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ABSTRACT

Major histocompatibility complex class II-deficient (MHC-II KO; A��/�) mice were used to assess the roles of MHC-II mole-
cules in inducing protective immune responses to vaccination. After vaccination with influenza A/PR8 virus-like particle (VLP)
vaccine, in vivo and in vitro vaccine antigen-specific IgG isotype antibodies were not detected in MHC-II KO mice, which is
quite different from CD4 T cell-deficient mice that induced vaccine-specific IgG antibodies. The deficiency in MHC-II did not
significantly affect the induction of antigen-specific IgM antibody in sera. MHC-II KO mice that were vaccinated with influenza
VLP, whole inactivated influenza virus, or live attenuated influenza virus vaccines were not protected against lethal infection
with influenza A/PR8 virus. Adoptive transfer of fractionated spleen cells from wild-type mice to MHC-II KO mice indicated that
CD43� cell populations with MHC-II contributed more significantly to producing vaccine-specific IgG antibodies than CD43�

B220� conventional B cell or CD4 T cell populations, as well as conferring protection against lethal infection. Bone marrow-
derived dendritic cells from MHC-II KO mice showed a significant defect in producing interleukin-6 and tumor necrosis factor
alpha cytokines. Thus, results indicate that MHC-II molecules play multiple roles in inducing protective immunity to influenza
vaccination.

IMPORTANCE

Major histocompatibility complex class II (MHC-II) has been known to activate CD4 T helper immune cells. A deficiency in
MHC-II was considered to be equivalent to the lack of CD4 T cells in developing host immune responses to pathogens. However,
the roles of MHC-II in inducing protective immune responses to vaccination have not been well understood. In the present
study, we demonstrate that MHC-II-deficient mice showed much more significant defects in inducing protective antibody re-
sponses to influenza vaccination than CD4 T cell-deficient mice. Further analysis showed that CD43 marker-positive immune
cells with MHC-II, as well as an innate immunity-simulating adjuvant, could rescue some defects in inducing protective immune
responses in MHC-II-deficient mice. These results have important implications for our understanding of host immunity-induc-
ing mechanisms to vaccination, as well as in developing effective vaccines and adjuvants.

Vaccination is the most effective measure for preventing infec-
tious diseases, including influenza, a highly contagious respi-

ratory disease resulting in widespread morbidity and mortality.
Most licensed human vaccines are based on their capability to
induce protective humoral antibodies that block infection or re-
duce pathogen loads, although cellular immune responses are also
important (1–3). However, mechanisms by which vaccination in-
duces effective protective immunity have not been well under-
stood yet.

A model for producing protein antigen-specific immunoglob-
ulin G (IgG) antibodies initiates with antigen uptake by antigen-
presenting cells such as dendritic cells (DCs), macrophages, and B
cells. In particular, DCs after antigen uptake migrate to secondary
lymphoid tissues from peripheral sites. Antigen-presenting cells
present peptide fragments of processed antigens on their surfaces
in the context of major histocompatibility complex class II
(MHC-II) molecules (4). Specific CD4� T cells are activated and
undergo clonal expansion after recognition of antigenic peptide/
MHC-II on antigen-presenting cells via a T cell receptor. In the
meantime, naive B cells internalize and process a specific antigen
bound by surface immunoglobulin receptors, presenting anti-
genic peptides in the context of MHC-II molecules. The T cell help

to drive the B cell response is initiated by recognizing peptide/
MHC-II on the B cell surfaces via T cell receptor through the
specific CD4� T cells. Subsequently, T cell-derived signaling mol-
ecules and cytokines initiate B cell proliferation and direct immu-
noglobulin isotype switching (5–7). In this model, cognate T and
B cell interaction is a requirement for B cell IgG responses and
isotype switching.

This scenario of cognate T and B cell interactions through the T
cell receptor and peptide-MHC complex does not appear to fully
explain the strong humoral responses that are rapidly generated
against many pathogens probably due to low frequencies of anti-
gen-specific T and B cells at the time of initial antigen encounter.
Alternative T cell help for B cell isotype-switched IgG responses
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might be mediated by secreted cytokines or nonspecific molecular
interactions between adjacent cells (8, 9). It is noteworthy that
DCs are capable of retaining antigens in a form that is recognized
by B cells and also provide signals that direct isotype switching in
T cell-dependent humoral responses (10–12).

The normal development of mature T cells needs their inter-
actions with MHC molecules in the thymus. MHC-II-deficient
(MHC-II KO) mice were found to be deficient in mature CD4� T
cell-mediated immune responses (13). Previous studies used
MHC-II KO mouse models to study the roles of CD4� T cells
and/or MHC-II molecules in inducing host CD8� cytotoxic T cell
immune responses to viral, bacterial, and parasitic infections (14–
20). The apparent efficacy of comparable or less control of infect-
ing pathogens was attributed to the intact activity of CD8� cyto-
toxic T cells despite the deficiency of CD4� T cells. Polyomavirus
infection of mice with a deficiency of functional ��� T cells or
��� and ��� T cells induced IgM and IgG antiviral antibodies
(21, 22). Vesicular stomatitis virus (VSV) infection in ��� T cell-
deficient mice induced IgG antibody responses (23–26). Our pre-
vious studies have shown that mucosal or systemic immunization
of CD4� T cell-deficient mice with inactivated influenza virus can
also induce antigen-specific isotype-switched IgG antibody re-
sponses, virus neutralizing antibodies, and protection (27, 28).

The potential roles of MHC-II molecules in inducing immune
responses to vaccination largely remain unknown. In this study,
we investigated host immune responses and protection against
lethal challenge after vaccination of MHC-II KO mice with a re-
combinant influenza A/PR8 virus-like particle (VLP), whole inac-
tivated influenza virus, or 2009 H1N1 pandemic influenza virus
live attenuated vaccine. We demonstrate that, despite the presence
of naturally occurring IgG antibodies at significant levels, MHC-II
KO mice were not able to induce antigen-specific IgG antibody
responses to influenza vaccination and thus were not protected.
CD43� cell populations with MHC-II molecules were found to
induce protective antibody responses by adoptive-transfer stud-
ies, suggesting additional roles for MHC-II in addition to activat-
ing CD4 T cells.

MATERIALS AND METHODS
Mice and cells. MHC-II KO (I-A��/�) and wild-type C57BL/6 (B6 WT)
mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and
bred at the animal facility at Georgia State University. BALB/c mice were
purchased from Harlan Laboratories (Indianapolis, IN). Spodoptera fru-
giperda Sf9 insect cells (American Type Culture Collection, CRL-1711) for
the production of recombinant baculoviruses (rBVs) and influenza VLPs
were cultured in SF900-II serum-free medium (Invitrogen, Carlsbad, CA)
at 27°C.

Preparation of influenza VLPs and virus. Preparation of influenza
VLP vaccines containing the hemagglutinin (HA) protein as a major pro-
tective antigen has been well described in our previous studies (29–33). To
produce influenza VLPs, SF9 insect cells were coinfected with rBVs ex-
pressing influenza virus M1 gene and HA derived from the strain of A/PR/
8/34 H1N1 (A/PR8) virus. Influenza VLPs in the culture supernatants
were harvested at 3 days after infection and purified as described previ-
ously (29, 34). H1N1 influenza A viruses A/PR8 (29) and A/California/04/
2009 (a kind gifts from Richard Webby) were propagated in allantoic
cavity of 10-day-old embryonated hen’s eggs (32). An att.NL virus is an
attenuated 2:6 reassortant containing the surface HA and neuraminidase
(NA) genes of A/Netherlands/602/09 (H1N1) (35) and the internal genes
from the attenuated A/turkey/Ohio/313053/04 (H3N2) virus. Rg20
A/Texas/5/2009, kindly provided by Ruben Donis, is a reassortant virus

containing six A/PR/8/34 internal genes and A/Texas/5/2009 HA and NA
(32).

Immunization and viral challenge infection. MHC-II KO mice (8 to
10 weeks old) and B6 WT mice (8 to 10 weeks old) were intramuscularly
immunized with influenza A/PR8 VLPs (3 or 10 �g) at weeks 0 and 4. For
in vivo infection, mice were anesthetized with isoflurane (Baxter, Deer-
field, IL), intranasally challenged with A/PR8 virus (5	 50% lethal dose
[LD50]) at 3 weeks after boost immunization and sacrificed at 4 days after
challenge or monitored for 14 days for measuring body weights and sur-
vival rates to assess the protective efficacy of vaccination. For the serum
protective efficacy, 6- to 7-week-old female naive BALB/c mice were in-
fected with a lethal dose A/PR8 virus mixed with heat-inactivated sera
(56°C for 30 min) from each of the indicated groups after incubation at
room temperature for 30 min (36, 37).

To understand the protective immune response from live and inacti-
vated whole viral vaccines, B6 WT mice and MHC-II KO mice were in-
tranasally prime-boost inoculated with a live attenuated att.NL virus
(
105 tissue culture infective doses per mouse) or intramuscularly boost
immunized with inactivated Rg20 A/Texas/5/2009 (Rg20i; 5 �g/mouse).
Mice were challenged with 2009 pandemic H1N1 virus (5	 LD50) 4 weeks
after boost immunization. All animal studies were approved and con-
ducted under the guidelines by Georgia State University’s IACUC
(A11026). Mice were euthanized if their body weight loss exceeded 25%.

Flow cytometry analysis of MHC-II KO mice phenotype. Spleen cells
were analyzed by fluorescence-activated cell sorting (FACS) to check phe-
notypes of MHC-II KO and B6 WT mice. Isolated spleen cells were stained
with fluorescence-conjugated monoclonal antibodies specific to cell phe-
notypes, MHC-II–FITC (M5/114.15.2; eBioscience, San Diego, CA),
CD19-PE (6D5; eBioscience), B220-PE Cy7 (RA3-6B2; BD Pharmingen),
CD3-Pacific Blue (17A2; Biolegend), CD4-APC (GK1.5; eBioscience),
and CD8-PerCP (53-6.7; BD Pharmingen). Dead cells are excluded by
staining with near-infrared fluorescent reactive dye (Invitrogen, Eugene,
OR). Live lymphocytes were gated according to their sizes, and granularity
was defined in the forward light scatter (FSC) and side light scatter (SSC)
plot. Cell acquisition was performed with a multilaser multiparameter
analysis cytometer (LSR-II and LSRFortessa; BD Biosciences, Mountain
View, CA), and the data were analyzed using FlowJo software (v7.6.4; Tree
Star, Inc., Ashland, OR).

Determination of serum antibody responses. Blood samples were
collected from the retro-orbital plexus puncture using heparinized micro-
capillaries (Drummond Scientific Company, Broomall, PA) after anesthe-
tization of the animals by isoflurane inhalation. Sera were collected 18
days after prime and 10 days after boost immunization and stored at
�20°C until analysis. Influenza virus-specific total IgG, IgM and isotype
antibodies (Southern Biotechnology, Birmingham, AL) were determined
using standard enzyme-linked immunosorbent assay (ELISA) as de-
scribed previously (29). Purified mouse IgG, IgM, and isotype antibodies
were used as standards to determine the relative antibody concentrations
in immune sera from optical spectrophotometer readings at 450 nm
(ELx800; BioTek, Winooski, VT).

Virus-specific antibody secreting cell responses. Freshly isolated
spleen and bone marrow cells (5 	 105 cells/well) were incubated for 24 h
in the 96-well culture plates coated with either culture medium or A/PR8
VLP (400 ng/well) for in vitro antigenic stimulation. Antibody-secreting
cell responses in the spleen and bone marrow were determined after 5 days
of in vitro culture. The levels of antibodies specific to A/PR8 VLP vaccine
in the culture plates were determined by ELISA as previously described
(29, 38).

Determination of T cell responses. Spleen cells were obtained from
the mice sacrificed at 4 days postchallenge. Gamma interferon (IFN-�)-
and interleukin-4 (IL-4)-secreting cell spots were determined on Multi-
Screen 96-well filter plates (Millipore, Billerica, MA) coated with cyto-
kine-specific capture antibodies as described previously (29). Briefly, 5 	
105 spleen cells (per well) were cultured in anti-mouse IFN-� or anti-
mouse IL-4 (300 ng/100 �l/well) precoated plates with or without A/PR8
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VLP (2 �g/ml) as an antigenic stimulator. After 36 h of incubation, the
number of IFN-�- or IL-4-secreting cell spots was counted using a
Bioreader 5000-E� (Biosys, Miami, FL).

Analysis of lung and BALF samples. Bronchoalveolar lavage fluids
(BALF) were obtained by infusing 1 ml of phosphate-buffered saline
(PBS) using a 18Gx11/4 catheter (Exelint International, Tokyo, Japan) into
the lungs via the trachea, and lung samples were also collected at day 4
postchallenge. Cells were removed after centrifugation, and inflammatory
cytokine (IL-6) in lung extracts and BALF were analyzed by using Ready-
Set-Go cytokine kits (eBioscience) according to the manufacturer’s pro-
tocol. To determine lung virus titers at 4 days postchallenge with A/PR8
virus, 10-day-old embryonated hen’s eggs were infected with 10-fold se-
rially diluted lung extracts for 3 days, and lung virus titers were calculated
as described previously (38).

Adoptive cell transfer. The CD4�, CD43�, or CD43� cell fractions
were isolated from the spleen cells of naive B6 WT mice by the MACS
system using antibody-coated microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s instructions.
Briefly, mouse spleens from the naive B6 WT group were minced using
glass slides, passed through a cell strainer (40-�m pore size; Becton Dick-
inson, Franklin Lakes, NJ), resuspended in 0.5% bovine serum albumin
(Sigma, St. Louis, MO) with 2 mM EDTA in PBS, and incubated with CD4
microbeads. Flowthrough cells in a magnetic field were applied to the
CD43 microbeads to purify CD43 positive and negative cell fractions.
Cells bound or unbound to the column were collected, and nucleated cells
were counted by using a hemacytometer after trypan blue dead-cell exclu-
sion. The purification of MACS-isolated cell populations was determined
by cell surface staining and flow cytometric analysis prior to adoptive cell
transfer to MHC-II KO mice. Enriched CD4�, CD43�, or CD43� cells
were intravenously injected via tail vein into recipient naive MHC-II KO
mice, which were then immunized with 10 �g of A/PR8 VLPs intramus-
cularly 3 to 4 h after adoptive cell transfer. Blood samples were collected 2
weeks after immunization, and IgG antigen-specific antibody levels were
determined by ELISA.

Generation of BMDCs. Bone marrow-derived DCs (BMDCs) were
obtained from B6 WT and MHC-II KO mice. BM cells were harvested
from femur and tibia, and the red blood cells were removed by using red
blood cell lysis buffer (Sigma). The cells were cultured in the presence of
10 ng of mouse recombinant granulocyte macrophage-colony-stimulat-
ing factor (Invitrogen)/ml to generate DCs. After 6 to 10 days of culture,
the generated DCs were harvested and used for experiments. After 2 days
of BMDC culture in the presence of influenza (A/PR8) VLP vaccine (10
�g/ml) or lipopolysaccharide (LPS; 0.2 �g/ml), the cultured DCs were
harvested and stained with specific antibodies. After blocking Fc receptors
with CD16/32 antibodies, the cells were stained with DC surface marker
antibodies (eBioscience): phycoerythrin-labeled anti-mouse CD40 (clone
1C1O) and CD86 (clone GL1) and fluorescein isothiocyanate (FITC)-
labeled anti-mouse CD80 (clone 16-10A1). To measure the amount of
cytokines, mouse IL-12p70-, IL-6-, and tumor necrosis factor alpha
(TNF-�)-specific ELISA Ready-Set-Go kits (eBioscience) were used. The
culture supernatants were harvested, and cytokine ELISAs were per-
formed according to the manufacturer’s protocol.

Statistics. Unless otherwise stated, all results are presented as means �
the standard error. Statistical analysis was performed using a two-tailed
Student t test and one-way analysis of variance when comparing two or
more different groups, respectively. The data were analyzed using Prism
software (GraphPad Software, Inc., San Diego, CA). Probability values of
�0.05 were considered statistically significant.

RESULTS
Naive MHC-II KO mice are able to produce natural IgG anti-
bodies. It is important to confirm that MHC-II KO mice have the
MHC-II-deficient phenotype. We determined the phenotypes of
T cell and B cell populations of spleen cells in MHC-II KO mice
compared to B6 WT mice by flow cytometry (Fig. 1). Spleen cells

from MHC-II KO mice showed 
2-fold lower levels of CD3�,
significantly lower levels of CD4� cells (2.7% versus 18.8%) and
MHC-II� cells (2.05% versus 61.9%), and a slightly higher level of
CD8, CD19, and B220 expression compared to WT control mice
(Fig. 1A and B). Peripheral blood lymphocytes from naive
MHC-II KO mice also had a similar deficiency of CD4� and
MHC-II� cell populations (data not shown). These results indi-
cate that the MHC-II KO mice are an authentic strain of mice with
a MHC-II deficiency.

Next, we compared the levels of natural antibodies, IgG, IgM,
and isotypes from naive B6 WT and MHC-II KO mice using a
standard ELISA method. An approximately 2- to 3-fold-lower but
still significant level of IgG antibody and a moderately lower level
of IgM antibody were observed in naive MHC-II KO mice com-
pared to wild-type mice (Fig. 1C). Since the B6 mouse strain is to
have the gene for isotype IgG2c instead of IgG2a (39), we exam-
ined IgG1, IgG2b, and IgG2c antibodies in sera by ELISA. Inter-
estingly, MHC-II KO mice showed a similar level of IgG2c anti-
body compared to that of B6 WT mice and, on the other hand,
approximately 2- to 4-fold-lower levels of IgG1 and IgG2b anti-
bodies (Fig. 1C). Therefore, MHC-II KO mice can generate natu-
ral IgG and isotype-switched antibodies not specific to an antigen,
although their levels were moderately lower than those in B6 WT
mice.

MHC-II KO mice do not induce antigen-specific IgG isotype-
switched antibodies. To determine the roles of an MHC-II mol-
ecule in inducing protective immune responses to vaccination, B6
WT and MHC-II KO mice were intramuscularly immunized with
3 �g of A/PR8 HA VLPs. WT mice showed significantly increased
levels of IgG antibodies after prime and boost immunizations (16-
fold higher levels of IgG after boost) (Fig. 2A). In contrast to B6
WT mice, significant levels of IgG antibodies specific to virus were
not detected in the sera of MHC-II KO mice after prime and boost
immunizations, similar to naive mice (Fig. 2A). However, IgM
antibodies specific to the A/PR8 viral antigens were induced at
high levels in immunized MHC-II KO mice, and there was no
statistical difference in IgM levels between MHC-II KO and B6
WT mice (Fig. 2A). There was no significant boosting effect on
IgM antibodies even in wild-type mice, which is different from
IgG antibodies. IgG2c isotype antibody showed the highest level
among IgG isotypes in B6 WT mice. However, levels of vaccine
antigen-specific IgG isotype antibodies were not significantly de-
tected in MHC-II KO mice, which were similar to naive mice (Fig.
2B). These results indicate that MHC-II KO mice have a signifi-
cant defect in inducing IgG and its IgG isotype antibodies in re-
sponse to vaccination with influenza VLPs.

To compare vaccine-specific IgG antibody levels in CD4
knockout mice (CD4KO) after PR8 VLP vaccination, we intra-
muscularly immunized MHC-II KO, CD4KO, and B6 WT mice
(n  6/group) with 3 �g of influenza PR8 VLP vaccine at weeks 0
and 4 (Fig. 2C). At 4 weeks after boost immunization, A/PR8
virus-specific IgG antibody levels were measured (ng/ml) (Fig.
2C). Although vaccine-specific IgG antibody levels of CD4KO
were ca. 30 to 40% of those for B6 WT mice, CD4KO mice showed
significantly higher IgG antibody levels compared to MHC-II KO
or naive mice. These results suggest that MHC-II KO mice have
additional defects in inducing vaccine-specific IgG antibody re-
sponses compared to CD4KO mice.

MHC-II KO mice induce IgM but not IgG antibody-secreting
cell responses. To further confirm the capacity of MHC-II KO
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mice to induce vaccine-specific humoral responses, we analyzed
antibody-secreting cell responses that may detect small numbers
of vaccine-specific B cells. Spleen and bone marrow cells were
obtained from vaccinated B6 WT and MHC-II KO mice at day 4
postchallenge infection with A/PR8 virus and subjected to in vitro
culture plates coated with the same VLP vaccine antigen (Fig. 3).
Spleen and bone marrow cells from B6 WT mice showed a
similar high level of IgG antibodies captured on vaccine anti-
gen coated plates, but not those cells from MHC-II KO or naive
mice (Fig. 3A).

Spleen cells from naive, immunized B6 WT and MHC-II KO
mice at day 4 postchallenge showed higher levels of IgM antibody
production upon vaccine antigen stimulation in vitro compared to
medium controls (P � 0.001). Lower but significant levels of IgM
antibodies were detected in spleen cell cultures of both naive and
immunized MHC-II KO mice (Fig. 3B). In bone marrow cells,
VLP vaccine-specific IgM antibodies were detected at a higher
level in immunized WT mice compared to those from both naive
and immunized MHC-II KO mice (P � 0.001, Fig. 3B). Also, bone
marrow cells from immunized B6 WT but not from MHC-II KO
mice displayed statistically significant higher levels of IgM anti-
body production compared to medium controls (P � 0.001, Fig.
3B). Consistent with levels of antibodies secreted into culture su-
pernatants, only immunized WT mice showed antigen-specific

IgG antibody-secreting cell spots in spleen and bone marrow cells,
and a low level of IgM antibody-secreting spleen cell spots was
detected in MHC-II KO mice (data not shown). MHC-II KO mice
failed to generate vaccine antigen-specific IgG antibody-secreting
cell responses after vaccination despite their capability to produce
IgM antibody-secreting splenic B cells in response to vaccination
or in vitro stimulation with influenza VLP vaccines.

Immunized MHC-II KO mice show a defect in controlling
challenge virus and inducing cytokine-secreting cellular re-
sponses. To determine the protective efficacy of vaccinated
MHC-II KO mice, the levels of proinflammatory cytokine IL-6
and virus titers were determined at day 4 after A/PR8 virus chal-
lenge infection (Fig. 4A and B). The level of IL-6 was low or below
the detection limit in both BALF and lung extracts from the B6
WT immunized mice. In contrast, the B6 WT naive and MHC-II
KO immunized mice showed similar patterns of high levels of IL-6
in both BALF and lung extract samples (Fig. 4A and B). The levels
of the virus titers indicate the efficiency of virus clearance after
challenge. Influenza VLP immunized B6 WT mice showed over
100- to 1,000-fold lower levels of virus titers compared to those in
immunized MHC-II KO or naive control groups. That is, high
viral loads were found in lungs and BALF samples from naive B6
WT and naive and immunized MHC-II KO mice (Fig. 4B). These
results indicate that vaccination of MHC-II KO mice failed to

FIG 1 Immune cell phenotypes and serum antibodies from naive MHC-II KO mice. (A) B6 WT mice; (B) MHC-II KO (MHC-II-deficient) mice. Spleen cells
were stained with fluorescence-conjugated antibodies specific to cell surface markers (CD3, CD4, CD8, CD19, B220, and MHC-II), and live lymphocytes were
gated based on their size and granularity defined in the forward light scatter (FSC) and side light scatter (SSC) plot. The FACS profiles shown are representative
of two independent experiments. (C) Total serum IgG, IgM, and isotype-switched IgG antibodies were measured in naive B6 WT and MHC-II KO mice. Total
natural antibodies were captured using goat anti-mouse IgG, IgM, and isotype-switched antibodies. The relative antibody concentrations were determined and
calculated from standard curves of purified mouse antibodies. The data shown are the representative of three independent experiments that were consistently
reproducible. Naive B6, a pooled serum sample of unimmunized C57BL/6 WT mice (n  4); naive MHCII KO, a pooled serum sample of unimmunized MHC-II
KO mice (n  4). *, P � 0.05; **, P � 0.01.
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control and clear the challenge virus, whereas the vaccinated B6
WT mice were highly effective in clearing the virus after challenge.

To observe T cell immune responses, freshly isolated spleen
cells 4 days after challenge with A/PR8 virus from naive or immu-
nized WT and MHC-II KO mice were cultured on enzyme-linked
immunospot (ELISPOT) plates to determine IFN-�- and IL-4-
secreting cell spots using VLPs as an antigenic stimulator (Fig. 4C
and D). Immunized WT mice displayed a significant level of IFN-
�-secreting cell spots in responses to A/PR8 influenza VLPs, but
none of the other groups—including immunized MHC-II KO
mice—showed IFN-�-producing cell spots (Fig. 4C). Similarly,
immunized B6 WT mice showed the highest number of IL-4-
secreting cell spots, but only background levels of IL-4 spots were
detected in spleen cells from immunized MHC-II KO mice (Fig.
4D). These results suggest that MHC-II KO mice have also a defect
in inducing T cell immune responses.

VLP vaccination of MHC-II KO mice do not confer effective
protection. We wanted to determine whether vaccination of
MHC-II KO mice would confer protection against viral infection.
Naive and vaccinated WT and MHC-II KO mice were infected
with a lethal infectious dose of A/PR8 virus at 3 weeks after im-
munization with A/PR8 VLPs. Naive mice showed severe body
weight loss and had to be euthanized by day 8 postchallenge. Sim-
ilarly, immunized MHC-II KO mice lost, on average, over 20%
their body weight and showed partial protection, with 25% sur-
vival rates (Fig. 5A and B). All naive mice after influenza virus
infection died between days 7 and 8. In contrast, immunized B6
WT mice showed a moderate level of body weight loss, with ca.
10% on average at a peak point, and then all mice fully recovered
with 100% survival rates (Fig. 5A and B).

A goal of vaccination is to induce antibodies capable of confer-

FIG 2 Immunization of MHC-II KO mice does not induce vaccine-specific IgG antibodies. (A) Total IgG and IgM antibodies specific for inactivated influenza
(A/PR8) virus antigen on day 18 post-prime and day 10 post-boost immunization. (B) Isotype-switched IgG antibodies specific for inactivated influenza (A/PR8)
virus antigen after boost immunization. A/PR8 inactivated virus was used as an ELISA plate-coating antigen (400 ng/100 �l/well). (C) Serum antibody levels in
mice after PR8 VLP vaccination. Groups of mice (n  6) were intramuscularly immunized with 3 �g of influenza PR8 VLP vaccine at weeks 0 and 4. At 4 weeks
after boost immunization, A/PR8 virus-specific antibody levels were measured (ng/ml). Relative antibody concentrations were determined using a standard
measurement of mouse purified IgG, IgM, and each isotype specific to A/PR8 virus. Naive, unimmunized mice B6 WT mice; WT, B6 WT mice (n  9); KO,
MHC-II KO mice (n  9); CD4KO, CD4 knockout mice. nd, not detectable or similar to naive controls; ns, not significant; **, P � 0.01; ***, P � 0.001.

FIG 3 Immunized MHC-II KO mice do not have antigen-specific IgG anti-
body-secreting cell responses. In vitro production of IgG (A) and IgM (B)
antibodies specific to the vaccine antigen (influenza A/PR8 VLPs). Spleen
(SPL) and bone marrow (BM) cells were collected from naive B6 WT (n  3),
naive MHC-II KO (n  3), boosted B6 WT (n  5), and boosted MHC-II KO
(n  5) mice at day 4 after challenge with A/PR8 virus (5	 LD50). Media,
5-day-old in vitro cultures under medium only; PR8 VLP, 5-day-old in vitro
cultures with influenza PR8 VLP vaccines coated on the plates. SPL and BM
cells were plated at concentrations of 5 	 105 cells/well. A/PR8 VLP-specific
IgG and IgM antibodies in culture supernatants are represented by optical
density readings at 450 nm. Each value represents the mean � the standard
error in quadruplicate. ns, not significant; ***, P � 0.001.
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ring protection. To compare the protective efficacy of immune
sera, we infected naive mice with mixtures of a lethal dose of
A/PR8 virus and immune sera from MHC-II KO or B6 WT mice
that had been immunized with influenza VLP vaccines. In confer-
ring protection by immune sera, infected mice that received sera
from immunized B6 WT mice did not show any body weight loss.
On the other hand, mice that were administered immune sera
from immunized MHC-II KO or unimmunized (naive) mice
showed a substantial level of body weight loss starting at day 3 and
were not protected against A/PR8 virus infection (Fig. 5C and D).
Therefore, the virus-specific IgM antibodies induced by vaccinat-
ing MHC-II KO mice VLPs were not sufficient for conferring
protection in the absence of protective IgG antibodies.

MHC-II KO mice immunized with other forms of viral vac-
cines fail to induce protection. We further tested the critical roles
of MHC class II in inducing protective immunity by immunizing
B6 WT and MHC-II KO mice with replicating live attenuated
influenza virus or inactivated whole viral vaccines. MHC-II KO
and B6 WT mice were intramuscularly immunized with whole
inactivated 2009 H1N1 pandemic virus (10 �g of Rg20i) or intra-
nasally inoculated with live attenuated 2009 H1N1 virus vaccine
(att.NL) (35). At 4 weeks after the boost immunization, groups of
mice were challenged with a lethal dose A/California/04/2009
pandemic H1N1 virus as described previously (32). B6 WT mice
that were intranasally immunized with live attenuated influenza
viral vaccine prevented body weight loss and were 100% protected

against 2009 H1N1 pandemic virus challenge (Fig. 6). Also, B6
WT mice that received whole inactivated viral vaccine (Rg20)
were 100% protected against lethal challenge with 2009 H1N1
pandemic virus, despite showing a moderate body weight loss of
ca. 5 to 10% (Fig. 6). Consistent with the results of influenza VLP
vaccination, none of MHC-II KO mice that were immunized with
live attenuated viral vaccine or inactivated whole viral vaccine
were protected against 2009 H1N1 pandemic virus challenge (Fig.
6). These results further support evidence that MHC-II molecule
is critically important for inducing protective immunity after vac-
cination.

CD43� cell populations contribute to antigen-specific anti-
body production and confer protection. To identify phenotypes
of cells contributing to the defect observed in MHC-II KO mice,
we carried out an adoptive-transfer study of CD43� cells (conven-
tional B220� B cells) as previously described (40), CD43� cell
populations, and CD4� T cells. The purity of separated cell frac-
tions derived from naive B6 WT mice was 97% for CD4� T cells,
and more than 90% each for CD43� (81% B220� phenotype cells)
and CD43� cells (93% B220� phenotype) (Fig. 7A). MHC-II KO
mice received adoptive transfer of 1.5 	 107 enriched CD4� T
cells, 2.2 	 107 enriched CD43� cells, or 3.3 	 107 enriched
CD43� cells derived from wild-type mice (Fig. 7A). The groups of
MHC-II KO mice that received adoptive transfer with a fraction of
CD4�, CD43�, or CD43� cells from B6 WT mice were subse-
quently vaccinated with influenza VLPs. Vaccine antigen-specific

FIG 4 Immunized MHC-II KO mice show high levels of IL-6 cytokine and virus titers upon influenza virus challenge infection. (A) Inflammatory cytokine IL-6
(pg/ml). The levels of IL-6 cytokine and viral loads were determined at day 4 postchallenge with A/PR8 virus. BALF, bronchoalveolar lavage fluids. Each group
has five animals (n  5). (B) Virus titers (50% infectious dose in embryonated chicken eggs). Each group has five animals (n  5). For lung virus titers, pooled
BALF and lung extract samples were 10-fold serially diluted and used to infect chicken eggs. Representative results of two independent experiments are shown.
N.B6, naive B6 WT mice infected with virus; N.KO, naive MHC-II KO mice infected with virus; Imm.B6, prime boost-immunized B6 WT mice that were infected
with virus; Imm.KO, prime boost-immunized MHC-II KO mice that were infected with virus. (C) IFN-� ELISPOT assay. (D) IL-4 ELISPOT assay. IFN-�- and
IL-4-secreting spleen cell spots (ELISPOT assays) were determined after stimulation of spleen cells with influenza (A/PR8) VLP. KO, MHC-II KO mice (n  5
per group). The asterisks indicate a significant difference between immunized B6 WT mice and MHC-II KO mice or between immunized and naive mice of B6
WT and MHC-II KO, as indicated by the brackets. ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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IgG antibodies in sera were determined 14 days after adoptive
transfer (Fig. 7A). The transfer of wild-type CD43� cells or PBS to
MHC-II KO mice did not induce detectable levels of antigen-
specific IgG antibodies similar to those in sera from immunized
MHC-II KO mice (MHC-II KO, Fig. 7A). In contrast, MHC-II
KO mice that received an adoptive transfer of wild-type CD43�

cells produced the largest amount of antigen-specific IgG antibod-
ies (P � 0.01 compared to PBS or MHC-II KO, Fig. 7A). The
group of MHC-II KO mice with a transfer of CD4� cells induced
a marginal level of antigen-specific IgG antibodies, which is not
statistically significant. We determined IgG isotypes in immune
sera of MHC-II KO mice that received CD43� fractionated cells
and showed the highest IgG antibody levels. IgG1 isotype antibody
was dominantly detected (Fig. 7B). Interestingly, this is different
from immunized B6 WT mice that induced predominantly IgG2c
isotype antibody. Overall, these results indicate that CD43�

phenotypic cell populations mainly contribute to the defect of
lacking antigen-specific IgG antibody production, together
with a marginal role for CD4� T cells that are also deficient in
MHC-II KO mice.

To better understand the possible roles of WT CD43� cells in
conferring protection against influenza virus challenge infection,
MHC-II KO mice with or without adoptive transfer of naive WT
CD43� cells were challenged with a lethal dose of influenza virus
(Fig. 7C). Influenza VLP-immunized MHC-II KO mice without
adoptive transfer showed severe weight loss, were all below the
endpoint (25% weight loss), and had to be sacrificed (Fig. 7C).
Antibodies induced by adoptive transfer of CD43� cells into
MHC-II KO mice were found to be protective, as evidenced by

significantly lower levels (ca. 12%) of body weight losses (Fig. 7C).
Also, the lung virus titers were 
15-fold lower in the CD43�

group than in the PBS control of MHC-II KO mice, although there
was no significant difference due to high variations in the control
group (Fig. 7D). Higher levels of virus-specific IgG antibodies in
BALF upon challenge infection were induced in the CD43� group
than in the PBS control of MHC-II KO mice (Fig. 7E). These
results indicate that CD43� cell populations with MHC-II mole-
cules contribute to antigen-specific antibody production and
confer effective protection against influenza virus infection in
MHC-II KO mice.

MHC-II-deficient DCs have a defect in secreting inflamma-
tory cytokines upon stimulation. Since DCs play an important
role in activating T and B cells, cytokine secretion and activation
marker expression of MHC-II-deficient DCs from MHC-II KO
mice were compared to those of wild-type DCs (Fig. 8A and B).
DCs from MHC-II KO mice showed a significant defect in
secreting inflammatory cytokines (IL-6, IL-12, and TNF-�) in
respond to stimulation with influenza VLPs (A/PR8 VLP) or
LPS (Fig. 8A). Also, the activation markers (CD40, CD80, and
CD86) on MHC-II-deficient DCs displayed a trend of lower
expression compared to wild-type DCs upon influenza VLP
stimulation, as determined from the mean fluorescence inten-
sity. However, there was no statistical significance in expressing
activation markers between WT and MHC-II-deficient DCs
(Fig. 8B). Here, the results suggest that DCs from MHC-II KO
mice have a significant defect in producing inflammatory cyto-
kines upon vaccine antigen stimulation.

It is possible that DCs without MHC-II molecules may need

FIG 5 Protective efficacy of immunized MHC-II KO mice and immune sera from MHC-II KO mice. (A and B) Protective efficacy of immunized MHC-II KO
mice. (A) Body weight changes. (B) Survival rates. Naive B6 WT (n  4), boost-immunized B6 wild-type (immu WT [n  5]), and boost-immunized MHC-II
KO (immu MHC-II KO [n  4]) mice were intranasally challenged with a lethal infectious dose of A/PR/8/34 virus (5	 LD50). #, One mouse survived. (C and
D) Protective efficacy of immune sera from MHC-II KO mice. (C) Body weight changes. (D) Survival rates. Naive BALB/c mice (n  5/group) were intranasally
infected with a lethal dose of A/PR/8/34 virus (10	 LD50) that had been preincubated with heat-inactivated sera (final 4-fold dilutions). Naive, A/PR/8/34 virus
plus sera from naive B6 WT mice; Immu WT, A/PR/8/34 virus plus immune sera from prime boost-immunized B6 WT mice; Immu MHC-II KO, A/PR/8/34
virus plus immune sera from prime boost-immunized MHC-II KO mice. P values indicate significant differences between immu WT and immu MHC-II KO
groups. *, P � 0.05; **, P � 0.01.
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strong stimulatory signals such as that of AS04 adjuvant contain-
ing the Toll-like receptor-4 (TLR4) ligand of MPL (monophos-
phoryl lipid A) component. We tested whether AS04 adjuvanted-
influenza VLP vaccine could overcome a defect in MHC-II KO
mice in generating vaccine antigen-specific IgG isotype-switched
antibodies (Fig. 8C). MHC-II KO mice that were intramuscularly
immunized with AS04 adjuvanted-influenza A/PR8 VLP vaccine
were found to induce both IgG1 and IgG2c isotype antibodies
specific for vaccine strain (A/PR8 virus) at high levels (Fig. 8C).
Therefore, the addition of TLR4 stimulating adjuvant (AS04)
might play a role in overcoming a defect in MHC-II deficiency for
inducing IgG isotype-switched antibodies.

DISCUSSION

This study demonstrates critical roles of MHC-II molecules in
inducing protective immune responses to vaccination using an
MHC-II KO mouse model. The MHC-II KO mice that were im-
munized with influenza VLPs, inactivated whole virus, or live at-
tenuated virus vaccine did not induce IgG antibodies and were not
protected against lethal challenge. In naive MHC-II KO mice, the
CD8� T cell and CD19� and B220� B cell populations were com-
parable or higher, but the CD4� T cell and MHC-II� cell popula-
tions were significantly lower, indicating the authentic deficiency
of MHC-II molecule (13). Interestingly, the naive MHC-II KO
mice were found to maintain substantial amounts of antigen-non-

specific natural IgG and isotype antibodies, which is consistent
with a pattern reported in a previous study (41). In particular,
antigen-nonspecific IgG2c antibodies in MHC-II KO mice were
comparable to those in WT mice, indicating that B cells in
MHC-II KO mice have the intrinsic capacity to produce isotype-
switched IgG antibodies. The results from the present study pro-
vide evidence that the lack of MHC-II molecules, but not the CD4
deficiency, causes a significant defect in inducing vaccine antigen-
specific IgG antibody responses after vaccination, which could be
overcome by TLR4-activating adjuvant. In addition, CD43� cell
populations with MHC-II molecules could play a critical role in
producing vaccine-specific IgG antibodies and conferring protec-
tion to MHC-II KO mice.

The roles of MHC-II molecule have been investigated in the
context of infection models, relating to the study of CD4� T cells
for controlling pathogens. MHC-II molecules were required for
the development, maturation, and function of CD4� T cells (13).
Previous studies demonstrated that MHC-II KO mice were not
effective in controlling infection with the parasites Schistosoma
mansoni (16), Leishmania major (42), Mycobacterium bovis bacilli
Calmette-Guerin (18), Strongyloides venezuelensis (43), and Thei-
ler’s virus (20). Meanwhile, other studies reported few or no
obvious defects on virus clearance of Sendai virus or influenza
virus in mice lacking the MHC-II molecule, after sublethal
infection, indicating that virus-specific CD8� cytotoxic T lym-
phocyte precursors are intact in MHC-II KO mice (14, 19). It is
also known that CD40 or CD4� T cell-deficient mice produce
detectable titers of influenza virus-specific IgG antibodies and
recover from influenza virus infection in a manner similar to
that of normal mice (44). Therefore, MHC-II and CD4 (or
CD40) have been considered to have a similar role of providing
CD4 T cell help in controlling infection. This might be due to
the fact that some viral infections in naive hosts at a sublethal
dose are controlled before developing the full scale of humoral
adoptive immunity. In the present study, we found that
MHC-II molecules play a critical role in inducing vaccine-me-
diated protective immune responses, including virus antigen-
specific IgG antibodies, antibody-secreting cells, and IFN-�-
and IL-4-secreting T cell responses.

The traditional concept is that the main role of MHC-II mol-
ecules is to initiate the maturation and activation of CD4� helper
T cells, which is now being challenged by new findings. Previous
studies demonstrated the production of CD4� T cell-independent
antigen-specific IgG antibodies in response to infection or vacci-
nation. Infection of CD4� T cell-deficient mice with vesicular
stomatitis virus (VSV) or recombinant vaccinia virus expressing
the VSV glycoprotein induced IgG responses (23–26). CD4� T
cell knockout mice were able to induce isotype-switched IgG an-
tibodies after systemic or mucosal immunization with inactivated
influenza virus (27, 28) or VLP vaccines (45). Hou et al. reported
a defect in inducing antigen-specific IgG antibody-forming cell
responses in MHC-II KO mice after infection with Sendai virus,
due to the absence of CD4� T cell help (19). In the present study,
MHC-II KO mice can induce antigen-specific IgM antibody-se-
creting cells in spleens after influenza VLP vaccination but not
antigen-specific IgG antibodies. Virus antigen-specific IgM anti-
bodies in MHC-II KO mice were not sufficient for conferring
protection against lethal challenge infection. Inability of
MHC-II KO mice to induce antigen-specific IgG antibodies
was similarly observed after vaccination with whole inactivated

FIG 6 MHC-II KO mice immunized with inactivated or live attenuated influ-
enza vaccines are not protected against lethal infection. (A) Body weight
changes. (B) Survival rates. B6 WT and MHC-II KO mice that were either
intranasally two times inoculated with live attenuated att.NL virus vaccine
or intramuscularly boost immunized with inactivated Rg20 (Rg20i, 5 �g/
mouse) were challenged with a lethal dose (5	 LD50) of 2009 H1N1 virus
(A/California/04/2009). B6-att.NL, B6 WT mice (n  5) intranasally inoc-
ulated with live attenuated virus (att.NL); B6-Rg20i, B6 WT mice (n  5)
intramuscularly immunized with whole inactivated 2009 H1N1 virus (Rg20i);
MHCII KO-att.NL, MHC-II KO mice (n  4) intranasally inoculated with live
attenuated virus (att.NL); MHCII KO-Rg20i, MHC-II KO mice (n  5) intra-
muscularly immunized with whole inactivated 2009 H1N1 virus (Rg20i). P1 is
between B6 and MHC-II KO-att.NL; P2 is between B6 and MHC-II KO-Rg20i.
**, P � 0.01.
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or live attenuated viral vaccines (data not shown). Developing
protective immunity to vaccination may be different from
CD8� T cell-dependent virus clearance in MHC-II KO mice
after sublethal infection (14, 19). Immunization of CD4� T cell
knockout mice with inactivated whole virus was shown to in-
duce protective immunity against lethal infection of influenza
A/PR8 virus (27, 28). We also found that immunization of
CD4� T knockout mice with influenza A/PR8 VLP vaccines
induced virus-specific IgG antibodies at substantial levels com-
pared to those in wild-type mice (Fig. 2C). Therefore, it is
speculated that an MHC-II molecule may have other additional
roles that are not well defined in inducing antigen-specific IgG
antibodies, which is different from its role in activating CD4�

T helper cells after vaccination or infection.
In an attempt to better understand the defective mechanism in

MHC-II KO mice incapable of inducing antigen-specific IgG an-
tibody responses, an adoptive-transfer experiment of wild-type
cell fractions with MHC-II molecules was performed (Fig. 7). The
transfer of CD43� fraction (conventional B220� B cells) did not
produce detectable levels of antigen-specific IgG antibodies in
MHC-II KO mice after vaccination. Provision of wild-type CD4�

T cells to MHC-II KO mice produced antigen-specific IgG only at
a marginal level. Unexpectedly, the adoptive transfer of CD43�

populations led to inducing significant levels of antigen-specific
IgG and IgG1 isotype antibodies, as well as protective immunity to
lethal challenge infection in MHC-II KO mice after influenza VLP
vaccination. Nonetheless, after influenza VLP vaccination, IgG2b
and IgG2c isotype antibodies were not detected at significant lev-

els in MHC-II KO mice with CD43� cell adoptive transfer from
naive B6 WT mice (data not shown). In B6 WT mice, IgG2b and
IgG2c antibodies were induced dominantly after influenza VLP
vaccination. Thus, naive CD43� B220� cells (from naive wild-
type mice) alone would have limited capacity to fully restore other
IgG isotypes in a deficiency of CD4 T cells in MHC-II KO mice.
Importantly, addition of AS04 adjuvant to influenza VLP vaccines
could overcome the MHC-II defects in inducing isotype-switched
IgG antibodies in MHC-II KO mice after influenza vaccination.
This is highly significant in understanding possible action mech-
anisms of adjuvant and vaccines.

CD43 was shown to be expressed on plasma cells and noncon-
ventional splenic B-1 cells, as well as some granulocytes, including
monocytes, macrophages, and DCs (46, 47), but not on conven-
tional mature B (B-2) cells (48). B220� B cells in the CD43�

spleen cell fraction from wild-type mice were found to be 81%,
whereas the majority (93%) of the CD43� fraction was B220�

cells (data not shown). In wild-type adult spleens, conventional B
cells with CD43� (B-2) are predominantly resting follicular B cells
and marginal and immature B cells. CD43� fractions were used to
determine the roles of B cells by adoptive transfer, together with
cognate CD4� T cells (40). Thus, the roles of combined conven-
tional B cells and CD4� T cells remain to be determined in the
context of MHC-II KO mice. It might be possible that CD43�

B220� phenotypic populations are plasmablasts and/or plasma-
like cells contributing to the production of antigen-specific IgG
antibodies without CD4� T cell help despite their small popula-
tions. DCs were reported to retain antigens in a form that is rec-

FIG 7 Adoptive transfer of B6 WT fractionated CD43� cells to MHC-II KO mice confers protective immunity. (A) Vaccine-specific IgG antibody responses in
MHC-II KO mice with adoptive transfer. Naive MHC-II KO mice (n  4 for each group) received CD43�, CD4�, and CD43� cell populations fractionated from
spleens of naive B6 WT mice. CD43�, 3.3 	 107 enriched CD43� cells per MHC-II KO mouse; CD4�, 1.5 	 107 enriched CD4� T cells per MHC-II KO mouse;
CD43�, 2.2 	 107 enriched CD43� cells per MHC-II KO mouse; PBS, no B6 WT cells (a negative control); MHCII.KO, a serum ELISA control from MHC-II KO
mice immunized with influenza VLP vaccine. (B) IgG isotypes (IgG1 and IgG2c) in immune sera of MHC-II KO mice with adoptive transfer of naive wild-type
CD43� cells after influenza VLP immunization. MHC-II KO mice with or without CD43� adoptive transfer were intramuscularly immunized with influenza
A/PR8 VLPs. KO, MHC-II KO mice without adoptive transfer prior to immunization; KO�CD43, MHC-II KO mice with CD43� cell adoptive transfer prior to
immunization. (C to E) Protective roles of wild-type CD43� cells in MHC-II KO mice. MHC-II KO mice with (KO�CD43) or without (KO) CD43� adoptive
transfer were intramuscularly immunized with influenza A/PR8 VLPs and then challenged with influenza virus 2 weeks later. (C) Body weight changes. (D) Lung
viral loads. (E) Virus-specific IgG antibodies in BALF. ns, not significant; †, all mice were euthanized. Statistical significances were compared between KO and
KO�CD43: *, P � 0.05; **, P � 0.01; ***, P � 0.0001.
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ognized by B cells and enhance the differentiation of naive B cells
into plasma cells (10, 11, 49). Alternatively, a small fraction of
CD43� CD11c� and CD43� CD11b� cells present in the CD43�

fraction from wild-type spleen cells might have contributed to
IgG-producing B cell responses without CD4� T cell help in ad-
opted MHC-II KO mice. In support of this idea, CD11c� and
CD11b� cells were found to be ca. 12 and 14%, respectively, in the
CD43� fraction (data not shown). Also, we found that MHC-II-
deficient BMDCs showed a significant defect in secreting inflam-
matory cytokines in response to stimulation with a VLP vaccine
antigen, indicating that MHC-II deficiency might have resulted in
a microenvironment not sufficient to effectively initiate antigen-
specific IgG antibody immune responses. MHC-II KO mice
would not have an intrinsic defect in producing inflammatory
cytokines since higher levels of IL-6 were detected in naive and
immunized MHC-II KO mice after lethal influenza virus infection
due to high viral replication. It is possible that DCs (and/or B cells)
without MHC-II molecules may need strong stimulatory signals,
such as TLR4-activating AS04 adjuvant, compared to wild-type
antigen-presenting cells. This hypothesis is supported by the in-

duction of vaccine-specific IgG isotype-switched antibodies in
MHC-II KO mice that were immunized with AS04-adjuvanted
influenza VLP vaccination. Taken together, the results presented
here show that MHC-II molecules have additional roles other
than simply stimulating the development and activation of CD4�

T cells.
In summary, we found that MHC-II was a critical molecule in

inducing antigen-specific IgG antibody responses and protective
immunity against lethal challenge infection. CD43� (B220�/low)
populations with MHC-II were found to play an essential role in
inducing IgG isotype-switched antibody responses to vaccination
and conferring protection in MHC-II KO mice. Antigen-present-
ing cells, such as DCs from MHC-II KO mice, were defective in
producing inflammatory cytokines. The addition of innate immu-
nity-stimulating adjuvants could overcome the defect of MHC-II
KO mice in inducing IgG isotype-switched antibody responses to
vaccination. Further studies are needed to further define these
mechanisms by which the CD43� populations, MHC-II mole-
cules, and adjuvants contribute to inducing antigen-specific IgG
antibodies and protective immunity after vaccination.

FIG 8 Defective DCs from MHC-II KO mice and the effects of AS04 adjuvant on inducing IgG isotype-switched antibodies in MHC-II KO mice. (A) Cytokines
produced by BM-derived DCs. (B) Activation marker expression levels of BMDCs. In vitro enriched BMDCs were treated with influenza virus PR8 VLP vaccines
(10 �g/ml). WT DCs, B6 WT mouse BMDCs; KO DCs or MHC-II KO DCs, MHC-II KO mouse BMDCs. LPS was used as a positive control. Mean values of each
triplicate are shown out of two independent experiments. nd, not detectable or similar to medium controls; **, P � 0.01; ***, P � 0.001 compared to WT DCs.
Fold increase in activation markers is determined by mean fluorescence intensity. (C) IgG and isotype antibodies specific for vaccine strain (A/PR8 virus) were
measured in immune sera from MHC-II KO mice immunized with vaccine only (Vac) or AS04-adjuvanted vaccines (Vac�AS04; A/PR8 VLP [10 �g] with alum
[100 �g] plus monophosphoryl lipid A [10 �g per mouse]).
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