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ABSTRACT
Introduction Responses to COVID- 19 vaccination in 
patients with chronic pulmonary diseases are poorly 
characterised. We aimed to describe humoral responses 
following two doses of BNT162b2 mRNA COVID- 19 vaccine 
and identify risk factors for impaired responses.
Methods Prospective cohort study including adults with 
chronic pulmonary diseases and healthcare personnel as 
controls (1:1). Blood was sampled at inclusion, 3 weeks, 
2 and 6 months after first vaccination. We reported 
antibody concentrations as geometric means with 95% 
CI of receptor binding domain (RBD)- IgG and neutralising 
antibody index of inhibition of ACE- 2/RBD interaction (%). 
A low responder was defined as neutralising index in the 
lowest quartile (primary outcome) or RBD- IgG <225 AU/
mL plus neutralising index <25% (secondary outcome), 
measured at 2 months. We tested associations using 
Poisson regression.
Results We included 593 patients and 593 controls, 75% of 
all had neutralising index ≥97% at 2 months. For the primary 
outcome, 34.7% of patients (n=157/453) and 12.9% of 
controls (n=46/359) were low responders (p<0.0001). For 
the secondary outcome, 8.6% of patients (n=39/453) and 
1.4% of controls (n=5/359) were low responders (p<0.001). 
Risk factors associated with low responder included 
increasing age (per decade, adjusted risk ratio (aRR) 1.17, 
95% CI 1.03 to 1.32), Charlson Comorbidity Index (per point) 
(aRR 1.15, 95% CI 1.05 to 1.26), use of prednisolone (aRR 
2.08, 95% CI 1.55 to 2.77) and other immunosuppressives 
(aRR 2.21, 95% CI 1.65 to 2.97).
Discussion Patients with chronic pulmonary diseases 
established functional humoral responses to vaccination, 
however lower than controls. Age, comorbidities 
and immunosuppression were associated with poor 
immunological responses.

INTRODUCTION
Patients with chronic pulmonary diseases, 
including chronic obstructive pulmonary disease 
(COPD), interstitial lung disease (ILD), severe 
asthma and bronchiectasis, are at increased risk 
of severe and critical COVID- 19.1–4 In addition, 
several retrospective cohort studies and case 
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series have reported an increased risk of hospitalisation, 
intensive care unit admission and mortality related to severe 
COVID- 19 in patients with chronic pulmonary diseases,5–7 
with risk estimates differing between disease groups. Thus, 
protective means, including vaccination of individuals 
with chronic pulmonary diseases, are crucial in preventing 
morbidity and mortality related to SARS- CoV- 2 infection.

High vaccine effects after two doses of mRNA 
COVID- 19 vaccination have been reported from both 
phase III randomised placebo controlled studies and 
large population observational studies.8–11 Over time, a 
gradual decline in vaccine efficacy has been described, 
raising concerns about the sustained long- term protec-
tion conferred by vaccination and the subsequent 
introduction of an additional third or fourth vaccine 
dose in several countries.12–15 Published studies indi-
cate that vaccine efficacy estimates reported from non- 
immunocompromised patients with chronic diseases are 
similar between risk groups.12 16 17 However, the charac-
teristics and dynamics of humoral responses after mRNA 
COVID- 19 vaccination in patients with chronic pulmo-
nary diseases remain to be described.

We aimed to describe humoral responses following 
two doses of BNT162b2 mRNA COVID- 19 vaccination 
and identify risk factors for impaired immunological 
responses in patients with chronic pulmonary diseases 
since this is a large group of patients with increased risk 
for severe COVID- 19.

PATIENTS AND METHODS
Setting and study design
We conducted a prospective cohort study. Patients attending 
an outpatient clinic at the Department of Pulmonary Medi-
cine at Herlev, Gentofte or North Zealand University Hospi-
tals in Copenhagen, Capital Region, Denmark, from 15 
January 2021 to 31 May 2021, were invited to participate in 
the study. The BNT162b2 mRNA COVID- 19 vaccine (Comir-
naty, Pfizer- BioNTech) was administered free of charge and 
used as one of the COVID- 19 vaccines recommended by the 
Danish Health Authority in the vaccination programme.18 
Participation in the study did not alter the vaccination timing 
or schedule.

The design and report of the study were done following 
the Strengthening the Reporting of Observational 
Studies in Epidemiology statement.19

Participants
Inclusion criteria
Patients aged 18 years and older, attending one of the 
outpatient’s clinics at one of the study sites due to any 
of the following diagnoses of chronic pulmonary diseases 
(all requiring respiratory medicine specialist treatment): 
COPD, α−1 antitrypsin deficiency, ILD (including idio-
pathic pulmonary fibrosis), sarcoidosis, severe asthma, 
bronchiectasis or sleep apnoea. Healthcare personnel 
aged 18 years and older, who have received the BNT162b2 
mRNA COVID- 19 vaccine were included as the control 

population, as previously described.20 Approximately 
89.7% of the population has Danish origin.21

Exclusion criteria
SARS- CoV- 2 laboratory- confirmed infection determined 
by the presence of antibodies against the nucleocapsid 
protein (N- protein) before vaccination or during 
follow- up. To compare antibody responses between 
patients and controls, we matched by sex and the nearest 
age at the time of first vaccination (1:1).

Exposures, variables and outcomes
Exposure
BNT162b2 mRNA COVID- 19 vaccine.

Variables
Age, sex, diagnosis of underlying chronic pulmonary 
disease, comorbidities (estimated by Charlson Comor-
bidity Index (CCI)), lung function expressed as the 
forced expired volume in the first second (FEV1), body 
mass index (BMI), immunosuppression (eg, use of oral 
steroids, another immunosuppressive drug (Anatomical 
Therapeutic Chemical codes L04), inhaled corticoster-
oids (ICS) and antifibrotic drugs. In addition, we cate-
gorised patients with the following diagnoses: (1) COPD, 
α−1 antitrypsin deficiency, asthma, bronchiectasis and 
sleep apnoea as obstructive lung diseases (OLD); (2) 
patients with diffuse parenchymal pulmonary disease and 
sarcoidosis as ILD.

Follow-up
Baseline (from inclusion and to up to 13 days after the 
first dose), at 3 weeks (from 14 days and up to 33 days 
after the first dose and before administration of a second 
dose), at 2 months (between 34 days and up to 90 days 
after the first dose and only after administration of a 
second dose); and at 6 months (from 91 days and up to 
273 days after the first dose). These time points corre-
spond to the median time of the obtained samples.

Outcomes
Defined as a responder or low responder after two 
BNT162b2 mRNA COVID- 19 vaccine doses. In the 
absence of an internationally validated cut- off value for 
a serological correlate of protection, we defined arbitrary 
outcomes based on current data suggesting that postim-
munisation antibody levels and neutralising activity can 
be used as a valid measure to estimate short- term protec-
tion.22–24 Therefore, we defined the primary outcome as 
the antibody neutralising activity alone, expressed as the 
percentage (%) of inhibition of ACE- 2 host receptor and 
the spike- glycoprotein receptor- binding domain (RBD) 
of SARS- CoV- 2 interaction. For the primary outcome, 
a low responder was defined as an individual having a 
neutralising antibody index in the lowest quartile of the 
study population measured at least 2 weeks after the 
second dose of BNT162b2 mRNA COVID- 19 vaccine 
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(categorised as ‘2 months sample’). As a secondary 
outcome, we defined low responder as a combined 
outcome based on (1) the detection of RBD IgG anti-
bodies expressed as arbitrary unit per mL (AU/mL)<225 
AU/mL, concomitantly with (2) the detection of neutral-
ising antibodies index <25% measured at least 2 weeks 
after the second dose of BNT162b2 mRNA COVID- 19 
vaccine (categorised as ‘2 months sample’). Laboratory 
analyses were performed as previously described.20 25 26

Data sources and statistical methods
Baseline clinical information was retrieved from patients’ 
medical files and for healthcare personnel from ques-
tionnaires fulfilled by study subjects at study entry. We 
matched patients and controls by the nearest age at 
the time of first vaccination in a 1:1 ratio using nearest 
neighbour matching with the Optmatch package in R.27 28 
Continuous data were reported as medians with IQR, 
and differences were assessed by Mann- Whitney U test or 
t- test, as most appropriate. Categorical data were reported 
as frequency counts and percentages, and differences 
were evaluated using the χ2 test or Fisher's exact test, as 
most appropriate. Missing data were handled by using 
complete- case analysis.

Sample size
We estimated that we needed to include 500 patients with 
chronic pulmonary diseases to detect a clinically signif-
icant risk increase for being a low responder (primary 
outcome) of at least an OR of 1.four or more, using a 
two- tailed z- test of proportions between two groups with 
power (1-β) of 0.8 and an α of 0.05.

For the immunological assays, we reported RBD IgG 
antibody levels as geometric mean concentrations (GMC) 
with 95% CI, and neutralising antibodies were reported 
as the neutralising index (%) of inhibition of ACE- 2 
and RBD interaction. We calculated the proportion of 
responders for the primary and secondary outcomes and 
compared it between patients and controls. To visualise 
the observed antibody concentration and neutralising 
index, the GMC of anti- RBD IgG or mean neutralising 
index with 95% CI at each visit was plotted for each 
sample.

Poisson regression with robust SEs was used to test asso-
ciations between humoral response and independent 

variables. In the multivariable models, we adjusted for 
age (per decade increase), sex, CCI (per point increase), 
immunosuppression (none, oral steroids, other drugs), 
FEV1 (increase per litre), use of ICS versus none, and 
use of antifibrotic drugs versus none. P values <0.05 
were considered significant. Statistical analyses were 
performed using R V.3.6.0 (R Foundation for Statistical 
Computing, Vienna, Austria).

Patient and public involvement
Patients were not involved in developing the research 
question and outcome measures, design, recruitment 
and conduction of the study. The laboratory analysis 
results have been made available to study participants 
through electronic patient records.

RESULTS
Baseline characteristics
We included 626 patients diagnosed with chronic pulmo-
nary disease who received a BNT162b2 mRNA COVID- 19 
vaccine, 33 patients were excluded since they only 
received one dose of vaccine, 593 were included in the 
further analysis. Baseline characteristics of patients and 
controls are shown in table 1. Compared with controls, 
patients with chronic pulmonary diseases were older, 
were more often males and had higher BMIs. The 
interval between the first and second vaccine dose was 
shorter for patients than for controls. Among patients, 
67% (n=398/593) had OLD, 30% (n=183/593) had 
ILD, 8% (n=50/593) had both, 27% (n=160/593) had 
moderate to high levels of comorbidities (CCI ≥2). At the 
time of vaccination, 13% (n=76/593) were on systemic 
oral steroids (excluding those given during acute exac-
erbation), 11% (n=64/593) were on other immunosup-
pressive drugs, 7.4% (n=44/593) on anti- fibrotic agents, 
29% (n=170/593) on ICS, 5% (n=30/593) were active 
smokers, 51% (n=305/593) were previous smokers.

Primary and secondary humoral outcomes in patients and 
controls
Humoral responses for the primary and secondary 
outcomes at different sampling time points during 
follow- up are shown in table 2. After two doses of the 
BNT162b2 mRNA COVID- 19 vaccine, the three upper 

Table 1 Baseline characteristics of patients with chronic pulmonary diseases and controls included in the study

Patients Controls P value

N 593 593

Median age, years (IQR) 68 (58–74) 62 (57–64) <0.001

Male gender, n (%) 283 (47.7) 193 (32.5) <0.001

Median time between first and second vaccine dose, days, (IQR) 23 (22–25) 30 (29–32) <0.001

BMI, mean (SD) 27.2 (6.4) 25.4 (6.4) <0.001

BMI, body mass index.
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quartiles of the total study population had a detectable 
neutralising index of 97%. For the primary outcome, 
34.7% patients (n=157/453) and 12.9% of controls 
(n=46/359) were low responders (p<0.0001). For 
the secondary outcome, 8.6% patients (n=39/453) 
and 1.4% of controls (n=5/359) were low responders 
(p<0.001). At 2 and 6 months of follow- up, a signif-
icantly higher proportion of patients with chronic 
pulmonary diseases were low responders following two 
doses of the BNT162b2 mRNA COVID- 19 vaccine than 
controls for both the primary and secondary outcomes 
(table 2). For the secondary outcome, the differences 
in humoral responses were also significant after the 
first dose of the vaccine (table 2).

Antibody profiles in patients and controls
Changes in the antibody concentrations and neutral-
ising antibody index with 95% CI of the mean at 
different sampling time points during follow- up are 
shown in figures 1 and 2. Antibody concentrations 
in patients and controls increased significantly from 
baseline to 3 weeks after the first dose and at 2 months 
sample (figure 1). There was a decline in measured 
antibody concentrations from 2 to 6 months after 
the first vaccine dose in both patients and controls 
(figure 2).

Risk factors associated with a lower response to vaccination 
in patients with chronic pulmonary diseases
Risk ratio (RR) from the univariate and multivariate 
analysis, including factors of clinical importance associ-
ated with being a low responder in patients with chronic 
pulmonary disease at 2 months of follow- up are shown 
in table 3. Increasing age per 10 years (crude RR (cRR) 
1.19, 95% CI 1.05 to 1.35; adjusted RR (aRR) 1.17, 95% CI 
1.03 to 1.32), an increase in CCI (cRR 1.20, 95% CI 1.10 
to 1.31; aRR 1.15, 95% CI 1.05 to 1.26), use of predniso-
lone (cRR 2.12, 95% CI 1.59 to 2.81; aRR 2.08, 95% CI 
1.55 to 2.77) and use of other immunosuppressive drugs 
(cRR 2.04, 95% CI 1.52 to 2.72; aRR 2.21, 95% CI 1.65 to 
2.97) were significantly associated with an increased risk 
for being a low responder.

DISCUSSION
In this prospective cohort study, including patients with 
chronic pulmonary diseases who were vaccinated with 
two doses of the BNT162b2 mRNA COVID- 19 vaccine, 
we found that most patients could establish functional 
humoral responses to vaccination characterised by 
high antibody titres and high levels of neutralising anti-
bodies. However, humoral responses were lower at 2 and 
6 months in patients with chronic pulmonary diseases 
than those observed in controls, and varied at different 

Table 2 Humoral responses to the BNT162b2 mRNA COVID- 19 vaccine in patients with chronic pulmonary disease and 
controls according to the primary and secondary immunological outcomes at different times during follow- up

Primary outcome

Time of sampling

Patients (N, %) Controls (N, %)

Difference (%) P valueResponder Low responder Responder Low responder

Baseline 0 (0) 566 (100) 0 (0) 581 (100) 0 –

3 weeks 4 (0.88) 447 (99.1) 2 (0.43) 455 (99.6) 0.45 0.67

2 months 296 (65.3) 157 (34.7) 313 (87.1) 46 (12.9) 21.8 <0.0001

6 months 44 (38.9) 69 (61.1) 243 (63.9) 137 (37.1) 25 <0.0001

Secondary outcome

Time of sampling

Patients (N, %) Controls (N, %)

Difference (%) P valueResponder Low responder Responder Low responder

Baseline 3 (0.01) 563 (99.9) 2 (0.6) 579 (99.4) 0.59 0.98

3 weeks 217 (48.1) 234 (51.9) 272 (59.5) 185 (40.5) 11.4 0.0007

2 months 414 (91.4) 39 (8.6) 354 (98.6) 5 (1.4) 7.2 <0.0001

6 months 87 (76.9) 26 (23.1) 366 (96.5) 14 (3.7) 19.6 <0.0001

Humoral responses are expressed as the proportion of responders and low responders in each group. For the primary 
outcome, a low responder was defined as an individual having a neutralising antibody index measured in the lower quartile 
of the study population measured at least 2 weeks after the second dose of the vaccine (2 months sample). In the secondary 
outcome, a low responder was defined as a combined outcome based on the detection of RBD IgG antibodies <225 AU/mL 
concomitantly with the detection of neutralising antibodies index <25% measured at least 2 weeks after the second dose of 
the vaccine (2 months sample). P values for the difference between the proportion of responders in patients versus controls. 
‘Baseline samples’ were taken from inclusion and to up to 13 days after the first dose, ‘3 weeks’ samples from 14 days and 
up to 33 days after the first dose and before administration of a second dose, ‘2 months samples’ were collected between 34 
days and up to 90 days after the first dose and only after administration of a second dose; and ‘6 months samples’ from 91 
days and up to 273 days after the first dose.
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sampling points. We also identified risk factors of clin-
ical importance for an impaired response to vaccination 
in patients with chronic pulmonary diseases, including 
increasing age, having more underlying comorbidities 
and using oral steroids or other immunosuppressive 
drugs. However, these results must be interpreted with 
caution in the absence of correlates of protection against 
severe outcomes when we are report our results.

In patients with chronic pulmonary diseases and 
controls, we observed high antibody titres and neutral-
ising antibody index when the peak of immunity after 
the mRNA BNT162b2 vaccine would be expected.29 30 An 
explanation for the use of two different immunological 
outcomes for assessing the results of humoral responses 
in our study is that at the time we designed the study, 
conducted and reported the analysis, there was no 

Figure 1 Anti- RBD IgG Geometric Mean Concentrations (GMC) in patients with chronic pulmonary diseases and controls 
during follow- up. GMCs and 95% confidence intervals (95% CI) are expressed in arbitrary units/mL (AU/mL) and plotted 
in a logarithmic scale. The N indicate the number of individuals contributing with samples at each time point. GMC of 
anti- RBD IgG in patients and controls increased from baseline (3·42 AU/mL; 95% CI 2·88‒4·05 and 2·12 AU/mL; 95% CI 
1·84‒2·46 respectively), to three weeks after the first dose (223·43 AU/mL; 95% CI 175·91‒284·29 and 752·28 AU/mL; 95% 
CI 658·52‒862·64, respectively), (p<0·0001), and at two months sample (6525·51 AU/mL; 95% CI 5431·66‒7863·60 and 
14943·50 AU/mL; 95% CI 13359·73‒16647·24, respectively), (p<0·0001). From two to six months after the first vaccine dose, 
there was a decline in measured GMCs anti- RBD IgG (737·78 AU/mL; 95% CI 459·43‒1187·98 and 2239·57 AU/mL; 95% CI 
2018·27‒2489·90, respectively), (p<0·0001).

Figure 2 Changes in the Anti- RBD IgG antibody concentrations (GMC) (A) and neutralizing antibody index (%) (B) with 95% 
confidence intervals (CI) of the mean at different sampling time points during follow- up. GMC, geometric mean concentration; 
RBD, Receptor Binding Domain.
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international consensus on the definition of correlates 
of protection after COVID- 19 vaccination, either on 
the seropositivity threshold or the level of neutralising 
antibodies. Therefore, we considered it reasonable to 
define our primary outcome based on the measurement 
of neutralising index alone as an indicator of functional 
mediation of protection. We determined this threshold 
as the neutralising antibody level measured in the 
lower quartile of the study population. This showed to 
be a conservative assumption since several groups have 
reported a neutralising index >50% or median neutral-
ising antibody titres (NT50) as thresholds.29 31 32 Thus, 
other thresholds for protection will lead to different esti-
mates of humoral responses.

A recently published analysis of the immune correlate 
of mRNA- 1273 COVID- 19 vaccine from the efficacy trial 
indicated that vaccine efficacy increases with higher 
antibody titres and is highly mediated by neutralising 
antibodies.33 Based on this consideration, we defined 
a secondary outcome as a composite outcome that 
combined antibody titres and neutralising antibodies.25 26 
In both cases, by using any of the defined immunolog-
ical outcomes, we found that humoral responses were 
consistently lower in patients with chronic pulmonary 
diseases compared with controls at 2 and 6 months after 
the first dose. Even though our results indicate that 
patients with chronic pulmonary diseases may have lower 
levels of protection, the specific link to clinical protec-
tion is unknown. These results should be validated by 
conducting epidemiological studies assessing vaccine 
efficacy against infection, hospitalisation and death in 
patients with chronic pulmonary diseases.

Several observational studies have described the decline 
in humoral responses elicited by COVID- 19 vaccines over 
time, with the subsequent risk of breakthrough infec-
tions.29 34 Vaccine effectiveness might also be reduced 

against current and forthcoming SARS- CoV- 2 variants 
of concern.12 Our results support that waning humoral 
immunity also occurs in individuals with chronic pulmo-
nary diseases, similar to what we observed in the control 
population. While there have been conflicting reports on 
the risk of SARS- CoV- 2 infection in patients with chronic 
pulmonary diseases, especially in asthma patients,34 35 
their increased risk of severe outcomes after infection is 
well established.1–4 Several industrialised countries have 
introduced additional third and fourth doses to their 
COVID- 19 vaccination schedules in light of the waning 
immunity after vaccination, which is highly relevant for 
patients with chronic pulmonary diseases.35

The identified risk factors for being a low responder 
have not been extensively characterised for other groups 
than severely immunocompromised patients. Iatrogenic 
immunosuppression, including corticosteroids, has 
markedly reduced humoral and cellular immunogenicity 
of mRNA COVID- 19 vaccines compared with healthy 
controls.31 36 37 We did not find evidence to support 
that antifibrotic drugs of inhalation corticosteroids 
were associated with poorer immunological outcomes 
after vaccination. Interestingly, similar findings have 
been reported from patients with autoimmune diseases 
with lung involvement, which are more likely to receive 
immunosuppression.36 Current guidelines for vaccina-
tion of immunocompromised patients recommend that 
vaccines should be administered before planned immu-
nosuppression if feasible.38 Such considerations should 
be based on the risk of severe COVID- 19 infection with 
and without immunological responses and the risk of 
pausing immunosuppression.

Some potential limitations to our study deserve careful 
consideration. First, we do not have information on the 
cause of the lost to follow- up of some patients. Most 
severely ill patients have been prioritised for COVID- 19 

Table 3 Univariate and multivariate analysis of risk factors of clinical importance associated with vaccine low response in 
patients with chronic pulmonary disease

Crude risk rate (95% CI) P value Adjusted risk rate (95 % CI) P value

Age (per 10 years increase) 1.19 (1.05 to 1.35) 0.007 1.17 (1.03 to 1.32) <0.001

Sex (male) 1.30 (1.01 to 1.68) 0.040 1.21 (0.94 to 1.54) 0.140

Charlson Comorbidity Index
(per point increase)

1.20 (1.10 to 1.31) <0.001 1.15 (1.05 to 1.26) 0.001

No Immunosuppression
Prednisolone
Other drugs

Reference
2.12 (1.59 to 2.81)
2.04 (1.52 to 2.72)

<0.001
<0.001

Reference
2.08 (1.55 to 2.77)
2.21 (1.65 to 2.97)

<0.001
<0.001

Inhaled corticosteroids (ICS)
No ICS
ICS

Reference
0.67 (0.48 to 0.92)

0.013 Reference
0.74 (0.54 to 1.00)

0.049

FEV1 (per 1 litre increase) 0.99 (0.85 to 1.15) 0.905 1.00 (0.86 to 1.17) 0.951

Anti- fibrotic drugs 1.54 (1.07 to 2.23) 0.02 1.38 (0.90 to 2.10) 0.149

A multivariate poisson regression model was used adjusting for age, sex, comorbidity by Charlson Comorbidity Index, ICS, 
immunosuppression, antifibrotic drugs. P values <0.05 were considered significant.
FEV1, forced expired volume in the first second; ICS, inhalation corticosteroids.
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vaccination during the study period, leading to a selec-
tion bias of included patients and probably explaining 
at least in part the proportion of lost to follow- up in 
the cohort. Patients with incomplete data were similar 
to those with complete follow- up regarding baseline 
characteristics, besides a slightly higher proportion of 
males (data not shown) might affect the immunoge-
nicity results. Second, although we matched patients and 
controls by sex and the nearest age, we could not match 
for age per- year increase, and healthcare personnel were 
younger and more often females. We conducted the 
analysis without matching, with similar results irrespec-
tive of whether matching or not was applied,39 but we 
cannot rule residual confounding completely out. Third, 
medical information from the controls was incomplete. 
Fourth, the duration of follow- up was not sufficient to 
assess waning long- term immunogenicity. Furthermore, 
even if we did not find a statistically significant difference 
between the time interval between the first and second 
doses, the time between the two doses was numerically 
slightly shorter for patients than for controls. However, the 
optimal time interval has been identified as 8 weeks, and 
since we observed only a few days shorter interval in the 
patients than in the controls, we do not suspect this could 
alter significantly the signal of our results.40 41 Finally, we 
did not have immunological markers of cellular immu-
nity, which are also related to immunological protection 
after vaccination.

CONCLUSIONS
Most patients with chronic lung diseases could estab-
lish functional humoral responses to vaccination, but 
humoral responses were lower at 2 and 6 months in 
patients with chronic pulmonary diseases than those 
observed in controls. Age, comorbidities and the use of 
different immunosuppressants were all associated with 
impaired immunological responses.
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