the phase 2 trial. 
Indeed, positive correlations were found between log10 signals 
from sputum and IgG antibody titers from serum for PD 
(r = 0.520), PE (r = 0.386), and PilA (r = 0.591) (Figure 3(a,c)).

Correlation between IgG antibodies and disease severity

Because IgG in the lungs can be due to transudation of plasma 
through the lung tissue into the airways, and transudation is 
expected to increase with disease severity, we analyzed whether 
a correlation existed between concentrations of antigen- 
specific antibodies and severity. DAY90 antigen-specific IgG 
normalized for OVA were plotted of the 12 participants with 
severe COPD and 12 participants with moderate COPD 

(randomly selected from 28 participants with moderate 
COPD). The geometric mean signal of antigen-specific IgG 
was significantly different against PD (p < .05) between mod
erate (2.18) and severe (9.78) COPD patients (Figure 4a), 
against PE (p = .0005) between moderate (3.21) and severe 
(37.57) COPD patients (Figure 4b), and against PilA (p < .05) 
between moderate (1.94) and severe (5.94) COPD patients 
(Figure 4c).

Another indication for transudation as a source for IgG in 
the lungs is the sputum to serum ratio of the antibodies. For 
the same 12 moderate and 12 severe COPD patients, the serum 
IgG signals were determined (presented in Figure S3), and the 
sputum to serum ratio of the IgG signals were plotted. While in 
the moderate patients these ratios were low, at 0.0019 for PD 
(Figure 4d), 0.0003 for PE (Figure 4e), and 0.0015 for PilA 
(Figure 4f), they were higher in severe patients at 0.0089 for PD 
(Figure 4d), 0.0031 for PE (Figure 4e), and 0.0031 for PilA 
(Figure 4f), the differences of over 4-fold for PD and over 10- 
fold for PE were statistically significant (both at p < .001).

Transudation of serum albumin into sputum

To determine whether protein transudation occurred from 
serum into the lungs, albumin was measured in the sputum 
samples. As albumin is not produced within the lungs, the 
albumin level in lung fluids (e.g., sputum) is considered the 
best transudation parameter. At day 0 (PRE), albumin con
centrations in sputum samples were similar in moderate and 
severe patients. At DAY90, sputum albumin concentrations 
were undetectable in most patients with moderate COPD 
(mean 0.13 μg/μl), while albumin concentrations were signifi
cantly higher (p < .005) in severe COPD patients (mean 0.47  
μg/μl) (Figure 5).

Discussion

In this study, we measured IgG and IgA against NTHi vaccine 
antigens in sputum samples from a placebo-controlled phase 2 

Figure 3. Correlation between IgG in serum and IgG in sputum. Signals (presented in log10) from DAY90 sputum normalized for the OVA signal (y-axis) and DAY90 
serum (on x-axis) of IgG antibodies specific for a) PD, b) PE, and c) PilA. The r is the correlation coefficient between the signals in log10 scale. Each circle represents one 
individual. IgG, immunoglobulin G; OVA, ovalbumin; PD, Protein D; PE, Protein E; PilA, type IV pilin subunit protein; r, correlation coefficient.
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trial (NCT02075541), in which the NTHi vaccine was evalu
ated in adults with moderate and severe COPD.11 Sputum 
samples from before vaccination and 30 days after the second 
vaccination dose were analyzed. We demonstrated that par
enteral immunization with a protein-based vaccine induces 
antigen-specific IgG antibodies in the lung mucosae and that 
part of these antibodies may have entered the lung by transu
dation from plasma.

The mechanisms of protection against bacterial infections 
in patients with respiratory disease are elusive, and it was not 
known whether parenteral immunization is efficient in pro
moting an immune response at mucosal sites. We demon
strated that upon vaccination, IgG antibodies against three 
different NTHi antigens were present in sputum samples of 
vaccinated COPD patients and that there were clear and sig
nificant increases in IgG signals when compared to pre- 
vaccination. These results mirrored the data from both the 
NTHi phase 2 trial and the NTHi-MCat phase 2 trial that 
found that serum IgG against the NTHi antigens were strongly 
induced 30 days after the second vaccination.11,13

Figure 4. Correlation of disease severity with antigen-specific antibodies and sputum/serum ratio. a-c) Signals (presented in log10) from IgG antibodies specific for a) 
PD, b) PE, and c) PilA, normalized for the signal from IgG antibodies against OVA. Signals are from sputum samples of 12 moderate and 12 severe COPD patients 
collected 30 days after the second vaccination (DAY90) with the NTHi vaccine. Each circle represents one sample measured at dilution 1:10. The horizontal line 
represents the geometric mean. d-f) Ratio of sputum/serum IgG antibodies specific for d) PD, e) PE, and f) PilA. Ratios are from sputum samples of 12 moderate and 12 
severe COPD patients collected 30 days after the second vaccination (DAY90) with the NTHi vaccine. Each circle represents the ratio of one sample, measured at dilution 
1:10. The horizontal line represents the geometric mean. COPD, chronic obstructive pulmonary disease; IgG, immunoglobulin G; NTHi, non-typeable Haemophilus 
influenzae; OVA, ovalbumin; PD, Protein D; PE, Protein E; PilA, type IV pilin subunit protein.

Figure 5. Transudation was detected in sputum from severe COPD patients. 
Albumin was measured in sputum of 12 moderate and 12 severe COPD patients 
as marker for transudation. Each circle represents one sample and is the average 
of two measurements. The horizontal line represents the mean. COPD, chronic 
obstructive pulmonary disease; ND, not detectable.
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Interestingly, although NTHi is the most commonly found 
pathogen in AECOPD sputum samples,7 preexisting immunity 
to NTHi antigens was not detectable in the patients. Each 
patient had a documented history of at least one moderate or 
severe AECOPD,11 so exposure to NTHi would be expected in 
at least part of the patients. It is unknown why preexisting 
NTHi antibodies were not present in at least part of the 
samples. An explanation could be that NTHi is able to evade 
the host’s immune system by hiding intracellularly, as has been 
documented transiently for airway epithelial cells and persis
tently for macrophages,14,15 or by hiding in biofilms.16

Vaccine antigen-specific IgA antibodies were only detected 
at a very low level in the sputum although their increase was 
significant after vaccination. Since IgA were not analyzed in 
the serum samples of the phase 2 trial,11 we do not know at 
what level they were present in the serum. In a study of sputum 
samples collected >2 weeks after severe acute respiratory syn
drome coronavirus 2 (SARS-CoV-2) vaccination, also no anti
gen-specific IgA antibodies were detected in sputum from 
healthy controls and COPD patients, although antigen- 
specific IgA antibodies were increased in plasma.17 In an 
analysis of IgA kinetics in serum, throat swabs, and sputum 
samples from coronavirus disease 2019 patients, it was found 
that while antigen-specific IgA antibodies in serum were high 
15 to 21 days from disease onset and remained stable, in the 
throat swabs and sputum IgA antibodies peaked at 8 to 14 days 
and waned after that.18 A similar, temporary increase in anti
gen-specific IgA was observed in nasal epithelial lining fluid 
at day 15 after SARS-CoV-2 vaccination of adults from the 
general population. The rapid waning of the antibodies was 
considered to correspond to the expected short half-life of 
IgA.19 In future studies of vaccine-specific antibodies, the 
sputum IgA should therefore be measured at earlier time 
points and be compared with serum IgA.

The source of the IgG antibodies in the sputum can be 
either local production in the mucosae or transudation from 
the serum. Immunoglobulins comprise the second largest class 
of proteins in bronchoalveolar lavage (BAL) fluids, and IgG is 
the major immunoglobulin in the lower respiratory tract.20 In 
the past, IgG in nasal swabs after influenza vaccination were 
determined to be mainly derived from passive transudation 
from the serum.21 In patients with severe lung disease this is 1 
to 6% depending on the subclass,22 while in healthy subjects, 
about 0.1% of serum IgG is known to transudate into the lungs. 
We found correlations of IgG between sputum and serum for 
all NTHi antigens, suggesting transudation from the serum to 
the lung contributed to the IgG in the sputum. In combination 
with the reported higher transudation in patients with severe 
lung disease compared to healthy people, this likely explains 
why in our patients the IgG levels were higher in sputum from 
patients with severe compared to moderate COPD.

However, the difference in ratio of sputum:serum between 
moderate and severe patients as compared to the difference 
measure in albumin between moderate and severe patients, 
suggested that a certain proportional degree of local IgG 
production cannot be excluded in the lungs of these patients. 
Some local IgG synthesis was therefore also suggested in the 
lung mucosae. In biopsies from patients with COPD, 
bronchiolar lymphoid follicles were found in the lungs and 

in the patients with moderate to severe COPD these follicles 
often contained B-lymphocytes.23 Another study also found 
higher numbers of B-cells in the subepithelial area of bron
chial biopsies from patients with moderate and severe COPD 
than from controls.24 B-cells were also found in lymphoid 
follicles in the parenchyma of COPD patients.25 One hypoth
esis is that tertiary lymphoid follicles and the B-cells that 
they contain contribute to the immune response against 
bacterial (and viral) colonization and infection,26,27 and 
could be responsible for local IgG production after vaccina
tion. This hypothesis still needs to be validated in clinical 
studies.

Another vaccine for the prevention of AECOPD, that is 
essentially the same as the NTHi vaccine except that it also 
contains the Mcat surface antigen UspA2 (the NTHi-Mcat 
vaccine), has also been developed. That vaccine showed good 
immunogenicity in adults with a smoking history of at least 
10 pack-years.13 However, when this NTHi-Mcat vaccine was 
tested in COPD patients in a phase 2b clinical trial, it did not 
show efficacy in reducing the yearly rate of moderate and 
severe exacerbations in these patients,10 although 
a subsequent stratified post-hoc analysis suggested a signal 
of efficacy against severe exacerbations.28 One explanation 
why the efficacy of that vaccine was not as expected is if the 
antigens used in the vaccine would not be expressed by the 
bacteria in the lungs. However, we recently determined that 
at least the NTHi antigens targeted by the vaccine are well 
expressed in the lungs during infection, thus, the targets of 
the antibodies are available.29 Another explanation for the 
lack of efficacy of the NTHi-Mcat vaccine could be that the 
quantity of vaccine antigen-specific IgG in the lungs of 
COPD patients was not enough to control the infection. In 
a study of COPD patients, both the non-specific and NTHi- 
specific IgG1 were significantly lower in BAL fluids from 
COPD patients colonized with NTHi compared to those not 
colonized with NTHi.30 Perhaps the quantity of NTHi- 
specific IgG1 antibodies in the lung was insufficient in certain 
COPD patients, resulting in them remaining NTHi colonized 
after infection, while those that did produce enough antibo
dies could solve or prevent the NTHi infection. We showed in 
the current study that vaccination can increase NTHi-specific 
IgG antibodies in the lungs, which we can speculate, if pre
sent in sufficient amounts, to contribute to help COPD 
patients fight NTHi infections. We also showed that the 
presence of specific IgG is more pronounced in severe 
patients. As mentioned, an efficacy signal was previously 
found against severe AECOPD in the NTHi-Mcat phase 
efficacy trial,28 indicating that the vaccine can have 
a beneficial impact in those severe patients where, based on 
these data, we expect to have higher levels of vaccine-induced 
antibodies in the lungs.

The current study has several limitations. First, the sample 
size was small, with only 40 patients. Second, the participants 
were all Caucasians from Sweden and the UK, thus limiting 
the generalizability to other ethnic groups. Third, no healthy 
controls were included in the vaccination study, which pro
hibits the comparison of the antibodies present in the sputum 
with the normal situation. Insight into the situation in 
healthy lungs would improve the interpretation of the results. 
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In future studies, efforts should be made to avoid these 
limitations.

In conclusion, we demonstrated in this study that parent
eral immunization with the protein-based NTHi vaccine 
induces antigen-specific IgG antibodies in the lung mucosae 
and that vaccination-induced IgG antibodies can be analyzed 
in sputum samples. The correlation between antigen-specific 
IgG levels from sputum and serum of COPD patients, as well 
as albumin present in the sputum, suggested transudation of 
antibodies from the serum to the lungs, although local IgG 
production in the mucosae could not be excluded. These 
results are relevant for the development of vaccines to pre
vent AECOPD as well as for vaccines against other lung 
infections.
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