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Abstract

Background/Objectives: FLU-v is a peptide-based broad-spectrum influenza vaccine
proven to induce humoral and cellular immune responses in humans. In this study, FLU-v-
specific IgG1 and IgG3 subclass antibodies, induced by adjuvanted or non-adjuvanted FLU-
v vaccination in healthy adults participating in a phase II clinical study, were quantitated.
The ability of these antibodies to induce NK cell activation was investigated. Methods: An
ELISA was developed to quantify FLU-v-specific IgG1 and IgG3 antibodies in serum. A
flowcytometric assay based on an NK cell line was used to evaluate NK cell activation by
expression of degranulation marker CD107a. Results: In the adjuvanted FLU-v group, IgG1
and IgG3 seroconversion on day 42 was 88.5% and 86.5% compared to 53.4% and 29.3%
in the non-adjuvanted FLU-v group, which was significantly different from the respective
placebo groups (0-6.3%). Adjuvanted FLU-v vaccination induced a raise in median IgG1
and IgG3 levels from 435 and 167 ng/mL pre vaccination to 4422 and 2020 ng/mL 42 days
post vaccination, representing a fold increase of 16.3 for IgG1 and 11.6 for IgG3, which
was sustained on day 180 post vaccination (10.4-fold and 5.0-fold, respectively). Non-
adjuvanted vaccination induced a more modest increase in IgG1 and IgG3 from 655 and
206 ng/mL pre vaccination to 1808 and 264 ng/mL 42 days post vaccination. A correlation
between levels of FLU-v-specific IgG, IgG1, or IgG3 and their ability to induce NK cell
activation was demonstrated. Conclusions: A single dose of adjuvanted FLU-v induced
high levels of long-lasting antigen-specific IgG1 and IgG3 antibodies with NK cell-mediated
effector functions relevant to protection against influenza disease.

Keywords: universal influenza vaccine; FLU-v; clinical trial; IgG subclass; NK cell
activation; ADCC
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1. Introduction

Influenza vaccines that provide broad protection against diverse influenza strains
are highly needed to provide sustainable seasonal protection and pandemic preparedness
against emergent influenza strains [1]. A promising approach has focused on the use
of peptides from conserved regions of various influenza proteins for the induction of
protective antibody- and cell-mediated immune responses [2,3].

FLU-v is a broad-spectrum influenza vaccine that consists of four peptides originating
from conserved regions of the matrix 1 (M1) and matrix 2 (M2) proteins, nucleoprotein A
(NP-A), and nucleoprotein B (NP-B) of the influenza virus [3], synthetically manufactured
using F-moc chemistry [4]. FLU-v aims to provide broad protection against influenza A
and B strains. FLU-v has been demonstrated to induce humoral and cross-reactive cellular
immune responses in both preclinical [3] and clinical studies [5-8] and to provide protection
against mild-to-moderate influenza disease in a HIN1 human influenza challenge study [9].
In a phase IIb clinical trial, immune responses after two doses of non-adjuvanted FLU-v or
a single dose of adjuvanted FLU-v [10] were compared [7,11] and showed that a single dose
of adjuvanted FLU-v induced robust Th1 responses characterized by an increase in IFN-y-,
TNF-«-, and IL-2-producing cells [7]. In addition, FLU-v-induced IFN-y and granzyme
B cellular responses were demonstrated to be cross-reactive against multiple inactivated
influenza strains in vitro [8]. Adjuvanted FLU-v vaccine also induced strong long-lasting
FLU-v-specific IgG antibodies [7], but due to internal location of the viral antigens, these
antibodies have no neutralizing activity.

It has been shown that the majority of IgG antibodies generated after influenza infec-
tion belong to the IgG1 subclass, followed by a smaller proportion of IgG3, and negligible
amounts of IgG2 and IgG4 [12,13]. IgG1 and IgG3 are also superior to IgG2 and IgG4 in
inducing Fc-mediated effector functions relevant to protection against influenza, such as
opsonophagocytosis and antibody-dependent cellular cytotoxicity (ADCC) [14]. Thus, the
development of broad-spectrum influenza vaccines focusing on the induction of antibodies
with Fc receptor (FcR)-mediated effector functions, in addition to neutralization potential,
has gained interest [15].

In humans, natural killer (NK) cells are considered the primary effector cell for ADCC
of influenza-infected cells. ADCC is initiated by influenza antigen-IgG complexes binding
to FcyRlIlla on NK cells via their Fc region, leading to activation of NK cell cytotoxic
activity [16]. In the mouse model, it has been demonstrated that broadly cross-reactive
antibodies directed against HA, M2, and NP contribute to protection against influenza virus
challenge by activating Fc-mediated effector functions [16]. Human anti-M2 and anti-NP
IgG antibodies have also been shown to activate NK cells [17,18], and NK cell activating
antibodies have recently been proposed as a correlate of protective immunity against
influenza infection [19]. Moreover, a small human influenza challenge study showed that
subjects with elevated ADCC-inducing antibody titers experienced lower disease severity
and reduced viral load [19]. Induction of NK cell activating IgG1 and IgG3 antibodies
directed against conserved influenza antigens is therefore a promising strategy towards the
development of a broad-spectrum influenza vaccine.

In this study, we have developed and validated an Enzyme-Linked Immunosorbent
Assay (ELISA) to quantify FLU-v-specific IgG1 and IgG3 antibodies in human serum and
used this assay to measure IgG subclass responses in serum obtained from volunteers in a
phase IIb study, who were vaccinated with adjuvanted and non-adjuvanted FLU-v [7]. In
addition, we have explored the functional role these non-neutralizing antibodies may play
by evaluating their ability to activate NK cell cytotoxicity, which is essential for ADCC of
influenza-infected cells in vivo.
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2. Materials and Methods
2.1. Vaccine and Clinical Trial Design

FLU-v is composed of an equimolar mix (50 nmols of each peptide) of four lyophilized
synthetic peptides (between 19 and 32 aa in length) originating from conserved regions of
the M1, NPA, NPB, and M2 influenza virus proteins, as shown in Table 1 [7].

Table 1. Amino acid sequences of the peptides included in the FLU-v vaccine and the protein they
originate from.

Peptide Name Protein Origin Amino Acid Sequence
FLU-5 acetate M1 protein DLEALMEWLKTRPILSPLTKGILGFVFTLTVP
FLU-7 acetate T\ protein from DLIFLARSALILRGSVAHKS
influenza A strains
FLU-N acetate W% protein from PGIADIEDLTLLARSMVVVR
1nﬂuenza B strains
FLU-10 acetate M2 protein IIGILHLILWILDRLFFKCIYRLF

The immunogenicity of FLU-v was evaluated in a randomized, placebo-controlled,
double-blind, single-center clinical trial (EudraCT:2015-001932-38) [6] in healthy adults
aged 18-60 years, who were randomized to one of four treatment arms (ratio 2:2:1:1).
Subjects in the non-adjuvanted FLU-v group (n = 58) received two doses of FLU-v, 21 days
apart, as a suspension in 0.25 mL of 0.01M HCI and 0.25 mL of 0.01M NaOH. Subjects in
the adjuvanted FLU-v group (n = 52) received one dose of FLU-v as a water-in-oil emulsion
made with 0.25 mL of Montanide ISA-51 [10] and 0.25 mL of water for injection (WFI),
followed by one dose of 0.5 mL of saline 21 days later. Non-adjuvanted placebo subjects
(n = 32) received two 0.5 mL doses of saline 21 days apart, and adjuvanted placebo subjects
(n = 26) received one dose of 0.5 mL emulsion prepared with 0.25 mL of WFI and 0.25 mL
of Montanide ISA-51, followed by 0.5 mL of saline 21 days later. All injections were given
subcutaneously. Blood samples were obtained before vaccination on day 0 and on days 42
and 180 post vaccination. Study approval was obtained by the Dutch Central Committee
on Research Involving Human Subjects (reference NL55061.000.15) and the Dutch Ministry
of Health, Welfare and Sport.

2.2. Quantitation of FLU-v-Peptide-Specific IgG1 and 1gG3 Subclass Antibodies

An ELISA protocol was developed to quantify FLU-v-specific IgG1 and IgG3. Test
wells of microtiter plates (Maxisorp, Nunc, Thermo Fisher Scientific, Waltham, MA, USA)
were coated with 100 puL of FLU-v antigen at 2 uM (0.5 uM of each of the four peptides) in
phosphate-buffered saline (PBS). Wells in the standard rows were coated with human IgG1
or IgG3 reference antibodies (16-16-090707-1/16-16-090707-3, Athens Research, Athens,
GA, USA), performing double decreasing serial dilutions starting at 1000 ng/mL up to
1.95 ng/mL. PBS was used as a blank. Plates were incubated at +4 °C overnight and washed
twice with PBS-Tween. After blocking with PBS-Tween-1% BSA (200 uL/well) for 1 h at
room temperature (RT), plates were washed five times with PBS-Tween. Serum samples,
diluted 1:50 in PBS-Tween-1% BSA, were added to the test wells (100 uL/well), and PBS-
Tween-1% BSA was added to standard wells (100 uL/well). Plates were incubated for 2 h
at RT, washed 5 times with PBS-Tween, followed by addition of 100 uL/well of alkaline-
phosphatase-conjugated anti-IgG1 (1:1000 dilution, ab9773, Abcam, Cambridge, UK) or
anti-IgG3 (1:3000 dilution, 9210-04, Southern Biotech, Birmingham, AL, USA) detection
antibodies, and incubated for 1 h at RT. Plates were washed 5 times with PBS-Tween, and
100 uL/well of phosphatase substrate (pNPP, Sigma-Aldrich, St. Louis, MO, USA) were
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added. Plates were allowed to develop for 35 min, and the reaction was stopped with
50 uL/well of stop solution (3M NaOH). Absorbance was measured at 405 and 450 nm with
an absorbance microplate reader (BioTek ELx808, BioTek Instruments, Winooski, VI, USA).
Calculations were based on optical density (OD) values obtained at 450 nm (reference
wavelength) that were subtracted from OD values at 405 nm (test wavelength). A standard
curve was plotted using Gen5, v2.04.11 software (BioTek Instruments, Winooski, VT, USA)
and used to interpolate the antibody concentration in serum test samples. Thus, any sample
with OD value above the highest concentration of the standard was diluted and re-tested
for the OD to fall within the linear range.

2.3. Validation of ELISA Protocol

Due to the lack of a reference sample with known amounts of IgG1 and IgG3 FLU-v-
specific antibodies, only limited validation could be performed focusing on precision (intra-
assay and intermediate) and dilutional linearity. The IgG1 and IgG3 reference standards
were tested in two-fold dilutions from 1000 ng/mL to 1.95 ng/mL. Eight replicates for
each of the ten dilutions were assayed on three different days. Each plate also included
eight replicate values of blank wells (buffer only) to evaluate the precision of blank well
measurements. Precision was evaluated as a coefficient of variation (CV): intra-assay
precision as variation in absorbance between replicate wells, and inter-assay precision as
variation in absorbance between means of runs on the 3 days. The lower limit of detection
(LLD) was defined as the mean of blank wells across 3 different runs (8 replicates per plate)
+ 2 x standard deviation. Dilutional linearity was investigated using a 4-parameter logistic
curve fit from the BioTek Manager software (Gen5 v2.04.11), and linear regression was
performed with Microsoft Excel for Windows, version 13.0.

2.4. Antibody-Mediated NK Cell Activation Assay

The NK cell line GFP-CD16 (176V) NK-92 [20] was used to perform the NK cell acti-
vation assays as previously described [18]. The parental cells of GFP-CD16 (176V) NK-92
are NK-92 cells (ATCC, CRL-2407). GFP-CD16 (176V) NK-92 cells have been transduced
with a retrovirus to express the high affinity variant of FcyRIIla (CD16a, allotype V176)
in the pPBMN-IRES-EGFP vector. On these cells, surface expression of FcyRlIlla correlates
with GFP expression. GFP-CD16 (176V) NK-92 cells were kindly provided by Dr. Kerry
Campbell from the Institute for Cancer Research in Philadelphia, PA. Activation of NK cells
translate into expression of the CD107a degranulation marker. To assess whether anti-FLU-
v antibodies can activate NK cells, 600 ng of FLU-v peptides or non-related peptides were
bound to 96-well NUNC Maxisorp plates (Thermo Fisher Scientific, Waltham, MA, USA)
overnight at +4 °C. Wells were washed with PBS, blocked with 200 uL of 5% BSA 0.1%
Tween 20 PBS for 2 h at 37 °C, and incubated with a 1:10 dilution of serum for 2 h at 37 °C.
Next, 2 x 10° GFP-CD16 (176V) NK-92 cells were added to each well and incubated for 5 h
at 37 °C with 5% CO,. In total, 1 mM EDTA was added to the wells to minimize adherence
of the cells to the plate, in addition to anti-CD107a APC-Cy?7 (clone H4A3; BioLegend, San
Diego, CA, USA). Plates were placed in the dark for 30 min. Cells were washed twice with
PBS and fixed with 1% formaldehyde, and the number of GFP-CD16 (176V) NK-92 cells
expressing CD107a was acquired on a FACSCanto II flow cytometer (BD Biosciences, San
Jose, CA, USA). Blank wells without sera and non-related peptide-coated wells incubated
with participant sera were used as negative controls. A subset of subjects was selected
for this analysis based on fold-change in FLU-v-specific IgG1 and IgG3 from day 0 to day
42 post vaccination. Whereas the median concentrations for IgG1 and IgG3 in the full set
of samples (both active groups combined) were 523 ng/mL (IQR 5.0-1574 ng/mL) and
177 ng/mL (131-260 ng/mL) for day 0 and 2520 ng/mL (750-9003 ng/mL) and 772 ng/mL
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(225-3125 ng/mL) for day 42, the medians in the subset of samples selected for the NK acti-
vation analysis were 5.0 ng/mL (IQR 5.0-1038 ng/mL) and 178 ng/mL (137-258 ng/mL) for
day 0 and 2478 ng/mL (1369-12,119 ng/mL) and 3102 ng/mL (1034-6059 ng/mL) for day
42. The subset consisted of fifty day 0 (pre-vaccination) and day 42 paired serum samples in-
cluding placebo and vaccine groups that also had the lowest background of FLU-v-specific
antibodies pre-vaccination to remove volunteers with pre-existing antibody responses.

2.5. Statistical Analysis

Non-parametric tests were applied due to non-normal data distributions, as revealed
by the D’Agostino and Pearson Omnibus test and visual inspection of histograms and
QQ-plots. Wilcoxon’s signed-rank test was used to compare concentrations of IgG sub-
class antibodies over time within each group. The Mann-Whitney U test was used for
comparisons between the vaccine groups and their corresponding placebo group, as stated
in the statistical analysis plan for the clinical trial. Vaccine responders were defined as
participants showing at least a 2-fold increase in antibody concentrations from pre to post
vaccination. p-values for comparison of the percentage of responders between groups
were calculated with the Fisher mid-P test. For the NK cell activation assay, Wilcoxon’s
signed-rank test was used for comparison between time points within each group, but a
statistical comparison between placebo and the vaccine groups could not be performed
due to the small number of samples in the placebo group. Spearman’s rank correlation
coefficients between total IgG, IgG1 or IgG3 antibodies and the percentage of activated
NK cells (GFP* CD107a* CD16 (V176) NK-92 cells) were calculated. Statistical analyses
were performed using Stata SE16.0 and GraphPad Prism, version 8.1.2 software (GraphPad
Prism, San Diego, CA, USA).

3. Results
3.1. Validation of ELISA Method

CV values for intra-assay precision were found to be <8.2% for IgG1 and <5% for IgG3
at the ten reference concentrations tested in three separate runs (Table S1, Supplementary).
CV values for blank wells were found to be <5% (except for one of 24 wells, where the CV
was 8.2%). Mean OD values for blank wells in the three runs varied between 0.044 and
0.046. For inter-assay (intermediate) precision, CVs varied from 1.2 to 13.4% for IgG1 (Table
52, Supplementary) and from 1.4 to 9.4% for IgG3 (Table S3, Supplementary), depending on
the concentration level of IgG1 and IgG3 reference antibodies. For blank wells, intermediate
precision was found to be <3% in the three runs. The lower limit of detection (LLD) was
found to be <1.95 ng/mL for IgG1 and 1.95 ng/mL for IgG3. In addition, dilutional linearity
of the reference curve was investigated, and a four-parameter logistic curve fit was found
to be suitable for both the IgG1 and IgG3 references, with r? values > 0.999. Both IgG1 and
IgG3 reference curves showed a dilutional linearity of r? > 0.97 in the concentration range
1000-1.95 ng/mL for IgG1 and 500-1.95 ng/mL for IgG3.

3.2. IgG1 and IgG3 Subclass Antibody Responses After FLU-v Vaccination

Vaccine responder frequency: In the adjuvanted FLU-v group, the percentage of vac-

cine responders was 88.5% for IgG1 and 86.5% for IgG3 on day 42, compared to 0% for both
subclasses in the adjuvanted placebo group (p < 0.0001 for both) (Table 2). Administration
of non-adjuvanted FLU-v resulted in 53.4% and 29.3% responders for IgG1 and IgG3,
respectively, compared to 6.3% and 0% in the non-adjuvanted placebo group (p < 0.0001
and p = 0.0002). On day 180, the proportion of responders was 82.4% for both subclasses in
the adjuvanted FLU-v group compared to 4.2% for IgG1 and 0% for IgG3 in the adjuvanted
placebo group (p < 0.0001 for both), whereas the non-adjuvanted FLU-v group had 32.8%
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and 15.5% responders compared to 3.1% and 0% in the non-adjuvanted placebo group
(p =0.007 and 0.0151) (Table 2).

Table 2. Number and percentage of vaccine responders for FLU-v-vaccine-specific IgG1 and IgG3
subclass antibodies. Vaccine responders () are defined as participants reaching a two-fold or higher
increase in IgG1/IgG3 concentration (ng/mL) from day 0 to day 42 or from day 0 to day 180.
n = number of participants with serum sample analyzed. Percentage responders were calculated
with corresponding 95% Wilson score confidence intervals (CIs).

Adjuvanted FLU-v (1 Dose) Non-Adjuvanted FLU-v (2 Doses)
Number of ) Vvs. .V
1gG1/IgG3 Adjuvanted Placebo Non-Adjuvanted Placebo
Responders Adjuvanted  Adjuvanted P I;i\;ﬂ;e Non-Adjuvanted A djlt\ll:l)anr;te d P l;i\:;::re
FLU-v Placebo Mid-P Test FLU-v Placebo Mid-P Test
IgG1 Day 42
Proportion, r/n 46/52 0/26 31/58 2/32
(% responders) (88.5%) (0.0%) <0.0001 (53.4%) (6.3%) <0.0001
(95% CI) (77.0-94.6) (0.0-12.9) (40.8-65.7) (1.7-20.1)
IgG1 Day 180
Proportion, r/n 42/51 1/24 19/58 1/32
(% responders) (82.4%) (4.2%) <0.0001 (32.8%) (3.1%) 0.0007
(95% CI) (69.7-90.4) (0.2-20.2) (22.1-45.6) (0.2-15.7)
IgG3 Day 42
Proportion, r/n 45/52 0/26 7/58 0/32
% responders (86.5%) (0.0%) <0.0001 (29.3%) (0.0%) 0.0002
(95% CI) (74.7-93.3) (0.0-12.9) (19.2-42.0) (0.0-10.7)
IgG3 Day 180
Proportion, r/n 42/51 0/24 9/58 0/32
% responders (82.4%) (0.0%) <0.0001 (15.5%) (0.0%) 0.0151
(95% CI) (69.7-90.4) (0.0-13.8) (8.4-26.9) (0.0-10.7)

Quantitation of vaccine-induced IgG subclass levels: A single dose of adjuvanted

FLU-v vaccine induced significant increases in both IgG1 and IgG3 concentrations af-
ter vaccination. From day 0 to day 42, IgG1 median concentration increased from
434 to 4422 ng/mL (p < 0.0001) (Figure 1A), whereas the concentration of IgG3 increased
from 167 to 2020 ng/mL (p < 0.0001) (Figure 1B). At day 180, the median IgG1 concen-
tration was sustained at 3999 ng/mL (p < 0.0001) (Figure 1A), whereas the median IgG3
concentration decreased to 958 ng/mL (p < 0.0001) (Figure 1B). No increase for any of the
subclasses measured was seen in the adjuvanted placebo group.

Non-adjuvanted FLU-v vaccination also induced a significant but more modest in-
crease in median concentrations of both IgG1 and IgG3 (Figure 1A,B). The median IgGl1
level increased from 654 (day 0) to 1808 ng/mL on day 42 (p < 0.0001) and to 1219 ng/mL
on day 180 (p < 0.0001). For IgG3 antibodies, the median levels increased from 206 (day 0)
to 264 ng/mL on day 42 (p < 0.0001) and to 211 ng/mL on day 180 (p < 0.0001). Several
individuals showed substantial pre-vaccination IgGl1 levels (Figure 1A). No significant
increases were detected in the non-adjuvanted placebo group after vaccination.
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Figure 1. FLU-v IgG1 (A) and IgG3 (B) concentrations across all groups on days 0, 42, and 180.
Data from the following groups are shown: adjuvanted FLU-v (n = 52), non-adjuvanted FLU-v
(n = 58), adjuvanted placebo (n = 26), and non-adjuvanted placebo (1 = 32). Box and whisker plot
showing all individual values, 25th and 75th percentiles, and median. Whiskers represent ranges.
The Mann-Whitney U test was used to compare different groups at each time point. The Wilcoxon
signed-rank sum test was used to compare differences between time points within each group. Only
significant differences are shown.

Fold changes in IgG subclass levels: IgG1 and IgG3 antibody levels in both vaccine

groups were significantly increased compared to the corresponding placebo groups for
both time points, and consequently, the fold changes for IgG1 and IgG3 concentrations
from pre to post vaccination at both time points were also significantly higher in the vaccine
groups compared to the placebo groups (p < 0.0001) (Figure 2A,B). In the adjuvanted
FLU-v group, fold increases in IgG1 and IgG3 concentrations from day 0 to day 42 were
16.4- and 11.6-fold, whereas fold increases from day 0 to day 180 were 10.4- and 5.0-fold,
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respectively. Consistent with the results from quantitation, IgG1 and IgG3 fold increases in
the non-adjuvanted group were considerably lower: 2.4- and 1.5-fold on day 42 and 1.3-
and 1.1-fold on day 180, respectively. Although a reduction in IgG subclass concentrations
in serum could be seen from day 42 to day 180 (IgG1: from 4422 to 3999 ng/mL, p = 0.0002
and IgG3: from 2020 to 958 ng/mL, p < 0.0001), substantial levels of both IgG subclasses
were still present 6 months after adjuvanted vaccination (Figure 1A,B).
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Figure 2. Fold increase in FLU-v IgG1 (A) and IgG3 (B) concentrations across all groups from day
0 to days 42 and 180. Data from the following groups are shown: adjuvanted FLU-v (n = 52), non-
adjuvanted FLU-v (n = 58), adjuvanted placebo (n = 26), and non-adjuvanted placebo (1 = 32). Box
and whiskers plot showing all individual values, 25th and 75th percentiles, and median. Whiskers
represent ranges. Fold change in IgG1 concentrations on day 42 and 180 is defined as the ratio of
day 42 to day 0 and the ratio of day 180 to day 0, respectively. The Mann-Whitney U test was used
to compare different groups at each time point. The Wilcoxon signed-rank sum test was used to
compare differences between day 42 and 180 within each group. Significant differences are shown.
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3.3. Adjuvanted and Non-Adjuvanted FLU-v Induce Antibody-Mediated NK Cell Activation

To determine the ability of FLU-v-specific antibodies to induce NK cell activation, a
subset of volunteers was selected based on the level of IgG1 and IgG3 fold increases on day
42 post vaccination. In this subset, NK-cell activation induced by FLU-v-specific antibodies
present in serum collected pre vaccination was compared to the activation induced on
day 42 post vaccination. Sera from participants that were vaccinated with adjuvanted
FLU-v (n = 32) or non-adjuvanted FLU-v (n = 16) showed 2.7-fold and 6.2-fold median
rises, respectively, in the percentage of NK cells expressing CD107a from day 0 to day 42
post vaccination. In the adjuvanted FLU-v group, median percentage of CD107a* NK cells
rose from 1.9% to 5.2% (p < 0.0001), whereas the non-adjuvanted group showed an increase
from 1.9% to 11.7% (p = 0.0006) (Figure 3). No statistically significant difference in NK cell
activation was found between the adjuvanted and non-adjuvanted vaccine groups. No rise
in antibody-dependent NK cell activation was observed for placebo vaccinated (1 = 2) or
FLU-v vaccinated participants tested against non-related peptides used as negative controls

(Figure 3).
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Figure 3. Antibody-mediated NK cell activation after adjuvanted and non-adjuvanted FLU-v vaccina-
tion. For this analysis, a subset of paired samples (1 = 50) from day 0 and day 42 was selected based
on high IgG1 and IgG3 fold increases. Data from the following groups are shown: adjuvanted FLU-v
(n = 32), non-adjuvanted FLU-v (n = 16), and non-adjuvanted placebo (1 = 2). Antibody-dependent
NK cell activation, or percentage of GFP* CD107a* CD16 (V176) NK-92 cells by flow cytometry,
was measured in response to antibodies immobilized by plate-bound FLU-v (A) or non-related pep-
tides used as negative controls (B). Medians £ 95% confidences intervals are shown. The Wilcoxon
signed-rank sum test was used to compare differences between time points within each vaccine
group. A Bonferroni test was used to correct for multiple comparisons, with a p value < 0.025
considered significant.

3.4. FLU-v-Peptide-Specific Total IgG, IgG1 and IgG3 Correlate with Antibody-Mediated NK
Cell Activation

Correlation analyses were carried out to determine any differences between the IgG1
and IgG3 subclasses with regard to the observed NK cell activation. Correlation analyses
were performed between the concentration of FLU-v-specific IgG, IgG1, or IgG3 on day
42 and the percentage of CD107a* NK-cells, which is an indicator of NK cell activation.
The strongest correlation was found between FLU-v-specific total IgG and the percentage
of CD107a* NK cells (r = 0.70, p < 0.0001) (Figure 4A). Significant correlations were also
observed between the percentage of CD107a* NK cells and FLU-v-specific IgG1 and IgG3
concentrations (r = 0.58 (p < 0.0001) and r = 0.53 (p < 0.0001), respectively) (Figure 4 B,C).
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Figure 4. Correlation between antibody-mediated NK cell activation and FLU-v-specific IgG (A),
IgG1 (B) and IgG3 (C) on days 0 and 42. Spearman rank order correlations were performed between
the antibody-dependent NK cell activation assay, measuring the percentage of GFP* CD107a* CD16
(V176) NK-92 cells by flow cytometry, and total IgG, IgG1, and IgG3 with correlation coefficients (r)
and p-values shown. IgG data for this analysis were obtained from a previous report [7].

4. Discussion

Although the FLU-v peptide vaccine was designed to induce T cell-mediated immunity,
we have previously shown that both Montanide ISA-51-adjuvanted and -non-adjuvanted
FLU-v induced significant vaccine-specific IgG responses measured by ELISA [7]. Here,
we have further investigated the antibody response by quantifying IgG1 and IgG3 anti-
bodies using an in-house-developed and validated vaccine-specific ELISA method. Since
FLU-v only contains peptides from internal viral proteins (NP, M1, and M2), the IgG an-
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tibodies produced do not have neutralizing activity, but could exert protective effects by
ADCC, complement-mediated responses, or opsonophagocytosis, which could lead to the
destruction of cells infected by influenza virus [14]. In particular, the role of ADCC in
protective immune responses against influenza has become evident in recent years, and
this mechanism has consequently been an important target for vaccines aiming to induce
antibodies with broad specificities, recognizing non-surface epitopes common to a variety
of influenza strains [21,22]. Data from mouse models [23-26] and human trials demonstrate
that NK cell activation and ADCC induced by cross-reactive antibodies directed against the
conserved influenza antigens M2 and NP may play a role in protection against influenza
infection and disease [17,27], thereby providing an attractive approach for developing
universal influenza vaccines based on antibody-mediated cross-protection, in addition to T
cell immunity [21].

The aim of this study was to dissect the composition of the antibody response induced
by FLU-v vaccination by focusing on the IgG1 and IgG3 subclasses, which both induce
ADCC responses via NK cell activation [13]. We have demonstrated that both adjuvanted
and non-adjuvanted FLU-v vaccination induced robust IgG1 and IgG3 responses. Although
a direct comparison between the two vaccine groups is theoretically compromised by a
different number of vaccine doses given (one dose of adjuvanted vs. two doses of non-
adjuvanted vaccine), the results nevertheless suggest an enhancing effect of the adjuvant
used here for both IgG subclass responses. Enhancement of IgG antibody responses has
also been shown when the same adjuvant, Montanide ISA-51, has been used in other
vaccines [28], including a licensed therapeutic lung cancer vaccine [29]. The quantitative
distribution of IgG1 and IgG3 responders in both vaccine groups showed a large degree of
variation, ranging from low to high responders, which is often seen in influenza vaccination
of individuals with varying degree of pre-existing antibodies due to natural exposure [30].
Consistent with the hypothesis that the majority of the adult population has been naturally
exposed to influenza viruses, we observed that some individuals had pre-existing IgG1
antibodies to the vaccine antigens. This observation indicates that processing the whole
virus during natural infection can result in successful presentation of the antigen epitopes
recognized by FLU-v-induced antibodies, thereby supporting the prospects for functional
antibody-mediated protection against influenza disease induced by this vaccine.

Importantly, in the adjuvanted FLU-v group, both IgG1 and IgG3 levels persisted over
time, with only moderate reductions in antibody levels in more than 80% of the vaccinees at
6 months compared to day 42 post vaccination. However, the decline was more pronounced
for IgG3 than for IgG1, which is expected due to the shorter half-life of IgG3 caused by
reduced affinity for the neonatal Fc receptor and increased susceptibility to proteolytic
cleavage. This is a known mechanism limiting the potent pro-inflammatory effects of IgG3
antibodies [31]. Long-term protection is pivotal for a broad-spectrum influenza vaccine,
and the duration beyond six months of FLU-v-specific IgG1 and IgG3 antibodies will have
to be further evaluated in future studies. Moreover, it would also be important to determine
whether exposure to influenza virus post vaccination is capable of boosting FLU-v-specific
antibody levels once memory B cells have been generated by FLU-v vaccination.

Demonstrating that FLU-v induces IgG1 and IgG3 antibodies does not necessarily
mean that these antibodies play a role in protection against influenza infection. For this
reason, their ability to induce FcyRIIla-mediated NK cell activation in vitro was evaluated
and shown to increase from pre to post vaccination in both vaccine groups. NK cell
activating antibodies have recently been presented as a correlate of protective immunity
against influenza infection [19], and the relevance of this assay for evaluating ADCC
capacity of vaccine-induced antibodies is well established [18,21]. Cross-linking FcyRIIla
on human NK cells leads to NK cell activation, which has been shown to correlate with an
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increase in ADCC responses, resulting in the killing of host cells infected by the virus [32,33].
Moreover, it is important to note that testing sera from virus-exposed and naturally pre-
immunized vaccinated subjects in any ADCC assay with influenza-infected target cells
would not be methodologically appropriate, since infected cells also express other ADCC-
inducing antigens (like HA and NA), masking the NP- and M- specific ADCC activity we
wanted to detect for FLU-v antibodies.

Although we do not know which of the antigen targets in the vaccine (NP, M1, or M2)
that contributes to the observed NK cell activation, human anti-NP IgG antibodies induced
by natural or experimental infection have been shown to activate NK cells by FcyRIIla
engagement [18]. Several studies in mice have also shown that antibodies against influenza
proteins M2 and NP contribute to heterosubtypic immunity and protection against virus
challenge by activating an FcyR-dependent mechanism [24,25,27]. Less is known in humans
about the role of the M1 and M2 proteins in this context, but human anti-M2 monoclonal
antibodies with proven therapeutic potential have been demonstrated to activate NK cells
and mediate ADCC [17,26]. Based on the knowledge that IgG3 is more efficient than IgG1
in mediating effector functions [34], the substantial IgG3 response induced by adjuvanted
FLU-v vaccination may be relevant for protection. In particular, IgG3 antibodies have
been found to bind FcyRIlla with approximately three times higher affinity than IgG1 [35],
implying that IgG3 antibodies can activate FcyRIIIa-expressing NK cells more efficiently
than the IgG1 subclass.

A limitation of this study is that only a subset of samples was used for evaluating
NK cell activation by selecting participants with low pre-existing antibodies and high
post-vaccination FLU-v antibody levels, thereby primarily focusing on the ability of the
vaccine-induced antibodies to induce NK cell activation. This subset selection may have
influenced the results from comparing NK cell activation in the adjuvanted and non-
adjuvanted vaccine group. Moreover, we were not able to elucidate any potential difference
in the relative ability of the IgG1 and IgG3 subclasses to induce NK cell activation due to
the presence of both FLU-v-specific IgG1 and IgG3 antibodies in most sera tested. Further
studies are needed to evaluate the relative importance of FLU-v-specific IgG3 versus IgG1
in NK cell activation, as well as a potential difference in the glycosylation pattern and
epitope specificity between the two subclasses. Separation of the subclasses and coating
with individual peptides rather than using the peptide mix may provide more information
on the individual epitopes and IgG subclasses involved in this effector function. Moreover,
it will be important to investigate whether FLU-v-specific antibodies isolated from serum
can induce cytotoxicity against influenza-infected host cells in vitro in functional ADCC
assays. By using different seasonal and pandemic influenza strains to infect target cells,
such assays could also provide crucial information on the broadness of ADCC-mediated
immunity induced by this vaccine.

Although T cell-mediated immunity has been an important target for the development
of broad-spectrum influenza vaccines utilizing conserved antigens [36], there is also a
need for exploration of potential protective antibody responses to broaden the repertoire
of effector functions. Since most neutralizing antibodies directed against HA are highly
strain-specific, vaccine candidates addressing the protective potential of ADCC and other
Fc-mediated effector functions may be a fruitful approach for including antibody-based
immunity in broad-spectrum influenza vaccines. The added value of this component is
the elimination of virus-infected host cells, thereby providing protection against disease
severity. While many efforts are focusing on HA stem-directed cross-reactive antibody
responses, with both membrane fusion blocking and FcR-mediated effector functions as
promising targets for protection [37-39], the more conserved M1, M2, and NP antigens
have also successfully been used in clinical trials with different vaccine platforms aiming to
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induce both T cell- and antibody-mediated immunity [7,36,39,40]. Although FLU-v was pri-
marily designed to induce T cell-mediated immunity, this vaccine is, to our knowledge, the
first peptide-based broad-spectrum influenza vaccine candidate to demonstrate induction
of NK cell-activating IgG antibodies, thereby broadening the immunological mechanisms
contributing to protection against influenza for this vaccine platform.

5. Conclusions

An in-house-developed and -validated ELISA method was used for quantitation of
FLU-v peptide-specific IgG1 and IgG3 subclass antibodies in human serum after FLU-v
vaccination. Montanide ISA-51-adjuvanted FLU-v vaccination induced durable IgG1 and
IgG3 antibodies after a single dose in almost 90% of the vaccinees. The demonstrated
ability of FLU-v-induced antibodies to activate NK cells suggests a potential role in ADCC-
mediated protection against influenza after FLU-v peptide vaccination.
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