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Supplementary Figure 2. Conjugation efficacy of modified virosome for his-tagged NP 

M/VNi+ was mixed with various amounts of his-tagged NP in different ratios (1:5, 1:3 or 1:2) at 
room temperature for 30 min. Subsequently, the mixture was loaded on a 10%-30%-50% 
sucrose gradient. Ultracentrifuge was used to separate the free his-tagged NP from conjugated 
NP. The absorbance of protein in each fraction was determined by ELISA reader as described 
in Material & Method. 

 
Supplementary Figure 3. Virus titer in mouse lung 

Mice (n=4) were vaccinated and challenged as described in Fig 5. On day 3 post infection, virus 
titer in mice lung tissue was determined by titration on MDCK cells.
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Abstract  

Specific-pathogen-free (SPF) mice are used to evaluate the effectiveness of a new vaccine 

before it comes to the market. However, recent studies show that SPF mice may have an 

immature immune system compared with wild mice or mice infected with specific pathogens. 

The immature immune system may affect the antibody response after vaccination. In this study, 

we determined whether infection of SPF mice with a specific pathogen, here Streptococcus 

pneumoniae, prior to immunization could affect the immune response induced by a whole-

inactivated influenza virus (WIV) vaccine. Infection of SPF mice with up to 105 CFU of S. 

pneumoniae did not cause any clinical symptoms or weight loss but did reliably induce antibody 

responses. One week after immunization with WIV, influenza-specific IgG antibodies were 

significantly lower in S. pneumoniae pre-infected mice compared with PBS-treated mice, but 

this difference was gone at two weeks post immunization. Moreover, with respect to IgG 

subtype profile of the antibody response, we found slightly increased IgG1 levels but 

significantly decreased IgG2a levels in S. pneumoniae pre-infected mice compared to PBS 

mock-infected mice. These results indicate that previous infections can have profound effects 

on vaccine-induced immune responses. SPF mice are thus not a good model to evaluate the 

effectiveness of vaccines in a natural situation. One (or multiple) infection(s) of SPF mice with 

common pathogens prior to immunization may provide a better model for vaccine evaluation. 

Key words: vaccination, whole-inactivated influenza virus, Streptococcus pneumoniae, 

antibody immune response  
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Introduction 

During vaccine development, preclinical studies have to be performed to select the most 

promising vaccine candidate to be tested in clinical trials. These studies have traditionally been 

performed in mice. There are several reasons why mice are a good animal model to evaluate 

the effectiveness of vaccine candidates. First, mice can be produced in short time, are cheap in 

price and of housing and are easy to handle. Second, reagents are available for detailed 

investigation of the immune response in mice after vaccination [1]. Third, selection of different 

mouse strains allows the evaluation of different types of vaccine-induced immunity. For 

example, BALB/c mice are prone to develop a Th2-type immune response with high antibody 

titers while C57BL/6 are more prone to develop Th1-type immune responses with strong 

cellular immunity[2]. Besides that, genetically modified mice, such as knockout mice and 

transgenic mice, are also available to elucidate mechanisms of protection[3,4]. 

Although some promising vaccine candidates have been identified by using mouse models, the 

direct translation of the findings in mice to humans has been questioned. One of the most 

important reasons may be that mice used for vaccine evaluation are normally specific pathogen-

free (SPF). However, some recent publications suggest that SPF mice may have an immature 

immune system, compared with wild mice or those infected with specific pathogens[5–7]. It 

was shown that an immature immune system was associated with significantly impaired 

effectiveness of yellow fever vaccine[5]. 

The aim of this study was to determine whether bacterial infection, such as by S. pneumoniae, 

prior to immunization could influence the effectiveness of influenza vaccine in SPF mice. To 

this end, we infected mice first with S. pneumoniae via the intranasal route and four weeks later 

we vaccinated the mice with influenza WIV by the intramuscular route. S. pneumoniae 

infection as such had no effects on the well-being and weight of mice. However, S. pneumoniae 

infection delayed the antibody response after vaccination with WIV and changed the antibody 

response from an IgG2a-dominated to an IgG1-dominated phenotype. These results imply that 

prior infections can profoundly change the immune response to vaccination.  
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Material and Methods 

Mice and ethics statement 

Six to eight weeks old female BALB/c mice were purchased from Vital River Laboratories, 

Beijing, China. Animals were maintained on standard feed and autoclaved water in a specific 

pathogen free (SPF) facility of Shantou University Medical College. For bacterial infection and 

influenza vaccination study, mice were kept in microisolator cages, which were equipped with 

HEPA filter under ABSL2 conditions. All procedures were performed according to the 

guidelines approved by institutional Animal Care and Use Committee. All studies were 

approved by the ethical committee of Shantou University Medical College, China. 

Bacteria and influenza vaccine  

Streptococcus pneumoniae (serotype 19F, ATCC 49619) was purchased from Guangdong 

culture collection center, Guangzhou, China. The purchased bacteria were stored at −80°C in 

skim milk media. For recovery, bacterial from frozen stock were cultured by two successive 

passages on trypticase soy agar supplemented with 0.5% yeast extract incubated overnight at 

37°C. Colonies from the second passage were cultured in trypticase soy broth under 5% CO2 at 

37°C overnight. Finally, 2 mL of the bacterial suspension was grown in 8 mL of trypticase soy 

broth and incubated for 4 to 5 h (reaching to early-log phase) until O.D600 of 0.8. After that, the 

bacteria were collected and stored at -80oC for infection of mice. Bacterial titers (CFU/ml) were 

determined by inoculating 10-fold serial dilutions of bacteria on blood agar plates. 

Whole inactivated influenza vaccine (WIV) derived from A/PR/8/1934 (PR8 in the following) 

was kindly provided by the National Institute for Biological Standards and Control (NIBSC), 

Potters Bar, UK.  

Bacterial infection and WIV immunization 

Mice were anesthetized with 400mg/kg of Avertin (2,2,2-tribromoethanol, sigma) by i.p. 

injection as before[8]. Different doses of S. pneumoniae (103,104 or 105 CFU) were inoculated 

intranasally in 50 µl PBS. Weight loss, morbidity and mortality of mice were recorded daily for 

two weeks and mice were to be sacrificed when they had lost 20% in total or 10% in one day 

of their original body weight. After 30 days post-infection, mice were immunized 

intramuscularly with 25 µl of PR8 WIV (corresponding to 2.5 µg of total protein) vaccine in 

each hind leg (5 µg of WIV per mouse in total). Serum samples were collected on day 0 (before 

WIV immunization), 7, 14 and 21 post-immunization by cheek puncture under anesthesia. 
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ELISA  

For detection of IgG antibody against S. pneumoniae in serum samples, ELISA plates (Nunc 

Maxisorp, USA) were coated with 200 µl diluted whole S. pneumonia cells (equal to OD600 of 

0.05) in coating buffer (0.05M carbonate bicarbonate, pH 9.6–9.8) overnight at 37oC. Then, 

plates were blocked with 200 μl of 2.5% milk powder solution in coating buffer for 45 min at 

37oC. Two-fold diluted serum samples were then added to the plate and incubated for 1.5 h at 

37oC. Subsequently, horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibody 

was added and incubated for 1 h at 37oC. O-phenylene-diamine (OPD) was used as a substrate 

to react with HRP. The reaction was stopped by adding 50 μl of 2M H2SO4. The plates were 

then read at 492 nm. 

For detection of IgM, IgG, IgG1 or IgG2a antibody against PR8 virus in serum samples, ELISA 

plates (Nunc Maxisorp, USA) were coated with 0.3 µg/ well of PR8 WIV overnight at 37 oC. 

ELISA experiments were performed as described before[9].  

Statistics 

Mann-Whitney U test was used to determine the differences between results of two different 

groups. Statistical analyses were performed using GraphPad Prism version 5 for Windows. 

GraphPad Sofware, La Jolla, California, USA www.graphpad.com.  P< 0.05, was considered 

as significantly different and were denoted by *. 
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Results 

Infection of mice with Streptococcus pneumoniae 

To evaluate whether a prior infection with S. pneumoniae could influence the immune response 

to an influenza vaccine, we first determined whether S. pneumoniae could infect mice. Three 

groups of BALB/c mice were infected with different dose (103, 104 or 105 CFU) of S. 

pneumoniae, respectively. PBS mock-infected mice served as negative control. During two 

weeks after infection, mice were observed daily for clinical symptoms and weight change. None 

of the infected mice showed weight loss, not even the mice which were infected with 105 CFU 

of S. pneumoniae (Fig.1). Also, no other clinical symptoms were observed in these mice. 

 

Figure 1. Streptococcus pneumoniae infection did not cause weight loss of mice. Different doses 
(103, 104, 105 CFU/mouse) of S. pneumoniae were inoculated intranasally to naïve BALB/c mice (n=5). 
PBS mock-infected mice (n=5) served as negative control. After infection, mice were monitored daily 
for weight loss. 

 

On day 30 post-infection, serum samples were collected from the infected mice. Serum 

antibody titers against S. pneumoniae were determined by ELISA. As shown in Fig 2, 

antibodies against S. pneumoniae were found in all three groups of bacteria-infected mice while 

no antibodies were found in mock-infected mice. Moreover, the antibody titer against 

S. pneumoniae was positively correlated with bacterial inoculation titer.  These results indicate 

that the selected S. pneumoniae strain, serotype 19F, can infect mice but that the infection 

proceeds asymptomatically for an inoculum of up to 105 CFU. 
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Figure 2. Streptococcus pneumoniae infection induced antibody response. Mice were infected as 
described in the legend to Fig. 1. On day 30 post-infection, serum samples from each mouse (n=5) were 
collected. The antibody response against S. pneumoniae from each group was determined by ELISA. 

 

 

Figure 3. Prior infection of mice with Streptococcus pneumoniae caused reduced antibody 
production after vaccination with influenza WIV. On day 30 post-infection, mice (n=3-4) were 
vaccinated with 5 µg of total protein of WIV by the intramuscular route. On day 0, 7 and 14 post-
immunization, serum samples were collected for antibody detection. WIV-specific IgM (A) and IgG (B) 
responses in the serum collected on different time points after immunization were determined by ELISA. 
LOD, limit of detection. Data are represented as means ± SEM. p < 0.05 was considered significant and 
is denoted by an asterisk (*). * p<0.05. 
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Figure 4. Prior infection of mice with Streptococcus pneumonia skewed antibody response to Th2 
type after vaccination with influenza WIV Mice were infected and immunized as described in the 
legend to Fig. 1. WIV-specific IgG1 (A) and IgG2a (B) responses in serum samples collected on day 7 
post-immunization from each group (n=3 or 4) were determined by ELISA. 

 

Next, to determine whether a prior infection with S. pneumoniae has an effect on the immune 

response to an influenza vaccine, S. pneumoniae-infected or PBS mock-infected mice were 

vaccinated with PR8 WIV. Total anti-PR8 IgM and IgG was determined in serum on day 0, 7 

and 14 post-vaccination. S. pneumoniae-infected and control mice exhibited equivalent IgM 

antibody responses at all time points after vaccination (Figure 3A). In contrast, anti-PR8 IgG 

antibody titers were lower in the mice that infected by 104 or 105 CFU of S. pneumoniae than 

in PBS-treated mice on day 7 post vaccination (Figure 3B). However, on day 14 post 

vaccination the levels of anti-PR8 IgG antibody were similar for S. pneumoniae-infected mice 

and PBS-treated mice (Figure 3B).  

With respect to the subtype profile of the IgG antibodies, we found significantly increased anti-

PR8 IgG1 antibody titers in mice pre-infected with 104 or 105 CFU of S. pneumoniae-infected 

mice compared to PBS-treated mice and mice infected with 103 CFU (Figure 4A). However, 5 

out of 6 mice in the groups that infected with 104 or 105 of S. pneumoniae had no IgG2a at all 

whereas the IgG2a titers in the PBS group and the group infected with 103 were high (Figure 

4B). These results demonstrate that infection with S. pneumoniae not only reduced the 

generation of influenza-specific IgG antibodies, but also skewed the antibody responses to a 

Th2 phenotype. 
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Discussion 

In this study, we determined whether S.pneumoniae infection of SPF mice could influence the 

effectiveness of influenza vaccine. To this end, we infected mice with S. pneumoniae 

intranasally first and 4 weeks later vaccinated those mice with PR8 WIV. We found that even 

105 CFU/mouse of S. pneumoniae did not cause symptomatic infection in mice. However, we 

detected anti-S. pneumoniae antibody in the serum of all infected mice, which indicates that the 

infection as such was successful. Moreover, we found that infection with S. pneumoniae 

delayed the IgG antibody response to a subsequent vaccination against influenza and skewed 

the response to a Th2-like phenotype. 

The absence of clinical symptoms in mice infected with S. pneumoniae (ATCC 49619, serotype 

19 F) has been described before. Previous publications showed that clinical strains belonging 

to serotypes 9, 14, 19 and 23, are avirulent in mice[10,11]. A study by Zuluaga et al also showed 

that all mice survived an infection with S. pneumoniae serotype 19F, with only some bacterial 

growth in the lungs[12]. These studies suggested that this serotype can cause infection in mice, 

but these are mild or asymptomatic. Our findings are in line with these findings: we detected 

antibodies against S. pneumoniae in the serum sample of all infected mice; yet, no weight loss 

or other signs of disease were detected, indicating that S. pneumoniae caused asymptomatic 

infections in this study. 

We found that infection with S. pneumoniae prior to immunization with WIV delayed the 

vaccine-evoked IgG antibody response, indicated by significantly lower IgG titers in prior 

infected than in mock-infected mice on day 7 post-immunization but equal titers on day 14. An 

effect of prior infection on immune responses to vaccination are also reported in a recent 

publication by Reese et al which shows that co-infection of laboratory mice with viruses, such 

as herpesviruses, influenza, and a helminth resulted in reduced antibody responses after 

vaccination with yellow fever virus vaccine[5]. Another study by Beura et al reported that 

pathogen exposure could alter the composition of the innate and adaptive immune systems of 

laboratory mice[6]. Together with these studies, we speculate that the infection history could 

alter the antibody immune response against unrelated antigens. This observation is important 

when evaluating vaccines in animal models.  

Interestingly, we found that prior infection with S. pneumoniae slightly increased Th2-type 

(IgG1) antibody titer upon WIV vaccination but significantly decreased Th1-type (IgG2a) 

antibody titer compared to PBS-infected mice, indicating that S. pneumoniae impaired the 
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Interestingly, we found that prior infection with S. pneumoniae slightly increased Th2-type 

(IgG1) antibody titer upon WIV vaccination but significantly decreased Th1-type (IgG2a) 

antibody titer compared to PBS-infected mice, indicating that S. pneumoniae impaired the 
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typical Th1-type response generated by WIV vaccination[13]. It has been reported that Th1-

type antibody (IgG2a) responses exhibit superior ability to prevent virus infection in vivo than 

Th2-type (IgG1) antibody response, by Fc receptor-dependent mechanisms[14]. Thus, we 

speculate that the reduced Th1-type antibody response in S. pneumoniae-infected mice could 

impair (cross-)protection against a following influenza virus infection. 

Potential mechanisms for how S. pneumoniae prior infection alters immunity induced by 

influenza WIV vaccine are not clear yet. A recent publication by Abolins et al shows that highly 

pathogen-exposed wild mice exhibit reduced cytokine responses to pathogen-associated 

molecular pattern molecules (PAMPs) compared with laboratory mice, indicating that pathogen 

exposure history may impair PAMP-induced pathways[7]. A study by Geeraedts et al shows 

that TLR7, a pattern recognition receptor which can sense single stranded RNA, plays an 

important role in the magnitude and phenotype of the antibody immune response to influenza 

WIV vaccination[13]. Thus, we speculate that S. pneumonia infection may have inhibited the 

cytokine production by innate cells triggered by TLR7 stimulation resulting in reduced Th1-

type antibody immune responses to WIV vaccination. 

A limitation of this study is that we did not investigate whether S. pneumoniae prior infection 

could influence WIV-induced protection against virus challenge. This issue should be clarified 

in future experiments. Another limitation of this study is that we do not know whether 

S. pneumoniae prior infection could alter the T cell immunity induced by WIV vaccination. 

Previous publications indicate that T cell immune responses also correlate with protection 

against virus infection in animal models and in humans[15,16]. 

In summary, we demonstrate that the effectiveness of influenza vaccine determined in SPF mice 

might not reflect the situation in real life since previous infection history, such as S. pneumoniae 

infection, can profoundly influence vaccine effectiveness. A mouse model which could directly 

reflect the pathogen exposure history in humans is required for better translation of findings in 

animals to humans. 
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