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ABSTRACT

An integrin-associated protein CD47, which is a ligand for the inhibitory receptor signal regulatory protein �, is expressed on B
and T cells, as well as on most innate immune cells. However, the roles of CD47 in the immune responses to viral infection or
vaccination remain unknown. We investigated the role of CD47 in inducing humoral immune responses after intranasal infec-
tion with virus or immunization with influenza virus-like particles (VLPs). Virus infection or vaccination with VLPs containing
hemagglutinin from A/PR8/34 influenza virus induced higher levels of antigen-specific IgG2c isotype dominant antibodies in
CD47-deficient (CD47KO) mice than in wild-type (WT) mice. CD47KO mice with vaccination showed greater protective efficacy
against lethal challenge, as evidenced by no loss in body weight and reduced lung viral titers compared to WT mice. In addition,
inflammatory responses which include cytokine production, leukocyte infiltrates, and gamma interferon-producing CD4� T
cells, as well as an anti-inflammatory cytokine (interleukin-10), were reduced in the lungs of vaccinated CD47KO mice after chal-
lenge with influenza virus. Analysis of lymphocytes indicated that GL7� germinal center B cells were induced at higher levels in
the draining lymph nodes of CD47KO mice compared to those in WT mice. Notably, CD47KO mice exhibited significant in-
creases in the numbers of antigen-specific memory B cells in spleens and plasma cells in bone marrow despite their lower levels
of background IgG antibodies. These results suggest that CD47 plays a role as a negative regulator in inducing protective im-
mune responses to influenza vaccination.

IMPORTANCE

Molecular mechanisms that control B cell activation to produce protective antibodies upon viral vaccination remain poorly un-
derstood. The CD47 molecule is known to be a ligand for the inhibitory receptor signal regulatory protein � and expressed on
the surfaces of most immune cell types. CD47 was previously demonstrated to play an important role in modulating the migra-
tion of monocytes, neutrophils, polymorphonuclear neutrophils, and dendritic cells into the inflamed tissues. The results of this
study demonstrate new roles of CD47 in negatively regulating the induction of protective IgG antibodies, germinal center B cells,
and plasma cells secreting antigen-specific antibodies, as well as macrophages, upon influenza vaccination and challenge. As a
consequence, vaccinated CD47-deficient mice demonstrated better control of influenza viral infection and enhanced protection.
This study provides insights into understanding the regulatory functions of CD47 in inducing adaptive immunity to vaccination.

Influenza viruses are common pathogens in the respiratory tract
that are highly contagious and can cause pulmonary diseases.

Seasonal influenza virus variants annually cause significant levels
of morbidity and mortality, mostly in infants, the elderly, and sick
people (1, 2). Vaccination is the most effective measure to prevent
infections with a variety of pathogens, including influenza virus.
Virus-like particles (VLPs) are able to effectively stimulate anti-
gen-presenting cells (APCs), which in turn activate T and B cells
(3–6). It has been demonstrated that immunization with influ-
enza VLPs can induce protective humoral responses against sea-
sonal and pandemic influenza virus infections (7–9). However,
the mechanisms for evoking long-lasting immune responses are
largely unknown.

CD47 is a transmembrane protein, which is first identified as
integrin �v�3. CD47 that is expressed on hematopoietic and non-
hematopoietic cells can interact with an inhibitory receptor signal
regulatory protein � (SIRP�) (10). SIRP� is also expressed on
dendritic cells (DCs) and macrophages, whereas SIRP� is barely
expressed on B and T cells (11, 12). It has been demonstrated that
CD47/CD47 and CD47/SIRP� interactions are important for DC
and neutrophil migration (13, 14). In addition, CD11b� DCs in
the lungs express both CD47 and SIRP�, but CD103� DCs express

only CD47. It was also demonstrated that CD47 helps CD11b�

DCs homing to draining lymph nodes during steady and inflam-
matory conditions (15). The populations of B220� B cells and
CD8� T cells have been reported to remain unchanged in the
spleens of SIRP� and CD47KO mice (16). However, a study re-
ported that CD47-deficient (CD47KO) mice showed a defect in
producing IgG antibodies to intravenous antigens (17). Another
study using an allergic airway disease model demonstrated that
antigen-specific antibody responses were lower in mucosal tissues
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from CD47KO mice (15). However, the role of CD47 in inducing
specific antibodies in response to vaccination and protective im-
mune responses against infectious viral disease remains largely
unknown.

Influenza VLP vaccines have been suggested as promising al-
ternative vaccine candidates (18, 19) and have also been tested in
clinical trials (20, 21). Antibody responses to hemagglutinin (HA)
after vaccination are the major immune correlates conferring pro-
tection against influenza virus infections. Thus, we investigated
the possible roles of CD47 in inducing protective humoral immu-
nity to influenza viral infection or vaccination using influenza
VLP containing HA as a vaccine target antigen. We found that
vaccination of CD47-deficient mice with influenza VLP yielded
robust humoral responses and provided enhanced protection, re-
sulting in reducing inflammatory responses that include reduced
production of proinflammatory cytokines and reduced immune
cell infiltration into the lungs after challenge with a lethal dose of
influenza virus.

MATERIALS AND METHODS
Mice. Wild-type (WT) C57BL/6 mice and CD47�/� (CD47KO) mice on
a C57BL/6 background were purchased from the Jackson Laboratory (Bar
Harbor, ME). Mice were bred at the Department of Animal Resources at
Georgia State University.

Influenza VLPs and immunization. Influenza VLPs were prepared as
described previously (8). Briefly, to obtain influenza VLPs, Sf9 cells were
coinfected with recombinant baculoviruses expressing M1 and influenza
virus hemagglutinin (HA) from A/PR8/34 virus and cultured in SF900-II
serum-free medium at 27°C for 3 days. Culture supernatants were col-
lected by centrifugation at 2,000 � g for 20 min to remove cells. Collected
supernatants containing influenza VLPs were further spun by ultracen-
trifugation at 100,000 � g for 60 min. The VLP pellets were resuspended
in phosphate-buffered saline (PBS) at 4°C for overnight. Discontinuous
sucrose gradient (20 to 30 to 60%) was used to purify VLPs by ultracen-
trifugation at 100,000 � g for 1 h at 4°C. The VLP bands were harvested,
and the amount of incorporated HA level was analyzed by Western blot
and hemagglutination activity assays.

Viral infection. WT and CD47KO mice (6 to 8 weeks old) were intra-
nasally (i.n.) immunized with influenza VLPs (3 �g) at weeks 0 and 4.
Immunized mice were anesthetized by isoflurane (Baxter, Deerfield, IL)
and i.n. infected with A/PR8/34 virus in 50 �l of PBS per mouse 6 to 7
weeks after secondary immunization. Challenge doses were 8� or 33�
the 50% mouse lethal dose (LD50), where 1� LD50 dose contains �100
PFU. Mice were daily monitored for 14 days to record body weight
changes and survival rates or else sacrificed at 6 days postinfection (dpi).
Cases of 	25% body weight loss were recorded as dead mice. To compare
the efficacy of vaccination, unimmunized mice were used as a negative-
control group. All animal studies were approved and conducted under the
guidelines by Georgia State University’s IACUC (permit A14025).

Serum preparation and humoral immune responses. Antibody titers
specific for influenza virus were determined by enzyme-linked immu-
nosorbent assay (ELISA) using inactivated influenza A/PR8/34 virus
(iPR8) as a coating antigen (8). Briefly, iPR8 (4 �g/ml) was coated onto
96-well microtiter plates (Nunc, Rochester, NY), followed by incubation
overnight at 4°C. The 96-well plates were washed with PBS containing
0.05% Tween 20 (PBST), and 3% bovine serum albumin in PBST was
used for blocking reagents for 90 min at 37°C. The collected sera were
serially diluted and incubated for 90 min at 37°C. Horseradish peroxidase-
conjugated goat anti-mouse IgG, IgG1, and IgG2c (Southern Biotech,
Birmingham, AL) were used as secondary antibodies, and then tetrameth-
ylbenzidine (TMB) peroxidase substrate (Sigma-Aldrich, St. Louis, MO)
was used as a substrate. The optical density at 450 nm (OD450) was mea-
sured using an optical spectrophotometer reader. The total antibody con-

centration was determined with respect to the quantitative standard anti-
body concentration by using purified IgG, IgG1, IgG2c, and IgM.

Cytokine assays. Cytokines were determined by ELISAs, performed as
previously described by Quan et al. (8). Briefly, Ready-Set-Go interleu-
kin-6 (IL-6), IL-10, and tumor necrosis factor alpha (TNF-�) kits (eBio-
science, San Diego, CA) were used to determine the level of cytokines in
the bronchoalveolar lavage fluid (BALF) and lung extracts according to
the manufacturer’s procedures.

Cell preparation and flow cytometry. Nonadherent cells were col-
lected from the BALF two times in PBS. The lung tissues were homoge-
nized, and cells were then passed through a strainer and spun on 44/67%
Percoll gradients at 2,800 rpm for 20 min. Cell band was harvested and
washed with PBS. The frosted glass microscope slides were used to make
cell suspensions from the mediastinal lymph nodes (MLN) and spleens.
Red blood cells were lysed with ammonium chloride and lymphocytes
were filtered through cell strainers. For flow cytometry analysis, all other
markers were stained at 4°C using monoclonal antibodies specific for
CD3, CD4, CD8, CD11b, CD11c, CD19, CD45, CD47, F4/80, and Ly6c
(eBioscience or BD Pharmingen, San Diego, CA). The samples were ana-
lyzed on a LSR-II/Fortessa flow cytometer (Becton-Dickinson [BD]) and
analyzed using the FlowJo software program (Tree Star, Inc.).

Intracellular cytokine staining analysis. Lymphocytes were enriched
from the BALF and lungs. Cells from the BALF of the same group were
pooled to make enough cell numbers. Lymphocytes were in vitro stimu-
lated in the presence of the synthetic peptides HA 211–225(YVQASGRVT
VSTRRS) and HA441– 455 (AELLVALENQHTIDL) (5 �g/ml) (32) with
brefeldin A at 20 �g/ml for 5 h in an incubator at 37°C. Stimulated lym-
phocytes were stained with antibodies, including CD4 and CD8. The lym-
phocytes were then fixed and permeabilized using a BD Cytofix/Cy-
toperm Plus kit and stained with IFN-
 cytokine antibodies.

Lung viral titers. Lung viral titers were determined using fertilized
chicken eggs, which were incubated for 10 days at 37°C. Lung homoge-
nates were serially diluted in PBS and injected into the allantoic sacs.
Infected embryonated eggs were further incubated for 3 days and left in a
cold room overnight to euthanize the embryos. The allantoic fluids were
harvested and transferred into 96-well round-bottom plates containing
citrated chicken blood. The plates were left at room temperature for 30
min, and the viral titers were calculated. Infected wells appeared as a
uniform reddish color, but negative wells produced dots in the centers of
round-bottom plates.

Statistics. Unless otherwise stated, all results are presented as means �
the standard errors of the mean (SEM). The statistical significance for all
experiments was determined by using an unpaired two-tailed Student t
test or a one-way analysis of variance (ANOVA). Prism software (Graph-
Pad Software, Inc., San Diego, CA) was used for all data analysis. Com-
parisons used to generate P values are indicated by horizontal lines (*, P �
0.05; **, P � 0.01; ***, P � 0.001).

RESULTS
CD47KO mice induce increased virus-specific IgG antibodies
after infection despite lower background IgG antibodies. CD47
is expressed by hematopoietic cells, including T and B cells (23).
To understand how CD47 deficiency intrinsically influences the
production of natural immunoglobulin G (IgG) and IgM, blood
samples were collected from naive C57BL/6 wild-type (WT) and
CD47KO mice (n 
 12), and the total amounts of antigen non-
specific background antibodies in sera were measured by ELISA.
Both IgG and IgM antibodies were produced in CD47-deficient
mice, but the serum IgG levels were significantly lower in
CD47KO mice (0.5 mg/ml) than in WT mice (0.9 mg/ml) (Fig.
1A). In contrast, similar levels of IgM were observed in the sera of
WT (0.3 mg/ml) and CD47KO (0.2 mg/ml) mice. To determine
whether CD47 molecule influenced lymphocyte homeostasis, the
numbers of T and B cells were compared in the spleens of naive
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CD47KO and WT mice. Similar numbers of CD8� T and B cells
were detected in the spleens of CD47KO and WT mice, but re-
duced CD4� T cells in numbers were observed in the spleens of
CD47-deficient mice (Fig. 1B).

Next, we determined whether CD47KO mice would induce
lower levels of virus antigen specific IgG antibodies after influenza
virus infection. Naive WT and CD47KO mice (n 
 8) were i.n.
infected with a sublethal low dose of A/PR8/34 virus (0.5 � LD50),
and then the levels of PR8 virus-specific IgG antibodies in sera
were determined (Fig. 1C). Unexpectedly, CD47KO mice were
found to induce a higher antibody response to influenza virus
infection at a sublethal dose did WT mice (Fig. 1C). To under-
stand the possible correlation of CD47 between antigen-present-
ing cells and T cells, naive WT and CD47KO mice were adminis-
tered HA-VLPs, and the activation of antigen-presenting cells was
monitored. Intranasal administration of VLP antigens induced an
increase in the numbers of F4/80� CD80high and F4/80� MHC-
IIhigh activated macrophages in the lungs of CD47KO mice than in
WT mice (Fig. 1D). These results suggest that naive CD47KO mice
maintain lower levels of background IgG antibodies than naive
WT mice. However, it seems to be paradoxical that CD47KO mice
can raise virus antigen-specific IgG antibodies at significantly

higher levels after infection with influenza virus than in infected
WT mice. Interestingly, CD47KO mice showed an increase in
numbers of major histocompatibility complex class II (MHC-II)-
positive activated antigen-presenting macrophages in response to
i.n. VLP antigen.

Higher levels of antigen-specific IgG2c antibodies are in-
duced in CD47KO mice after vaccination. To determine the role
of CD47 in inducing humoral responses to vaccination, WT and
CD47KO mice (n 
 12) were i.n. immunized with 3 �g of influ-
enza virus HA-VLPs (A/PR8/34) twice at 0 and 4 weeks. Immune
sera were collected 3 weeks after prime and boost immunization.
After prime immunization, antibodies specific for inactivated
A/PR8/34 (iPR8) virus were induced at significantly higher levels
in CD47KO mice than those in WT mice (Fig. 2A and B). Impor-
tantly, antibodies specific for iPR8 virus were induced at consis-
tently higher levels in CD47KO mice than those in WT mice, al-
though the levels of vaccine antigen-specific antibodies were
increased in WT mice after boost immunization. The concentra-
tion of antibodies showed 4.2-fold increases in CD47KO mice (34
ng/ml) compared to those in WT mice (8 ng/ml) (Fig. 2C).

A pattern of antigen-specific IgG1 and IgG2c isotype antibod-
ies is known to be dictated by T helper type 2 (Th2)- and Th1-
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FIG 1 CD47-deficient mice show increased IgG antibody responses to viral infection despite low natural IgG antibody levels and macrophage activation to
vaccination. (A) Natural antibodies in naive mice. Preimmune sera were collected from WT C57BL/6 (n 
 6) and CD47KO (n 
 6) mice. The total immuno-
globulin (Ig) G and M levels were determined in the blood by ELISA and measured as the OD450. (B) T and B cells in naive mice. T and B cell numbers were
analyzed specific markers such as CD3, CD4, CD8, and CD19 in the spleens of naive WT and CD47KO mice. (C) Virus-specific IgG antibodies after infection of
naive mice. Naive WT and CD47KO mice were i.n. infected with a low dose of A/PR8 virus (0.5 � LD50). Antisera were serially diluted, and antigen-specific IgG
levels were analyzed by ELISA against inactivated A/PR8/34 virus at 3 weeks after infection and measured as the OD450. (D) Macrophage responses to vaccination.
The cells were collected from the lungs of WT and CD47KO mice 6 days after vaccination (3 �g of HA-VLPs). Activation markers, including CD80 and MHC-II,
were used to analyze the status of macrophage activation. The statistical significance was determined by using an unpaired two-tailed Student t test. Error bars
indicate means � the SEM of the concentrations from individual animals. *, P � 0.05; **, P � 0.01; NS, no significant difference.
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derived cytokines, respectively (24, 25). We compared a pattern of
vaccine-specific antibody isotype levels in CD47KO and WT mice.
CD47KO mice induced IgG2c isotype antibody predominantly,
which was higher than the IgG2c level in WT mice (Fig. 2D and E).
As a result, CD47KO mice showed a 14-fold increase in the IgG2c/
IgG1 ratio compared to WT mice, indicating that CD47 may play
a negative regulator in inducing IgG2c antibody, a Th1 type im-
mune response (Fig. 2F). These results suggest that antigen-spe-
cific IgG2c humoral responses are induced more effectively than
IgG1 antibody in CD47KO mice after immunization with influ-
enza VLP vaccine or infection with influenza virus.

CD47KO mice are better protected against influenza after
vaccination. We determined whether CD47KO mice with anti-
body responses at higher levels would be better protected against
influenza virus infection. CD47KO or WT mice (n 
 12) after
immunization with influenza VLPs were infected with a lethal
dose of A/PR8/34 influenza virus (8 � LD50) (Fig. 3A). Naive WT
and CD47KO mice displayed severe body weight loss of 	25%
(endpoints) and died or had to be euthanized by day 6 (Fig. 3B).
Vaccinated WT mice lost their weight up to 22 to 25% resulting in
60% survival until day 8 and gradually recovered from A/PR8
infection. In contrast, immunized CD47KO mice with influenza
VLPs did not show obvious weight loss after lethal challenge in-
fection, indicating higher efficacy of protection (Fig. 3A and B).

Furthermore, we tested whether HA-VLP vaccination was able
to confer protection of CD47KO mice against a high dose of

A/PR8/34 virus challenge. Vaccinated WT and CD47KO mice
(n 
 10) were infected with A/PR8/34 influenza virus (33 �
LD50). As expected, all unimmunized mice and immunized WT
mice displayed severe weight loss of 	25% or died 5 to 8 days after
infection (Fig. 3C and D). In contrast, VLP-immunized CD47KO
mice showed around 10% body weight loss by 3 days after infec-
tion and gradually recovered body weight until 14 dpi, suggesting
that vaccination with HA-VLPs was able to confer protection in
CD47-deficient mice even against a high dose of influenza virus
infection.

Lung viral titers were analyzed to determine the replication of
challenge virus. Mice (n 
 12) were infected with A/PR8/34 (8 �
LD50), BALF and the lung tissues were harvested 6 days postchal-
lenge (Fig. 3E and F). To determine egg infectious titers, the BALF
and lung lysates were serially diluted, injected into embryonated
chicken eggs, and incubated for 3 days. Thus, these results suggest
that CD47KO mice induce stronger protective immunity, inhib-
iting viral replication by 	10,000-fold after influenza VLP vacci-
nation and infection, a finding that is consistent with higher levels
of vaccine-specific antibody responses in CD47KO mice. WT
mice that received influenza VLP vaccination also controlled lung
viral replication by �100-fold but with less efficacy than did
CD47KO mice (Fig. 3E and F).

Vaccinated CD47KO mice reduce inflammatory responses
after infection. Overinduction of proinflammatory cytokines
contributes to tissue damages during highly pathogenic influenza
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virus infections, including H5N1 and H1N1 strains (26, 27). To
compare inflammatory responses, the levels of cytokines in BALF
and lung extracts of animals (n 
 6) immunized with influenza
VLPs were determined by cytokine ELISA at 6 days postinfection
with A/PR8/34 virus. High levels of IL-6 were detected in the BALF
and lungs from naive WT and CD47KO mice, as well as from
immunized WT mice, compared to immunized CD47KO mice
(Fig. 4A). Interestingly, the level of TNF-� was lower in both im-
munized groups than those in unimmunized WT and CD47KO
mice (Fig. 4B). Similar to the IL-6 levels, unimmunized naive WT
and CD47KO mice showed the highest levels of IL-10 compared to

immunized groups. Importantly, immunized WT mice had larger
amounts of IL-10 than did immunized CD47KO mice (Fig. 4C).
To better understand lung inflammation, histological analysis was
performed 6 days after challenge with A/PR8/34 virus (Fig. 4D).
Lung histology results showed severe inflammation in lung tissues
from unimmunized WT and CD47KO mice and also substantial
inflammation in immunized WT mice compared to immunized
CD47KO mice (Fig. 4D). Immunized CD47KO mice exhibited
the lowest levels of lung inflammation and inflammatory cyto-
kines, as expected, due to better control of early influenza virus
replication (Fig. 2). Therefore, inflammation of lung histopathol-
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ogy appeared to be correlated with high lung viral titers and high
levels of proinflammatory cytokines.

Vaccinated CD47KO mice show less innate immune cell re-
cruitment upon virus infection. Increased inflammatory re-
sponses may induce a large number of cell infiltrates into the lungs
in response to viral infection. The cell numbers were analyzed in
the BALF and lungs at 6 dpi with a lethal dose of A/PR8/34 virus.
The markers for flow cytometry were used to separate popula-
tions, such as neutrophils and monocytes (28, 29). Importantly,
we observed that the numbers of monocytes (CD11b� Ly6chi F4/
80�) in the BALF and lungs of immune WT mice were lower than
those in nonimmune WT and CD47KO mice, but they were
higher than those in immune CD47KO mice (Fig. 5A and B).
Similar to monocyte infiltration, lower numbers of neutrophils

(CD11b� Ly6c� F4/80�) were found in the BALF and lungs of
immune WT mice than in nonimmune WT mice, but there was no
significance (Fig. 5A and C). We observed a significant difference
between nonimmune CD47KO and immune CD47KO mice be-
cause immune CD47KO mice showed the lowest levels of neutro-
phil recruitment. Thus, the results suggest that a high viral load
and high levels of inflammatory cytokines are correlated with an
increase in innate immune cell recruitment.

A previous study has demonstrated that influenza virus infec-
tion induces an influx of respiratory DCs into the draining lymph
nodes (30). We compared the numbers of CD11b� DCs in the
mediastinal lymph nodes (MLN) at 6 days after challenge with
A/PR8/34 virus. Consistent with low lung viral loads from vacci-
nated CD47KO mice, reduced numbers of respiratory CD11b�
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DCs were detected in the MLN of vaccinated CD47KO mice com-
pared to those in vaccinated WT mice (Fig. 5D). Although similar
levels of lung viral loads after challenge with influenza virus were
found in unvaccinated naive WT and CD47KO mice, reduced
numbers of CD11b� DCs were detected in the MLN of CD47-
deficient mice. These results indicate that enhanced protection
against influenza virus infection in CD47KO mice reduces respi-
ratory DC migration into the draining lymph nodes, as well as
lowers the infiltration of monocytes and neutrophils into the
lungs of CD47KO mice.

Vaccinated mice increase recall T cell recruitment in the
lungs. Memory T cells rapidly respond to antigen stimulation
(31). To determine recall T cell recruitment in the site of infection
in vaccinated mice after infection, T cells from the BALF and lungs
were stimulated with the synthetic HA211–225 (YVQASGRVTVST
RRS) and HA441– 455 (AELLVALENQHTIDL) peptides specific for
CD4� and CD8� T cells, respectively (32). Intracellular IFN-

expression was analyzed by flow cytometry. After influenza virus
infection, similar numbers of IFN-
-producing CD4� T cells were
observed in the lungs of nonimmune WT and CD47KO mice, as
well as in immune WT and CD47KO mice (Fig. 6A and B). Inter-
estingly, immunized WT and CD47KO mice showed increases in
the numbers of memory-specific CD8� T cells compared to naive
mice by day 6 after challenge (Fig. 6A and B). To better understand
the role of memory CD8� T cells in protection, the CD8 popula-
tion was depleted in immunized WT mice before influenza virus
challenge. We observed no difference in lung viral clearance be-
tween immune and CD8-depleted immune WT mice (Fig. 6C).
These results indicate that vaccination with HA-VLPs induces an
increase in the numbers of recall T cell recruitment in infected
tissues. Importantly, virus-specific antibodies play a major role in
controlling influenza virus infection rather than IFN-
-produc-
ing CD8� T cells.

Intranasal vaccination induces higher levels of mucosal an-
tibodies in CD47KO mice. Respiratory tracts and lungs are the
major sites of entry and replication for influenza virus. To deter-
mine whether humoral responses in mucosal tissues would have a
correlation with enhanced protection in CD47KO mice, vaccine-
specific antibody levels were determined in BALF by 6 days post-
challenge (Fig. 7). Consistent with serum antibody responses, IgG
antibodies were induced at significantly higher levels in the lungs
of vaccinated CD47KO mice than those of naive WT, naive
CD47KO, and vaccinated WT mice. In addition to IgG antibodies
specific for iPR8 virus, WT and CD47KO mice with vaccination
showed increased levels of IgA in the BALF compared to naive WT
and CD47KO mice, respectively (Fig. 7). Interestingly, the level of
specific IgA was �2-fold higher in vaccinated CD47KO mice than
that in vaccinated WT. These results support that influenza VLP
immunization efficiently induces specific IgG and IgA antibodies
in mucosal tissues more effectively in CD47KO mice than in WT
mice.

VLP immunization enhances memory B and plasma cell re-
sponses in CD47KO mice. GL7 is used as a marker for germinal
center B cells (33). To determine whether CD47 deficiency would
influence B cell activation and the formation of the germinal cen-
ter, GL7� germinal center B cells (CD19� B220�) were analyzed
by flow cytometry in MLN of immunized mice (n 
 6) at 6 dpi.
The frequency of GL7� B cells in CD47KO mice was higher than
in WT mice (Fig. 8A). In addition, the total number of GL7� MLN
B cells in CD47KO mice was 3-fold higher than in WT mice (Fig. 8B).

We analyzed in vitro antibody production to determine whether
CD47 deficiency would contribute to generating antigen-specific
memory B cells, and plasma cells, splenocytes, and bone marrow
cells were harvested and cultured in 96-well plates coated with
iPR8 virus. Larger amounts of specific IgG antibodies were de-
tected in the spleens and bone marrow of vaccinated CD47KO
mice than in those of vaccinated WT mice at 1 or 5 days after in
vitro incubation (Fig. 8C and D). As expected, very low levels of
specific antibodies were observed in naive WT and CD47KO mice
compared to vaccinated WT and CD47KO mice. More impor-
tantly, vaccinated CD47KO mice showed significantly higher lev-
els of virus-specific antibody-secreting cell responses. We next
determined CD47 expression levels on B and T cells under naive
and infection conditions. The levels of CD47 expression on B cells
were similarly observed regardless of infection or immunization
of mice (Fig. 8E). B cells are likely to express higher levels of CD47
compared to those in T cells (Fig. 8F). Interestingly, CD47 expres-
sion on T cells may be downregulated slightly after viral infection
compared to that on T cells in naive mice, although these differ-
ences were minor due to low expression levels (Fig. 8F). Therefore,
these results suggest that CD47 would have a more significant role
in B cell immunity than in T cells and that CD47 may act as a
negative regulator in B cell activation and differentiation.

DISCUSSION

In this study, we have shown that CD47 deficiency in mice resulted
in generating enhanced levels of antigen-specific IgG antibodies
and a higher efficacy of protection after vaccination despite low
levels of antigen-nonspecific natural IgG serum antibodies. We
provide evidence here that CD47 plays a role as a negative regula-
tor on B cells in inducing antigen-specific antibodies. In addition,
CD47 appeared to have a regulatory role in generating germinal
center B cells and antibody-secreting plasma cells after VLP vac-
cination and virus challenge.

Reduced CD4� T cells in numbers were observed in the spleen
of either CD47 or SIRP� deficient mice, suggesting that interac-
tion between CD47 and its ligand SIRP� plays an important role
in T cell homeostasis (16). In line with a previous study, we found
that the numbers of CD4� T cells, but not of CD8� T and B cells,
were reduced in the spleens of CD47-deficient mice (Fig. 1B).
Also, naive CD47KO mice maintain low levels of IgG antibodies.
Therefore, it was expected that CD47KO mice would have defects
in inducing protective antibody immune responses after influenza
VLP vaccination. Unexpectedly, higher levels of antigen-specific
IgG and IgG2c antibodies were observed in VLP-vaccinated
CD47KO mice. It has been shown that DCs and the cytokine mi-
lieu influence a Th1 immune response. Consistent with the Th1
type IgG isotype responses in this study, a previous study demon-
strated that CD47 deficiency enhanced a Th1 dominant cell re-
sponse, producing IFN-
 and a Th1-biased antibody response
(22), implying that CD47 is a negative regulator of the Th1 im-
mune response. Thus, we expected that vaccination with VLPs
might promote an enhanced Th1 dominant response and in turn
induce a high ratio of IgG2c isotype antibody, although similar
numbers of antigen-specific CD4� and CD8� T cells were ob-
served in the lungs of nonimmune WT and CD47KO mice, as well
as in immune WT and CD47KO mice. One possible explanation
for the low Th1 cell responses in CD47KO mice is that high viral
loads in immune WT mice might be a driving factor in boosting
higher levels of IFN-
� CD4� T cells primed in immune WT mice
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compared to those in immune CD47KO mice. The results in this
study show that CD47KO mice vaccinated with influenza VLP are
more effective at generating protective immunity against a lethal
dose of A/PR8/34 virus, as evidenced by the lower viral titers at day
6 and no loss in body weight after challenge. Consistent with this
active immunization and protection, naive CD47KO mice were
found to induce higher levels of virus-specific IgG antibodies and

to be more effectively protected after viral infection compared to
WT mice. Thus, these results suggest that CD47 negatively mod-
ulates protective immune responses, which is consistent with pre-
vious findings (22).

In contrast to our findings, others have demonstrated that
CD47KO mice have a defect in producing antigen-specific anti-
bodies in response to intravenous particulate antigens due to the
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fact that the levels of CD11c� 33D1� marginal-zone DCs were low
in the spleen, which is important for taking up blood-borne anti-
gens (34). However, the B cell responses to soluble antigens were
normal, implying that the T and B cells are not defective (17). Oral
immunization induced a significantly lower level of intestinal
ovalbumin (OVA)-IgA from CD47KO mice compared to WT
mice, but similar levels of serum OVA-IgG were detected in
CD47KO and WT mice (35). We found that viral infection of
CD47KO mice at a sublethal dose induced higher levels of virus
specific IgG antibodies compared to WT mice, which is consistent
with the results from VLP vaccination. Thus, although it is possi-
ble that CD47 is a key regulator in inducing specific humoral
immunity to viral and VLP vaccine antigens, further studies are
required to better understand the immunological roles of CD47 in
terms of the different routes of vaccination.

CD47 helps in the homing of respiratory CD11b� DCs to the
draining lymph nodes during steady- and inflammatory-state
conditions (15). However, no difference was found in the expres-
sion of costimulatory molecules such as CD40, CD80, or CD86
(17). Consistent with a previous finding, we also observed that
reduced numbers of respiratory DCs were detected in the MLN of
nonimmune CD47KO mice compared to those in nonimmune
WT mice at day 6 after influenza virus infection. Delayed DC
migration into the MLN may increase the duration of antigen
stimulation to activate T cells in the infection site. In other words,
antibodies can be rapidly induced at the site of T and B cell zones
(extrafollicular sites) in the draining lymph nodes, but short-lived
plasma cells can be generated (36). However, the slower antigen
stimulation in the germinal centers (intra- and/or extrafollicular
sites) can generate antigen-specific memory B cells and long-lived
plasma cells (37, 38). Influenza virus infection induces antigen
persistence, which can induce polyclonal memory CD4� T cell
responses 3 to 4 weeks after viral clearance (39), suggesting that
sustained CD4� T cells may contribute to increasing antigen-spe-
cific antibody production. In addition, prolonged antigens, which
may have adjuvant-like depot effects, are able to continuously
stimulate antibody-secreting cells, resulting in high levels of anti-
body production (40). This hypothesis is further supported by our
findings that influenza VLP vaccination of CD47KO mice induced
higher levels of germinal center phenotypic B cells, memory B

cells, and antibody-secreting plasma cells upon antigen exposure.
Importantly, we found that B cells expressed higher levels of CD47
compared to those in T cells and that antigen-specific antibody
response was enhanced in the absence of CD47. These results pro-
vide evidence that CD47 is a negative regulator in humoral im-
mune responses to viral infection or vaccination. This finding sug-
gests that CD47 may have a more significant role in B cell
immunity than in T cells.

Alternatively, other cell types may be involved in increased
antigen-specific antibody production. The SIRP� signal pathway
is not blocked in antigen-presenting cells in the absence of CD47.
The interaction of SIRP� with CD47 on macrophages induces the
phosphorylation of the cytoplasmic immunoreceptor tyrosine-
based inhibition motif (ITIM) of SIRP� by Src homology region 2
domain-containing phosphatase 1 (SHP-1) and SHP-2, which can
inhibit signaling pathways, including the mitogen-activated pro-
tein kinases and the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-�B) (41). Furthermore, a previous study
demonstrated that ligation of CD47 on human DCs with antibod-
ies limited inflammatory cytokine responses but not their func-
tions (42), which implied enhanced cytokine production during
vaccination with influenza VLPs in CD47KO mice. It is possible
that CD47 deficiency may influence antigen-presenting cells and
CD4� T cell activation pathway, as well as B cell activation. In line
with previous findings, we detected that CD47KO mice induced
more F4/80� CD80high and F4/80� MHC-IIhigh activated macro-
phages in the lungs than did WT mice after VLP vaccination. This
suggests that F4/80� CD80high and F4/80� MHC-IIhigh activated
macrophages further activate CD4� T cells and/or induce cyto-
kines, which can provide a biased help to the B cells to induce
IgG2c isotype antibodies more effectively. In addition, it was re-
ported that macrophages showed increased phagocytosis of can-
cer cells in the absence of CD47-mediated signaling (43). Interest-
ingly, SIRP�-Fc treatment interfering with the CD47 pathway was
able to reduce Th2-driven allergic airway inflammation (44), a
finding which is in line with the results of IgG2c dominant anti-
body responses in CD47KO mice after i.n. VLP vaccination.

Our understanding of the mechanisms for triggering respira-
tory disease is largely unknown. However, there is evidence that
inflammatory cytokines and the infiltration of leukocytes can
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cause severe respiratory illness during influenza virus infection.
We have demonstrated that unimmunized WT and CD47KO
mice, as well as immunized WT mice, showed high levels of
TNF-�, IL-6, and IL-10, as well as the infiltration of leukocytes
after challenge (Fig. 4 and 5), whereas immunized CD47KO mice
with large amounts of specific antibodies yielded only small
amounts of inflammatory and anti-inflammatory cytokines. In
support for our findings, TNF-� and IL-1 are able to upregulate
leukocyte adhesion molecules and IL-6 (45). High levels of TNF-�
and IL-6 cytokines therefore indicate a severe inflammatory con-
dition upon influenza virus challenge. In addition, the levels of an
anti-inflammatory cytokine, IL-10, were high in an unimmunized
WT group compared to immunized WT and CD47KO groups,
suggesting that IL-10 may be required to downregulate excessive
lung inflammation in a naive host after infection. In support of

our observation, a study suggested that a high IL-10 level may be
an indicator of disease progression and severity (46). Defective
neutrophil migration was observed in the absence of CD47 ex-
pression (13). A deficiency or blockade of CD47 is protected from
lipopolysaccharide (LPS)-induced acute inflammatory disease
and Th2-driven airway inflammation by inhibiting the migration
of leukocytes and neutrophils, respectively (44, 47). However, in
the present study, naive CD47KO mice showed higher or similar
cellularity of neutrophils in the BALF and lungs compared to
those in naive WT mice upon influenza virus infection, suggesting
no defect in the migration of CD47-deficient neutrophils into the
lungs. Also, naive CD47KO mice were able to induce higher levels
of virus specific antibodies, resulting in more resistance to a lower
dose of viral infection than for WT mice. It is also possible that the
roles of CD47 in modulating monocyte and neutrophil migration
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into the inflamed tissues might be different between LPS injection
and influenza virus infection. Eventually, high levels of virus-spe-
cific IgG antibody responses by influenza VLP vaccination of
CD47KO mice resulted in effective control of lung viral loads,
leading to a reduction in inflammation and less leukocyte recruit-
ment.

Taken together, our results demonstrate that influenza VLP
vaccination can induce larger amounts of virus-specific antibodies
and is able to confer enhanced protection against lethal doses of
influenza virus infections in the absence of CD47. In addition,
CD47KO mice generated high numbers of germinal center B cells
and antibody-secreting memory cells. These studies provide in-
sights into possible negative regulatory roles of CD47 on B cell
activation in developing antigen-specific antibody responses. Fur-
ther study is required to elucidate the underlying mechanisms by
which CD47 negatively regulates B cell activation.
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