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ARTICLE INFO ABSTRACT

Keywords: Background: Intranasal administration of respiratory vaccines offers many advantages such as eliciting both
Mucosa systemic and mucosal immunity at the point of viral entry. Immunogenicity of intranasal vaccination can be
Vaccination

improved through the use of adjuvants. Bacteria-like particles derived from Lactococcus lactis have the potential
to serve as a vaccine adjuvant. This clinical study investigated the safety, reactogenicity and immunogenicity of
intranasal seasonal influenza vaccine adjuvanted with gram-positive matrix particles (FluGEM®).

Methods: This was a first-in-human, randomized, double-blind, controlled, dose-escalation study performed at the
Centre for Human Drug Research (CHDR), the Netherlands. Participants aged 18-49 were randomized in a 3:1
ratio to receive FluGem® in ascending doses (two-dose regimens) together with a standard trivalent inactivated
influenza vaccine or unadjuvanted TIV only. Primary outcomes were safety and tolerability. Secondary outcomes
were serum hemagglutination inhibition (HI) antibody titers and mucosal IgA. The most immunogenic dose was
used in an additional elderly cohort (>65 years).

Results: Ninty participants were included. Intranasal FluGem® was safe and well tolerated. The majority of
adverse events were mild (97.4 %) with (un)solicited adverse events comparable across all dose levels and
control groups. All groups showed geometric mean increases > 2.5-fold. Seroconversion (>40 % participants)
was achieved at both day 21 (single-dose) and 42 (two-dose) for the 1.25 mg dose and on day 42 (two-dose only)
for the 2.5 mg dose. Highest geometric mean IgA increases were observed in the 1.25 mg group on day 21.
Immunogenicity was less pronounced in elderly.

Conclusions: Intranasal vaccination of FluGEM® was safe and tolerable in healthy adult volunteers aged 18-49
years and 65 and older. Highest immunogenicity was observed for 1.25 mg and 2.5 mg doses (compared to 5 mg)
suggesting a potential non-linear dose-response relationship. More research is needed to further investigate the
capabilities of bacteria-like peptides as adjuvants.

Influenza
Bacteria-like
Adjuvant
Intranasal

1. Introduction influenza-related complications and mortality are highest in children
younger than 5 years of age and adults above 65 years. [2,3] While there

It has been estimated that seasonal influenza causes roughly between have been vaccines available against influenza for many decades there
290 000 and 650 000 deaths annually worldwide. [1] Risk of serious are still challenges to overcome. Eliciting effective and lasting vaccine-
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induced immune responses in high-risk groups may be complicated; in
young children caused by immature immune systems and in elderly
people by immunosenescence. [4-6].

Immunogenicity of currently available vaccines can potentially be
improved through the use of adjuvants. Most currently licensed seasonal
vaccines consist of trivalent or quadrivalent inactivated influenza vi-
ruses and are commonly intramuscularly administered to elicit a sys-
temic immune response. Since the outbreak of the coronavirus disease
2019 (COVID-19) there has been a renewed interest in intranasal vac-
cines for respiratory viruses as immunity at the mucosa might better
prevent transmission since the infection may be halted at the point of
entry. [7] Especially for influenza, due to the constant antigenic drift
and pandemic threat associated with antigenic shift, there is an urgent
need for vaccination strategies that improve cross-protection against
heterologous strains. Mucosal IgA elicited from intranasal immunization
has the potential to provide cross-protection against heterologous and
drifted strains. [8,9] In addition, intranasal vaccination has the advan-
tage of patient-friendly needle-free administration with greater capacity
for mass immunization compared to the traditional intramuscular route.
[10].

Currently, only live-attenuated vaccines are licensed for intranasal
administration (Fluenz Tetra/Flumist Quadrivalent, MedImmune, Gai-
thersburg, United States), however, its use is limited to 2-18 year olds
due to higher incidence of hospital admission and wheezing in children
< 2 years and lower efficacy in adults compared to injected influenza
vaccines. [11] Adjuvants can help to boost immunogenicity of intranasal
vaccination approaches. [12] Enterotoxin proteins, including Escherichia
coli heat-labile toxin and derivatives, have previously shown to be
potent and efficacious mucosal adjuvants but their use has been asso-
ciated with facial nerve paralysis. [13,14].

Alternative safe and potent mucosal vaccine adjuvants are thus
highly needed and Gram-positive Enhancer Matrix (GEM) may be a
candidate. GEM adjuvant is composed of non-living bacterium-like
particles (BLPs) derived from the lactic acid bacterium (LAB) Lacto-
coccus lactis, a food-grade non-pathogenic Gram-positive bacterium that
does not produce endotoxins and does not colonize the human mucosal
cavities. GEM are BLPs that consist of a peptidoglycan outer surface.
[15,16] Peptidoglycan is known to have immunostimulant properties
and is presumed to play an important role in the observed adjuvant
properties of GEM. [17,18] Studies in mice showed that intranasal
administration of GEM mixed with influenza virus antigen (FluGEM)
was safe and elicited hemagglutination inhibition (HI) titers equivalent
to intramuscular vaccination after one booster dose. [19] Moreover,
intranasal FIuGEM administration yielded a strong mucosal IgA
response, was fully protective in homologous and heterologous influ-
enza virus challenge models in mice, with better protection rates
compared to non-adjuvanted influenza vaccination. [19].

Here we present the results from a first-in-human clinical trial that
had the objective to assess the safety, tolerability, reactogenicity and
immunogenicity of intranasal vaccination with FIuGEM in healthy
adults and elderly (aged 65 and older).

2. Material and methods
2.1. Study design

This was a first-in-human, randomized, double-blind, controlled,
dose-escalation study performed at the Centre for Human Drug Research
(CHDR), Leiden, the Netherlands. Participants were randomized in a 3:1
ratio to receive nasally FlIuGEM (GEM-adjuvant with trivalent inacti-
vated influenza vaccine [TIV]: B, A/HIN1 and A/H3N2 strains) or TIV
only (control group). Randomization codes were generated by a statis-
tician in SAS V9.1.3 for Windows (SAS Institute, Cary, NC, USA). Both
study staff and subjects were blinded for the treatment allocation.

A staggered-enrollment strategy was used for the dose-escalation
part of the study (age 18-49 years). In every dose level 4 subjects (3
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active: 1 control) were vaccinated and followed-up until at least 7 days
post-vaccination after which a preliminary safety assessment was made
and predefined halting rules (supplementary appendix) were checked
prior to the enrollment of an additional 16 (12 active: 4 control) par-
ticipants. An independent safety monitoring committee (SMC) was to be
consulted if one of the halting criteria was met. In addition, the SMC
decided upon the selection of the intranasal doses to be tested in a
subpopulation of elderly subjects aged 65 years or older.

The study was approved by the Central Committee on Research
Involving Human Subjects (CCMO), The Netherlands (EudraCT
2010-024346-30). All study-related procedures were performed in
accordance with the Declaration of Helsinki and the Dutch Act regarding
Medical Research Involving Human Subjects. All subjects provided
informed consent in writing prior to study activities.

2.2. Participants

All participants underwent a full medical screening prior to enroll-
ment. Male and female volunteers were included if they were 18-49
years of age (part 1), or 65 years or older (part 2) and overtly healthy
according to the medical screening procedure. Pregnant women were
excluded from participation. Participants were excluded if they received
an influenza vaccine that same year, had HI titers > 1:10 against two or
more vaccine strains (B, HIN1 or H3N2) or suffered from moderate or
severe illness 72 h prior to the planned nasal FluGEM or TIV vaccination
(fever > 38 °C or determined by the investigator). A full list of eligibility
criteria is provided as supplementary material.

2.3. Vaccine formulations and nasal administration

FluGEM was administered intranasally and consisted of 1.25 mg, 2.5
mg and 5.0 mg doses of the GEM-adjuvant in conjunction with a stan-
dard TIV antigen dose (VAXIGRIP, 15 pg of A/California/7/2009
[HIN1], 15 pg of A/Perth/16/2009 [H3N2] and 15 pg of B/Brisbane/
60/2008). FluGEM was administered as a two-dose regimen with a 21-
day interval between first and second dose. The control group received
nasally the TIV antigen only, diluted in phosphate buffered saline so-
lution, in the same dose regimen as the FIuGEM groups. FlIuGEM and
control vaccine formulations were indistinguishable. Study treatments
were administered by a trained physician using a disposable pipette to
instill droplets of the vaccine, 0.125 ml in each nostril (0.250 in total),
while the subject remained in supine position. Subjects were instructed
to hold their breath during vaccine administration and pronounce a hard
‘G’ sound to prevent the vaccine of distributing to the lower airways.

2.4. Safety and tolerability assessment

The primary objective of the study was to assess safety and tolera-
bility of intranasal doses of FIuGEM. Routine laboratory safety assess-
ments (blood biochemistry, hematology and urinalysis) were performed
at screening, day 21 and day 42. Vital signs were measured prior to
vaccination administration, 30 and 60 min after vaccination. Subjects
remained in the clinical unit for at least 60 min for monitoring of any
untoward medical event and were subsequently discharged if they had
no adverse events, events were resolved or per discretion of the study
physician. During the first 7 days post-vaccination subjects recorded the
occurrence of any solicited local or systemic solicited adverse events
(supplementary appendix) and measured body temperatures daily on a
diary card. Unsolicited adverse events were monitored up to day 42 and
afterwards subjects were monitored for serious adverse events only
(until day 210).

2.5. Immunogenicity assessments

2.5.1. Systemic immunity: Hemagglutination inhibition assays
Sampling times throughout the study are depicted in Fig. 1. Presence
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Fig. 1. Simplified study schedule SCR = screening. Blood samples for the assessment of hemagglutinin inhibition (HI) titers were collected at screening (up to 7 days
prior to study start) or baseline (day 0) prior to receiving the first vaccination and on day 21 prior to the second vaccination. Finally on day 210 + 15 final blood
sample were collected for assessment of persistence of antibodies. Nasal washes for IgA determination were collected at screening, day 21 (prior to the second
vaccination), day 42 and day 210 + 15. Safety was assessed throughout the whole follow-up period until day 210. Solicited adverse events were recorded for 7 days

following each vaccination.

of antibodies against hemagglutinin (of each of the respective vaccine
components) were assessed in sera by a HI assay performed by Viro-
clinics Biosciences B.V., the Netherlands. In short, serial two-fold di-
lutions of serum samples (pre-treated to remove non-specific anti-HI
activity) and quality control sera were incubated with the hemaggluti-
nin virus suspension (previously titrated to adjust the dilution to 4
hemagglutination Units / 25 pl). After 30 min incubation at 37 £ 1 °C,
25 pl of 1 % (v/v) turkey erythrocytes were added in each plate, and
further incubated for 1 h at 4 + 1 °C. Duplicate plates were scored
independently by two technicians. The serum titer was defined as the
highest dilution that showed complete inhibition.

2.5.2. Mucosal immunity: IgA in nasal fluid

Nasal fluid was collected by gently instilling 4 ml of sterile solutions
of phosphate buffered saline (PBS), at a temperature of 37 °C, into each
nostril. Subjects were instructed to keep the solution in the nose for at
least 20 s (with their neck extended approximately 45°) after which the
nasal fluid was collected on a Petri dish. Nasal fluid material was sub-
sequently transferred to conical polystyrene tubes and centrifuged for
10 min (360 g) at 4 °C. Nasal IgA concentrations were measured by
enzyme-linked immunosorbent assay (ELISA) at Texcell, France. Six
three-fold dilutions of the first 1:75 dilution of the nasal washes (or
control samples) were added to empty wells that were previously
incubated for 18 h at 5 & 3 °C to coat with influenza antigens matching
the vaccine strain hemagglutinins (50 pl of a 1 pg/ml solution). After 1 h
incubation at 37 + 2 °C, 50 pl of anti-human IgA peroxidase substrate
was added and incubation was continued for 95 min at 37 + 2 °C. A
peroxidase substrate solution (50 pl) was added and the reaction was
stopped after 20 min at 37 + 2 °C by adding H3SO4. Optical density at
450 nm (ODg4s0) was measured and IgA values were read against the
standard curve of the ELISA.

2.5.3. Exploratory: Serum IgG and subclass determination

As exploratory endpoint antigen-specific serum concentrations of
total IgG and IgG subclasses were determined (age group 18 — 49 only).
Serum IgG, and IgGl and IgG3 subtypes were measured by ELISA at
Texcell, France. Six three-fold dilutions of the first 1:50 dilution of the
serum (or control samples) were added to wells coated with influenza
antigens matching the TIV haemagglutinins as described above. After 1
h at 37 + 2 °C, 50 pl of anti-human IgG (or IgG1 or IgG3) peroxidase
substrate was added and incubated for 95 min at 37 + 2 °C. A peroxidase
substrate solution (50 pl) was added and the reaction was stopped after

20 min at 37 &+ 2 °C by adding H2SO4. The OD4s5 was measured and IgG,
IgG1 and IgG3 values were read against a standard curve of the ELISA.

2.6. Statistical analyses

This phase I study utilized group sizes that were conventional for
early phase trials but was not powered to test a pre-defined hypothesis.
Descriptive statistics were used for safety data. For immunogenicity
parameters, geometric mean titers (GMT) and associated 95 % confi-
dence intervals (CI), standard deviation and/or coefficient of variation
and ratio’s (GMR) were calculated. The following correlates of sero-
protection were determined: 1) the proportion of subjects in each group
exhibiting seroconversion on days 21 and/or 42, defined as either a four-
fold rise in post-vaccination antibody HI titers compared to baseline HI,
or a postvaccination titer > 1:40 in subjects with baseline titer < 1:10; 2)
the proportion of subjects in each group exhibiting seroprotection
defined as HI > 1:40; GMT increase defined as GMT ratio compared to
baseline (GMR > 2.5). [20] SAS for windows V9.1.3 (SAS Institute, Inc.,
Cary, NC, USA) was used for data analysis.

3. Results
3.1. Study population and baseline characteristics

The study was executed from 2011 till 2012. Sixty eligible subjects
were included for the initial 18 — 49 years age group (part 1). All subjects
completed the two-dose regimen of FIuGEM or TIV, except for 3 in-
dividuals. Two subjects in the 1.25 mg group did not receive the second
dose and a third subject was lost in the follow-up. Another subject in the
1.25 mg group had an intermittent severe AE (food allergy, also see 3.2)
6 days after the 1st administration and was withdrawn per protocol. In
the 2.5 mg group a subject did not receive a second dose due to recurrent
epistaxis. Baseline characteristics (Table 1) were overall similar for the
dose groups. Subsequently, 30 elderly subjects were included to receive
a selected dose of 1.25 mg FIuGEM (n = 15) or TIV only as control group
(n = 15). In the elderly group there was a slight predominance of female
subjects in the control group (53.3 %) compared to the FIuGEM group
(33.3 %). All elderly subjects received 2 intranasal doses of FIuGEM or
control treatment.
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Table 1
Baseline characteristics.
Age group Age group
18-49 65 years and older
Characteristics Control group 1.25 mg FIuGEM n = 15 2.5 mg FIuGEM n = 15 5.0 mg FIuGEM n = 15 Control group n = 15 1.25 mg
n=15 FluGEM n = 15
Age — years
Mean (SD) 30.0 (10.4) 27.5(9.0) 28.5(8.3) 25.6 (7.9) 71.1 (3.3) 69.9 (4.1)
Range 18—47 20—47 19—46 20—46 67-78 65-78
Sex — n (%)
Female 9 (60.0) 10 (66.7) 10 (66.7) 9 (60.0) 8(53.3) 5(33.3)
BMI, kg/m2, mean (SD) 24.1 (2.9) 23.4 (2.2) 23.8(3.3) 22.9 (2.64) 25.1 (2.6) 26.7 (2.5)
Race or ethnic group — n (%)
Asian 0 1(6.7) 0 0 0 0
Black 1(6.7) 1(6.7) 1(6.7) 0 0 0
Hispanic 0 1(6.7) 0 0 0 0
White 13 (86.7) 11 (73.3) 13 (86.7) 14 (93.3) 15(100) 15(100)
Mixed 1(6.7) 1(6.7) 0 1(6.7) 0 0
Other 0 0 1(6.7) 0 0 0
3.2. Safety and tolerability evaluation observed.

Age group 18 — 49 years

All doses of FIuGEM were well tolerated and there were no signs of
increased reactogenicity following the second dose of FIuGEM. The
percentage of subjects reporting > 1 treatment emergent adverse events
(either solicited or unsolicited) was comparable across all FluGEM
groups (86.7 — 100 %) and this was similar in the control group (93.3 %).
The vast majority of adverse events were mild (97.4 %), there were two
cases of moderate influenza-like illness in the 1.25 mg group that were
self-limiting, two subjects had severe adverse advents: one subject had a
concussion following an unrelated traumatic injury, another subject
developed an anaphylactic reaction shortly after eating Thai food, 6
days after the first vaccination (1.25 mg group). Per protocol halting
rules, the subject did not receive a second vaccination due to an inter-
mittent severe adverse event and was withdrawn. The most frequent
unsolicited adverse events were respiratory complaints, most frequently
being throat irritation (22 % in active groups; 27 % in the control
group). If respiratory complaints were reported by subjects they were
mostly reported within 48 h following vaccination, however, timing of
these adverse events were comparable for both active and control group
(55 % to 65 % of respiratory adverse events were reported < 48 h in the
active group versus 60 % in the control group. Epistaxis was reported
with a low incidence (6.7 % — 13.3 %) in both control, 1.25 mg and 2.5
mg groups, but not in the highest 5.0 mg dose group, suggesting no
apparent dose-related effect. There were no serious adverse events (SAE)

Solicited adverse events (occurring within 7 days following vacci-
nation) did not increase with increasing doses of FlIuGEM (Table 2). The
frequency of solicited adverse events following FlIuGEM administration
was comparable to the control group, with headache being reported
most frequently (67 %) in both the control and the 2.5 mg group. There
were no signs of dose-limiting toxicities or neurotoxicity. No findings of
clinical concern in blood chemistry, hematology and urinalysis assess-
ments were observed.

Age group 65 and older.

The frequency of treatment emergent adverse events in the elderly
group was comparable to that of the 18——49 age group (86.7 %) as was
the nature of the adverse events. Two unrelated SAEs occurred in the
FluGEM (1.25 mg) dose group: one subject (age: 67) had a myocardial
infarction (8 days following the 2nd vaccination) and needed percuta-
neous coronary intervention with stent placement due to atheroscle-
rosis; another subject (age: 67) developed sinus node dysfunction (3
months after the 2nd vaccination) for which pacemaker insertion was
needed. All other adverse events reported in the elderly group were
mild, except for a single case of moderate gastro-enteritis that was un-
related to the vaccination.

Solicited local and systemic adverse events in the FIuGEM group
were similar to that in the control group by nature and frequency.
Notably, sneezing was reported more often in the elderly age group (60
% and 73.3 % in the control and FIuGEM 1.25 mg group, respectively)
compared to the 18-49 years cohorts. Overall, FluGEM was well

Table 2
Solicited local and systemic adverse events.
Age group Age group
18-49 65 years and older
Adverse events, n (%) Control group 1.25 mg FIuGEM n = 15 2.5 mg FIuGEM n = 15 5.0 mg FIuGEM n = 15 Control group n = 15 1.25 mg
n=15 FIuGEM n = 15
Nasal discomfort 1(6.7) 1(6.7) 1(6.7) 2(13.3) 2(13.3) 1(6.7)
Sneezing 2(13.3) 2(13.3) 9 (60.0) 11 (73.3)
Nasal congestion 4(26.7) 4(26.7) 5(33.3) 4(26.7) 3(20.0) 2(13.3)
Runny nose 6 (40.0) 2(13.3) 3(20.0) 5(33.3) 6 (40.0) 4(26.7)
Loss of smell 1(6.7)
Red eyes 1(6.7)
Lacrimation 1(6.7) 1(6.7) 2(13.3)
Facial swelling
Nasal pain
Headache 10 (66.7) 7 (46.7) 10 (66.7) 7 (46.7) 4(26.7) 5(33.3)
Malaise 1(6.7) 1(6.7) 3(20.0) 2(13.3)
Myalgia 1(6.7) 2(13.3) 2(13.3) 1(6.7) 3(20.0) 3(20.0)
Chills 1(6.7) 1(6.7) 1(6.7)
Nausea 3(20.0) 3(20.0) 1(6.7)
Vomiting 1(6.7) 1(6.7) 1(6.7)
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tolerated in participants aged 65 and older.
3.3. Immunogenicity

3.3.1. Systemic antibody response (18 — 49 years)

Baseline (day of start treatment administration) HI titers against
influenza B virus, HIN1 and H3N2 showed a broad distribution across
treatment groups (sup. Table S1) in the 18 — 49 years age group. Sero-
negativity (HI titer < 1:40) at baseline varied per strain, with percent-
ages comparable across dose groups (range: 80 — 93 % [B], 53 - 67 %
[HIN1], and 60 — 73 % [H3N2]). FluGEM doses of 1.25 mg and 2.5 mg
showed a more rapid increase and higher magnitude of HI titers for the B
strain and HIN1 strain compared to the control group (Table 3).

All treatment groups had GMT fold increases > 2.5 post-vaccination
for all three influenza strains (Table 3). For the B strain GMRs were
highest following vaccination with 1.25 mg and 2.5 mg FIuGEM
(approximately 2 times higher than the GMRs of the control). For the
H1N1 strain the increase in GMRs following FluGEM vaccination on day
21 and 42 were comparable to the control group. However, GMRs were
markedly higher at day 210 in the 1.25 mg and 2.5 mg FIuGEM dose
groups for both the B strain and A/HIN1 strain (GMR of 7.7 and 5.7
[1.25 mg] and 8.8 and 4.9 [2.5 mg] versus 4.8 and 3.9 [control group]
for the B and A/H1NT1 strain, respectively). All formulations, including
the non-adjuvanted control group, showed very strong HI responses to
the H3N2 strain. FluGEM adjuvanted doses did not elicite higher GMRs
compared to the non-adjuvanted control group for the A/H3N2 strain on
the investigated time points.

In the study population as a whole, seroconversion in > 40 % of
subjects was achieved at both day 21 (single dose) and day 42 (two-
dose) in the 1.25 mg for all tested strains and at day 42 (two-dose) only
for the 2.5 mg dose (Table 4). The non-adjuvanted control group fulfilled
this criterion for the H3N2 strain only. Seroconversion rates were higher
for seronegative subjects. In the seronegative subpopulation both the
1.25 mg and 2.5 mg (but not the 5 mg group) and the unadjuvanted
control group had seroconversion rates > 40 % for all strains (sup.
Table S2).

Seroprotection was highest for the influenza A strains (HIN1 and
H3N2) with all treatment groups reaching protection rates of > 70 %
(Table 5). The highest seroprotection rate for the B strain was achieved
with the 1.25 mg FIuGEM dose level with a seroprotection rate of 73 %
on day 21 and 64.3 on day 42. Seroprotection rates were consistently
lower for subjects seronegative at baseline (sup. Table S3).
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3.3.2. Nasal IgA response (18 — 49 years)

In the control group, 2.5 mg and 5 mg FluGEM group, the majority of
subjects had pre-vaccination IgA titers below the detection limit (>73 %
of subjects per group). However, in the 1.25 mg dose group only six
subjects had IgA below this limit (Table 6). All groups showed increased
nasal IgA levels following vaccination. Highest IgA GMRs were observed
in the 1.25 mg FluGEM dose group on day 21 (ratio: 1.8). This effect was
more pronounced in subjects with non-detectable IgA levels at baseline
(GMR: 3.7 and 3.2 on day 21 and 42, respectively). Such effect of low
pre-existing IgA levels on GMR was not observed in the other dose
groups. At day 210, IgA returned to baseline levels in all treatment
groups.

3.3.3. Total IgG, IgG1 and IgG3 subclasses (18 — 49 years)

Total influenza virus specific HA IgG in serum and IgG1l and IgG3
subclasses are listed in Table 7. Total IgG, IgG1 and IgG3 increased in all
treatment groups following the first vaccination, FluGEM-adjuvanted
dose groups showed a relatively faster peak titer following the first
vaccination, effects on total IgG following a second vaccination were less
pronounced in the FIuGEM adjuvanted groups. All treatment groups
showed a IgG1l dominant response following vaccination, with highest
IgG1/IgG3 ratio’s being observed in the 1.25 mg dose group (data not
shown).

3.3.4. Immunogenicity: Age group 65 and older

Following interim-analysis of safety and immunogenicity data of the
previous dose levels in 18 — 49 year olds, the 1.25 mg dose was selected
by the SMC to be assessed in elderly subjects, as this dose showed overall
the best immunogenicity profile. In general, systemic immunogenicity to
both the non-adjuvanted inactivated trivalent vaccine (control group)
and 1.25 mg of FlIuGEM was less pronounced than in the 18 — 49 year
groups (sup. Table S4). Seroconversion and protection rates were similar
for both control and 1.25 mg FIuGEM (sup. Tables S5 and S6). Criteria
for 40 % seroconversion and 70 % seroprotection were not fulfilled in
both dose groups. At baseline there was a difference with more subjects
(93 %) having IgA titers below the lower limit of detection in the control
group compared to the 1.25 mg FIuGEM group (64 %). No apparent
treatment effects on nasal IgA GMT’s and ratios were observed in sub-
jects > 65 years (sup. Table S7).

4. Discussion

In this study FIuGEM - trivalent inactivated influenza vaccine

Table 3
Hemaglutinin inhibiton geometric mean titers and ratio to baseline titers in subjects with data available at all time points.
FluGEM dose Study Day N GMT GMR N GMT GMR N GMT GMR
B strain B strain A/HINT1 strain A/HIN1 strain A/H3N2 strain A/H3N2 strain

TIV only (control) 0 13 10.5 1.0 11 10.4 1.0 15 13.2 1.0
21 13 29.9 2.8 11 49.5 4.8 15 197.2 14.9
42 13 32.4 3.1 11 53.8 5.2 15 243.7 18.5
210 13 50.6 4.8 11 40.8 3.9 15 179.5 13.6

1.25 mg FluGEM 0 10 8.5 1.0 11 23.2 1.0 12 23.1 1.0
21 10 48.1 5.7 11 118.0 5.1 12 261.9 11.3
42 10 47.8 5.6 11 109.9 4.7 12 287.0 12.4
210 10 63.9 7.6 11 131.7 5.7 12 244.3 10.6

2.5 mg FluGEM 0 14 8.6 1.0 12 15.9 1.0 14 18.3 1.0
21 14 54.0 6.3 12 78.7 5.0 14 152.5 8.3
42 14 56.9 6.6 12 88.7 5.6 14 179.8 9.8
210 14 75.9 8.8 12 78.0 4.9 14 141.3 7.7

5 mg FIuGEM 0 13 7.5 1.0 12 15.5 1.0 14 17.5 1.0
21 13 28.7 3.8 12 59.0 3.8 14 177.3 10.1
42 13 30.3 4.0 12 82.3 5.3 14 228.5 13.0
210 13 53.7 7.2 12 83.0 5.4 14 187.2 10.7

GMR = geometric mean titer ratio to baseline; GMT = geometric mean titer; HI = hemagglutination inhibition; TIV = trivalent inactivated influenza vaccine.
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Table 4
Seroconversion rates, 18 — 49 years.
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FluGEM dose B strain A/HIN1 strain A/H3N2 strain
Day 21 Day 42 Day 21 Day 42 Day 21 Day 42
n/N % n/N % n/N % n/N % n/N % n/N %
TIV only (control) 5/13 38.5 5/13 38.5 5/14 35.7 5/14 35.7 12/15 80.0 13/15 86.7
1.25 mg FluGEM 5/12 41.7 6/12 50.0 6/13 46.1 6/13 46.1 7/13 53.8 7/13 53.8
2.5 mg FluGEM 8/15 53.3 6/14 42.8 5/15 33.3 6/14 42.8 8/15 53.3 8/14 57.1
5 mg FluGEM 4/13 30.8 5/14 35.7 4/14 28.6 5/14 35.7 9/14 64.3 10/14 71.4
TIV = trivalent inactivated influenza vaccine.
Table 5
Seroprotection rates, 18 — 49 years.
FluGEM dose B strain A/H1N1 strain A/H3N2 strain
Day 21 Day 42 Day 21 Day 42 Day 21 Day 42
n/N % n/N % n/N % n/N % n/N % n/N %
TIV only (control) 8/13 61.5 8/13 61.5 10/14 71.4 10/14 71.4 14/15 93.3 15/15 100
1.25 mg FluGEM 7/12 58.3 7/12 58.3 10/13 76.9 10/13 76.9 13/13 100 13/13 100
2.5 mg FluGEM 11/15 73.3 9/14 64.3 12/15 80.0 13/14 92.8 13/15 86.7 12/14 85.7
5 mg FluGEM 5/13 38.5 6/14 42.8 10/14 71.4 10/14 71.4 12/14 85.7 13/14 92.8

TIV = trivalent inactivated influenza vaccine.

Table 6
Nasal IgA titers from subjects with data available at all time points.

All subjects Subjects with baseline
IgA titers below

detection level

FIuGEM dose Study Day N GMT GMR N GMT GMR
TIV only (control) 0 14 57.7 1.0 12 50.0 1.0
21 14 783 1.4 12 76.3 1.5
42 14 86.1 1.5 12 835 1.7
210 14 53.7 0.9 12 50.0 1.0
1.25 mg FluGEM 0 13 773 1.0 6 50.0 1.0
21 13 1457 1.9 6 186.9 3.7
42 13 1404 1.8 6 161.6 3.2
210 13 61.9 0.8 6 67.2 1.3
2.5 mg FluGEM 0 14 57.0 1.0 11 50.0 1.0
21 14 615 1.1 11 539 1.1
42 14 1051 1.8 11 75.0 1.5
210 14 51.6 0.9 11 50.0 1.0
5 mg FluGEM 0 15 50.0 1.0 14 50.0 1.0
21 15 79.4 1.6 14 79.4 1.6
42 15 85.0 1.7 14 85.0 1.7
210 15 55.0 1.1 14 55.0 1.1

GMR = geometric mean titer ratio to baseline; GMT = geometric mean titer;
TIV = trivalent inactivated influenza vaccine.

adjuvanted with GEM particles — was administered for the first time in
humans via the intranasal route. We found that all explored intranasal
doses (up to 5 mg in the 18-49 years group and 1.25 mg in elderly) were
well tolerated. The frequency and intensity of adverse events following
FIuGEM vaccination were comparable to that of the unadjuvanted TIV.

In the 18-49 years age group, favorable effects of FluGEM on the
humoral systemic immune response were observed compared to unad-
juvanted TIV, particularly the 1.25 mg and 2.5 mg dose levels yielded
the highest HI titers overall against multiple influenza strains. Several
parameters for serological protection were used for the evaluation of
vaccine immunogenicity. Geometric mean titer (GMT) increases > 2.5-
fold were observed in all treatment groups (including the control group).
However, in the 1.25 mg FIuGEM group seroconversion (>40 %) for all
strains was achieved after only a single dose. Seroconversion against all
strains was also achieved in the 2.5 mg FIuGEM group, but after two

Table 7
Influenza-specific IgG, IgG1 and IgG3 subclasses from subjects with data avail-
able at all time points.

GMT

FluGEM dose Study N Total N 1gG1 N 1gG3
Day IgG

TIV only 0 15 15,349 15 2,8585 15 80.7

(control)

21 15 37,853 15 7,261.3 15 203.5
42 15 53,358 14 7,582.0 14 168.2
210 15 39,820 14 7,129.4 15 122.8

1.25mg FluGEM 0 15 19,031 15  4,269.2 15 62.4
21 14 57,754 13 7,136.4 14 1257
42 13 60,839 11 89837 12 1816
210 13 51,463 11  7,450.1 12 126.5

2.5 mg FluGEM 0 15 15,613 15 26127 15 68.6
21 14 52,834 15 8,401.7 15 362.6
42 14 45,451 13 8,0225 14 339.2
210 14 40,591 14 7,306.5 14 160.0

5 mg FluGEM 0 15 22,729 15  2,860.5 15 1245
21 15 59,815 15 6,574.2 15 287.9
42 15 55,098 15  6,1744 14 213.0
210 15 52,730 15 5,819.7 15 1649

TIV = trivalent inactivated influenza vaccine.

doses. Seroprotection (>70 %) for all strains was only observed for the
2.5 mg dose (day 21 only). Historically, one out of three of these criteria
should be met for annual vaccination with seasonal inactivated vaccines.
[20] FIuGEM doses performed better for both seroconversion and
seroprotection criteria compared to the unadjuvanted intranasal triva-
lent vaccine (control), signifying the potential adjuvant function of
FIuGEM for these endpoints. In addition, FluGEM appears to elicit a
more persistent systemic humoral response for both B and HIN1 strains
(but not for H3N2) when HI GMT ratios at day 210 are compared to the
control group.

Adjuvant effects of FluGEM on mucosal IgA were most pronounced in
subjects in the 1.25 mg dose group with no pre-existing nasal IgA titers,
with peak IgA titers following the first vaccination (GMT ratio: 3.7).
Although there is no well-established correlate of protection for mucosal
IgA, especially against currently circulating influenza strains, the
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magnitude of IgA responses (fold-increases in IgA) in the present study
were in a similar-to-higher range than IgA levels that were considered
protective in previous human challenge studies with influenza virus.
[21,22] Eliciting sufficient IgA responses is essential for a mucosal
influenza vaccine candidate, as mucosal IgA can neutralize virus at the
mucosal interface before viral entry and clear the virus from respiratory
epithelial cells, preventing downstream adverse host immune responses
and possibly direct transmission. [8,23] These effects are not readily
expected from intramuscular vaccines that do not elicit mucosal IgA
responses. At day 210 we found that IgA levels declined to baseline
levels, further characterization of mucosal immune response would be
needed to determine the timing and frequency of revaccination.

We found that in the 18-49 year population FluGEM intranasal doses
of 1.25 mg and 2.5 mg were more immunogenic than the highest dose
level of 5 mg. In a first-in-human study of SynGEM — an intranasal
vaccine candidate based on the same bacterium-like particle platform
with recombinant respiratory syncytial virus (RSV) F-protein as primary
antigen attached to the BLP — higher serum IgG titers were achieved
following boosting of the low dose group compared to a high-dose
regimen. [24] However, for other endpoints the higher dose appeared
more immunogenic. It is assumed that the mode of action of GEM is
through toll-like receptor (TLR) — 2 signaling. [25] While TLR2 acti-
vation most often shows dose-dependent downstream effects, non-linear
‘bell-shaped’ dose-response relationships have been described for some
TLR2 agonists. [26] The exact immunological basis for the dos-
e-response relationship of FluGEM remains unknown and to be explored
in future studies.

Intranasal administration of FlIuGEM was also well tolerated in
elderly subjects (>65 years). The explored 1.25 mg dose did not have as
pronounced immune effects in elderly compared to the 18 — 49 years
population. Mucosal immunization of the elderly population remains a
well-known challenge for mucosal vaccine candidates, which is likely
due to immunosenescence. Animal data suggest that nasal IgA responses
to immunization are likely to be diminished by age-related decline of the
immune system. [27,28] Even following controlled human infection
challenge with a respiratory virus, nasal IgA production can be defective
in the elderly population. [29] In addition to immunosenescence,
anatomical age-related changes to the nose such as mucosal atrophy and
increased size of the nasal cavity may also challenge the adequate de-
livery of intranasal vaccines. [30] Further dose-exploration in the
elderly, optimization vaccine formulation for instance using mucoad-
hesive agents to enhance the vaccine residence time and increased up-
take of active compounds, or delivery systems could be explored to
improve immunogenicity in this specific population. [31].

The study’s eligibility criteria allowed only for inclusion of volun-
teers with relatively low HI serum titers against the influenza virus
strains that were present in the trivalent vaccine. High levels of pre-
existing antibodies may negatively impact the magnitude of the fold-
increase in serum antibody titers following vaccination. [32] In this
study, pre-existing levels of mucosal antibodies were not implemented
as eligibility criteria. However, pre-existing mucosal immunity could,
analogous to serum responses, possibly impair the magnitude of the
mucosal vaccine response. In subjects without pre-existing IgA titers, the
1.25 mg dose of FIuGEM had a markedly higher magnitude of fold in-
crease. Although limited by the sample size, these results suggest a po-
tential for the GEM-adjuvanted intranasal vaccine platform to induce
mucosal immunity against drifted strains or novel pathogens for which
there is no pre-existing immunity.

Some limitations of the study should be noted. The influenza virus
specific IgA assay used in this study were not standardized for total IgA
or total protein measurements, mucosal IgA and protein concentration
can vary between individuals. The study population had a highly
immunogenic response to the H3N2 strain, illustrated by already high HI
titers following vaccination with the plain trivalent vaccine. Interest-
ingly, influenza A/H3N2 strains did not circulate on large scale during
the preceding annual flu epidemic in the Netherlands, nor in the year
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before. [33] Adjuvant effects of FluGEM on the H3N2 strain in this study
could be blunted by the already pre-existing strong immunogenic
response to the primary vaccine antigen. While the group sizes in this
study were conventional for phase I vaccine trials, the study was not
powered to test pre-defined hypothesis on immunogenic endpoints,
larger immunogenicity trials are needed for formal statistical interfer-
ence on the observed adjuvant effects of FluGEM. Since the completion
of this study, newer editions of vaccine guidelines have suggested a more
elaborate assessment of immunogenicity including functional antibodies
determined by virus neutralization assays and cellular immunity for
influenza vaccine. [34] Future studies will need to be performed to
further investigate the immunogenicity of FIuGEM.

In conclusion, this study described the first-in-human administration
of FIuGEM, all explored intranasal doses were safe and well-tolerated
with highest immunogenicity observed for the 1.25 mg and 2.5 mg
doses in subjects between 18-49 years of age. Further research is war-
ranted to assess immunogenicity of intranasal FluGEM in next phase
clinical trials and in targeted subpopulations.
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