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ABSTRACT

Loss of airway microbial diversity is associated with non-typeable Haemophilus influenzae (NTHi) infec-
tion and increased risk of exacerbation in chronic obstructive pulmonary disease (COPD). We assessed
the safety and immunogenicity of an investigational vaccine containing NTHi antigens, recombinant pro-
tein D (PD) and combined protein E and Pilin A (PE-PilA), and ASO1 adjuvant in adults with moderate/-
severe COPD and prior exacerbations.

In this phase 2, observer-blind, controlled trial (NCT02075541), 145 COPD patients aged 40-80 years
randomly (1:1) received two doses of NTHi vaccine or placebo 60 days apart, on top of standard care.

Reactogenicity in the 7-day post-vaccination period was higher following NTHi vaccine than placebo.
Most solicited adverse events (AEs) were mild/moderate. At least one unsolicited AE was reported during
the 30-day post-vaccination period by 54.8% of NTHi vaccine and 51.4% of placebo recipients. One serious
AE (placebo group) was assessed by the investigator as vaccine-related. Anti-PD, anti-PE and anti-PilA
geometric mean antibody concentrations increased up to 30 days after each NTHi vaccine dose, waned
thereafter, but remained higher than baseline (non-overlapping confidence intervals) up to 13 months
post-dose 2. The frequency of specific CD4" T cells increased following two doses of NTHi vaccine and
remained higher than baseline. Exploratory analysis showed a statistically non-significant lower yearly
rate of moderate/severe exacerbations in the NTHi vaccine group than following placebo (1.49 versus
1.73) in the one-year period post-dose 2, with estimated vaccine efficacy of 13.3% (95% confidence inter-
val —24.2 to 39.5; p=0.44).

The NTHi vaccine had an acceptable safety and reactogenicity profile and good immunogenicity in
adults with COPD.
© 2019 GlaxoSmithKline Biologicals S.A. Published by Elsevier Ltd. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abbreviations: AECOPD, acute exacerbations of COPD; AERIS, Acute Exacerbation 1. Introduction
and Respiratory InfectionS in COPD; COPD, chronic obstructive pulmonary disease;

ELISA, enzyme-linked immunosorbent assay; GOLD, Global Initiative for Chronic
Obstructive Lung Disease; NTHi, non-typeable Haemophilus influenzae; PD, protein

D; PE, protein E; PilA, Pilin A.

Acute exacerbations contribute substantially to the morbidity
and mortality of chronic obstructive pulmonary disease (COPD)
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ated with COPD severity and exacerbation occurrence [2-5]. In the
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Focus on the Patient

Chronic obstructive pulmonary disease (COPD) is a lung disease associated with symptoms like
increasing breathlessness and coughing with sputum production. COPD flare-ups with worsening
symptoms (also referred to as exacerbations) are often caused by lung infection with the bacterium

non-typeable Haemophilus influenzae (NTHi).

We administered an investigational vaccine designed against acute exacerbations caused by NTHi
(further called NTHi vaccine) to adults 40 to 80 years old with moderate or severe COPD and history of
exacerbations. We then examined the safety and immune responses of participants to the NTHi vaccine.
We observed mild or moderate reactions that resolved within a few days of vaccination. The NTHi

vaccine induced a good immune response.

What is the impact?

The results show the vaccine has an acceptable safety profile and support further clinical assessment of
this investigational NTHi vaccine in reducing the frequency of acute exacerbations in patients with

COPD.

Fig. 1. Focus on the patient section.

prospective, observational cohort study, Acute Exacerbation and
Respiratory InfectionS in COPD (AERIS), loss of microbial diversity
was associated with non-typeable Haemophilus influenzae (NTHi)
infection and increased risk of exacerbation [6]. AERIS and other
studies also showed changes in the prevalence of airway bacteria
at exacerbation compared with the stable state [7-11]. Global Ini-
tiative for Chronic Obstructive Lung Disease (GOLD) currently rec-
ommends influenza and pneumococcal vaccines for COPD patients
[12] but no vaccine is specifically indicated for the prevention of
acute exacerbations of COPD (AECOPD).

An oral whole cell NTHi vaccine did not provide convincing pro-
tection against exacerbations of COPD or bronchitis [13,14]. Conse-
quently, the use of conserved surface-exposed proteins as vaccine
antigens is being investigated as an alternative approach [15,16]. A
multi-component investigational NTHi vaccine has been developed
consisting of three conserved surface proteins in the form of two
vaccine antigens: a free recombinant protein D (PD) and a recom-
binant fusion protein combining protein E and Pilin A (PE-PilA). PD
is a highly conserved lipoprotein among encapsulated and non-
encapsulated H. influenzae strains [17] that is also used as carrier
in the licensed 10-valent pneumococcal conjugate vaccine (Syn-
florix, GSK) [18]. PE has a role in NTHi adhesion to host tissues
[19] and human complement resistance [20,21], while PilA plays
a key role in biofilm formation, adherence to human epithelial cells
and colonisation of the upper respiratory tract [22]. Investigational
NTHi vaccine formulations that included the Adjuvant System
ASO1g produced higher humoral and cellular immune responses
in current or former smokers aged 50-70 years than those that
included alum or non-adjuvanted formulations [23]. In that phase
1 study, and another conducted in healthy 18-40 year-olds [23],

the NTHi vaccine formulations had an acceptable safety and reac-
togenicity profile and induced antigen-specific immune responses.

Here, we report the results of a phase 2 placebo-controlled
study in which the safety and reactogenicity of the investigational
NTHi vaccine was evaluated, for the first time, in adults with mod-
erate or severe COPD. The vaccine’s humoral and cellular immuno-
genicity was assessed as a secondary objective and an exploratory
tertiary analysis evaluated efficacy against AECOPD.

A Focus on the Patient section (Fig. 1) summarises the clinical
relevance and impact of this study on the patient population.

2. Methods
2.1. Study design and patients

This randomised, observer-blind, placebo-controlled study was
conducted in four centres in Sweden and 11 in the UK between 8
July 2014 and 19 April 2017 (ClinicalTrials.gov identifier:
NCT02075541). Patients, enrolled between 6 August 2014 and 30
October 2015, were aged 40-80 years and had a confirmed diagno-
sis of COPD, with stage 2/3 (moderate to severe) airflow limitation,
according to GOLD staging [12]. All patients were current or former
smokers (smoking history > 10 pack-years). Current smokers were
defined as people who were smoking or had stopped smoking less
than six months before entry into the study and former smokers as
people who had stopped smoking for at least six months. A pack-
year is defined as 20 cigarettes smoked every day for one year
and the number of pack-years was calculated as: (average number
of cigarettes smoked per day times number of years smoked)
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divided by 20. Enrolled patients had stable COPD (last exacerbation
was resolved for at least 30 days), with a documented history of at
least one moderate or severe AECOPD within the last 12 months.
Each participant was, in the opinion of the investigator, capable
of complying with the requirements of the protocol, including reg-
ular sputum production. Women of non-childbearing potential or
on adequate contraception could be enrolled. Exclusion criteria
for the study are described in the supplementary methods.

An AECOPD was defined as worsening of at least two major
symptoms (dyspnoea, sputum volume and sputum purulence) or
worsening of at least one major symptom and one minor symptom
(sore throat, colds [nasal discharge and/or nasal congestion], fever
[oral temperature > 37.5 °C| without other cause, increased cough
and increased wheeze) for at least two consecutive days. An exac-
erbation was considered mild if self-managed by the patient using
inhaled therapy, moderate if it required treatment with oral corti-
costeroids, antibiotics or both, and severe if the patient required
hospitalisation or an equivalent home care intervention [24].

Patients were randomised (1:1) to receive, on top of standard
care, two doses by intramuscular injection 60 days apart of the
investigational NTHi vaccine or saline placebo using a centralised
randomisation system (SBIR), with a minimisation procedure
accounting for age category (40-59 or 60-80 years), number of
moderate or severe exacerbations in the previous year (<2 or >2)
and GOLD stage (2 or 3). Due to differences in the appearance of
the study vaccine and placebo formulation, the study was con-
ducted in an observer-blind manner, i.e. vaccine/placebo recipients
and those responsible for the evaluation of any study endpoint
were blinded to the administered formulation and formulations
were prepared and administered by authorised clinical personnel
who did not participate in any of the study clinical evaluations or
assays.

The NTHi vaccine contained 10 ug PD and 10 pg PE-PilA per
dose with ASO1g (containing immunostimulants, 3-O-desacyl-4’-
monophosphoryl lipid A and saponin QS-21, 25 ug each, and lipo-
somes), as described previously [23]. Patients were followed for
approximately 15 months after the first vaccination. The primary
objective was to assess safety and reactogenicity and the sec-
ondary objective was to describe the vaccine’s humoral and cellu-
lar immunogenicity.

The study was conducted in accordance with the Declaration of
Helsinki and Good Clinical Practice. The protocols and associated
documents were reviewed and approved by the Southampton
and South West Hampshire Research Ethics Committee, UK, and
Regional Research Ethics Committee, Gothenburg, Sweden. All par-
ticipants provided written informed consent before study entry.
The study protocol is available at https://www.gsk-studyregis-
ter.com (study identifier, 200157). Anonymized individual partici-
pant data and study documents can be requested for further
research from www.clinicalstudydatarequest.com.

2.2. Safety and reactogenicity

Solicited local (pain, redness and swelling at the injection site)
and general (fatigue, fever, gastrointestinal symptoms and head-
ache) adverse events (AEs) were recorded for 7 days after each
dose on diary cards. Unsolicited AEs with onset during the 30 days
after each dose were recorded. AE intensity was graded on a 0-3
scale. Grade 3 redness or swelling was defined as diame-
ter > 100 mm and grade 3 fever as temperature > 39.5 °C. Other
grade 3 AEs were defined as preventing normal activities.

Haematological and biochemical parameters were measured
before, at 7 and 30 days after each vaccination and at Days 270
and 450 (7 and 13 months post-dose 2). Abnormal laboratory find-
ings that were judged by the investigator to be clinically significant
were recorded as an AE or serious AE (SAE) and graded 1-4 [25].

Data on potential immune-mediated diseases (pIMDs) [26] and
SAEs were collected for the duration of the study.

2.3. Humoral and cellular immunogenicity

Immunoglobulin G antibody geometric mean concentrations
(GMCs) to each vaccine antigen were measured by enzyme-
linked immunosorbent assay (ELISA), developed and optimised
by GSK Biologicals, of blood samples taken before and 30 days after
each vaccination, and at Days 270 and 450. Sera were stored at
—20°C until assayed. Standardised procedures and in-house-
made serum were used for each assay. The cut-off of the assays
was 153 ELISA units (EU)/mL, 8 EU/mL and 7 EU/mL for anti-PD,
anti-PE and anti-PilA antibodies, respectively.

NTHi-specific cell-mediated immune (CMI) responses (antigen-
specific CD4" and CD8" T cells) were measured by flow cytometry
using intracellular cytokine staining (ICS) on peripheral blood
mononuclear cells, following an adaptation of previously described
methods in which the T cells are re-stimulated by incubation with
antigen in the presence of costimulatory antibodies to CD28 and
CD49d [27]. Blood samples for CMI response analysis were taken
before vaccination, 30 days after the second vaccination and at
Days 270 and 450 in a sub-cohort of patients (15 per group)
selected randomly using a centralised randomisation system
(SBIR). The frequency of antigen-specific CD4" and CD8" T cells
expressing selected cytokine markers among CD40L, IL-2, TNF-a,
IFN-y, IL-13 and IL-17 and a combination of at least two of the
above markers was calculated.

2.4. Vaccine efficacy

An exploratory analysis was performed of vaccine efficacy (VE)
against AECOPD, which was a tertiary endpoint of the study. Exac-
erbations, detected using daily electronic diary cards, were
recorded as mild, moderate or severe (see supplementary
methods).

2.5. Statistical analyses

The study’s primary objective was to evaluate safety. Thus, sam-
ple size was based on estimates of the percentage of subjects in
each group with AEs following vaccination. With approximately
70 eligible COPD patients enrolled in each study group, the chance
of detecting an AE with true incidence of 5% was >97%. The safety
analysis was performed on the total vaccinated cohort, which
included all vaccinated participants. The incidence of AEs per study
group was calculated with exact 95% confidence intervals (CIs)
after each vaccine dose. Since the number of patients enrolled
was limited, no formal statistical comparisons of reactogenicity
were performed between groups.

The immunogenicity analysis was performed on the according-
to-protocol (ATP) cohort for immunogenicity, i.e. eligible patients
who received the study vaccine correctly and complied with study
procedures; patients who received immune-modifying treatment
for > 14 days were eliminated. Antibody GMCs and their 95% Cls
were determined. The between groups GMC ratio at one month
post-dose 2 and its 95% CI for each vaccine antigen was computed
with an analysis of covariance model that considers heterogeneity
of variances (via Proc Mixed) on the log;, transformation of con-
centrations. The model included country, age category, number
of moderate or severe exacerbations in the previous year (<2 or
>2), GOLD stage and baseline concentration (as covariate) as fixed
effects. The NTHi vaccine group and placebo group were consid-
ered significantly different if the 95% CI for the GMC ratio (adjusted
for baseline concentration) between the two groups did not
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contain 1. No adjustment for multiplicity was performed and the
clinical relevance of any difference is unknown.

Cellular immunity responses were expressed as the frequency
of specific CD4* or CD8" T cells identified as expressing at least
two markers upon in vitro stimulation with the relevant pool of
peptides, after subtraction of the corresponding frequency of
CD4" or CD8" T cells similarly “stimulated” with medium instead
of the peptide pool (background frequency). The frequency of
specific CD4" and CD8" T cells was summarised for a subset of sub-
jects using descriptive statistics.

To assess clinical efficacy, VE was estimated from the yearly
rate of AECOPD calculated from one month post-dose 2 in the total
vaccinated cohort, using a negative binomial model with treatment
group, country, GOLD stage, history of exacerbations and age cate-
gory as factors. A complementary post-hoc analysis was performed
to evaluate time to first exacerbation event (any or moderate/sev-
ere) from one month post-dose 2. Further details are provided in
the supplement.

Statistical analyses were performed using Statistical Analysis
Systems (SAS) version 9.2.

3. Results
3.1. Study population

Of 268 COPD patients who were screened, 145 met the inclu-
sion criteria; 73 were enrolled and vaccinated in the NTHi vaccine
group and 72 were enrolled in the placebo control group (Fig. 2).
Thirty-three patients were enrolled in Sweden (16 in vaccine
group, 17 in control group) and 112 in the UK (57 and 55, respec-

Table 1
Demographic characteristics of the study participants (total vaccinated cohort).
Characteristic NTHi Placebo
vaccine (N=72)
(N=73)
Age (years) at dose 1, mean (SD) 67.0 (8.41) 66.8
(7.21)
Age range (years) 45-78 46-81
Male gender, n (%) 39 (53.4) 36 (50.0)
Smoking status, n (%)
Current smoker 23 (31.5) 24 (33.3)
Former smoker 50 (68.5) 48 (66.7)

Number of exacerbations in preceding
12 months, according to severity, mean (SD)

Mild 0.3 (0.9) 0.3 (0.8)
Moderate 2.3(1.6) 2.7 (2.3)
Severe 0.2 (0.5) 0.2 (0.5)
FEV; after bronchodilator use (L), mean (SD) 1.5 (0.5) 1.5 (0.5)
FEV, after bronchodilator use (% predicted), mean 55.3 (14.4) 56.0
(SD) (13.9)
FEV,/FVC, n (%)
<0.70 71 (97.3) 67 (93.1)
>0.70 0 2(2.8)
Missing data 2(2.7) 3(4.2)
COPD assessment test score, mean (SD) 18.2 (7.4) 17.6 (8.7)
mMRC score, mean (SD) 2.4 (1.0) 2.3(1.0)
Sputum positive for H. influenzae*, n (%) 18 (24.7) 19 (26.4)

COPD, chronic obstructive pulmonary disease; FEV,, forced expiratory volume in
1's; FVC, forced vital capacity; mMRC, modified Medical Research Council dyspnoea
scale; N, number of participants; n, number of participants in a specific category;
SD, standard deviation.

*Haemophilus influenzae was identified, using conventional culture techniques, from
sputum samples obtained by spontaneous expectoration or induced, processed
according to standard methods [11].

N=145

Total vaccinated cohort

[

!

NTHi vaccine
N=73

Discontinued (n=4)
1: Serious adverse event
1: Protocol violation
1: Consent withdrawal
1: Unable to perform study
procedures
v

Completed (n=69) |

Excluded from ATP analysis (n=27)
Forbidden vaccine administered
Randomisation code broken

: Vaccine not administered according to protocol
Forbidden medication administered

Forbidden underlying medical condition
Non-compliance with vaccination schedule
Non-compliance with blood sampling schedule
Essential serological data missing

oD RENDS

v

ATP cohort for immunogenicity
N=46

Placebo
N=72

Discontinued (n=8)
4: Serious adverse event
3: Consent withdrawal
1: Study termination

:

Completed (n=64)

Excluded from ATP analysis (n=27)

2: Forbidden vaccine administered

4: Randomisation code broken

4: Vaccine not administered according to protocol
5: Forbidden medication administered

9: Forbidden underlying medical condition

1: Non-compliance with vaccination schedule

2: Non-compliance with blood sampling schedule

A 4

ATP cohort forimmunogenicity
N=45

Fig. 2. Disposition of the study participants and reasons for exclusion from the according-to-protocol cohort for immunogenicity. ATP, according-to-protocol; N, number of

participants; n, number of participants in a specific category.
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tively). Sixty-nine participants in the NTHi vaccine group and 64 in
the placebo group completed the study; reasons for discontinua-
tion are shown in Fig. 2. Twenty-seven participants in each group
were excluded from the ATP cohort for immunogenicity because
of protocol deviations (Fig. 2).

Mean age in both groups was 67 years and around half of
patients were men (Table 1). H. influenzae was detected in approx-
imately one-quarter of cultured sputum samples at baseline. All
participants were white (European heritage).

3.2. Safety and reactogenicity

Pain and fatigue were the most frequently reported solicited
local and general AEs, respectively, during the 7-day post-
vaccination period (Fig. 3). The incidence of each solicited local
AE was higher in the NTHi vaccine group than in the placebo group
after each dose (Fig. 3). There were three reports of grade 3 pain
after the first NTHi vaccine dose and five after the second dose,

100 1

90 1

Percentage of patients

Pain i Redness Swelling

Fatigue

all of which lasted no longer than 3days and resolved
spontaneously.

Incidences of the solicited general symptoms in the NTHi vac-
cine group tended to be higher after the second dose, although
95% Cls overlapped (Fig. 3). There were four reports of grade 3 soli-
cited general events related to vaccination (two fatigue, two head-
ache) after the first NTHi vaccine dose and six (three fatigue, two
headache, one gastrointestinal symptoms) after the second dose,
all of which resolved spontaneously and lasted no longer than
3 days, apart from one report of headache post-dose 2 that lasted
7 days. In the placebo group, there were five reports of grade 3
vaccine-related general events (one fatigue, one gastrointestinal
symptoms, two headache, one fever) after the first dose and three
after the second dose (two fatigue, one headache) that lasted no
longer than 2 days.

During the 30-day post-vaccination period, at least one unso-
licited AE was reported by 54.8% of participants in the NTHi vac-
cine group and 51.4% of participants in the placebo group
(Table 2). Grade 3 vaccine-related unsolicited AEs were reported

[@ NTHi vaccine (N=73)
OPlacebo (N=72)

B Grade 3

77
|

i

Dl

L al symptoms Headache Fever

Fig. 3. Percentages of participants (with exact 95% confidence intervals) reporting solicited local (pain redness and swelling) and general (fatigue, gastrointestinal symptoms,
headache and fever) adverse events during 7-day post-vaccination period after each dose of NTHi vaccine or placebo control (total vaccinated cohort). PD1, 7-day period post-
dose 1; PD2, 7-day period post-dose 2. GI (gastrointestinal) symptoms defined as nausea, vomiting, diarrhoea and/or abdominal pain. Fever defined as temperature > 37.5 °C.
Grade 3 defined as diameter > 100 mm (redness and swelling), temperature > 39.5 °C (fever), preventing normal activity (pain, fatigue, gastrointestinal symptoms and

headache). N, number of participants.

Table 2

Percentage of participants reporting unsolicited adverse events (AEs) during the 30-day period after each vaccine dose (total vaccinated cohort).

Percentage of patients (95% CI)

NTHi vaccine (N =73) Placebo (N =72)

At least one unsolicited AE
Related to vaccination
Grade 3 intensity
Grade 3 intensity related to vaccination
Unsolicited AEs reported in > 5.0% of subjects in at least one group
Nasopharyngitis
Oropharyngeal pain
Urinary tract infection
Cough

54.8 (42.7-66.5)
24.7 (15.3-36.1)

51.4 (39.3-63.3)
11.1 (4.9-20.7)

6.8 (2.3-15.3) 9.7 (4.0-19.0)
5.5 (1.5-13.4) 2.8 (0.3-9.7)
9.6 (3.9-18.8) 5.6 (1.5-13.6)
6.8 (2.3-15.3) 6.9 (2.3-15.5)
1.4 (0.0-7.4) 56 (1.5-13.6)
6.8 (2.3-15.3) 1.4 (0.0-7.5)

95% Cl, 95% confidence interval; N, number of participants.
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Pre (DO0), pre-dose 1; PI(D30), 30 days post-dose 1; PI(D60), pre-dose 2; P11(D90), 30 days
post-dose 2; P1I(D270), 7 months post-dose 2; PlI(D450), 13 months post-dose 2.

Fig. 4. Geometric mean concentrations of (A) anti-PD, (B) anti-PE and (C) anti-PilA antibodies measured by enzyme-linked immunosorbent assay (ATP cohort for
immunogenicity). Number of subjects with available results at each time point: between 39 and 46 in NTHi vaccine group, between 38 and 45 in placebo control group. A.
Anti-PD antibodies. B. Anti-PE antibodies. C. Anti-PilA antibodies. EU, ELISA (enzyme-linked immunosorbent assay) units; 95% CI, 95% confidence interval. Pre (DO), pre-dose
1; PI(D30), 30 days post-dose 1; PI(D60), pre-dose 2; PII(D90), 30 days post-dose 2; PII(D270), 7 months post-dose 2; PII(D450), 13 months post-dose 2.
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Table 3

Comparison of anti-PD, anti-PE and anti-PilA antibody responses to NTHi vaccine and placebo in terms of GMC ratio adjusted for baseline GMC one month after the second vaccine
dose (according-to-protocol cohort for immunogenicity). An analysis of covariance model was used, considering heterogeneity of variances (via Proc Mixed) on the log;o
transformation of concentrations, and including country, age category, number of moderate or severe exacerbations in the previous year (<2 or >2), GOLD stage and baseline
concentration of antigen (as covariate) as fixed effects. Statistical significance was indicated if the 95% CI for the GMC ratio excluded 1.

NTHi Placebo Adjusted GMC ratio

n Adjusted GMC (EU/mL) Adjusted GMC (EU/mL) NTHi:Placebo (95% CI)
Anti-PD 44 1259.9 45 80.7 15.61 (11.30-21.56)
Anti-PE 41 9094.9 44 12.0 760.46 (519.78-1112.6)
Anti-PilA 39 1293.4 41 146 88.30 (60.78-128.28)

GMC, geometric mean concentration; 95% CI, 95% confidence interval; n, number of participants with available results; PD, protein D; PE, protein E; PilA, Pilin A.

AECOPD severity category Vaccine efficacy

Any — 10.5% (p=0.5015)

Moderate/severe L 13.3% (p=0.4367)

-40 -20 0 20 40
Vaccine efficacy (%, 95% Cl)

Fig. 5. Estimated efficacy of the investigational NTHi vaccine against AECOPD of
any severity and moderate/severe AECOPD in the one-year period after one month
post-dose 2 (total vaccinated cohort). In this exploratory analysis, efficacy was
defined as 1 minus the yearly rate of AECOPD in the NTHi vaccine group versus the
yearly rate in the placebo group. 95% CI, 95% confidence interval; AECOPD, acute
exacerbations of chronic obstructive pulmonary disease.

by two (2.8%) participants in the placebo group (nasopharyngitis
and migraine, lasting 15 days and 1 day, respectively) and four par-
ticipants (5.5%) in the NTHi vaccine group: fatigue (two partici-
pants; duration 2 and 4 days), headache (one participant;
duration 7 days) and dizziness, cough, oropharyngeal pain and rhi-
norrhoea (one participant; oropharyngeal pain lasting 45 days,
duration unknown for other AEs).

Fifteen participants in the NTHi vaccine group and 17 in the pla-
cebo group reported a total of 62 SAEs (28 and 34, respectively).
One SAE (infective exacerbation of COPD that lasted 37 days,
reported by a 63-year-old patient at Day 200 after the second pla-
cebo dose) was considered by the investigator as causally related
to vaccination. There were three deaths; one in the NTHi group
(68-year-old participant who died due to COPD, pneumonia and
respiratory failure) and two in the placebo group (68-year-old par-
ticipant who died due to metastatic bronchial cancer and 68-year-
old patient with fatal myocardial infarction). None were consid-
ered related to vaccination. Two pIMDs were reported in the NTHi
vaccine group, neither of which was considered related to vaccina-
tion. Facial paralysis (Bell’s palsy) was reported at Day 128 after
the second vaccine dose by a patient aged 54 years, which was con-
sidered by the investigator as serious, and non-serious gout was
reported at Day 63 after the second dose by a 72-year-old
participant.

Three grade 3 abnormal haematology or biochemistry results
were reported in three participants (4.1%) in the NTHi vaccine
group and eight were reported by six participants (8.3%) in the pla-
cebo group. A grade 4 change in haemoglobin from baseline was
reported in one participant (1.4%) in the placebo group. All grade
3 or 4 abnormal haemoglobin results were reported at least one
month after vaccination.

3.3. Immunogenicity

In the NTHi vaccine group, antibody GMCs against all three anti-
gens increased after each vaccine dose, while no increases were

observed in the placebo group (Fig. 4). GMCs waned in the NTHi
vaccine group after Day 90 but remained higher than baseline at
subsequent time points. One month after the second dose, anti-
body responses were significantly higher in the NTHi vaccine
group than with placebo for each antigen, with lower limits of
the 95% ClIs of adjusted GMC ratios above 10 (Table 3).

The frequency of NTHi antigen-specific CD4" T cells expressing
at least two markers among CD40L, IL-2, TNF-o, IFN-y, IL-13 and IL-
17 showed increases from baseline to 30 days after the second vac-
cine dose (supplementary Fig. S1). This was followed by a reduc-
tion in response up to the last time point, although responses
remained higher than baseline. Frequencies overlapped between
groups but tended to be higher in the NTHi group.

Exploring the T helper functionality profile of specific CD4" T
cells, no vaccine-induced IL-13 expression (associated with a type
2T helper [Th2] profile) was detected (supplementary Fig. S2),
although for all markers there was high variability in the number
of specific T cells for all vaccine antigens. There were no detectable
specific CD8" T cell responses (data not shown).

3.4. Efficacy

The study was not powered to find differences in efficacy and
this was a tertiary analysis. In the one-year period starting one
month post-dose 2, the number of reports of moderate/severe
AECOPD was lower in the NTHi group (107 in 73 patients) than fol-
lowing placebo (120 in 71 patients), albeit the difference between
groups was not statistically significant, with estimated VE of 13.3%
(—24.2, 39.5; p=0.44) (Fig. 5). For AECOPD of any severity, there
were 130 reports by 73 patients in the NTHi group and 140 by
71 patients following placebo, with estimated VE of 10.5% (95%
Cl: —23.6, 35.1; p =0.50). Seventeen patients (23.3%) in the NTHi
group and 20 (28.2%) receiving placebo reported no exacerbations
(any cause: infection-related or other). The observed yearly rate of
moderate/severe AECOPD was 1.49 and 1.73 in the NTHi group and
placebo group, respectively, and 1.80 and 2.02, respectively, for
AECOPD of any severity. Examination of the model covariates
showed a significant effect (p < 0.05) of history of AECOPD on the
yearly rate of any and moderate/severe AECOPD, and of country
on any AECOPD (supplementary Table S1). Time to first AECOPD
tended to be longer in the NTHi group than in the placebo group
(Fig. 6), although the difference between groups was not statisti-
cally significant (hazard ratio p=0.23 for moderate/severe
AECOPD, p = 0.44 for any AECOPD).

4. Discussion

This is the first study to assess the safety, reactogenicity and
immunogenicity of a two-dose schedule of an investigational NTHi
vaccine, based on conserved NTHi surface proteins (PD and PE-
PilA), in adults aged 40-80 years with moderate or severe COPD.
The NTHi vaccine had an acceptable safety and reactogenicity pro-
file in this group, which was consistent with findings from phase 1
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studies of the investigational vaccine in healthy adults aged 18-
40 years and current or former smokers aged 50-70 years without
COPD [23].

Since the number of patients enrolled was limited, no formal
statistical comparisons of reactogenicity between groups were per-
formed. The most commonly reported solicited local AE was pain,
with overall per subject incidences of 80.8% (95% CI: 69.9-89.1) in
the NTHi vaccine group and 12.5% (95% CI: 5.9-22.4) in the placebo
group, while the most common solicited general AE was fatigue,
with overall per subject incidences of 50.7% (95% Cl: 38.7-62.6)
and 31.9% (95% CI: 21.4-44.0), respectively. Higher frequencies of
solicited AEs in adjuvanted vaccine groups versus groups who
received non-adjuvanted vaccine formulations or placebo were
reported in previous studies, including the phase 1 NTHi vaccine
study [23,28-30]. This may be due to enhanced activation of the
innate immune response induced by the adjuvant at the injection
site and increased production of cytokines and chemokines
[23,31,32]. Overall, however, the reported solicited AEs were tran-
sient and mild to moderate in intensity. The frequency of unso-
licited AEs was similar between groups and there was only one
reported vaccine-related SAE (infective exacerbation of COPD),
which was in the placebo group.
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Proportion of patients with exacerbation
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The NTHi investigational vaccine induced substantial humoral
immune responses and elicited specific CD4" T cell responses in
patients with COPD. Antibody GMCs increased after the first vac-
cine dose followed by a further increase after the second dose.
Thereafter, antibody GMCs decreased gradually but remained
above baseline levels 13 months post-dose 2. The NTHi-specific
CMI response increased but was highly variable in terms of CD4"
T cell expression, which was similar to that observed in the phase
1 study of healthy smokers/ex-smokers in a similar age range [23].
There was no CD8" T cell induction detected, as observed in other
studies of ASO1-adjuvanted vaccines in adults [23,33-36].

Exploratory analysis showed a VE point estimate of 13% (95% CI:
—24, 39) for moderate/severe AECOPD and 10% (—24, 35) for any
AECOPD albeit this was not statistically significant and the study
was not powered for this outcome. When looking at covariates in
the negative binomial model, only history of AECOPD (any and
moderate/severe AECOPD) and country (any AECOPD only) had a
significant effect on AECOPD yearly rate.

The study had limitations. All participants were white Euro-
peans, limiting the generalisability of the results to other ethnic
groups, and the sample size was small. A high number of partici-
pants were excluded from the ATP cohort for immunogenicity,
most commonly because of non-compliance with the blood sam-
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Fig. 6. Time to first AECOPD event after one month post-dose 2 for AECOPD of any severity and moderate/severe AECOPD (total vaccinated cohort). Hazard ratio for NTHi
group versus control group was 0.86 (95% CI: 0.58, 1.26; p = 0.44) for any AECOPD and 0.78 (0.52, 1.17; p = 0.23) for moderate/severe AECOPD.
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pling schedule, administration of a forbidden medication, or the
presence of a prohibited underlying medical condition. Also, the
low number of subjects included in the CMI response analysis
and high variability in the results limited the ability to interpret
these data.

In conclusion, the data from this phase 2 study demonstrate
that the investigational NTHi vaccine has an acceptable safety
and reactogenicity profile, induces substantial humoral responses
and elicits NTHi-specific CD4" T cell responses in adults aged 40-
80 years with moderate or severe COPD. Definition of a protective
antibody response was beyond the scope of this study since effi-
cacy was a tertiary exploratory endpoint and thus, no specific anti-
body protective level was determined. These results and those of
previous studies support further clinical assessment of the vaccine
in reducing the frequency of AECOPD, as well as its effect on COPD
symptoms and long-term outcomes. Future studies will also aim to
define antibody correlates of protection and will explore the rela-
tionship over time between VE and NTHi-specific antibody
responses and CD4" T cell expression.
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