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Summary

Epidemiological data suggest that influenza vaccination protects against 
all-cause mortality in chronic obstructive pulmonary disease (COPD) pa-
tients. However, recent work has suggested there is a defect in the ability 
of some COPD patients to mount an adequate humoral response to in-
fluenza vaccination. The aim of our study was to investigate humoral and 
cell-mediated vaccine responses to the seasonal trivalent influenza vaccina-
tion (TIV) in COPD subjects and healthy controls. Forty-seven subjects 
were enrolled into the study; 23 COPD patients, 13 age-matched healthy 
controls (HC  ≥  50) and 11 young healthy control subjects (YC  ≤  40). 
Serum and peripheral blood mononuclear cells (PBMC) were isolated pre-
TIV vaccination and at days 7 and 28 and 6 months post-vaccine for 
haemagglutinin inhibition (HAI) titre, antigen-specific T cell and antibody-
secreting cell analysis. The kinetics of the vaccine response were similar 
between YC, HC and COPD patients and there was no significant differ-
ence in antibody titres between these groups at  28  days post-vaccine. As 
we observed no disease-dependent differences in either humoral or cellular 
responses, we investigated if there was any association of these measures 
with age. H1N1 (r  =  −0·4253, P  =  0·0036) and influenza B (r  =  −0·344, 
P  =  0·0192) antibody titre at 28  days negatively correlated with age, as 
did H1N1-specific CD4+ T helper cells (r  =  −0·4276, P  =  0·0034). These 
results suggest that age is the primary determinant of response to trivalent 
vaccine and that COPD is not a driver of deficient responses per se. These 
data support the continued use of the yearly trivalent vaccine as an adjunct 
to COPD disease management.
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Introduction

Chronic obstructive pulmonary disease (COPD) is char-
acterized by airway inflammation, resulting from the 
inhalation of tobacco smoke or other irritants [1]. The 
course of the disease is one of progressive, irreversible 
airflow limitation, functional impairment and periods of 
acute symptom deterioration called exacerbations [2]. 
Acute exacerbations are important events in the natural 
history of COPD associated with impaired quality of life 

and accelerated decline in lung function, placing a con-
siderable burden on health-care resources [3–5]. 
Respiratory infection is a key determinant, with viral 
infections implicated in between 40 and 60% of COPD 
exacerbations [6,7]. Consequently, preventative strategies 
aimed at reducing the impact of respiratory viral infection 
are key interventions in reducing the morbidity and health-
care burden associated with COPD exacerbations.

Influenza A and B are single-stranded RNA viruses of 
the Orthomyxoviridae family that circulate in the human 
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population, causing acute infection of both the upper and 
lower respiratory tract. In patients with COPD, influenza 
is associated with seasonal exacerbations, with the virus 
detected in up to 28% of exacerbating COPD patients [8,9]. 
The seasonal influenza vaccination is currently the best 
method for reducing the incidence of influenza infection 
and the associated complications such as pneumonia, and 
is recommended for elderly people and in those with 
chronic conditions such as COPD [10]. Therapies to treat 
influenza infection, once present in COPD, are currently 
very limited, both in terms of the window of opportunity 
for treatment and therapeutic efficacy. Thus, vaccination 
is a critical component in exacerbation prevention. In the 
United Kingdom, the most commonly used formulation 
is the trivalent influenza vaccine (TIV) which currently 
contains inactive viral haemagglutinin (HA) from H1N1, 
H3N2 and influenza B strains. A recognized correlate of 
vaccine protection is the production of sufficient concen-
trations of antibodies to HA, as assessed by haemagglutinin 
inhibition (HAI) assays [11]. The response to TIV can be 
demonstrated by either seroprotection (HAI antibody titre 
≥1 : 40) or seroconversion (minimum fourfold rise in HAI 
antibody titre) [12]. While the use and efficacy of TIV in 
COPD is supported by epidemiological studies [13,14], 
recent laboratory-based work has begun to question the 
effectiveness of these vaccines in disease [15–17].

While trials and epidemiological data point to a benefit 
of TIV in COPD patients [18], a small study from Australia 
demonstrated that COPD patients had lower titres of 
H1N1-specific antibodies 28 days post-vaccination and 
lower serum interleukin (IL)-21 levels, which is thought 
to play a role in B cell antibody synthesis [16]. In addi-
tion, the same group reported a reduced proportion of 
COPD patients who seroconverted 28 days after 

vaccination compared to healthy controls [15]. More 
recently, Parpaleix et al. demonstrated decreased geometric 
mean HAI antibody titres in COPD patients at 30 days 
post-vaccine compared to healthy controls, but no sig-
nificant difference in the proportion of volunteers who 
experienced seroconversion between health and disease 
[17]. Furthermore, this decrease in geometric mean HAI 
antibody titres was associated with a decrease in vaccine-
specific CD4+ T cell responses prior to vaccination.

The aim of our study was to conduct a detailed assess-
ment of the HAI antibody, T cell and B cell responses 
to TIV of COPD patients compared to age-matched healthy 
and young, healthy controls, enabling the identification 
of any differences in vaccine responses between the groups.

Methods

Volunteer recruitment

Twenty-three COPD patients, 13 age-matched aged ≥50 
years) healthy control subjects and 11 younger (aged 
<40 years) healthy control subjects were studied (Fig. 1). 
Power calculations were based on the proportion of 
responders achieving at least a fourfold increase in the 
H1N1 HAI antibody titre in each group. A minimum 
sample size of 22 subjects in the COPD group and 11 
subjects in the control groups was determined as suf-
ficient for a two-sided, type I error rate of 0·05 and a 
power of 80%. A diagnosis of COPD was confirmed by 
post-bronchodilator spirometry, with a forced expiratory 
volume in 1 s (FEV1)/forced vital capacity (FVC) ratio 
of <0·7 required for enrolment. Spirometry was con-
ducted in accordance with ATS standards [19]. COPD 
subjects had a smoking history of at least 10 pack-years. 

Fig. 1. Consolidated Standards of Reporting Trials (CONSORT) flow diagram detailing subject enrolment and subgroupings in the study. Where 
samples are missing, this is due to a visit being missed and a sample not collected.
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All subjects had received the TIV in the year prior to 
the study (2014). The vaccine strains for the 2014/2015 
northern hemisphere vaccine were A/California/7/2009 
(H1N1) pdm09-like virus, A/Texas/50/2012 (H3N2)-like 
virus and B/Massachusetts/2/2012-like virus. Exclusion 
criteria included a history of other pulmonary disease, 
long-term use of immunosuppressant medications 
(including oral corticosteroids) and an exacerbation 
within the month prior to recruitment. All subjects gave 
written informed consent and the study was approved 
by the National Research Ethics Service (NRES) South 
Central – Oxford C Committee (15/SC/0528).

Study procedures

As this was a purely observational study, the intramuscular 
influenza vaccine was administered by the volunteer’s usual 
health-care provider as part of usual care between October 
2015 and December 2015. All the young healthy group 
were health-care professionals. The vaccine strains for the 
2015/2016 northern hemisphere were A/California/7/2009 
(H1N1) pdm09-like virus, A/Switzerland/9715293/2013 
(H3N2)-like virus and B/Phuket/3073/2013-like virus. 
Phlebotomy was performed at a prevaccine visit and then 
at 7−10 days (visit 1), 28 ± 3 days (visit 2) and 
180 ± 14 days (visit 3) post-vaccination.

Serum HAI antibody titres

The HAI assays were performed by the Public Health 
England (PHE) laboratories, Porton Down, Salisbury, 
UK. Briefly, serial twofold dilutions for each set of sera 
were incubated with standardized concentrations (4 HA 
units) of influenza virus representing either the H1N1, 
H3N2 and influenza B 2015/16 viral strains. Chicken 
red blood cells were then added and allowed to settle. 
After 30 min, the strain-specific HAI antibody titres at 
each time-point for each individual were calculated as 
the highest dilution of sera that inhibited haemagglu-
tination. Seroprotection rates (i.e. numbers of individuals 
with HAI antibody titres ≥40) and seroconversion rates 
(i.e. numbers of individuals with HAI antibody titres 
<10 at day 0 and HAI antibody titres ≥40 after vac-
cination or with HAI antibody titres ≥10 at day 0 and 
a fourfold or greater increase in HAI antibody titres 
after vaccination) are also indicated.

Peripheral blood mononuclear cells (PBMC) isolation 
and storage

PBMCs from volunteers were isolated from heparinized 
blood by means of centrifugation on Ficoll-Paque (GE 
Healthcare, Little Chalfont, UK). Purified PBMC were 
frozen in heat-inactivated fetal bovine serum containing 
10% (v/v) dimethylsulphoxide (DMSO) (Sigma, Poole, 
UK) and stored in liquid nitrogen until analysis.

Flow cytometry analysis

Flow cytometry was performed as previously described 
[20]. To analyze influenza-specific T cells, PBMCs were 
stimulated overnight with inactivated A/H3N2 
Wisconsin/67/2005 and A/H1N1/California/04/2009 in the 
presence of monensin/brefeldin A mix (Sigma). Cells were 
first stained for viability and surface markers: live/dead 
(Molecular Probes, Eugene, OR, USA), CD4 (OKT4 clone), 
CD3 (SK7 clone), CD8 (RPA-T8 clone), CD49d (9F10 
clone) and CD49a (SR84 clone; BD Biosciences, Oxford, 
UK). Cells were then resuspended in Cytofix/Cytoperm 
(BD Biosciences) before staining for intracellular markers: 
IL-2 (N7.48 A clone; Miltenyi Biotech, Woking, UK), 
interferon (IFN)-β (B27 clone), IL-17a (N49-653 clone), 
granzyme B (GzmB) (GB11 clone) and tumour necrosis 
factor (TNF)-α (MAb11 clone; BD Biosciences). Flow 
cytometric analysis was performed on a fluorescence acti-
vated cell sorter (FACS) Fortessa using FACSDiva software 
version 5.0.3 (BD Biosciences). At least 1 × 106 live events, 
according to forward- and side-scatter parameters, were 
accumulated and analyzed for Boolean combination gating 
with FlowJo software (Tree Star Inc., Ashland, OR, USA). 
The percentage of influenza A virus-specific CD4+ or CD8+ 
T cells expresses the sum of the 15 different cytokine 
Boolean combinations (IL-2, IFN-β IL-17a and/or TNF-α). 
Background cytokine responses detected in negative con-
trols were subtracted from those detected in stimulated 
samples for every specific combination.

Antibody-secreting cell (ASC) detection

A/California/07/2009 (H1N1) influenza HA-specific IgG-
secreting B cells were performed as previously described 
[21]. Briefly, PBMC were stimulated with a mixture of 
pokeweed mitogen (Sigma), Staphylococcus aureus protein 
A (Sigma) and CpG ODNs (Invivogen, San Diego, CA, 
USA) for 6 days before enzyme-linked immunospot 
(ELISPOT) assay. H1N1 HA protein (Protein Sciences, 
Meriden, CT, USA) was used to coat the plate (Millipore, 
Watford, UK), and immunoglobulin (Ig)G- or IgA-paired 
antibodies (Mabtech/Oxford lmmunotec Limited, 
Abingdon, UK) were used to reveal. ELISPOT readouts 
were expressed as the number of HA-specific IgG or IgA 
ASC/106 PBMC.

Statistics and analysis

Statistical analyses were performed using either a 
Wilcoxon’s matched-pairs signed-rank test, Mann–
Whitney U-test, Kruskal–Wallis or Friedman’s test with 
Dunn’s multiple comparison testing as appropriate 
(GraphPad Prism version 7.0; GraphPad Software Inc., 
San Diego, CA, USA). For the paired analysis, if data 
were missing for a given visit, all data from that volunteer 
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were excluded and there was no data imputation. Data 
are expressed as medians. Results were considered sig-
nificant if P < 0·05. The radar charts were designed with 
r, a free software environment for statistical computing 
and graphics (http://www.r-proje ct.org/).

Results

Subject demographics

Forty-seven subjects were successfully enrolled into the 
study, 23 COPD patients, 13 age-matched healthy controls 
and 11 young control subjects (Fig. 1). The COPD and 
healthy control subjects were well-matched for age and 
gender. As expected, there were significant differences in 
the proportion of current smokers and FEV1 measures. 
To ensure that recent vaccination history was known, 
our inclusion criteria required subjects to have received 
the prior year’s (2014/15) influenza vaccination. The 
descriptive characteristics are shown in Table 1.

Humoral responses to TIV

To ascertain the effectiveness of the vaccine to induce 
a humoral response, we first analyzed the antibody titres 
to all three vaccine components via individual haemag-
glutinin inhibition (HAI) assays in the whole cohort 
(Fig. 2a–c). The median [interquartile range (IQR)] level 
of prevaccine HAI titres were 40 (10−40) for A/H1N1, 
20 (10−40) for A/H3N2 and 17·5 (5−40) for B/Phuket 
strains. These data suggest that half the cohort were 
already seroprotected against A/H1N1 virus but not the 
A/H3N2 or B/Phuket strains before vaccination. There 
was a significant increase in antibody titres 7 days (visit 
1) and 28 days (visit 2) following vaccination for all 
vaccine components, although this was not sustained 

to 6 months (visit 3) for B/Phuket strain. In addition, 
the HAI antibody increases in FluB were not as strong 
and remained consistently lower than the titres induced 
by the FluA components.

In line with other studies [17], we next compared 
the HAI titres to all three vaccine components between 
groups at 28 days post-vaccine, when all groups dem-
onstrated a significant increase in titres against the FluA 
components (Fig. 3). Only the COPD group demonstrated 
a significant increase in HAI antibody titres to B/Phuket 
at 28 days post-vaccination (P = 0·0127, Fig. 3c). However, 
there was no significant difference in the HAI antibody 
titres between the groups for any of the vaccine com-
ponents at day 28 (Fig. 4a–c), nor was there a significant 
difference in the fold change in HAI antibody titres 
between groups at visit 2 compared to the prevaccina-
tion visit, except for B/Phuket between COPD patients 
and young controls (Fig. 4d–f). While there appeared 
to be differences in the proportion of volunteers sero-
protected (titre ≥40) between groups for each vaccine 
component, the proportion was again only significantly 
different for B/Phuket, where 80% of the young controls 
were seroprotected compared to the 62·5% of healthy 
controls and 53% of COPD patients (P = 0·0469, χ2).

As it is also recommended that seroconversion be taken 
into account, as well as seroprotection [12],we analyzed 
the number of patients who did not seroconvert at visit 
2 (Fig. 4d–f). The only significant difference in serocon-
version we observed was a decrease in the response of 
young controls to B/Phuket compared to COPD patients 
(Fig. 4f). In order to assess any differences in the response 
to vaccine using either definition, we also assessed the 
proportions of volunteers who were not seroprotected at 
baseline and also did not seroconvert by day 28  
(Table 2). While there was evidence of differential responses 
to different vaccine components, there were no significant 
differences in the proportions of the groups that were not 
protected against the individual vaccine components.

Cellular responses to TIV

In addition to antibodies, T cell responses are also key 
parameters of influenza protection [20,22–26]. We there-
fore analyzed the polyfunctional CD4+ and CD8+ T cell 
responses to inactivated whole virus (A/H1N1 and  
A/H3N2) in PBMC from our volunteer cohort at each 
time-point (Supporting information, Fig. S1). We did not 
observe any significant difference in the quality of poly-
functional CD4+ and CD8+ T cell responses between 
groups (Supporting information, Fig. S2). We observed 
a significant increase (P = 0·0035) in the proportion of 
virus-specific CD4+ T cells 28 days post-vaccination  
(Fig. 5a) compared to prevaccination in the whole cohort. 
In contrast, there was no increase in the proportion of 

Table 1. Demographics and clinical characteristics

 
COPD 
n = 23

Healthy 
control 
n = 13 P-value

Young 
control 
n = 11

Age* 69·0 (55–83) 65·1 (56–72) 0·112 33·2 (22–40)
Gender, male, 

n, %
13 (56·5) 5 (38·5) 0·489 5 (45·5)

Current 
smoker, n, %

8 (34·8) 1 (7·7) 0·001 1 (9·1)

Pack years 38 (22) 4 (20) <0·001 0 (2)
FEV1 (l) 1·46 (1·0) 2·95 (1·3) <0·001 3·53 (0·85)
FEV1% 55 (25) 109 (18) <0·001 98 (20)

Data represented as median (interquartile range) or frequency (%).
*Represented as mean (range). Statistical significance was determined 

using a Mann–Whitney U-test and is indicated in bold.
COPD, chronic obstructive pulmonary disease; FEV, forced expira-

tory volume in 1 s.

http://www.r-project.org/
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virus-specific CD8+ T cells (Fig. 5b). However, there was 
a significant decrease in the proportion of virus-specific 
GzmB+ CD8+ T cells at all time-points following vaccina-
tion (Fig. 5c). We also compared the proportions of 

virus-specific T cells between groups at 28 days post-
vaccine (Fig. 5d–f). Similarly to the HAI data, we again 
observed no significant differences in CD4+ or CD8+ T 
cell proportions between the groups.

Fig. 2. Cohort haemagglutinin inhibition (HAI) antibody responses to trivalent influenza vaccine (TIV). HAI antibody titres of trivalent influenza 
vaccine constituents [(a) A/H1N1, (b) A/H3N2 and (c) B/Phuket] in serum from the whole cohort of volunteers at each individual visit [prevaccine,  
7 days (visit 1), 28 days (visit 2) and 6 months (visit 3) following vaccination]. For all graphs, y-axes are presented as log2 scale and median values are 
indicated by line, while + indicates the mean. The dotted red line indicates seroprotection (titre of ≥40). Statistical significance was determined by 
Friedman’s analysis of variance (ANOVA) with a Dunn’s post-hoc test. P-values from Dunn’s test are shown; *P < 0·05, ***P < 0·001, ****P < 0·0001.

Fig. 3. Haemagglutinin inhibition (HAI) antibody responses of the cohort subgroups to different vaccine components. HAI antibody titre to (a) A/H1N1, 
(b) A/H3N2 and (c) B/Phuket constituents of the trivalent influenza vaccine in serum from chronic obstructive pulmonary disease (COPD) patients, 
age-matched healthy controls and young controls at each individual visit [prevaccine, 7 days (visit 1), 28 days (visit 2) and 6 months (visit 3) following 
vaccination]. For all graphs, median values are indicated by line. Statistical significance was determined by Friedman’s analysis of variance (ANOVA) 
with a Dunn’s post-hoc test. P-values from Dunn’s test are shown; *P < 0·05, ***P < 0·001, ****P < 0·0001.
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At the same time we also analyzed the proportions of 
both A/H1N1 HA-specific IgG-secreting B cells in these 
samples using ELISPOT (Fig. 6a–d). However, we observed 
no significant change in the proportion of A/H1N1 
HA-specific IgG-secreting B cells either in response to 
vaccination or between the groups at 28 days post-vaccine. 
A/H1N1 HA-specific IgA-secreting B cells are very low 
(data not shown).

In order to present a complete picture of our work, 
we have also analyzed all the variables reported above 
at 7 days and 6 months post-vaccination and present 
these data as radar plots (Fig. 7b–d). Furthermore, we 
evaluated the capacity of CD4 and CD8 T cells to acquire 
the cell migration capacity to mucosal with the expres-
sion of integrins CD49a and CD49d. There were no 
statistically significant differences in any of the 

measurements between groups at any time-point post-
vaccination. Thus, overall there appear to be no differ-
ences in vaccine responses across the groups. This is 
despite a statistically significant difference in B/Phuket 
HAI antibody titres between groups at baseline, which 
appears to be due more to age rather than COPD  
(Fig. 7a). Furthermore, there are also differences in the 
proportions of influenza-specific cytokine-secreting CD4+ 
T cells at baseline which, surprisingly, are significantly 
lower in healthy age-matched controls compared to both 
young controls.

Age correlates with antibody titres

To further investigate the effects of age on responses to 
vaccination, we correlated the age of the volunteers with 
the antibody titres of the separate vaccine components 
at 28 days (Fig. 8a–c). There were weak but significant 
negative correlations between age and A/H1N1 but not 
A/H3N2 titres.

As we have previously shown that pre-existing CD4+ 
T helper cells are essential for adequate responses to influ-
enza [24], we next analyzed the correlation between age 
and pre-existing virus-specific CD4+ T cells (Fig. 8d). 
Similarly to the HAI data, we observed a weak, but sig-
nificant negative correlation between age and the proportion 
of virus-specific CD4+ cells at the pre-vaccination visit.

Fig. 4. Haemagglutinin inhibition (HAI) antibody responses of the cohort subgroups to the different vaccine components 28 days post-vaccination. 
HAI antibody titre to (a) A/H1N1, (b) A/H3N2 and (c) B/Phuket constituents of the trivalent influenza vaccine in serum from chronic obstructive 
pulmonary disease (COPD) volunteers (filled circles), age-matched healthy controls (filled squares) and young healthy controls (filled triangles) at 
visit 2 (day 28 post-vaccination). Fold change in HAI antibody titre to (d) A/H1N1, (e) A/H3N2 and (f) B/Phuket constituents of the trivalent 
influenza vaccine in serum from COPD volunteers (filled circles), age-matched healthy controls (filled squares) and young healthy controls (filled 
triangles) at visit 2 (day 28 post-vaccination) compared to the prevaccination visit. For all graphs, median values are shown. The dotted red line 
indicates (a–c) seroprotection (titre of ≥40) or (d–f) seroconversion (fourfold increase in titre). Statistical significance was determined by Kruskal–
Wallis analysis of variance (ANOVA) with a Dunn’s post-hoc test. P-values from Dunn’s test are shown; *P < 0·05.

Table 2. Proportions of volunteers who did not seroconvert (less than 
a fourfold increase in HAI titre) by visit 2 and were not seroprotected 
(HAI titre <1 : 40) at baseline to each of the vaccine components

 COPD Healthy control Young control

H1N1 26·1% 30·8% 9·1%
H3N2 17·4% 23·1% 36·4%
FluB 47·8% 53·8% 36·4%

COPD, chronic obstructive pulmonary disease.
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Discussion

In this study we have shown that in the majority of vol-
unteers among disease and age groups who were vaccinated 
with TIV, there was adequate seroprotection (titre ≥40) 
to at least one component of the vaccine at 28 days post-
vaccination. Importantly, there were minimal differences 
in the vaccine responses of COPD patients, compared to 
age-matched healthy controls and young controls at any 
time-point. Although there were no significant age-related 
differences between groups in many of the immune meas-
ures analyzed prior to vaccine administration, there was 
evidence of a relationship between age and vaccine responses. 
Further analysis demonstrated a negative correlation 
between age and HAI antibody titres for two out of three 
vaccine components. Taken together, these data suggest 
that age-related immune senescence may have a stronger 
dampening effect on vaccine responses than COPD per se.

In the western world, COPD is a disease associated 
with lifelong smoking, and due to the pernicious nature 

of symptom onset is not usually diagnosed until the late 
40s/early 50s. Thus, COPD itself is a disease already asso-
ciated with ageing, and therefore it is essential that the 
age of any control group is well matched with the COPD 
group. In the previous studies from the Australian group 
demonstrating a disease effect on vaccine responses, there 
were significant differences between the ages of the control 
group and the COPD group [15,16]. Indeed, Burel et al. 
demonstrated that age was associated with post-vaccination 
A/H1N1 antibody titres by univariate, although not mul-
tivariate, analysis [16].

The use of HAI antibody titres as a correlate of pro-
tection is further complicated by the use of different 
methods to assess vaccine responsiveness. The Committee 
for Proprietary Medicinal Product (CPMP) criteria state 
that post-vaccination serum is considered seroprotected 
if the HAI antibody titre is ≥40 [12]. However, the CPMP 
have two definitions of seroconversion, with the sero-
protected level of ≥40 only being considered a serocon-
version if the prevaccine levels were negative. If the serum 

Fig. 5. T cell responses to influenza virus pre and post vaccination. H3N2 and H1N1 inactivated virus-specific CD4 and CD8 T cells were measured 
by presence of intracellular cytokines [Boolean gates for interferon (IFN)-β, interleukin (IL)-2, IL-17 and/or tumour necrosis factor (TNF)-α] or 
granzyme B (GzmB) in each subject. (a–c) Proportions of T cells responding to whole H1N1 and H3N2 viral stimulation from the whole cohort of 
volunteers after each individual visit [prevaccine, 7 days (visit 1), 28 days (visit 2) and 6 months (visit 3) following vaccination]. For all graphs, 
median values are indicated by line, while + indicates the mean. Statistical significance was determined by Friedman’s analysis of variance (ANOVA) 
with a Dunn’s post-hoc test. (d–f) Proportion of T cells responding to whole virus from chronic obstructive pulmonary disease (COPD) volunteers 
(n = 23; filled circles), age-matched healthy controls (n = 13; filled squares) and young healthy controls (n = 10; filled triangles) at visit 2 (day 28 
post-vaccination). For all graphs, median values are shown. Statistical significance was determined by Kruskal–Wallis ANOVA with a Dunn’s 
post-hoc test. P-values from Dunn’s test are shown; *P < 0·05, **P < 0·01.
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Fig. 6. B cell responses to H1N1 HA pre- and post-vaccination. (a) Number of H1N1-specific B cells releasing immunoglobulin (Ig)G per million 
peripheral blood mononuclear cells (PBMC) from the whole cohort of volunteers after each individual visit [prevaccine, 7 days (visit 1), 28 days (visit 
2) and 6 months (visit 3) following vaccination]. Median values are indicated by line, while + indicates the mean. Statistical significance was 
determined by Friedman’s analysis of variance (ANOVA) with a Dunn’s post-hoc test. (b) Number of B cells releasing IgG from chronic obstructive 
pulmonary disease (COPD) volunteers (filled circles), age-matched healthy controls (filled squares) and young healthy controls (filled triangles) at 
visit 2 (day 28 post-vaccination). Median values are shown and statistical significance was determined by Kruskal–Wallis ANOVA with a Dunn’s 
post-hoc test.

Fig. 7. Radar plot of responses in each volunteer group pre- and post-vaccination. Radar charts comparing flu virus-specific immune compartments 
of chronic obstructive pulmonary disease (COPD) (black), healthy control (blue) and young healthy control (red) groups (a) prevaccination, and fold 
change (visit/prevaccination) of influenza specific-immune response at visit 1 (b), visit 2 (c) and visit 3 (d). Radar charts show A/H3N2, A/H1N1 and 
B/Phuket strain haemagglutinin inhibition (HAI) antibody titres, A/H1N1 HA-specific immunoglobulin ( Ig)G and IgA-secreting B cells, virus-
specific CD4 and CD8 T cells, granzyme B (GzmB)+ CD8 T cells and CD49a+CD49d+ homing markers evaluated on interferon (IFN)-β+ CD4 and 
CD8 T cells. The values on the axis represent the mean of each parameter derived from the upper and lower 95% confidence intervals of the mean of 
each assay for all tested subjects. Statistical significance was determined by Kruskal–Wallis analysis of variance (ANOVA) with a Bonferroni 
correction; **P < 0·01.
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sample already has a positive HAI titre, then a minimum 
fourfold increase in HAI antibody titre is required to be 
considered a seroconversion [12]. However, it is unclear 
what the relevance of the definition of seroconversion is 
if the baseline titre is already 40 or greater, and the 
volunteer is thus already considered to be seroprotected. 
For example, Nath et al. demonstrate an average 120-fold 
increase in the HAI antibody titre in controls and only 
an average twofold increase in COPD patients [15]. 
Nevertheless, the majority of COPD patients were already 
seroprotected with a median prevaccine titre of 320, which 
was significantly higher than the prevaccine titre of con-
trols (median titre of 60) [15]. Parpaleix et al. present 
geometric mean titres, but when we analyze the geometric 
means of our own HAI data (not shown), there are no 
impacts on the conclusions we reached using the mean 
titres. However, while the titres are reported as being 
lower in COPD compared to controls, there were no 
significant differences in the proportions of these groups 
that underwent seroconversion to any of the vaccine 
components [17].

The data presented here and by Parpaleix et al. highlight 
that there are differential responses to the different com-
ponents of the TIV [17]. We demonstrate that the mag-
nitude of the response to B/Phuket in the whole cohort 
is approximately twofold lower than the two FluA 

components, and is reflected in both the seroprotection 
and seroconversion rates. This observation may be 
explained by the decreased sensitivity of the HAI assay 
for influenza B whole viral antigens [27]. While the high 
level of pre-existing seroprotection to A/H1N1 in all groups 
is probably a result of the inclusion of the same com-
ponents in both the 2014 and 2015 TIV, the other dif-
ferences between the groups are harder to reconcile. For 
example, the young controls appeared to respond less 
well to the A/H3N2 components than either the COPD 
or age-matched controls. The reason for this is unclear, 
but may result from the original antigenic sin hypothesis, 
where exposure to different circulating viral strains that 
prime the immune system during childhood which may 
then go on to determine which response is able to be 
boosted by the vaccine [28]. Thus, the A/H3N2 may have 
been more dominant during the maturation of the immune 
response in the older volunteers, whereas A/H1N1 may 
have been more dominant at the time of immune matu-
ration in the young volunteers. This is supposition, and 
further work will be required to confirm or refute this 
notion. This difference in response to A/H3N2 strain 
certainly impacts on the correlation with age, reversing 
the direction of the association compared to the other 
components even though the association is not statistically 
significant.

Fig. 8. Correlations of viral titres and pre-exisiting CD4+ T cells with age. Associations between (a–c) viral titres at visit 2 (28 days post-vaccine) to 
individual vaccine components or (d) prevaccine virus-specific CD4+ T cells and age were analyzed by using the Spearman’s rank correlation test.
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The impact of ageing on the antibody responses to the 
influenza vaccination has long been recognized, with the 
clinical vaccine efficacy being reduced from 70 to 90% 
in the young to 17−53% in those subjects who were aged 
≥65 years [29]. When this older age group were further 
categorized into those above or below 75 it was the over-
75s who had significantly lower vaccine responses, sug-
gesting that it is only those aged >75 years who have a 
diminished HAI antibody response [29]. The mean age 
of our COPD and age-matched healthy volunteers was 
69 and 65 years, respectively, and only five COPD patients 
were aged >75 years at the time of sampling, which may 
explain the weak negative correlation with age in our 
study. It has been proposed that the manifestation of 
COPD is a result of accelerated ageing, but current evi-
dence suggests that this phenomenon is confined to the 
lung rather than a manifestation of systemic disease, as 
would be required for an impact on vaccine response 
[30]. In order to overcome the effects of ageing on the 
vaccine response, recent studies have demonstrated that 
increasing the dose of the vaccine components leads to 
better vaccine responses in elderly people [31,32]. If the 
administration of high-dose vaccine is taken into practice, 
our data would suggest that COPD patients may be just 
as likely to respond as other elderly patients. However, 
clinical trials of the high-dose vaccine in COPD would 
be needed to confirm this.

A limitation of our study, that we share with others, 
is the differences in the number of current and ex-smokers 
between the COPD groups and the controls [15–17]. 
This is an important issue, as smoking is associated with 
increased susceptibility to influenza infection [33]. 
However, given the toxic effects of smoking there is some 
debate about whether there is such a thing as healthy 
smoker. Despite this, Burel et al. demonstrate that smok-
ing was not statistically associated with vaccine respon-
siveness in a univariate analysis [16]. A further limitation 
of our study was that there was no age continuum in 
either our healthy or COPD cohort, but rather we recruited 
to discrete age groups. This was deliberate on our part 
to try to ensure that if there was an effect of age it 
would be clearly visible. Furthermore, our ability to only 
demonstrate associations with age may be a function of 
the study being powered to detect differences due to 
disease rather than age differences. The biggest limitation 
to this and all other studies using HAI antibody titre 
as an outcome is that this is not a functional measure 
of protection from influenza vaccination, but is only a 
surrogate marker of protection. Thus, larger-scale rand-
omized controlled trials with clinical end-points and 
confirmed influenza diagnosis are required to fully inves-
tigate the impact of both age and COPD on vaccine 
responses.

In summary, our data suggest that there is no primary 
defect in the responsiveness of COPD patients to the 
TIV. However, there was substantial heterogeneity in the 
responses to the three vaccine components among the 
different age groups, suggesting that age is the primary 
driver to reduced vaccine responsiveness for at least two 
of the vaccine components. These data would support 
continuing the yearly influenza vaccine schedule as an 
adjunct to COPD disease management in an effort to 
reduce the burden of influenza in this patient group.
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Fig. S1. Representative gating strategy for identification of 
IFN-γ, IL-2, IL-17, TNF-α and Granzyme B CD4 and CD8 
T cells. Gate represents percentage of mother gate.

Fig. S2. No difference of polyfunctional influenza-specific 
T-cell responses between COPD, Healthy controls and Younger 

controls at V2 (28d post-vaccine). Detail analyses of qua-
druple (blue), triple (red), double (green) and single (yellow)  
virus-specific CD4 T-cell response (a) and CD8 T-cell response 
(b) are shown on the x-axis for COPD (left graph), Healthy 
controls (middle graph) and Younger controls (right graph).


