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Introduction: Booster vaccinations are required to maintain protection against COVID-19. COPD patients are at higher risk of
developing severe illness following SARS-CoV-2 infection. Previous cross-sectional analysis after the second COVID-19 booster
showed similar immune responses in COPD patients and controls, but pre-vaccination samples were not available. This longitudinal
study evaluated systemic and airway immune responses in COPD patients using samples obtained pre- and post-third COVID-19
vaccination.

Methods: Twelve COPD patients were recruited, with plasma, nasal and sputum (n = 10) samples collected pre-vaccination and 4-
and 14-weeks post vaccination. Samples were analyzed for anti-spike IgA and IgG and cellular immunity. The ability of plasma and
nasal samples to block ACE2-spike protein interaction was assessed for Wild type, Delta, and Omicron spike variants.

Results: Vaccinations increased anti-spike I1gG in plasma (p < 0.001), nasal (IgG p < 0.001) and sputum (p = 0.002) samples, IgA in
plasma (p < 0.001) and blood cellular immunity (p = 0.001). Plasma and nasal anti-spike IgA levels correlated (rho: 0.6, p = 0.02),
with similar results for IgG (rho: 0.79, p = 0.003). Post-vaccination nasal (p = 0.002) and plasma (p < 0.001) samples were less
effective at blocking Omicron spike binding to ACE2 compared to the Wild type spike variant.

Discussion: Airway and systemic immune responses against SARS-CoV-2 increased in COPD patients following a third COVID-19
vaccination. Nasal and systemic responses in COPD patients were less effective against Omicron variant compared to previous
variants.
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Introduction

World-wide vaccination programs against severe acute respiratory coronavirus 2 (SARS-CoV-2) have reduced rates of
severe COVID-19 and mortality." These vaccines provide protection by stimulating systemic humoral and cellular
immunity,>* with booster doses used to ensure maintained host immunity.*> Chronic obstructive pulmonary disease
(COPD) patients are at higher risk of severe illness and mortality following SARS-CoV-2 infection.® Sub-optimal
immune responses to vaccination may occur in COPD patients as humoral responses, including immune memory, are
altered in COPD patients compared to healthy subjects.”® Pre-pandemic, coronaviruses were associated with approxi-
mately 4% of exacerbations in COPD patients,” but this may increase as COVID-19 becomes endemic within the
population. The ability of vaccines to inhibit SARS-CoV-2 airway infections by inducing robust airway responses may
prevent exacerbations.

We previously evaluated systemic and airway immune responses in COPD patients and healthy subjects following
the second dose of SARS-CoV-2 vaccination;'® vaccination responses were similar between the two groups. However,
the study only measured post-vaccination responses without the availability of paired pre-vaccination samples from the
same subject, limiting the interpretation of the results.

The SARS-CoV-2 Spike glycoprotein interacts with the angiotensin-converting enzyme 2 (ACE2) receptor allowing for
cellular attachment and internalization."' The vaccinations used for the first, second and third doses in the UK, and
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elsewhere, were based on the Spike protein of the original wild-type SARS-CoV-2 strain that was first reported in Wuhan
(China) in 2019."*'* Since late 2021, the Omicron variant has become a variant of concern worldwide,'> with at least 30
amino acid changes to the Spike protein compared to the wild-type strain.'® While there is a lower risk of severe disease and
death following infection with Omicron than previous SARS-CoV-2 variants, the very high levels of transmission continue
to pose demands on healthcare systems and may lead to significant morbidity, particularly in vulnerable populations.'’

In this study, we prospectively evaluated the immune responses to the third COVID-19 vaccination, with
a longitudinal sample collection including pre- and post-booster airway and systemic sampling. The aims were to (1)
evaluate in COPD patients the immune response to the third vaccination in different anatomical locations, namely the
blood, nose, and lungs and (2) evaluate protection against the Omicron variant, which was becoming the dominant
variant of concern in the United Kingdom (UK) during the role out of the third vaccine dose.

Methods

Subjects

COPD patients (n = 12) were recruited prior to receiving the third dose of SARS-CoV-2 vaccination; all the patients had been
enrolled in our previous study investigating immune responses following a second COVID vaccination.'® The design of the
study is summarised in Figure 1. Blood, plasma, nasal and sputum samples were collected up to 6 weeks prior to vaccination
and 4- and 14-weeks post vaccination. Three COPD patients developed COVID-19 after donating the 4-week samples, so 14-
week samples were not collected. COPD was diagnosed according to GOLD criteria,'® including a post bronchodilator
first second of forced expiration/forced vital capacity (FEV, / FVC) ratio of <0.7 and had a smoking history of >10 pack years.
All patients were over 40 years of age and reported no history of SARS-CoV-2 infection, which was supported by the
exclusion of patients who had a positive result for serum antibodies against SARS-CoV-2 nucleocapsid protein (Roche anti-
SARS-CoV-2 assay, performed by The Doctors Lab, London, UK). Subjects all provided written informed consent using
a protocol that complied with the Declaration of Helsinki and was approved by the local ethics committee (10/H1003/108).

Antibody Assessments

Plasma, nasal epithelial lining fluid and sputum supernatants were collected, and anti-spike immunoglobulin (Ig) A and IgG
levels measured, as previously described.'® For plasma, the ELISAs (AESKU Diagnostics, Wendelsheim, Germany) were
performed as per the manufacturer’s instructions using the supplied IgA and IgG standards, which were pre-prepared in
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a plasma-like buffer, for quantification. As this plasma-like buffer did not reflect the matrix composition of nasal or sputum
samples, the Aesku ELISAs were modified using recombinant anti-spike IgA and IgG standards (Native Antigen Company,
Oxford, UK) made up in PBS containing 1% bovine serum albumin and 0.05% Tween-20 (Sigma-Aldrich, Poole, UK).
Initially, a 12-point immunoglobulin standard curve, with a top concentration of 1000 ng/mL, was used with the modified
assays to identify the exponential component of the standard curve, with 7 concentrations of standards being chosen to cover
this region in future assays. The limit of detection (LOD) for the assays was identified using multiple blanks, with the lower
level of quantification (LLOQ) being the standard point above the LOD plus three standard deviations. To assess the
performance of the modified assays, parallelism experiments were performed using multiple dilutions of samples collected
from subjects with a recent history of COVID-19. Results suggested matrix interference with the assay when nasal and sputum
samples were used neat, with an acceptable minimal required dilution of 2-fold for both sample types.

The LLOQ for anti-spike IgA and IgG in plasma were 53.1 and 1625 U/mL, respectively, and in nasal and sputum
samples anti-spike IgA and IgG were both 0.8 ng/mL. To enable statistical analysis, samples with levels below the LLOQ
were assigned the arbitrary value of half LLOQ. Using plasma samples collected prior to the COVID-19 pandemic, AESKU
has defined the serological positivity threshold of 12U/mL for both anti-spike IgA and IgG in plasma. The manufacturer
states that the sensitivity and specificity of the anti-spike IgA assay in plasma are 94.6% and >99%, respectively, and 98.6%
and >99% for the IgG assay. Due to insufficient numbers of samples collected pre-COVID and from recently infected
subjects, positivity thresholds, and diagnostic sensitivities and specificities, were not determined for nasal or sputum assays.

Cellular Immunity

Heparinized blood was collected for cellular immunity assessment using Euroimmun’s Quan-T-Cell assay and associated
IFNy ELISA (Liibeck, Germany), which measures SARS-CoV-2 spike protein-induced IFNy from blood T-cells. Blood
was treated with or without spike protein for 20 hours prior to collection of plasma for IFNy analysis. The assays were
performed as per the manufacturer’s instructions with an IFNy limit of quantification of 31.07mIU/mL. Based on blood
samples collected from healthy individuals at the start of the pandemic, with no history of COVID-19, the manufacturer-
defined serological positivity threshold for the assay is 200 mIU/mL.

SARS-CoV-2 Variant Inhibitor Assay

The ability of 4-week post-vaccine plasma and nasal samples to block the interaction of human ACE2 with recombinant
SARS-CoV-2 spike protein from Wild type, Delta and Omicron variants of the virus was assessed using an ELISA-based
pseudo-neutralization assay (SARS-CoV-2 variant inhibitor screening kit, Biotechne, Abingdon, UK). Samples were
assessed at 6 different dilutions (nasal: 4-fold dilutions from neat; plasma: 3-fold dilutions from an initial 27-fold
dilution), with results reported as half-maximal inhibitory dilution (IDsg). Samples where the most concentrated dilution
did not inhibit ACE2/spike interaction by 50% were assigned the arbitrary value of 1 for nasal samples and 27 for
plasma, which were the most concentrated dilutions assessed, to enable statistical analysis.

Statistics

Distribution of data was assessed using the D’Agostino and Pearson test. Comparisons between pre- and post-third
vaccinations and between second and third vaccine response were by Wilcoxon test. Correlations were assessed by
Spearman’s rank test. IDsqs of ACE2-spike interaction were calculated from a four-parameter logistic sigmoidal curve for
each sample. Comparisons in the inhibition of the various spike variants were assessed by Friedman Test, with Dunn’s
multiple comparison test comparing Wild type with Delta and Omicron. All analyses were carried out using GraphPad
Prism version 9.4.1 (San Diego, California, USA).

Results
Subjects

The clinical characteristics of the patients are summarized in Table 1 and Supplementary Table 1. A mixture of COPD

patients with GOLD grades 1-3 were included. The majority of patients received Comirnaty as the third vaccine dose,
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Table | Clinical Characteristics of Patients

COPD (n=12)
Age 66.42 + 6.42
Gender 6F 6M
BMI (kg/m?) 28.90 (18.59-38.20)
Third vaccine Type Comirnaty: n=10 (83.3%)

Vaxzevria: n=2 (16.7%)

Interval between 2nd and 3rd vaccine doses (days) 201 (181-225)
FEV, (L) 1.85 + 0.83
FEV,% 67.76 £ 19.14
FvC 348+ 1.14
FVC % 98.6 + 17.49
FEV,/FVC Ratio (%) 52.03 £ 10.56
Reversibility (%) 13.66 £ 9.57
Reversibility (mL) 195.83 + 107.15
Smoking status Ex-smokers: n=8

Current smokers n=4

Total cigarette Pack years 3278 £ 17.18

Exacerbations 12/12 No exacerbations: n=9

| exacerbation: n=3

CAT score 18.58 * 9.65
MRC Dyspnoea score 233 + 1.37
Time Since COPD Diagnosis (years) 11.42 + 3.65
GOLD score GOLD I: n=5
GOLD 2: n=4
GOLD 3: n=3
ICS users n=7

Note: COPD, Results are presented as either mean * standard deviation or median (range).
Abbreviations: COPD, chronic obstructive pulmonary disease; BMI, body mass index; FEV|,
first second of forced expiration; FVC, forced vital capacity; CAT, COPD assessment test;
GOLD, Global Initiative for Chronic Obstructive Disease.

83.3% (10/12). The median time interval between the second and third vaccine doses was 201 days. Baseline sputum

samples were successfully collected from 10 patients.

Humoral and Cellular Immunity Responses Post Third Vaccination

Levels of anti-spike IgA and IgG in plasma were above the kit manufacturers-defined positivity threshold (12 IU/mL) for
all pre- and post-vaccination samples tested (Figure 2A). For cellular immunity, 9 of the 12 pre-vaccination samples were
above the positivity threshold (200 mIU/mL), with all 4-week post-vaccination samples, and 8 of the 14-week post-
vaccination samples, being positive (Figure 2D). There were increases in anti-spike IgG levels in plasma (p < 0.0001),
nasal (p = 0.0005) and sputum (p = 0.0019) samples, and cellular immunity (p = 0.0010) responses in samples collected
4-weeks post vaccination compared to pre-vaccine samples (Figure 2). For anti-spike IgA levels, there were increases in
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Figure 2 Anti-spike immunoglobulin levels in plasma, nasal and sputum samples, and memory T-cell responses before and after vaccination (n=12). Samples were collected
from patients before and 4 and 14 weeks after receiving their third dose of COVID-19 vaccination. Immunoglobulin levels were measured by ELISA, with plasma levels (A)
reported as U/mL, while nasal (B) and sputum (C) results are reported as ng/mL. Heparinized blood was collected and treated with recombinant Wild type spike protein
and the resulting memory T-cell induced IFNy was measured by ELISA (D). Median levels and range are presented using logo Y-axes. Kit manufacturer-determined positivity

thresholds for plasma anti-spike IgA and IgG (both 12U/mL), and spike-induced IFNy (200mIU/mL) are illustrated by dotted lines. Comparisons between pre and post levels
were by Wilcoxon test (*¥p<0.01; ***p<0.001).

plasma IgA levels at 4 weeks (p = 0.0004), but no increase in nasal (p = 0.95) or sputum (p = 0.69) anti-spike IgA.
Vaccine-induced immunity declined between 4- and 14-weeks post vaccination, with only plasma anti-spike IgA (p =
0.0489) and IgG (p = 0.0368) levels and nasal IgG levels remaining higher than pre-vaccination after 14-weeks. There
were no significant differences between the 4-week and 14-week levels for any of the immune responses measured.
Anti-spike IgA and IgG levels in plasma and nasal samples collected 4-weeks post vaccination correlated (Figure 3A
and B. IgA: tho = 0.657, p = 0.024; IgG; rho = 0.790, p = 0.003). Sputum anti-spike IgG levels correlated with plasma
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Figure 3 Correlations of anti-spike immunoglobulin levels in plasma with those in nasal and sputum samples collected 4 weeks post third vaccination. Correlations were

assessed by Spearman’s rank test with Rho and p-values reported on each graph for (A) plasma vs nasal anti-spike IgA, (B) plasma vs nasal anti-spike IgG and (C) plasma vs
sputum anti-spike IgG.
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IgG levels (rho = 0.76, p = 0.015; Figure 3C), while sputum and plasma anti-spike IgA levels did not correlate. Baseline
plasma levels of anti-spike IgA and IgG did not correlate with levels in baseline nasal or sputum samples.

Neutralization Antibody Responses Against SARS-CoV-2 Variants

To investigate the effectiveness of the third vaccination against different SARS-CoV-2 variants of concern, we performed
an ELISA-based binding assay to assess the ability of 4-week post-vaccination plasma and nasal samples to block the
interaction between the human ACE2 receptor and spike proteins from Wild type, Delta, and Omicron variants. For
plasma and nasal samples, inhibition of Omicron spike binding was lower compared to Wild type and Delta spike
variants (Figure 4; median IDs, values: Plasma: Wild type 986; Delta 1322 and Omicron 164; Nasal: Wild type 3.4; Delta
2.8 and Omicron 1.0).

Discussion
In COPD patients, airway and systemic immune responses against SARS-Cov-2 increased following a third COVID-19

vaccination. This is an important finding as COPD patients are at increased risk of severe illness following SARS-CoV-2
infection.® Plasma and nasal samples collected post-vaccination had lower ability to block Omicron variant Spike protein
interaction with ACE2 compared to Spike proteins from earlier SARS-CoV-2 variants.

Our previous cross-sectional study examined systemic and airway immune responses following the second vaccina-
tion dose.'” We reported that vaccine-induced immune responses in COPD patients were similar to those in healthy
subjects, but the interpretation of the results was influenced by the lack of paired pre-vaccination measurements. Here,
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Figure 4 Inhibition of ACE2-spike protein interactions with plasma and nasal samples collected 4 weeks post vaccination. (A) Plasma and (B) nasal samples from patients
were serially diluted and assessed for their ability to block the interaction of ACE2 and spike protein from Wild type, Delta and Omicron SARS-COV-2 variants. Results are
presented as percentage inhibition of the maximal ACE2-spike interaction, which was measured in the absence of any sample. IDs, values were calculated for each patient for
both plasma (C) and nasal (D) sample responses for each of the spike variants. Comparisons in the inhibition of the various spike variants was assessed by Friedman Test,
with Dunn’s multiple comparison test comparing Wild type with Delta and Omicron (**p<0.01; ****p<0.0001).
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we report a longitudinal study design with measurements pre- and post-third vaccination in COPD patients, with results
demonstrating increases in anti-COVID immune responses in both systemic and airway samples. Chaiwong et al reported
that systemic neutralizing antibody and T-cell responses were increased following ChAdOx-1 vaccinations and the levels
were similar in COPD patients and healthy subjects.'” In this study, we also evaluated nasal and sputum responses;
vaccine induced anti-spike IgG responses were observed across plasma, nasal and sputum samples, but the anti-spike IgA
response was only observed in the plasma.

Nasal and plasma anti-spike IgG levels correlated, which was also shown in our previous study and by Havervall
et al.'%* These findings corroborate the spill-over effect of systemic IgG to the mucosa.>' Unlike our previous study,
post-vaccination nasal IgA levels did correlate with plasma levels. In contrast, IgA levels in plasma and nasal samples
prior to the third vaccination did not correlate (Rho: —0.2, p = 0.45). This post-vaccination association suggests that
systemic “spill over” of anti-spike IgA may be occurring, but this “spill over” is likely to be relatively minor as nasal IgA
levels remained low post-vaccination and without any significant upregulation at 4-weeks. In contrast to this minor
change following vaccination, induction of nasal anti-spike IgA following infection with the SARS-CoV-2 omicron
variant has been linked to local mucosal IgA production.*

While nasal anti-spike IgA levels are increased following COVID-19,2%% levels were poorly boosted in the nasal
mucosa of healthcare workers following a fourth dose, irrelevant of previous SARS-CoV-2 infection.”> We have shown
similar results for nasal and sputum samples in COVID-19 naive COPD patients following a third vaccination. Mucosal
anti-spike IgA, but not IgG, is important for preventing SARS-CoV-2 Omicron variant infection.”” Future vaccines that
expose the airways to COVID-19 antigens may reduce infection rates.

A notable observation was the decline in spike-specific antibodies by week 14, also observed in other studies
following a third vaccine dose.”*?® While protection against hospitalization due to COVID infections wanes following
vaccination, protection levels are still 86% effective at 2—4 months following a 3" dose of mRNA vaccine,”’ suggesting
that declining plasma antibodies within 14 weeks may not directly relate to clinical protection. Memory B-cells produce
little secreted antibodies under normal conditions but respond rapidly when challenged.?® Muecksck et al showed that
COVID booster vaccinations lead to an expansion and diversification of memory B-cells.?’ This diversification led to an
increase in memory B-cell antibody breadth and potency against variants that were not specifically targeted by the
vaccine, with the proportion of Omicron neutralising antibodies increasing from 15% after the 2" vaccine to 50% after
a 3" vaccine dose. Thus, an enhanced memory B-cell response is likely to be a key mechanism by which a 3™ vaccine
dose offers protection against severe disease.

While causing less severe acute illness,*” the high transmission rates of the Omicron variant are a major healthcare
concern. Vaccines developed using the wild-type spike antigen induce systemic neutralizing antibody responses that are
less-effective against the Omicron variant compared to previous variants of concern.'”*!*? We used plasma and nasal
samples to investigate this issue in COPD patients and also observed impaired neutralizing antibody responses against
the Omicron variant. This impaired neutralization response to the Omicron variant is similar in plasma from COPD
patients and age-matched healthy subjects.'® Bivalent vaccines, containing antigens against both the wild-type and
Omicron spike proteins, have been approved by regulators.**** These vaccines induce greater systemic neutralizing
antibody responses against the Omicron variants than the original monovalent vaccines.”® Further research is required to
assess if these bivalent vaccines boost airway defenses against the Omicron variant.

A limitation of this study was the small sample size. One reason for the limited sample size was that study recruitment
coincided with the lifting of COVID-19 restrictions in the UK and the emergence of the Omicron variant, causing
increased infection rates. However, the results we have observed in this small COPD cohort align with those seen in
larger general population cohorts, such as vaccine-induced increases in nasal anti-spike IgG, but minimal changes in

nasal anti-spike IgA>>°

37,38

and lower anti-Omicron responses in blood compared to those against Wild-type and Delta spike
variants, increasing confidence in their validity. While attempts were made to exclude subjects with a history of
COVID-19, including screening for serum antibodies against the SARS-CoV-2 nucleocapsid protein, enrollment of
subjects with a history of mild non-symptomatic infection may have occurred. As positivity thresholds for the nasal and
sputum assays used in this study have not been defined, it was not possible to state if the immune responses measured

were above pre-pandemic levels. While we have shown that anti-spike IgG levels are increased in airway samples from
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COPD patients following vaccination and shown that post-vaccine samples can inhibit interaction between the spike
protein and the ACE2 receptor, further studies will be required to see if these vaccines reduce coronavirus associated
exacerbations in COPD.

Conclusion

This study has provided further evidence that SARS-CoV-2 vaccines induce immune responses in COPD patients, which is
an important finding as it is recommended that COPD patients continue to receive seasonal vaccinations against COVID-19.
We have also demonstrated that vaccines based on the wild-type SARS-CoV-2 spike protein induce nasal, and systemic
responses in COPD patients that are less effective against Omicron variant compared to previous variants of concern.
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