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Introduction

Influenza is caused by influenza viruses and results in a 
severe and epidemic respiratory illness with high mortality rates, 
accounting globally for 500 000 deaths per year.1,2 To protect 
against infection, inactivated or attenuated influenza virus vac-
cines are produced and are widely considered the most effective 
preventative strategy. Currently, influenza vaccines are manufac-
tured by 2 methods3; one method is the egg-based vaccine (EBV), 
which has some disadvantages such as the long culture period 
and the contamination of egg proteins that can cause allergic 
reactions in egg-allergic recipients.4,5 Another method is the cell 
culture-based vaccine (CBV), which is produced more quickly 
than the EBV without allergic elements.6 Due to its safety and 
stability, CBV production is currently in the spotlight.7

Obesity is a metabolic disorder characterized by the accumu-
lation of excessive body fat and low-grade chronic inflammation.8 
Obesity has become a major health concern in many countries.9-13 
It is well known that obesity is associated with many physiologi-
cal abnormalities and diseases such as heart disease, type 2 dia-
betes, certain types of cancer, and osteoarthritis.13 Recent studies 
indicated that obese individuals are more susceptible to infec-
tious diseases, including influenza, as compared with non-obese 
individuals,12 which is referred to as the “burden of obesity on 
infectious disease”. Interestingly, it was found that obese people 

had increased morbidity and mortality during the pandemic of 
the A/California/04/2009 (H1N1) virus and that obese patients 
had higher mortality rates than non-obese patients who were 
admitted to the hospital.14,15 Furthermore, it has been reported 
that obesity is associated with an impaired immune response and 
the poor efficacy of the influenza vaccine.16-18 However, it is not 
clear why these impaired immune responses against an immuno-
logical pathogen occur in an obese state.

In this study, we investigated neutralizing antibody produc-
tion against the influenza virus in high fat diet-induced obese 
mice immunized by inactivated vaccines. We observed that the 
production of neutralizing antibody and effector memory T cells 
are decreased, whereas virus induced-inflammation is increased 
in obese mice as compared with normal mice.

Results

Obese mice have an impaired humoral immune response to 
influenza vaccine

Vaccines induce the antiviral responses of T cells and the pro-
duction of neutralizing antibodies against the influenza virus. To 
investigate vaccine efficacy in obese mice, we created obese mice 
with HFD for 13 wk. Body weight and fat mass were increased 
by 1.6-fold and 9.6-fold, respectively, in HFD mice as compared 
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The relationship between obesity and vaccine efficacy is a serious issue. Previous studies have shown that vaccine 
efficacy is lower in the obese than in the non-obese. Here, we examined the influence of obesity on the efficacy of 
influenza vaccination using high fat diet (HFD) and regular fat diet (RFD) mice that were immunized with 2 types of influ-
enza virus vaccines—cell culture-based vaccines and egg-based vaccines. HFD mice showed lower levels of neutralizing 
antibody titers as compared with RFD mice. Moreover, HFD mice showed high levels of MCP-1 in serum and adipocytes, 
and low level of influenza virus-specific effector memory CD8+ T cells. After challenge with influenza virus, the lungs of 
HFD mice showed more severe inflammatory responses as compared with the lungs of RFD mice, even after vaccination. 
Taken together, our data suggested that the inflammatory condition in obesity may contribute to the suppressed effi-
cacy of influenza vaccination.
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with RFD mice. We analyzed several glycemic markers in both 
mice and we observed that the glucose, HDL, LDL, total choles-
terol, and triglyceride levels were higher in the sera of HFD mice 
compared with the sera of RFD mice (Fig. 1). Whereas free fatty 
acids level is similar in both mouse. To determine the vaccine-
induced humoral immune response in obese mice, we compared 
the influenza virus-specific antibodies in RFD and HFD mice. 
Mice were immunized 2 times with CBV or EBV (HA antigen of 
1.5 ug/mouse) (Fig. 1). Neutralizing antibody titers (NTs) were 
checked 3 wk after the first vaccination and every 3 or 4 wk after 
the second vaccination by the plaque reduction neutralizing test 
(PRNT). As shown in Table 1, RFD mice showed higher NTs as 
compared with HFD mice (1.30 vs. 1.00, respectively). At 3 wk 

after the second vaccination (in Table 1), the HFD mice showed 
similar neutralizing antibody titers (1.96~2.13) as compared with 
the RFD mice (2.05~2.13). However, the HFD mice consis-
tently showed decreased neutralizing antibody titers (1.30~1.60) 
as compared with the RFD mice (1.93) at 17 wk after the sec-
ond vaccination (in Table 1). In addition, we also measured the 
hemagglutination inhibition (HI) titers. However, although the 
HI titers of HFD mice appeared to be lower compared with 
those of RFD mice, there was no significant difference (data not 
shown). Indeed, although the HI and NT titers exhibit similar 
trends, they are not exactly the same.19 Therefore, we only used 
the PRNT to compare the difference in the influenza-specific 
neutralizing antibody titers of HFD and RFD mice. Overall, 
based on Table 1, these results suggest that the humoral immune 
response is impaired in vaccinated obese mice.

Chronic inflammation in obese mice is associated with the 
defective generation of effector memory CD8+ T cells

We next examined the association of inflammation and the 
memory response to influenza vaccination in obese mice. At 
17 wk after the second vaccination (in Table 1), monocyte che-
moattractant protein-1 (MCP-1) was expressed at higher levels in 
the serum and fat tissue of HFD mice than in those of RFD mice 
(Fig. 2A and B). In addition, the percentage of influenza-specific 
effector memory CD8+ T cells (CD62L-CCR7-) were signifi-
cantly decreased in the influenza virus-stimulated SVF of HFD 
mice as compared with that of RFD mice (48.4% vs. 87.4% in 
CBV and 53.8% vs. 81.5% in EBV, respectively) (Fig. 2C). To 
assess the relationship between inflammation status and pathol-
ogy in obese mice, we challenged the mice with the H1N1 virus 
at 3 wk after the second vaccination. At 3 d after the challenge, 
we measured the mRNA expression levels of cytokines in the 
lung tissues of HFD mice and RFD mice. Inflammatory markers 
such as MCP-1, IFN-γ, and CD64 (a M1 macrophage marker) 
were expressed at significantly higher levels in the lung tissue of 
influenza-infected HFD mice as compared with that of influ-
enza-infected RFD mice, despite 2 vaccinations (Fig. 3).

Discussion

Although vaccination is believed to be the best strategy 
against influenza virus infection, it is insufficient for protect-
ing some people who are elderly or obese. Recently, obesity has 
been recognized as a risk factor for increased morbidity and mor-
tality among H1N1 virus-infected patients.3 In this study, we 
attempted to analyze the influence of obesity on the induction of 
neutralizing antibody by vaccines and the factors that are respon-
sible for the decreased efficacy of vaccination in the obese.

In general, prophylactic vaccines induce virus-specific mem-
ory T cell immune responses and functional neutralizing anti-
body production, leading to the prevention of virus entry and 
replication during viral infection. To examine the titers of neu-
tralizing antibody under obese conditions, we established high 
fat diet-induced obese mice, which are physiologically relevant 
to human obesity.17 The HFD mice exhibited increases in their 
body weight as well as their blood glucose and cholesterol levels 

Figure 1. High fat diet (HFD)-induced obese mice on body weight, body 
fat mass, and glycemic markers. (A) Body weight was determined for 13 wk 
with RFD and HFD (mean ± SD; n = 3). *P < 0.05. (B) Glycemic markers (glu-
cose, LDL-cholesterol, HDL-cholesterol, free fatty acid [NEFA], total choles-
terol, and triglyceride) in serum and body fat mass were determined at 
13 wk in RFD and HFD mice (mean ± SD; n = 3). *P < 0.05. **P < 0.01.
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(Fig. 1), which indicated that these changes reflected metabolic 
disorder in the mice. These obese mice immunized with 2 types 
of inactivated trivalent vaccine widely used to protect humans 
against pandemic influenza virus. Obese mice showed reduced 
neutralizing antibody over time as compared with normal mice 
(Table 1). These lower antibody levels may affect virus-induced 
clearance and pathogenesis when obese mice are challenged with 
influenza virus. Recent reports demonstrated that obese human 
and mouse model showed impaired T cell immune responses to 
influenza vaccination.1,16,17 Consistent with these findings, we also 
observed that virus-specific CD8+ effector memory T cells were 
significantly decreased in obese mouse (Fig. 2C). Interestingly, 
Table  1 showed that obese (HFD) and normal (RFD) mice 
have similar neutralizing antibody titers at 3 wk after the sec-
ond immunization (1st in Table  1). This means that an early 
boosting effect may be functional in both mice. However, the 
neutralizing antibodies in obese mice were more quickly reduced 
as compared with the normal mice (second to fifth in Table 1). 
This indicated that an impaired memory T cell response may 
have influenced the maintenance of neutralizing antibodies in 
obese mouse that received the booster vaccination. These results 
reflected the immune-suppressive characteristics of obesity. The 
data presented here are similar to that of previous studies, which 
reported that hepatitis B or tetanus vaccines induced poor anti-
body responses in obese patients.20,21 However, the decreased 
number of memory T cells did not affect the B cells, including 
their proportion, viability, or capacity for antibody production in 
HFD mice. Further research is required to determine the exact 
mechanisms responsible for the reduced capacity for neutralizing 
antibody maintenance in obese mice.

We also observed that vaccinated obese mice showed increases 
in a proinflammatory cytokine (IFN-γ), chemokine (MCP-
1), and M1 macrophage marker (CD64) in their lung tissue as 
compared with normal mice after challenge with H1N1 virus 
(Fig.  3). MCP-1 and IFN-γ induce the recruitment of vari-
ous immune cells into the lung, especially CD64-expressing 
M1 macrophages, and activate innate and adaptive immune 
responses.22,23 Consequently, viral infection amplifies the pro-
duction of proinflammatory cytokines, which in turn exacerbate 

viral pathogenicity. Recently, it was suggested that the chronic 
inflammation in obesity may be associated with the induction 
of leptin resistance leading to the inhibited proliferation of effec-
tor memory T cells.24 These results suggest that the systemic 
inflammatory state in obese individuals may contribute to their 
impaired immune responses to influenza vaccination. However, 
we cannot exclude the possibility that obesity-induced chronic 
inflammation may lead to tolerance of the function of immune 
cells, especially T cells. Thus, more intensive immunological 
studies are required to explain the reduced vaccine efficacy in 
the obese.

In summary, we showed that obese mice immunized and chal-
lenged with influenza virus demonstrated an impaired generation 
of neutralizing antibody and memory T cells through increased 
inflammation. These findings suggest that vaccination against 
influenza virus may not be sufficient to protect obese individu-
als from infection. Therefore, we need to develop more efficient 
strategies of influenza vaccination for the increasing population 
of obese individuals.

Materials and Methods

Virus
Influenza A/California/04/2009 (H1N1) virus originated 

from swine influenza H1N1 viruses was used for the challenge. 
It was obtained from the Korea Center for Disease Control. The 
virus was grown in the allantoic cavities of 10-d-old embryonated 
chicken eggs for 72 h at 35 °C. Plaque titration of influenza A 
virus stocks was performed on Madin–Darby canine kidney cells 
(MDCK) cells in the presence of 0.25% trypsin at 37 °C. The 
yield of the virus (1 × 107 plaque-forming units [pfu]/mouse) 
for animal experiments was determined by calculating the 50% 
lethal dose (LD

50
) per ml of viral stock .

Animal experiments
Four-week-old male C57BL/6J mice (Orient Bio Inc.) were 

fed for the entire length of the experiment with either the regular 
fat diet (5% fat diet, RFD) or the adjusted calories diet (60% 
high fat diet, HFD) (DooYeol Biotech). All animals were housed 

Table 1. Specific immune response induced by cell culture- or egg-based vaccine

Group
Primary vaccinationb

Neutralizing antibody titer (Log10)a

After booster vaccinationc

3 wk 6 wk 9 wk 13 wk 17 wk

RFDd
CBV 1.30 ± 0 2.13 ± 0.18 2.13 ± 0.18 1.83 ± 0.18 2.10 ± 0.21 1.93 ± 0.04

EBV 1.30 ± 0 2.05 ± 0.21 2.26 ± 0.16 2.13 ± 0.18 2.10 ± 0.21 1.93 ± 0.04

HFDe
CBV 1.00 ± 0### 1.96 ± 0.26 1.83 ± 0.18 1.63 ± 0.21 1.63 ± 0.21 1.60 ± 0#

EBV 1.00 ± 0*** 2.13 ± 0.18 1.63 ± 0.21* 1.45 ± 0.21* 1.45 ± 0.21* 1.30 ± 0*

aSerum samples were collected at proper time point. The first serum samples harvested at 19 d after primary immunization. The second to sixth serum 
samples harvested at 3, 6, 9, 13, and 17 wk after second immunization. The neutralizing titer was estimated following the protocol in the Material and 
Methods. Neutralizing antibody titers were calculated as: Z = (Y-50)/47.7622 + log X, Z: Neutralizing antibody titers (log10), Y: plaque reduction rate (%),  
X: reciprocal of serum dilution used (mean ± SD; n = 3). #P < 0.05; ###P < 0.001 vs. RFD mice immunized with cell-based vaccine. *P < 0.05; ***P < 0.001 vs. 
RFD mice immunized with egg-based vaccine. bMale C57BL/6J mice were vaccinated intramuscularly with cell culture- and egg-based vaccines (CBV and 
EBV, respectively). cAt 3 wk after primary immunization, mice received booster vaccinations with CBV and EBV. dOne group of mice was fed with regula-
tory fat diet (RFD). eThe other group of mice was fed with adjusted calories diet (60% fat) (high fat diet, HFD).
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under specific-pathogen-free conditions and handled according 
to protocols for animal care approved by the Catholic University 
of Korea. The protocol was approved by the International 
Animal Care and Use Committee, Sungsim Campus, Catholic 
University of Korea. At 13 wk after HFD and RFD, the first 

vaccination was performed with 1.5 μg of 2 types of 
influenza vaccines (A/H1N1). The cell culture-based 
vaccine (CBV) and the egg-based vaccine (EBV) were 
kindly provided by SK Chemical and Korea Green 
Cross, respectively. To investigate the boosting effect, 
the second vaccination was performed 3 wk after the 
first vaccination. The serum was collected by retro-
orbital venous plexus puncture at the proper times. 
The mice were challenged with 1 × 107 pfu/50 ul of 
H1N1 virus by intranasal injection at 3 wk after the 
second immunization. Their organs were harvested at 
3 d after the challenge.

Plaque reduction neutralization tests (PRNTs)
The virus–antibody mixture was prepared by mix-

ing 100 pfu of influenza virus with the serially diluted 
serum samples, and then incubating the mixture at 
37  °C for 1  h. The mixtures were then inoculated 
onto MDCK cell monolayers for 1 h at 37 °C in 5% 
CO

2
. After virus adsorption, the cells were covered 

with the overlay medium (serum-free DMEM sup-
plemented with 0.25% trypsin and 2% agar). The 
plates were incubated at 37  °C in 5% CO

2
 for 3 d. 

The neutralizing-antibody titer (NT) was expressed 
as the reciprocal of the highest dilution that reduced 
the number of plaques to 50% or less of the control 
value and was calculated as previously described.25

Quantification of lung mRNA cytokine levels
Total RNA was extracted from the lungs and then 

RT–PCR was performed as previously described.16 
Real-time PCR was performed on a MyiQ-single iCy-
cler (Bio-Rad) using the SYBR Green PCR Master 
Mix (Takara Bio Inc.). The expression of a given gene 
was quantified with the comparative threshold cycle 
(ΔC

T
) method and normalized to 18S rRNA. The 

primer set (Cosmo Genetech) for MCP-1 was: sense, 
5′-CAGCAAGATG ATCCCAATGA GTAG-3′ and 
antisense, 5′-CTCCTTGAGT TGGTGACAAA 
AAC-3′; the primer set for IFNγ mRNA was: sense, 
5′-AGCGGCTGAC TGAACTCAGA TTGTAG-3′ 
and antisense, 5′-GTCACAGTTT TCAGCTGTAT 
AGGG-3′.

Isolation of the stromal vascular fraction (SVF) 
of adipose tissue and flow cytometry

SVF from normal and obese mice were obtained 
from mouse epididymal fat pads as previously 
described.26 SVF were stimulated by 10 hemagglu-
tination units of H1N1 virus for 120 h. Stimulated 
cells were stained with fluorochrome-conjugated 
antibodies (BD Biosciences) for CD8, CD62L, and 
CCR7, and analyzed using a FACsan flow cytometer 
(Beckman Coulter).

Statistical analysis
All data are expressed as means ± SD. The data were analyzed 

using the Student’s t-test. Differences of P < 0.05 were regarded 
as significant.

Figure 2. Chronic inflammation in obesity results in defective effector memory CD8+ 
T cells. (A and B) The protein and mRNA expression levels of cytokine (MCP-1) was 
measured from serum (A) and epididymal fat (B) of regular fat diet (RFD) and high fat 
diet (HFD) mice at 17 wk (in Table 1) after their second immunization with cell culture-
based vaccine (CBV) and egg-based vaccine (EBV) (mean ± SD; n = 3). (C) Influenza-
specific effector memory CD8+ T cells (CD62-CCR7-) were detected by flow cytometry. 
Stromal vascular fraction (SVF) was isolated from the epididymal fat of RFD and HFD 
mice at 17 wk (in Table  1) after the second immunization. Fat cells from SVF were 
infected with A/California/04/2009 (H1N1) virus ex vivo (mean ± SD; n = 3).
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Figure  3. Chronic inflammation in high fat diet (HFD) mice showed 
higher inflammatory cytokines in the lung than those in regular fat diet 
(RFD) mice after challenge with influenza A/California/04/2009 (H1N1) 
virus, even with 2 vaccinations. The mRNA expression levels of cytokines 
(MCP-1 and IFN-r) and M1 macrophage marker (CD64) were measured 
from the lung tissues of mice. The data were normalized with respect to 
the 18S mRNA values (mean ± SD; n = 3). *P < 0.05.
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