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abstract
Gram-positive enhancer matrix (GEM) particles, produced from non-genetically 
modified Lactococcus lactis bacteria have an inherent immunostimulatory activity. It 
was investigated whether co-administration of GEM particles can reduce the amount 
of influenza subunit vaccine (HA) necessary to protect mice from viral infection. 
Decreasing HA amounts of 5, 1, 0.2, and 0.04 µg admixed with GEM particles were 
tested in intramuscular immunizations. Combinations of GEM and seasonal HA (A/
Wisconsin/67/2005 [H3N2]) induced significantly higher systemic and better Th1/
Th2-type balanced immune responses than HA alone. Addition of GEM to 0.04 µg 
HA resulted in similar HI titers as 1-5 µg non-adjuvanted HA. To test the protective 
efficacy of the adjuvanted combination, mice were immunized with influenza subunit 
vaccine A/PR/8/34 (H1N1) and then challenged with live virus (A/PR/8/34). Mice 
immunized with 1 µg HA + GEM showed undetectable virus titers in the lungs 5 
days after challenge, whereas mice immunized with 1 µg HA alone showed detectable 
levels of virus in the lungs. Interestingly, mice vaccinated with the 0.04 µg HA + GEM 
vaccine demonstrated reduced lung virus titers and a reduction in weight that was 
similar as that in mice vaccinated with 1 µg non-adjuvanted HA. These results indicate 
that the use of GEM as immunostimulant allows for a strong reduction in the antigen 
dose as compared to the benchmark vaccine by using GEM particles. Thus, addition 
of GEM can strongly potentiate immunogenicity of influenza subunit vaccine both 
quantitatively and qualitatively. 
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1. iNtroductioN
The recent outbreak of influenza A (H1N1)swl-2009 virus showed that influenza 
viruses still pose a potential threat to the human population [1]. In addition to 
periodic pandemics, annual seasonal influenza infection cause high morbidity and 
mortality [2]. The most effective way of controlling and preventing influenza infection 
is immunization [2, 3]. However, every seasonal epidemic and occasional pandemic is 
caused by a different virus strain, because of the variation in the viral spike proteins, 
haemagglutinin and neuraminidase. Therefore, new vaccines based on the varying 
strains are required for each immunization [4]. Another problem is the limited 
immunogenicity of conventional inactivated influenza vaccines [5]. Moreover, in a 
pandemic scenario vaccines should be produced fast and in huge quantities, which is a 
burden on constrained global vaccine production facilities [6]. 

Traditionally, adjuvants are used to overcome problems like low immunogenicity of 
vaccines [7]. For the past decades, aluminium-based adjuvants have been mostly used 
to boost the poor immunogenicity of several vaccines [8, 9]. In the context of H5N1 
and H1N1 pandemic vaccines, several adjuvants, like oil-in-water based adjuvants, 
aluminium salts (alum), and immunostimulating complexes have been tested for their 
antigen-sparing and immune-enhancing potential [10-20]. In particular, the extent 
of antigen-sparing incurred by oil-in-water based adjuvants (MF-59 and AS03) was 
substantial [20]. 

Recently, a novel adjuvant has been developed that consists of peptidoglycan spheres 
produced from the food-grade bacterium Lactococcus lactis [21]. The bacterium is 
killed at low pH (pH 1) and high temperature (99 °C) which generates the so-called 
Gram-positive enhancer matrix (GEM) particles [22]. Due to the acid treatment at high 
temperature these particles lack the viable intracellular content and surface proteins 
[22]. The thick peptidoglycan based bacterial cell wall provides structural rigidity to 
the particles. GEM particles present a new adjuvant system which can strongly boost 
vaccine immunogenicity [23, 24]. The immunostimulatory activity of GEM particles 
is attributed to the activation of antigen presenting cells by toll like receptor 2 (TLR-2) 
[25]. Malaria parasite, Yersinia pestis and pneumococcal antigens when displayed on 
GEM particles induced high immune responses in mouse models [24-26]. Moreover, 
it was shown that GEM particles admixed with influenza subunit vaccine (HA) elicit 
strong systemic and local immune responses when administered via the intranasal 
route [27]. Therefore, GEM particles are considered to be a promising adjuvant for 
influenza immunizations.

In this study, we investigated the effect of GEM particles on HA vaccine efficacy 
when administered via the i.m. route. Furthermore, we investigated whether GEM 
particles allow vaccine dose reduction. For this purpose, mice were immunized with 
different doses of HA with and without the addition of a standard amount of GEM 
particles. 
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2. materials aNd methods

2.1 virus and vaccines
Influenza monovalent subunit vaccine of strain A/Wisconsin/67/2005 (H3N2) was 
kindly provided by Solvay Pharmaceuticals. The concentration of HA in the vaccine 
was determined using the single radial immunodiffusion assay [28]. Influenza virus 
A/PR/8/34 (HIN1) was obtained from NIBSC, UK. The virus was propagated in the 
allantoic fluid of embryonated chicken eggs and stored at -70 °C. PR8 subunit vaccine 
was produced as described earlier [29]. 

2.2 gem preparation
L. lactis strain MG1363acmAΔ1 was cultured overnight. Subsequently, cells were washed 
once with sterile distilled water. The cells were resuspended in 10% trichloroacetic 
acid (TCA) and placed in a hot water bath of 99 °C for 30 minutes. The acid and heat 
treatment killed the bacteria. After acid and heat treatment, the GEM particles were 
pelleted, washed three times in phosphate buffered saline (PBS; Dulbecco’s Phosphate 
Buffered Saline without CaCl2 and MgCl2) and finally resuspended in PBS and stored at 
4 °C. One unit (1 U) of GEM particles was defined as approximately 2.5 x 109 particles. 

2.3 dose-response immunizations with influenza subunit vaccine a/
wisconsin/67/2005 (h3N2)
Animal experiments were approved by the Committee for Animal Experimentation 
of the University of Groningen, The Netherlands according to the guidelines provided 
by Dutch Animal Protection Act. Balb/c mice (6-8 weeks) purchased from Harlan, 
Zeist, The Netherlands were used for all immunization experiments. The mice were 
divided in 8 groups of 8 animals each. All 8 groups of animals were immunized with 
prime vaccination on day 0 and one booster vaccinations on day 21 with four different 
amounts of influenza subunit vaccine (5 μg, 1, 0.2, and 0.04 HA) with and without 
GEM particles (1 unit). HA and the GEM particles were admixed just before the 
immunization. All mice were injected i.m. in both their calf muscles with a total of 50 
µl vaccine or vaccine-adjuvant mixture, equally divided over both injection sites. The 
mice were sacrificed one week after the booster vaccination, i.e., on day 28. After the 
animals were sacrificed the spleens were harvested and stored in supplemented Iscove’s 
Modified Dulbecco’s Glutamax medium (Invitrogen, The Netherlands) with 5 % Fetal 
Calf Serum, 1% penicillin/streptomycin and 50 µM β-mercaptoethanol at 4 °C.

Blood samples were drawn on day 21 (before booster) by orbital puncture and day 
28 by heart puncture. Sera were obtained by centrifugation of blood at 1200 x g for 5 
min and the samples were subsequently stored at -20 °C until further analysis.
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2.4 haemagglutination inhibition assay
Haemagglutination inhibition (HI) titers in serum were determined as described 
previously [27]. Briefly, 25 % kaolin suspension was added to inactivated sera (56 °C 
for 30 min). After centrifugation at 1200 x g, 50 µl of the supernatant was transferred 
in duplicate to 96 well round bottom plate (Greiner, Alphen a/d Rijn, Netherlands) 
and serially diluted twofold in PBS. Next, four haemagglutination units of inactivated 
A/Wisconsin/67/2005 (H3N2) influenza virus was added and incubated for 40 min 
at room temperature. Finally, 50 µl of 1 % guinea pig red blood cells were added and 
incubated for 2 h at room temperature. The highest dilution capable of preventing 
haemagglutination was scored as HI titer. 

2.5 elisa assays
Total influenza-specific IgG and IgG subtypes were determined using ELISA assays as 
described previously [27]. Briefly, the plates were incubated overnight with HA, blocked 
with 3% bovine serum albumin (Sigma-Aldrich, The Netherlands) and incubated with 
serial dilutions of sera for 1.5 h at 37 °C. Next, the plates were washed three times and 
incubated with horseradish peroxidase-conjugated goat antibodies directed against 
mouse IgG, IgG1 and IgG2a (Southern Biotech, Birmingham, AL, USA). Finally, 
the plates were developed using substrate solution (0.02 % 1, 2- phenylenediamine-
dihydrochloride (Sigma) in 50 mM phosphate buffer pH 5.6, containing 0.006 % H2O2) 
for 30 min. The reaction was stopped by addition of 2 M H2SO4 and absorbance was 
read at 490 nm. Titers reported are the reciprocal of the calculated sample dilution 
corresponding with an A490 ≥ 0.2 after background correction. 

2.6 elispot assay
The Elispot assay was performed as described earlier [27]. Briefly, plates were incubated 
overnight at 4 °C with anti-mouse interferon-γ (IFN-γ) and interleukin-4 (IL-4) (BD, 
Pharmingen, Belgium). After washing the plates were blocked for 1 h at 37 °C and 
spleen cells were added to the plates with or without subunit vaccine. Next, the cells 
were lysed after overnight incubation, and incubated with biotinylated anti-mouse 
IFN-γ and IL-4 antibodies (BD Pharmingen, Belgium) at a concentration of 0.125 µg. 
Plates were then incubated with Streptavidin alkaline phosphatase (BD Pharmingen, 
Belgium) for 1 h at 37 °C. Finally, the spots were developed using substrate solution 
consisting of 1 mg/ml 5-bromo-4-chloro-3-indolylphosphate, 0.92 % w/v 2-amino-
2-methyl-1-propanol, 0.08 µl/ml TritonX-405, 1 M MgCl2 and 6 mg/ml agarose. The 
spots were scanned using an Elispot reader (A.EL.VIS GmbH, Hannover, Germany) 
and counted manually using Image J Software (National Institute of Health, USA).    

2.7 immunization and viral challenge experiment with a/pr/8/34 (h1N1)
For immunization and viral challenge experiment, mice were divided in five groups of 
10 animals each. Four groups of animals were immunized with prime vaccination on 



cHAPter 2

28

day 0 and one booster vaccination on day 21. In the control group, mice were injected 
with PBS only. Mice were immunized i.m. with 1, 0.2 or 0.04 µg HA from A/PR/8/34 
adjuvanted with GEM particles (1 U). One group of mice was immunized with 1 µg 
HA from A/PR/8/34 without adjuvant. This dose of the non-adjuvanted vaccine was 
chosen, as it was shown to be the minimum dose required for protection of mice from 
viral infection (M. Liu, submitted for publication). On day 28, mice were anaesthetized 
and challenged with 2 × 102 TCID50 A/PR8 influenza virus [29]. After challenge, the 
mice were monitored every 12 h for clinical signs by weighing and observing their 
activity and appearance. From each group five animals were sacrificed 3 days after 
challenge and the remaining mice were sacrificed 5 days after challenge. The lung lobes 
were collected and stored at 4 °C in PBS.

2.8 determination of virus titers in lungs of challenged mice
The lung virus titers were determined as described previously [29]. Briefly, lungs were 
homogenized and supernatants were collected by centrifugation. The supernatants were 
twofold diluted in 96 well plates. Fifty microliter of the diluted supernatant was added 
to a monolayer of MDCK cells and incubated for 1h. Then 7.5 μg TPCK trypsin (Sigma) 
was added per well followed by 72 h of incubation. After 3 days, the supernatants were 
transferred to round-bottom 96-well plate. Next, 50 μl of a 1 % guinea pig erythrocyte 
suspension were added and incubated for 2 h. Dilution at which hemagglutination was 
observed, indicated the virus titer in the lungs. The 10log virus titer was calculated per 
gram of lung tissue.  

2.9 statistical analysis
Statistical analyses were performed using Anova test and Bonferroni’s correction 
for multiple comparisons. The results are presented as mean ± standard error mean 
(S.E.M.) unless indicated otherwise.

3. results

3.1 effect of gem particles on the serum antibody responses
In order to evaluate the antigen-sparing potential of GEM particles, mice were 
immunized with different doses of influenza subunit vaccine containing 5, 1, 0.2, and 
0.04 µg HA with and without GEM particles. The standard assay for predicting the 
protective efficacy of an influenza vaccine is the determination of the HI titers. An 
HI titer > 40 ( i.e. 2log HI > 5.3) is considered to be protective in humans [30]. After 
one immunization, only the GEM containing vaccine doses of 5, 1, or 0.2 µg HA were 
able to induce HI titers > 2log5.3 (Fig. 1A). Addition of GEM particles to the different 
amounts of HA increased the titers by 2-5 folds. After the booster immunization, all 
vaccines reached HI titers > 2log5.3 (Fig. 1B). Interestingly, GEM containing HA doses 
still significantly enhanced the HI titers after the booster immunization as compared 
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to their non-adjuvanted counterparts (Fig. 1B). Mice vaccinated with 1 and 5 µg HA 
without GEM induced similar HI titers, suggesting a plateau in the immune response. 
Nevertheless, addition of GEM to these vaccines significantly enhanced the HI titers 
(Fig 1B). The lower HA dose vaccines (0.2 and 0.04 µg) with GEM induced similar 
titers compared to those induced by the non-adjuvanted 5 and 1 µg HA vaccines. 
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At day 21 after the first immunization, IgG responses in mice immunized with 5 µg 
HA without GEM particles were similar to responses in mice immunized with 1 µg HA 
(Fig. 2A). However, after booster immunization, antibody responses in mice immunized 
with 1 µg HA were significantly higher than responses in mice immunized with 5 µg 
HA, indicating that 1 µg HA is the optimal dose for immunization without adjuvant. 
GEM adjuvanted HA vaccines (5, 1, and 0.2 µg HA + GEM) induced significantly 
higher IgG titers than 1 µg non-adjuvanted HA after the first immunization (Fig. 2A). 
However, after the booster immunization no significant differences were observed 
between adjuvanted and non-adjuvanted HA immunizations at the corresponding HA 
dose, except for the 5 µg dose (Fig. 2B).   

3.2 effect of gem particles on the type of immune response
In order to determine the type and the quality of the immune response, the IgG subtypes 
and the numbers of IFN-γ and IL-4 producing T cells in the spleen were determined. 
As expected, i.m. immunization with non-adjuvanted HA induced higher IgG1 than 
IgG2a titers (Fig. 3A and 3B), indicating a Th2-type dominated immune response [27, 
31]. Addition of GEM to HA vaccines (5, 1, and 0.04 µg) induced similar IgG1 titers 
compared to non-adjuvanted vaccines. Only the 0.2 µg HA + GEM vaccine induced 

Figure 1. Geometric mean HI titers 3 weeks after prime and 1 week after booster immunization. 
Influenza antigen (A/Wisconsin/H3N2) specific HI titers on day 21 (A) after primary immunization 
and day 28 (B) after prime and boost immunization with decreasing HA doses (5, 1, 0.2, and 
0.04 μg) without (white bars) and with (black bars) GEM particles. The dashed line represents an 
HI titer of 2log (40) = 5.3. Titers are given as mean per experimental group +/- S.E.M. * p < 0.05.
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significantly higher IgG1 responses than 0.2 µg non-adjuvanted vaccine. However, at 
an antigen dose of 5 and 0.2 µg, GEM adjuvanted vaccines induced significantly higher 
IgG2a responses than non-adjuvanted vaccines. 

The type of immune response was further evaluated by determining the antigen-
specific IFN-γ and IL-4 responses in 4 mice from each group. As shown in Fig. 4A, 
there was a moderate stimulatory effect on the number of INF-γ producing cells in 
the groups receiving HA vaccine (1, 0.2, and 0.04 µg) with GEM as compared to the 
non-adjuvanted groups. In addition, all the mice immunized with HA + GEM vaccines 
showed significantly less IL-4 producing cells than mice immunized with vaccine only. 

Figure 2. Geometric mean IgG titers 3 weeks after prime and 1 week after booster immunization. 
Influenza antigen (A/Wisconsin/H3N2) specific IgG titers on day 21 (A) after primary immunization 
and day 28 (B) after prime and boost immunization with decreasing HA doses (5, 1, 0.2, and 
0.04 μg) without (white bars) and with (black bars) GEM particles. Titers are given as mean per 
experimental group +/- S.E.M. * p < 0.05.
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Figure 3. Geometric mean IgG1 and IgG2a titers 1 week after booster immunization. Influenza 
antigen (A/Wisconsin/H3N2) specific IgG1 (A) and IgG2a (B) titers four weeks after prime and 
boost vaccination in sera of mice immunized with decreasing HA doses (5, 1, 0.2, and 0.04 μg) 
without (white bars) and with (black bars) GEM particles. Titers are given as mean per experimental 
group +/- S.E.M. * p < 0.05.
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As an indication of the Th1/Th2 balance the ratio of IFN-γ/ IL-4 was determined (Fig. 
4B). When admixed with lower antigen doses (1, 0.2, and 0.04 µg) GEM skewed the 
response towards a Th1 type. This improvement in the Th1/Th2 balance was primarily 
due to the reduction of IL-4 producing T-cells.
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Figure 4. T-helper cell responses. (A) IL-4 (white bars), IFN-γ (black bars) in mice (n=4 per group) 
immunized with decreasing HA doses (5, 1, 0.2 and 0.04 μg) without and with GEM particles. (B) 
The IFN-γ/IL-4 ratio of the effector cell population from mice immunized with influenza subunit 
vaccine without and with GEM particles. The ratio presented was calculated as the ratio of mean 
values of IFN-γ producing splenocytes and the mean of the IL-4 producing splenocytes. Numbers 
are given as mean per experimental group +/- S.E.M.

In conclusion, addition of GEM particles to subunit influenza vaccine offers the 
possibility of antigen dose sparing and/or improvement of the quality of the immune 
response. Accordingly, the three lower doses (1, 0.2, and 0.04 µg) of HA + GEM were 
chosen for investigating the protective efficacy in a mice challenge study.

3.3 immunization and live virus a/pr/8/34 (h1N1) challenge 
We next investigated if GEM particles allow reduction of the antigen dose without 
compromising the protective potential of the vaccination. Mice were immunized with 
1, 0.2 or 0.04 µg A/PR/8/34 influenza subunit vaccine with GEM or with 1 µg non-
adjuvanted vaccine. Phosphate buffer was administered to the control group. Mice 
were challenged i.n. with live virus on day 28 after immunization and then observed 
for clinical symptoms for 5 days. Five mice per group were sacrificed on day 3 after 
challenge and the remaining five mice on day 5 after challenge for the determination 
of lung virus titers. 

Mice injected with PBS showed significant weight loss (Fig. 5A) after 3 days (9%) 
and 5 days (15%). In addition, after 3 days and onwards clinical signs of illness like 
ruffled fur and reduced activity were observed in the control (PBS) group. In contrast, 
no clinical signs of illness were observed in the immunized mice 5 days after challenge. 
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The mice immunized with 1 µg HA + GEM showed some gain in weight, while the mice 
immunized with 1 µg HA showed a minor reduction in weight.

All the vaccinated mice showed significant reduction in lung virus titers (Fig. 5B) 
compared to the control (PBS) group. After 3 days, viral replication was detected in all 
mice receiving non-adjuvanted vaccine. In contrast, two out of five mice immunized 
with 1 µg HA + GEM had no detectable virus indicating that they were fully protected 
from viral replication in the lungs. Interestingly, 5 days after challenge all the mice 
vaccinated with 1 µg HA + GEM had undetectable lung virus titers, whereas mice 
immunized with 1 µg non-adjuvanted HA still showed lung virus titers in four out 
of five mice. In the mice vaccinated with 0.2 and 0.04 µg HA + GEM no significant 
differences in lung virus titers were observed compared to mice vaccinated with 1 µg 
HA after 3 days. On day 5, only two out of five mice showed detectable lung virus titers 
in the 0.2 µg HA + GEM group. After 5 days, lung virus titers in the 0.04 μg HA + GEM 
group were not significantly different (p = 0.81) to those in the non-adjuvanted 1 μg 
HA group. 
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Figure 5. Immunization and challenge studies. A. Relative change in average body weight after 
challenge with live virus (A/PR/8/34). Mice were immunized twice i.m. with 1 µg A/PR/8/34 subunit 
vaccine (open circle), 1 µg subunit vaccine with GEM particles (black triangle), 0.2 µg subunit 
vaccine with GEM particles (open triangle) and 0.04 µg subunit vaccine with GEM particles (black 
square). Control mice were injected with PBS (black circle). 4 weeks after the first immunization 
mice were challenged by i.n. inoculation of live A/PR/8/34 virus. Weight was measured twice daily 
and is given as mean per experimental group +/- S.E.M. B. Lung virus titers were determined in 
mice 3 days (white bars) and 5 days (black bars) after challenge. Average lung virus titers +/- S.E.M. 
are given. The numbers above the bars indicate the number of mice per group with detectable titers.
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4. discussioN
Despite recent advances in vaccine production, still a huge gap has to be overcome 
to fulfill the global vaccine need in case of a pandemic [6, 32]. One of the important 
strategies for increased immunogenicity and antigen-sparing is to use adjuvants [33]. 
In this study, we showed that GEM particles strongly reduced the amount of antigen 
required for protection of mice from a viral infection. The systemic immune responses 
were significantly increased by addition of GEM to the influenza subunit vaccine. GEM 
particles also improved the quality of the immune response by shifting the response 
from a Th2-type dominated to a balanced Th1/Th2-type immune response. The 
addition of GEM particles also enabled to achieve protective HI titers in naïve mice 
after a single immunization for an HA dose as low as 0.2 μg, whereas 5 and 1 μg of HA 
without GEM did not reach protective HI titers at that stage. 

Earlier studies have demonstrated the immunostimulatory properties of the GEM 
particles [23, 25-27]. Yet, this is the first study that demonstrates the antigen-sparing 
potential of the GEM particles. The addition of GEM particles resulted in: (i) higher 
HI titers, (ii) a more balanced Th1/Th2-type immune response, (iii) a reduction in viral 
titers in the lungs or even complete viral clearance after challenge, and (iv) protection at 
lower HA dose levels. The increased viral clearance in mice immunized with adjuvanted 
vaccine (1 and 0.2 µg HA) might be due to the induction of higher IgG2a titers and 
a comparatively high INF-γ/IL-4 ratio. Moreover, the high INF-γ/IL-4 ratio indicates 
that GEM particles skew the response towards Th1-type, which is considered beneficial 
[29, 34-36]. Furthermore, the highest HA dose (1 µg) without GEM and the five-fold 
lower HA dose (0.2 µg) with GEM induced a similar level of protection. Thus, addition 
of GEM particles to HA subunit vaccine allows for at least a five-fold reduction of the 
HA dose with full retention of the protective potential. The results indicated that even 
a 25-fold reduction could be possible, however, this warrants further investigations.

Several bacterial cell-wall components are known to activate the innate immune 
system by activation of TLRs [37]. Recently, it was shown that GEM particles bind 
specifically to TLR-2 and stimulate both human and mouse dendritic cells. Moreover, it 
was shown that activation of TLR-2 receptors in human peripheral blood mononuclear 
cells can shift the immune response towards the Th1-type [38]. In our study, we showed 
that co-administration of subunit influenza vaccine and GEM particles significantly 
potentiated and modulated the immune responses. Thus, it can be speculated that 
the activation of the TLR-2 receptors might have led to a significant decrease in IL-4 
responses and a moderate increase in INF-γ response in this study. Major obstacles 
for adjuvant development are safety and cost issues [39]. GEM particles have several 
advantages over other adjuvant systems [12, 40-42]: (i) they are not viable and 
produced from a generally recognized as safe (GRAS) probiotic organism (L. lactis) 
that demonstrated it’s safety in several pre-clinical toxicity studies [23-27], (ii) the 
production technology for GEM particles is relatively simple and a GMP process that 
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can be adapted for inexpensive large scale production is available [21], and (iii) GEM 
particles are very stable and can be stored for a long period even at room temperature 
[21]. These properties make GEM particles an attractive adjuvant for seasonal as well 
as pandemic influenza vaccines.

5. coNclusioNs
GEM particles are a promising adjuvant for influenza subunit vaccines. The addition 
of GEM particles to HA subunit vaccine resulted in significantly enhanced immune 
responses. Additionally, the incorporation of the GEM particles in the vaccines also 
resulted in Th1 skewing of the immune response. Furthermore, lower doses of influenza 
vaccine were able to protect mice from virus growth in the lungs when the vaccines 
were supplemented with GEM particles. These results show the potential of GEM as 
adjuvant for influenza vaccines and warrant further development.
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