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Abstract:  23 

While influenza vaccines are designed to induce neutralizing antibodies, little is known on T cell 24 

responses induced by these vaccines. In contrast, more data becomes available on the important 25 

role of cellular immune responses in limiting influenza disease.  The 2009 pandemic provided us 26 

with the opportunity to evaluate the immune response to vaccination in a unique setting. We 27 

evaluated both antibody and T cell responses during two consecutive influenza seasons from 28 

2009-2011 and compared the MF59-adjuvanted pandemic vaccine with the unadjuvanted 29 

seasonal vaccine. Antibody responses were determined by a hemagglutination inhibition assay in 30 

serum and vaccine-specific T cell responses were evaluated by detecting IFN-γ producing 31 

peripheral blood mononuclear cells using whole influenza virus or vaccine-specific peptide pools 32 

as stimulating antigens. We show that one dose of the pandemic vaccine induced antibody 33 

responses sufficient for providing seroprotection and vaccine-specific T cell responses. A second 34 

dose further increased antibody responses but not T cell responses. Both responses could be 35 

boosted by the seasonal vaccine in the subsequent season. Furthermore, we show that the 36 

seasonal vaccine alone is capable of inducing vaccine-specific T cell responses, despite the fact 37 

that the vaccine did not contain an adjuvant. In addition, residual antibody levels remained 38 

detectable for over 15 months, while T cell levels had reduced back to baseline levels by that 39 

time. Hereby, we show that humoral and cellular immunity differ in their response to a second 40 

dose of the pandemic vaccine.  41 

42 
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Introduction:  43 

Influenza virus causes seasonal epidemics resulting in a major social and economic burden and 44 

250,000-300,000 deaths each year, while pandemic outbreaks affect the population to an even 45 

greater extent (1-3). These outbreaks of influenza are the result of the variable nature of the 46 

surface proteins of influenza virus, hemagglutinin (HA) and neuraminidase (NA). Typically, 47 

antibodies directed to these proteins can provide neutralizing immunity. However, antigenic 48 

drifts can cause small changes in antibody binding sites that may render these antibodies 49 

ineffective. In addition, completely new subtypes can arise due to antigenic shifts, which occur 50 

when circulating viruses reassort with other viruses circulating in the human population or that of 51 

other species. During the emergence of such a new subtype, individuals depend even more on the 52 

activation of other arms of the immune system than the humoral response to the globular head of 53 

HA and NA. Although they cannot prevent infection, cross-reactive cytotoxic CD4+ and CD8+ T 54 

cells have been shown to provide an immunological advantage by limiting disease, improving 55 

recovery and eventually clearing infection (4-6).  56 

 57 

In 2009, A(H1N1)pdm09, a subtype from swine origin, was introduced into the human 58 

population. This was the first time in over 30 years that an influenza virus originating from an 59 

animal reservoir was able to transmit from human to human (7). As humans were expected to be 60 

naïve to this new subtype, an MF59-adjuvanted inactivated monovalent vaccine, directed against 61 

the pandemic strain, was offered to classical Dutch risk groups, pregnant women and health care 62 

workers in a two dose schedule (8, 9). MF59 is an oil in water emulsion that was shown to 63 

activate CD4+ T cells, which play an important role in the induction of high affinity class 64 
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switched antibodies (10-12). In the pandemic setting, MF59 was included to allow for a lower 65 

antigen dose, while still capable of inducing seroprotective antibody titers (13).  66 

 67 

In this study, we analyzed the immunogenicity of the pandemic vaccine during the H1N1 68 

pandemic in 2009, which allowed for evaluation of both the unusual two dose schedule and the 69 

effect of the addition of MF59 on humoral and cellular immunogenicity of the pandemic vaccine 70 

(14, 15). In addition, this study entailed the subsequent 2010-2011 season in which the 71 

A(H1N1)pdm09 strain was included in the unadjuvanted seasonal influenza vaccine, together 72 

with a new H3N2 strain (A/Perth/16/2009). This allowed for analysis of the booster effect of 73 

previous vaccination with the A(H1N1)pdm09 strain and comparison of immunogenicity of an 74 

adjuvanted pandemic vaccine versus an unadjuvanted seasonal vaccine. Analysis of 75 

immunogenicity was performed by measuring the standard correlate of protection for influenza 76 

vaccines, i.e. antibody responses. Furthermore, vaccine-specific T cell responses were 77 

investigated since little is known on the induction of T cells by vaccination, while more evidence 78 

is being published on their important role during influenza infections. T cell responses directed 79 

against epitopes of the influenza virus surface proteins HA and NA may serve the development 80 

of specific antibodies or mediate cytotoxic effects on their own (16).  81 

 82 

In this study, we evaluated the vaccine-specific antibody and T cell-mediated immune response 83 

during two consecutive influenza seasons from 2009 to 2011. During the first season, the 84 

additive value of a second dose of the pandemic vaccine was evaluated. In addition, a 85 

comparison of adjuvanted and unadjuvanted influenza vaccines is made. We show that one dose 86 

of the pandemic vaccine was sufficient to induce antibodies and T cell responses and that a 87 
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second dose solely boosted antibody responses. The seasonal vaccine boosted both the humoral 88 

and cellular response and even induced T cell responses in individuals not vaccinated in the 89 

previous season. Antibody levels remained detectable until the end of the study, while T cell 90 

responses had reduced to baseline levels. Hereby, this study contributes to knowledge on the 91 

humoral and cellular immunity in response to influenza vaccination. 92 

  93 
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Materials and Methods: 94 

Experimental design 95 

A non-randomized, multicenter, open-label controlled trial was conducted in the Utrecht area, 96 

during two consecutive influenza seasons between October 2009 and May 2011. The main 97 

objective was to evaluate whether a second dose with the pandemic adjuvanted vaccine was 98 

necessary for obtaining seroprotective antibody titers and whether the antibody response could 99 

be boosted in the second season with a seasonal unadjuvanted vaccine. In addition, humoral and 100 

cellular immune profiles after vaccination with pandemic and seasonal H1N1 containing 101 

vaccines were evaluated.  102 

 103 

Healthy individuals aged between 18 and 52 years were recruited among workers of public 104 

health institutions in the Utrecht area. Exclusion criteria were: previous diagnosis with 105 

A(H1N1)pdm09, any history with serious allergic reaction to vaccine components, factors that 106 

might interfere with blood collection and factors that might interfere with immunological 107 

analysis, including immune deficiencies, hematological disorders, bleeding disorders, usage of 108 

anticoagulants, corticosteroids, NSAIDs and/or statins, diabetes mellitus or having had an 109 

infectious disease with fever within the last two weeks before the start of the study. Study 110 

participants had the choice to be vaccinated or not in both seasons independently of their choice 111 

in the previous season, resulting in a vaccine and control group in the first season (2009- 2010) 112 

and vaccine-vaccine (VV), vaccine-control (VC), control-control (CC) and control-vaccine (CV) 113 

groups in the second season (2010-2011). 114 

 115 
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The protocol was approved by the medical ethical reviewing committee (Central Committee on 116 

Research Involving Human Subjects (CCMO)) of the Netherlands and the study was conducted 117 

in accordance with Good Clinical Practice and the principles of the Declaration of Helsinki. The 118 

study was registered in the Netherlands Trial Register (NTR2070) and written informed consent 119 

was obtained from each participant. 120 

 121 

Vaccines 122 

During the first season, individuals in the vaccine group received two pandemic influenza 123 

vaccine doses with a three-week interval (Fig. 1). Vaccination with two doses of the 124 

A(H1N1)pdm09 vaccine was recommended by the Dutch Health Council, based on experience 125 

during outbreaks of H5N1 avian influenza, a subtype for which little to none pre-existing 126 

immunity was present in humans. The monovalent pandemic subunit vaccine (Focetria, 127 

Novartis) is a MF59-adjuvanted influenza vaccine containing A(H1N1)pdm09. MF59 already 128 

proved to be safe and immunogenic in combination with an inactivated seasonal influenza 129 

vaccine for elderly and has been  registered in Europe since 1997 (17). Seasonal influenza 130 

vaccination was not part of the study regime in the first season, but was optional and had to take 131 

place at least three weeks prior to the study or at week 6 (Table IA), if so  individuals received 132 

the subunit vaccine Influvac 2009-2010 (Solvay, The Netherlands). This seasonal subunit 133 

vaccine contained A/Brisbane/59/2007, A/Brisbane/10/2007 and B/Brisbane/60/2008. During the 134 

second season, subjects in the vaccine group were vaccinated once with Influvac 2010-2011, 135 

containing vaccine strains A(H1N1)pdm09, A/Perth/16/2009(H3N2) and B/Brisbane/60/2008 136 

(Solvay, the Netherlands). 137 

 138 
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Virus strains 139 

The following virus strains were used for HI assays and virus ELISpots: A/California/07/09 140 

(H1N1) was kindly provided by Institute Pasteur (Paris, France) and A/Perth/16/09 (H3N2) from 141 

the National Institute for Biological Standards and Control (NIBSC). Viruses were grown on 142 

Madin-Darby Canine Kidney (MDCK) cells. Sequences of  hemagglutinin (HA) and 143 

neuraminidase (NA) proteins of these strains were obtained from GenBank and can be found 144 

under protein accession numbers ACP44189 (HA California), ACQ63272 (NA California), 145 

ACP44189 (HA Perth) and ACQ63272 (NA Perth). 146 

 147 

Blood collection 148 

Blood was collected before vaccination, two weeks, and three weeks after the first dose, three 149 

weeks after the second dose and at the end of the influenza season, which was approximately 150 

five months after the second dose (Fig. 1). During the second season, blood was drawn before 151 

and three weeks after vaccination and at the end of the influenza season. At most time points, 152 

blood was collected for PBMC isolation and serum, however three weeks after the first dose of 153 

the pandemic vaccine and at the end of both seasons, only serum was collected. Blood of 154 

individuals in the control group was collected for serum and PBMC isolation at the start and the 155 

end of both seasons. Serum was stored at -20°C until analysis. PBMCs were isolated by Ficoll 156 

(Lymphoprep, Axis-Shield, Norway) density gradient centrifugation and stored at -135°C.   157 

 158 

Hemagglutination-inhibition (HI) assay 159 

HI assays against MDCK cells-grown A(H1N1)pdm09 wild type virus was performed in 160 

duplicate according to standard methods of the World Health Organization (WHO) at Viroclinics 161 
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(Rotterdam, the Netherlands) (Luytjes et al., 2012). In short, a dilution series of cholera filtrate-162 

treated serum samples was incubated with four Hemagglutinin Units (HAU) influenza virus for 163 

20 minutes and 0.25% (v/v) turkey erythrocytes for 30 minutes at 4°C and scored for 164 

agglutination.  165 

 166 

EMA guidelines 167 

EMA guidelines for influenza vaccines include criteria related to vaccine efficacy, which have to 168 

be met to obtain registration in European Union (EU). First, the percentage of subjects who reach 169 

seroprotection, which is defined as an HI titer ≥40, should increase by 70%. Second, the mean 170 

geometric increase of antibodies should be >2.5. Third, the percentage of individuals who reach 171 

seroconversion, which is defined as seroprotection with at least a fourfold increase in antibody 172 

levels should be >40% (15). For a pandemic vaccine, all three criteria have to be met, while for a 173 

seasonal vaccine at least one in three is required. Antibody responses should be measured three 174 

weeks after vaccination. 175 

 176 

Enzyme-linked immunospot (ELISpot) assays 177 

PVDF-membrane plates (Millipore Corporation, USA) were ethanol-activated, coated with 5 178 

µg/ml 1-D1K anti-IFN-γ antibody (Mabtech Ab, Sweden) and incubated O/N at 4°C. Plates were 179 

blocked with AIM-V medium (Thermo Scientific, The Netherlands) containing 2% human AB 180 

serum (Sigma, MO, USA).  For analysis of responses to the vaccine strains, 2* 105 PBMCs per 181 

well were incubated in AIM-V medium (Thermo Scientific, The Netherlands) containing 2% 182 

human AB serum (Sigma, MO, USA) and stimulated with influenza virus at a MOI of 4, mock 183 

(cell supernatant) or 1 µg/ml Staphylococcus Enterotoxin B (SEB) (Sigma). Analysis of the 184 
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vaccine-specific antigens was performed by stimulation of 4*105 cells per well with 1 µg/mL of 185 

a peptide pool spanning the entire HA or neuraminidase NA protein of A(H1N1)pdm09 or 186 

A/Perth/16/2009. Per protein, 15-mer peptides with 11 overlap (JPT peptide Technologies, 187 

Germany) were pooled and dissolved in DMSO. In the negative control wells, DMSO was added 188 

to the medium. After an incubation period of 18 hours, plates were washed with phosphate 189 

buffered saline (PBS) 0.2% triton-x100 to inactivate the virus and detection IFN-γ antibody 190 

Biotin labeled antibody 7-B6-1 (Mabtech Ab, Sweden) in PBS 0.5% FCS (HyClone Thermo 191 

Scientific, USA) was added at 1 µg/ml for 2 hours at room temperature (RT). Plates were 192 

washed and incubated with streptavidin-alkaline phosphatase in PBS 0.5% FCS for 1 hour at RT. 193 

After washing the plates, 100 µl NBT/BCIP solution (Sigma, MO, USA) was added. Color 194 

reaction was stopped by washing the plates with tap water. Plates were dried O/N at RT and 195 

spots were counted with A.EL.VIS reader (Sanquin, Amsterdam, The Netherlands). 196 

 197 

Statistical analysis  198 

Mann Whitney U and Pearson Chi Square tests were applied to analyze the characteristics of the 199 

cohort, as indicated in the Results section. Statistical significance was defined as a p-value ≤ 0.05 200 

and statistical analysis was performed with the SPSS 19.0 statistical software program for 201 

Windows. Data from peptide ELISpots were log-transformed and tested for significance with a 202 

two-tailed student’s t-test, using GraphPad Prism 6.04 software.  203 

 204 

Results from HI assays and ELISpot assays with virus-stimulated PBMCs, were analyzed by a 205 

mixed effects Negative Binomial regression model to quantify differences in immune responses 206 

between vaccinated and unvaccinated groups (18, 19). The Negative Binomial distribution was 207 
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used to describe the number of spots, while the underlying spot rates were modelled by the 208 

regression model. SEB counts were included in the regression model as denominator in the so-209 

called offset term, i.e. if the spot rate is constant, higher SEB spot counts will automatically 210 

result in higher virus specific spot counts. Possible confounders such as sex, vaccination history 211 

and earlier influenza infections were taken into account as categorical variables and age was 212 

entered in the model as a natural cubic spline curve. A log-link function was used to relate the 213 

response rate with these fixed effects. To account for variation between participants, a random 214 

intercept was included in the model (20). Differences between groups are, therefore presented as 215 

relative rates, including 95% confidence intervals and p-values. The Holm adjustment is applied 216 

to correct for multiple testing. All statistical analyses were done in R using the R-INLA package 217 

(21, 22). 218 

 219 

  220 
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Results:  221 

Clinical trial design 222 

In this study, 348 individuals were included of whom 288 chose to be vaccinated (vaccine group) 223 

and 60 chose not to be vaccinated (control group) (Fig. 2). At the start of the second season 224 

individuals again had the choice to participate and to be vaccinated or not, independent of their 225 

choice in the previous season. This resulted in four different groups: 135 individuals remaining 226 

in the vaccine group (VV), 29 individuals switching to the control group (VC), 31 individuals 227 

remaining in the control group (CC) and 7 individuals switching to the vaccine group (CV) (Figs. 228 

1 and 2). Baseline characteristics of the study participants are described for season one (Table 229 

IA) and season two (Table IB). Vaccination history of all participants was recorded, which 230 

shows that the number of frequent vaccinees was higher in the vaccination groups (Table IA and 231 

1B).  232 

 233 

To analyze vaccine immunogenicity, antibody responses of all participants were analyzed by HI 234 

assays. Furthermore, cellular responses were determined by IFN-γ ELISpots in a subset of 235 

participants to investigate the presence of vaccine-induced T cell responses (Fig. 2). To enable 236 

comparison of induction and duration of immune responses following vaccination, all responses 237 

were categorized. As hypothesized in Fig. 3, baseline responses of participants are placed in 238 

category I, representing the variable background response of subjects (Table II). Responses of 239 

participants that are not vaccinated during the study are considered not to change considerably 240 

and therefore individuals will remain in category I, unless they do receive a vaccination during 241 

this study. Based on these rules, individuals can be placed in 11 different categories (Fig. 3 and 242 

Table II). To account for individual variation and other confounding factors, results were 243 
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analyzed statistically using the mixed effects negative binomial regression model. Differences 244 

between groups are expressed as relative rates (RR). 245 

 246 

One dose of the MF59-adjuvanted vaccine induced adequate antibody responses 247 

In Fig. 4A, relative antibody responses to A(H1N1)pdm09 are depicted for all groups during 248 

both seasons. The first dose of the adjuvanted pandemic vaccine increased the RR of the 249 

antibody level 17.3 fold compared to baseline (IIb versus I; p<0.001) (Table SIA). The second 250 

dose induced a further relative increase of 1.3 compared to primary vaccination (III versus IIb; 251 

p<0.001), showing that there is a rapid induction of antibody responses after a first dose with the 252 

pandemic vaccine and that these responses increase after a second dose. To evaluate vaccine 253 

efficacy, standard analysis of HI titers was performed according to the EMA guidelines for 254 

pandemic vaccines. One dose of vaccine induced an 18-fold increase of the GMT, seroprotection 255 

in 87.7% and seroconversion in 78% of the vaccinated, which was sufficient to meet all three 256 

EMA criteria, while the second dose induced a further increase in antibody levels (Table III). 257 

After vaccination, antibody levels wane quickly, however at week 26, antibody levels were 258 

significantly higher than baseline (RR: 11.1; IV versus I; p<0.001) (Table SIA).  259 

 260 

Residual antibody levels were boosted by seasonal vaccine 261 

At the start of the second season the RR of antibody levels in vaccinated individuals had declined 262 

further, but still remained higher compared to control individuals (RR: 7.6; V versus I; p<0.001) 263 

(Fig. 4A). Seasonal vaccination resulted in a significant increase in RR of individuals in the VV 264 

group with a RR of 24.4 compared to primary baseline (VI versus I; p<0.001) (Table SIB). Titers 265 

of individuals that were vaccinated for the first time in the second season (CV) significantly 266 
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increased 12.8 fold compared to baseline (IX versus I; p<0.001). This implies a booster effect of 267 

the seasonal vaccine on the antibody levels induced by the pandemic vaccine in the previous year 268 

since the RR of VV individuals was 2-fold higher compared to CV individuals (VI versus IX; 269 

p=0.028) (Table SIC). However, no significant difference was found between antibody levels of 270 

individuals that had received the first dose of the adjuvanted pandemic vaccine and individuals 271 

vaccinated only in the second year with the unadjuvanted seasonal vaccine (IIb versus IX; 272 

p=0.599). These results imply that 7.5 µg HA antigen adjuvanted with MF59 is as efficient at 273 

inducing antibodies as a regular unadjuvanted antigen dose of 15 µg HA.  274 

 275 

One year after vaccination no further reduction in antibodies levels was observed in individuals 276 

that switched to the control group at the start of the second season, showing a duration of the 277 

antibody response for over 15 months (VIII versus V; p=0.699, RR:7.28; VIII versus I; p<0.001) 278 

(Table SIB). Similar as the vaccine-induced antibody response in the first season, antibody levels 279 

of individuals vaccinated in the second season (groups VV and CV) significantly reduced 280 

between week 52 and the end of the study (VI versus VII p< 0.001 and IX versus X; p=0.032) 281 

(Table SIB). At week 72, individuals in the VV group did end up with a larger residual antibody 282 

level compared to CV and VC individuals (VII versus X; p<0.001 and VII versus VIII; p<0.001), 283 

while no significant difference was observed between VC individuals and CV individuals at 284 

week 72 (VIII versus X; p=0.699) (Table SIC). These results indicate an advantage of annual 285 

vaccination with the same vaccine strain on the height of the antibody levels.  286 

 287 

First dose of the MF59-adjuvanted vaccine induced cellular responses 288 
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Since the MF59 adjuvanted pandemic vaccine has been proposed to induce T cell responses, also 289 

cellular immune responses to the virus strains were analyzed in a subset of participants of the 290 

vaccinated and control groups. All subjects of the CV group were analyzed due to the small size 291 

of this group (n=7). Fig. 4B depicts relative rates of T cell responses to the A(H1N1)pdm09 292 

strain. A significant increase with a RR of 1.5 was observed two weeks after the first dose of the 293 

pandemic vaccine (IIa versus I; p<0.001) (Table SIIA). Three weeks after the second dose, the 294 

RR was 1.4 compared to the baseline level (III versus I; p<0.001). The difference in T cell 295 

response ratio between weeks 2 and 6 was not significant, therefore we conclude that, contrary to 296 

antibody responses, a second dose did not boost T cell responses (RR: 0.9; IIa versus III; p=0.8). 297 

Strikingly, no significant reduction in T cells, RR of 1.2, was observed between the level 298 

obtained after pandemic vaccination and the start of the second season (III versus V; p=0.11) 299 

(Table SIIB).  300 

 301 

Seasonal vaccine is capable of inducing T cell responses 302 

Similar to antibody responses, at the start of the second season, a significantly higher level of T 303 

cells with a RR of 1.7 was observed in vaccinated individuals compared to non-vaccinated 304 

individuals (Fig. 4B; V versus I; p<0.001). Moreover, in VV individuals, a 2.5 increase in RR 305 

was observed after seasonal vaccination compared to the primary baseline (VI versus I; 306 

p<0.001). In individuals not vaccinated in the previous year (CV) a significant induction of T 307 

cells was observed with a RR of 2.2 (IX versus I; p<0.001). In addition, T cell responses to the 308 

new seasonal vaccine strain A/Perth/16/2009(H3N2) showed an increase in RR of 1.9, 309 

strengthening data on T cell induction by the seasonal vaccine (Table SIII). T cell levels to 310 

A(H1N1)pdm09 obtained after singular vaccination (CV) and re-vaccination (VV) were similar 311 
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(VI versus IX; p=0.819). Therefore, previous pandemic vaccination does not appear to be an 312 

advantage for VV individuals compared to T cell responses of CV individuals. By week 72, the 313 

T cell response of  individuals that switched to the control group in the second year (VC) had 314 

decreased to primary baseline level (VIII versus I; RR 1.2; p=0.544), implicating a duration of 315 

the T cell response of approximately 15 months (Table SIIC). 316 

 317 

Pandemic and seasonal vaccine induce HA and NA-specific responses 318 

All cellular responses described above were analyzed by stimulation of PBMCs with live virus. 319 

As the vaccines only contained HA and NA from influenza virus, we postulate that vaccine-320 

induced responses described after virus stimulation were mostly directed to the HA and NA 321 

proteins. To confirm this hypothesis, responses specific for the vaccine strains were further 322 

analyzed in an IFN-γ ELISpot by stimulation of PBMCs with peptide pools spanning the entire 323 

HA or NA protein of A(H1N1)pdm09. In Fig. 5, responses to the HA- and NA-peptide pools of 324 

A(H1N1)pdm09 are depicted for the first season. After one dose, there was a significant increase 325 

in T cell responses to HA, which was not boosted by the second dose (Fig. 5A). Similar 326 

observations were made for NA protein (Fig. 5B). Responses of individuals in the control group 327 

remained similar during the first season (Figs. 5C and 5D). Hereby, we show that the pandemic 328 

vaccine is indeed capable of inducing HA and NA-specific T cell responses. 329 

 330 

Likewise, vaccine-specific T cell responses were observed during the second season. Three 331 

weeks post seasonal vaccination, PBMCs of individuals in the VV and CV groups were isolated 332 

and stimulated with HA or NA of both A(H1N1)pdm09 and A/Perth/16/2009(H3N2). VV 333 

individuals showed increased T cell responses to all peptide pools (Fig. 6). Individuals in the 334 
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CV-group had a significant induction of T cell responses after stimulation with NA derived from 335 

A(H1N1)pdm09 and HA of A/Perth/16/2009(H3N2) (Figs. 6B and 6C). When comparing virus-336 

stimulation and peptide-stimulation, individuals in the CV group had a significant increase in 337 

responses after only one vaccination as measured by virus stimulation which was confirmed by 338 

the NA of A(H1N1)pdm09 and HA of A/Perth/16/2009 (H3N2) peptide pool stimulations (Figs. 339 

4B, 6B and C). These results indicate an advantageous effect of 2010- 2011 influenza 340 

vaccination.  341 

 342 

Correlation of humoral and cellular immune response 343 

Fig. 4 summarizes the relative rates of antibody and T cell responses during both seasons, 344 

enabling a comparison of vaccine-specific antibody and T cell responses. The first dose of the 345 

pandemic vaccine resulted in a significant induction of both antibody and T cell responses, while 346 

a second dose only improved antibody responses. Individuals vaccinated in the first season had 347 

residual antibody and T cell responses and thus appear to have an advantage at the start of the 348 

second season. This advantage is reflected by antibody induction, but not T cell responses, as a 349 

single seasonal vaccination (CV) induces lower antibody titers but similar levels of T cell 350 

responses compared to VV individuals. At week 72, T cell responses were only measured for 351 

individuals in the control groups (CC and VC group), showing that responses of VC individuals 352 

had decreased to baseline level 15 months after their last vaccination. In contrast, antibody levels 353 

were measured for all groups and showed that residual levels of all groups that received at least 354 

one vaccination, remained significantly higher than baseline. Therefore, we can conclude that 355 

vaccine-induced antibody responses are detectable in the blood for a longer period than T cell 356 

responses measured in this study. 357 

358 
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Discussion:  359 

In this study, the antibody and T cell mediated immune response following influenza vaccination 360 

was evaluated during two consecutive influenza seasons from 2009 to 2011. The emergence of 361 

A(H1N1)pdm09 provided us with the opportunity to evaluate influenza vaccine immunogenicity 362 

in a unique setting. The Dutch Health Council recommended vaccination with two doses of a 363 

MF59-adjuvanted monovalent A(H1N1)pdm09 vaccine, which allowed us to evaluate both the 364 

unusual two dose schedule and the effect of MF59 adjuvation on immunogenicity of the 365 

pandemic vaccine. One dose of the pandemic vaccine induced antibody responses sufficient for 366 

providing seroprotection and, in addition, induced vaccine-specific T cell responses. A second 367 

dose further increased antibody responses but not T cell responses.   368 

 369 

Furthermore, in the subsequent influenza season, the trivalent seasonal vaccine contained the 370 

pandemic strain of the previous season, A(H1N1)pdm09, and a new H3N2 strain, 371 

A/Perth/16/2009(H3N2), allowing for analysis of booster effect of previous vaccination with the 372 

A(H1N1)pdm09 strain. Both antibody and T cell responses could be boosted by the seasonal 373 

vaccine. In addition, a comparison could be made of an adjuvanted and unadjuvanted influenza 374 

vaccine. Immunogenicity of the influenza vaccines was evaluated by measuring both vaccine-375 

specific antibody and T cell responses during both influenza seasons. Furthermore, we show that 376 

the seasonal vaccine alone is capable of inducing vaccine-specific T cell responses, despite the 377 

fact that the vaccine did not contain an adjuvant.  378 

 379 

In addition, residual antibody levels remained detectable for over 15 months, while T cell levels 380 

had reduced back to baseline levels by that time. We conclude that vaccine-induced antibody 381 
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responses are detectable in the blood for a longer period than T cell responses measured in this 382 

study. However, this does not necessarily indicate that vaccine-specific T cells are no longer 383 

present. Memory T cells might reside in (lymphoid) tissues instead of in circulation, which is not 384 

reflected by measuring PBMC-specific T cell responses in the blood (23-25). 385 

 386 

During the first season, immunogenicity of the MF59-adjuvanted monovalent A(H1N1)pdm09 387 

vaccine was evaluated. Adjuvants, such as MF59, have been shown to reduce the dose of antigen 388 

needed and to induce a longer lasting antibody-mediated immune response (8). To assure 389 

seroprotection, the Dutch Health Council chose to advise a two-dose schedule as recommended 390 

by the manufacturer. The choice of administering two doses was based on studies on avian 391 

influenza vaccination where two doses were needed to obtain sufficient antibody responses (26). 392 

These studies with H5 influenza vaccines showed that two adjuvanted vaccine doses were 393 

required to obtain antibody levels that correlate with protection according to EMA criteria and 394 

furthermore they induced memory B cells (27-30). In this study, we observed in a cohort of 395 

healthy individuals that one dose induced antibody responses sufficient to conform to EMA 396 

guidelines for the registration of pandemic vaccines. In concordance, others have shown that one 397 

dose also induced adequate levels of seroprotection in other target groups of 2009 pandemic 398 

vaccination, i.e., infants, elderly and immunocompromised individuals (31-33). In addition, data 399 

on H9N2 vaccines indicate that one dose of an adjuvanted vaccine is sufficient for protection 400 

against H9N2 subtypes (34). 401 

 402 

Efficacy of vaccines for newly emerging subtypes appear to be affected by cross-reactive 403 

immunity. For individuals that do not have pre-existing immunity, one or even two doses might 404 
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not be sufficient to provide seroprotective antibodies as shown by a study with H5 subtypes (27). 405 

In contrast, a study on H9N2 vaccines showed that individuals who had cross-reactive H2 406 

antibodies available, responded better to one dose of an H9N2 subunit vaccine than individuals 407 

that did not have cross-reactive antibodies available. This cross-reactivity has been proposed to 408 

be due to structure similarity of H2 and H9 (35). However, there is also literature available on 409 

neutralizing antibodies that are directed to the conserved stalk domain of HA (36-38).  Therefore, 410 

cross-reactive immunity may provide partial protection that can be boosted by vaccination. Thus, 411 

when an influenza subtype crosses over to the human population for the first time, the presence 412 

of cross-reactive immunity could determine whether one or two doses are needed to provide 413 

seroprotection.  414 

 415 

Although antibodies provide primary protection against influenza virus infection, T cells are 416 

needed to clear infection when these antibodies fail to induce neutralizing protection. The 417 

importance of T cells is especially clear in situations where low cross-protective neutralizing 418 

antibodies are observed, and shows the additive value of inducing T cell responses by 419 

vaccination (39-41). The MF59-adjuvanted vaccine has been shown to induce follicular helper 420 

CD4+ T cells, presence of these cells predict antibody responses (42). Furthermore, MF59 421 

recruits immune cells, such as macrophages and monocytes, to the site of infection, and was 422 

shown to induce differentiation of monocytes to DCs, which in turn can also prime CD8+ T cell 423 

responses (43). Therefore, the MF59-adjuvanted vaccine is expected to induce T cell responses 424 

in addition to antibody responses.  425 

 426 
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Analysis of vaccine-induced T cell responses was performed by stimulation of PBMCs with 427 

whole influenza virus or HA or NA-specific peptide pools using an IFN-γ ELISpot. In most 428 

individuals, we observe a background level of T cell responses before vaccination, which are 429 

more prominent in the whole virus stimulation assays.   Background levels of these responses are 430 

the consequence of activation of T cells induced by natural infection or previous vaccination and 431 

will include the response to internal viral proteins. In the model, we correct for these background 432 

levels, by studying an additional induction. Peptide pools solely containing vaccine antigens 433 

enabled us to make assumptions about vaccine-induced T cells alone. However, future studies 434 

are required to analyze the full cytokine profile of these responses, dissecting the nature of 435 

adjuvanted and unadjuvanted vaccine-induced T cells. 436 

 437 

In the peptide ELISpot assay, we observed an induction of T cells already after vaccination with 438 

one dose of the adjuvanted vaccine. However, after the second dose, T cell responses remained 439 

similar to responses measured after one dose. McElhany et al. even found a negative correlation 440 

between antibody levels and cytokine ratios in elderly and proposed that a second dose might 441 

skew T cell responses to the production of IL-10, which limits CTL induction but is 442 

advantageous for antibody responses (44). We only evaluated T cell responses by IFN-γ 443 

production and are therefore currently not able to support this notion. Others reported an inverse 444 

correlation between pre-vaccination IFN-γ production and the magnitude of responses post-445 

vaccination (45, 46). As described by Bodewes et al., annual vaccination with a seasonal vaccine 446 

hampers the development of influenza-specific CD8+ T cells in children, indicating that 447 

vaccination history also affects the development of T cell responses (47). To conclude, both a 448 
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second dose as well as previous vaccination and exposure to influenza might affect T cell 449 

responses induced by vaccination.  450 

 451 

The number of doses and the quantity of antigen that are needed to induce sufficient protection 452 

during a pandemic might be related to the presence of cross-reactive antibody and T cell 453 

immunity. It is therefore important to obtain knowledge on preexisting immunity to the virus, 454 

since this can be an indication whether a second dose is necessary. During the 2009 H1N1 455 

pandemic, data became available that individuals had some cross-reactive T cells available that 456 

provided partial protection (48). In addition, antibodies cross-reacting to the pandemic strain 457 

were observed in older adults, which corresponds with the lower number of affected individuals 458 

in this age group (49). Although, in this study individuals born during the previous H1N1 era, 459 

from 1917-1956, were excluded to limit the effects of cross-reactive immunity on the 460 

measurement of vaccine efficacy, there may still have been cross-reactive immunity present in 461 

younger individuals, which may in part explain why one dose of the pandemic vaccine already 462 

induced sufficient protection. 463 

 464 

Therefore, it is also of significance what type of immune response is induced by regular seasonal 465 

vaccines, especially if administration of a second dose or annual vaccination might have a 466 

negative effect on the T cell response that is induced. In this study, we showed that both the 467 

adjuvanted pandemic vaccine containing 7.5 µg HA and the unadjuvanted seasonal vaccine 468 

containing 15 µg of HA were both capable of inducing T cell responses. Others have shown that 469 

T cell responses can be induced by unadjuvanted split seasonal influenza vaccination in children, 470 

but focused only on internal influenza proteins (50). To date, not much data is available on the 471 
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induction of T cells by the trivalent inactivated influenza vaccine containing HA and NA as viral 472 

antigens. However, we show that even an unadjuvanted subunit vaccine is capable of inducing T 473 

cell responses. 474 

 475 

This study has some limitations. During this study, individuals were monitored for influenza-like 476 

illness (ILI) and ILI cases were laboratory confirmed for the presence of influenza within 72 477 

hours of onset of symptoms. However, both the pandemic and consecutive year were very mild 478 

influenza seasons in the Netherlands and only sporadic infections were observed in individuals in 479 

this study. Therefore, we could correct in our model for influenza infections during the study 480 

period. In addition, individuals with a laboratory-confirmed A(H1N1)pdm09 influenza infection 481 

before the start of the study were excluded. However we cannot exclude the possibility that 482 

subclinical infections have occurred. Another confounding factor is the limited number of 483 

individuals that were enrolled in the CV group, which may have affected results of the HA and 484 

NA ELISpot assay, specifically. In addition, in this study, IFN-γ was used as the only read-out 485 

for T cell responses, while other cytokines or assays may provide with a more complete picture 486 

of the T cell response. For example, it would be interesting to elucidate whether the T cell 487 

responses measured in this study can be contributed to CD4+ T cells, CD8+ T cells or both and 488 

the additional cytokines secreted by the activated T cells.   489 

 490 

Summarizing, we showed that one dose of the MF59-adjuvanted pandemic vaccine induced 491 

seroprotective levels of antibodies, which were boosted after administration of a second dose. 492 

This second dose did not boost the number of vaccine-induced T cell responses. At the start of 493 

the second season, a residual level of antibody and T cell levels was detectable in individuals 494 
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vaccinated in the previous season. Administration of the 2010-2011 seasonal vaccine boosted 495 

both antibody and T cell levels. Comparison of the adjuvanted and unadjuvanted vaccine showed 496 

that the adjuvanted vaccine induced significantly higher antibody levels, while T cell levels 497 

induced after pandemic or seasonal vaccination were similar. Furthermore, we show that 498 

antibody levels were still detectable after 15 months, whereas T cell levels had decreased back to 499 

baseline.  500 

 501 

These findings have key implications for influenza vaccination strategies, especially during 502 

pandemic situations. When cross-protective immunity is available, in the form of conserved 503 

antibody or T cell responses, one vaccination dose might be sufficient to provide protection. 504 

Since repeated influenza vaccination may not be favorable for the induction of T cell responses, 505 

it is important to have knowledge on cross-reactive immunity available. Therefore, studies 506 

describing the immune response following influenza vaccination should not only focus on the 507 

humoral immune response, but should also include analysis of cellular responses. 508 

  509 
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Tables 699 

 700 

Table IA: Baseline characteristics 2009-2010, season one 701 
   Control group  

(n=60) 
Pandemic 

vaccine group 
(n=288) 

p-value 

Mean age  
(range)  

 39.1 
 (25-52 yrs) 

39  
(19-52 yrs) 

ns 

Gender (%) Male 28.3  43.4 0.03 
 Female 71.7 56.6  
Pregnant (%)  0 2.5  - 
Any previous influenza 
vaccination (%) 

 20 56.6 0.001 

Seasonal vaccination 
2009-2010 before trial 
(%) 

 8.3 24.3 0.006 

Seasonal vaccination 
2009-2010 at week 6 (%) 

 5 35.8 ns 

 702 
 703 
Table IB: Baseline characteristics 2010-2011, season two 704 

  CC 
group 
(n= 31) 

CV 
group 
(n=7) 

VV 
group 

(n=135) 

VC 
group 
(n=29) 

p-value 

Mean age (range)  39.71 
 (27-52) 

39.57 
 (25-52) 

41.01  
(19-52) 

39.14  
(23-52) 

ns 

Gender (%) Male 32.3  14.3  48.9  31  0.06 
 Female 67.7  85.7  51.1  69  
Pregnant (%)  0 0 1.4  5  - 
Seasonal 
vaccination  
2009-2010 (%) 

 76.3  85.7  76.3  20.7  0.0001 

Any previous 
influenza 
vaccination (%) 
2009 

 3.2 100 63 27.6 0.0001 

 705 
  706 
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Table II: Construction of categories of responses  707 
Category Week Serology ELISpot Name 

I 0-72 Yes Yes Baseline 
IIa 2 No Yes First dose (Cellular) 
IIb 3 Yes No First dose (Serology) 
III 6 Yes Yes Second dose 
IV 26 Yes No Contraction phase V1 
V 52 Yes Yes Maintenance phase V1 
VI 55 Yes Yes Secondary seasonal 2010-

2011 vaccination VV2 
VII 72 Yes No Contraction phase VV2 
VIII 72 Yes Yes Residual level VC3 
IX 55 Yes Yes Primary seasonal 2010-2011 

vaccination CV4 
X 72 Yes No Contraction phase CV4 

1V=Vaccine group, first season 708 

2VV=Vaccine vaccine group 709 

3VC=Vaccine control group 710 

4CV=Control vaccine group  711 
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Table IIIA: Antibody responses against A(H1N1)pdm09 HA in the 2009-2010 cohort 712 
 Control Vaccine 

Week Geomean 
(95% CI) 

Titer 
(%) 

SC1 
(%) 

Geomean 
(95% CI) 

Titer (%) SC1 
(%) 

0 7.3 
(5.8-9.3) 

12.3  9.3 
(8.1-10.7) 

18.7  

3    169.7 
(142.8-201.6) 

87.7 78 

6    205.7 
(178.0-237.9) 

94.7 84.2 

26 8.0 
(6.2-10.3) 

16.1 5.4 98.3 
(84.7-114.1) 

86.1 73.1 

52 6.9 
(5.2-9.2) 

13.2 5.7 65.2 
(52-81.8) 

75.6 61.6 

1SC seroconversion compared to antibody levels at the start of the study 713 
 714 

Table IIIB: Antibody responses against A(H1N1)pdm09 HA in the control group 2010-2011 715 
 Control- Control (CC) Vaccine- Control (VC) 

Week Geomean 
(95% CI) 

Titer 
(%) 

SC2 
(%) 

Geomean 
(95% CI) 

Titer 
(%) 

SC2 
(%) 

  52  52 
52 6.6 

(4.8-9.2) 
14.3  68.9 

(35.8-132.6) 
71.4  

72 10.3 
(6.2-17.0) 

25 17.9 
 

63.3 
(32.4-123.5) 

67.9 64.3 
 

2SC: Seroconversion compared to antibody levels at the start of the second season (week 52). 716 
 717 
Table IIIC : Antibody responses in the vaccine group 2010-2011 718 

 Control- Vaccine (CV) Vaccine-Vaccine (VV) 
Week Geomean 

(95% CI) 
Titer  
(%) 

SC3 
(%) 

Geomean 
(95% CI) 

Titer 
(%) 

SC3 
(%) 

52 8.2 
(3.7-18.3) 

14.3  66.9 
(52.8-85.1) 

89.6 74.2 

55 99.2 
(28.5-344.8) 

85.7 57.1 216.9 
(181.8-258.8) 

92.6 35.9 

72 44.1 
(14.8-131.2) 

71.4 42.9 131.3 
(107.5-160.0) 

89.6 19.5 

3SC: Seroconversion compared to antibody levels at the start of the second season (week 719 
52).  720 
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Figures legends: 721 

 722 

Fig. 1: Design of the clinical study 723 

The study was performed during two consecutive influenza seasons. During the first season 724 

(2009-2010) individuals were vaccinated at the start of the study and three weeks later with the 725 

MF59-adjuvanted A(H1N1)pdm09 subunit vaccine.  Three weeks before the start of the study or 726 

at week six, an optional seasonal 2009-2010 vaccination was allowed. However, this was not 727 

part of the study regime. Grey arrows depict reallocation in control and vaccine groups. During 728 

the second season (2010-2011), individuals in the vaccine group received the unadjuvanted 729 

seasonal 2010-2011 subunit vaccine (including A(H1N1)pdm09) at week 52.  730 

 731 

Fig. 2: Study disposition: 732 

Excluded in 2009-2010: Eight lost to follow up, two occupational vaccination while in the 733 

control group, four only first vaccination, one too old.  734 

Excluded in 2010-2011: One withdrew consent, one use of corticosteroids 735 

CC= Control group during both seasons, CV= Control group during first season, switch to 736 

vaccine group at the start of the second season, VV= Vaccine group during both seasons, VC= 737 

Vaccine group during the first season, switch to control group at the start of the second season. 738 

 739 

Fig. 3: Hypothesis of Negative Binominal model of the immune responses 740 

Responses of individuals can be classified by 11 different categories corresponding with both 741 

time points at which samples were collected and the vaccination status of the individual at that 742 

time point (categories I-X). For example: Category I are baseline responses of individuals that 743 
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were not vaccinated at the moment of sampling. Individuals receiving their first dose were 744 

placed in category II and a booster vaccination placed individuals in category III. Categories IIa 745 

and IIb are the cellular and antibody responses respectively, after one dose.  746 

CC= Control group during both seasons, CV= Control group during first season, switch to 747 

vaccine group at the start of the second season, VV= Vaccine group during both seasons, VC= 748 

Vaccine group during the first season, switch to control group at the start of the second season. 749 

 750 

Fig. 4: Relative response rates 751 

Profile of serological (A) and cellular (B) responses. X-axis depict sampling weeks and Y-axis 752 

depicts relative response. 753 

 754 

Fig. 5: Vaccine-specific T cell responses in the first season 755 

Responses against HA (A) and NA (B) peptide pools were measured with an IFN-γ ELISpot in 756 

individuals of the vaccine group on samples taken at weeks 0, 2 and 6. Responses against HA 757 

(C) and NA (D) were measured on samples drawn at weeks 0 and 26. * p<0.05, ** p<0.01, 758 

***p<0.001 759 

 760 

Fig. 6: Vaccine-specific T cell responses in the second season 761 

Responses against A(H1N1)pdm09 HA (A) and NA (B) peptide pools were measured with an 762 

IFN-γ ELISpot right before and three weeks after vaccination. Responses against 763 

A/Perth/16/2009(H3N2) HA (C) and NA (D) peptide pools were measured with an IFN-γ 764 

ELISpot right before and three weeks after vaccination. * p<0.05, ** p<0.01, ***p<0.001, 765 

****p<0.0001  766 
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Figures:  767 

 768 

 769 

 770 

Fig. 1: Design of the clinical study  771 
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 772 

Fig. 2: Study disposition  773 
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  774 

Fig. 3: Hypothesis of Negative Binominal model of the immune responses  775 
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 776 

Fig. 4: Relative response rates  777 
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Fig. 5: Vaccine-specific T cell responses in the first season 779 

780 
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 781 

Fig. 6: Vaccine-specific T cell responses in the second season 782 
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