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Recent studies have revealed that innate immunity is involved in the development of adaptive immune
responses; however, its role in protection is not clear. In order to elucidate the exact role of Toll-like receptor
(TLR) or RIG-I-like receptor (RLR) signaling on immunogenicity and protective efficacy against influenza A
virus infection (A/PR/8/34 [PR8]; H1N1), we adapted several innate signal-deficient mice (e.g., TRIF�/�,
MyD88�/�, MyD88�/� TRIF�/�, TLR3�/� TLR7�/�, and IPS-1�/�). In this study, we found that MyD88
signaling was required for recruitment of CD11b� granulocytes, production of early inflammatory cytokines,
optimal proliferation of CD4 T cells, and production of Th1 cytokines by T cells. However, PR8 virus-specific
IgG and IgA antibody levels in both systemic and mucosal compartments were normal in TLR- and RLR-
deficient mice. To further assess the susceptibility of these mice to influenza virus infection, protective efficacy
was determined after primary or secondary lethal challenge. We found that MyD88�/� and MyD88�/�

TRIF�/� mice were more susceptible to primary influenza virus infection than the B6 mice but were fully
protected against homologous (H1N1) and heterosubtypic (H5N2) secondary infection when primed with a
nonlethal dose of PR8 virus. Taken together, these results show that MyD88 signaling plays an important role
for resisting primary influenza virus infection but is dispensable for protection against a secondary lethal
challenge.

Influenza A virus can cause epidemics and pandemics. The
recent swine-origin H1N1 pandemic, which shows different
mortality patterns, reinforces the urgency of studying immune
responses to influenza viruses in order to develop better vac-
cines and therapeutics (38, 39, 55). Host defense against influ-
enza A virus includes both innate and adaptive immune re-
sponses (36). The immediate innate immune responses begin
after recognition of viral components by pattern recognition
receptors. Two Toll-like receptors (TLRs), TLR3 and TLR7,
recognize the viral RNA of influenza virus in the endosome (9,
30, 53). TLR3 utilizes the Toll-interleukin-1 (IL-1) receptor
domain-containing adaptor-inducing beta interferon ([IFN-�]
TRIF), while myeloid differentiation factor 88 (MyD88) is
responsible for TLR7 signaling (16, 60). The cytoplasmic viral
RNA is recognized by retinoic acid-inducible protein I (RIG-
I), and IFN-� promoter stimulator 1 (IPS-1) mediates its sig-
naling (20, 22, 41). TLR and RIG-I-like receptor (RLR) sig-
naling cooperate to exert innate immune protection against
influenza virus infection but their role varies by dendritic cell
(DC) type (25).

A growing number of studies indicates that innate immune
responses are of great importance for enhancing adaptive im-

mune responses. The TLR signaling in antigen-presenting cells
and other cell types induces the production of various cyto-
kines to enhance subsequent adaptive immune responses (34).
The intrinsic TLR signaling of T and B cells is directly engaged
in the development of adaptive immune response (3, 7, 37, 42).
Previously, the role of TLR signaling on systemic antibody
(Ab) response after influenza virus infection was proposed (15,
25, 32). Those studies assessed the control of IgG isotype
switching and the effect of type I IFN produced by plasmacy-
toid DCs, one of the type I IFN producers in influenza virus
infection (19, 25). However, the role of TLR and RLR on
induction of both systemic and mucosal immunity and protec-
tive efficacy in primary and secondary influenza virus infection
was not described.

MyD88 is essential for optimal protection against various
pathogens including viruses (28, 50, 62), bacteria (2, 12, 54, 61),
parasites (6, 48, 49), and Candida albicans (57). In contrast,
few studies have looked at the role of TRIF in protection, and
one that did found its contribution minimal (59). Although
MyD88 is indispensable for protection in several infection
models, in some cases it induces excess inflammation and ac-
celerates diseases (13, 47, 56, 58). For this bilaterality, MyD88
can aggravate or alleviate symptoms depending on the patho-
gen and experimental setting.

To our knowledge, influenza virus susceptibility in MyD88-
and TRIF-deficient mice is not well characterized. Therefore,
we examined the role of TLR and/or RLR for induction of
immunogenicity and protective efficacy following nonlethal

* Corresponding author. Mailing address: Mucosal Immunology
Section, International Vaccine Institute, Seoul National University
Research Park, Kwanak-Gu, Seoul, South Korea 151-818. Phone: 82 2
881 1153. Fax: 82 2 881 1211. E-mail: mnkweon@ivi.int.

� Published ahead of print on 13 October 2010.

12713



and lethal doses of influenza virus by using knockout mice
whose TLR or RLR signaling is blocked by deletion of their
adaptor molecules. We found that MyD88, but not TRIF and
IPS-1, signaling is indispensable for protection against the pri-
mary influenza A virus infection but dispensable for protection
in the secondary infection.

MATERIALS AND METHODS

Mice and viruses. C57BL/6 (B6) and BALB/c mice were purchased from
Charles River Laboratories (Orient Bio Inc., Sungnam, South Korea). Mice
deficient in adaptor molecules that mediate TLR or RLR signaling, MyD88�/�,
TRIF�/�, MyD88�/� TRIF�/� (all B6 background), and IPS-1�/� (B6/129Ola
background) were generated as described previously (1, 26, 60). MyD88�/�,
TRIF�/�, and MyD88�/� TRIF�/� mice were backcrossed to B6 (over 12
generations). TLR3�/� mice (BALB/c background) were crossed with TLR7�/�

mice (BALB/c background) to generate TLR3�/� TLR7�/� mice. Both �MT
(B6 background) and RAG2�/� mice (BALB/c background) were purchased
from Jackson Laboratory (Bar Harbor, ME). All animal experiments were ap-
proved by the Institutional Animal Care and Use Committee of the International
Vaccine Institute. A/PR/8/34 (PR8; H1N1) and A/Aquatic bird/Korea/W81/2005
(W81; H5N2) were used to infect the mice. W81 virus was isolated from wild
birds (51) and mouse adapted to enhance virulence. Viruses were injected in
11-day-old embryonated chicken eggs and incubated for 3 days at 37°C. Allantoic
fluid was harvested and filtered with a 0.25-�m-pore-size syringe filter (Pall, Port
Washington, NY). Virus stock was stored at �80°C before use.

T-cell analysis. Wild-type and gene-manipulated B6 mice were immunized
intranasally with A/PR/8/34 (H1N1; 5 � 102 PFU; 20 �l) and mediastinal lymph
nodes (MdLN) and spleens were removed 4 weeks later. Mononuclear cells
isolated from three or four mice were pooled and plated on U-bottom-shaped
96-well plates (1 � 105 cells per well). Then cells were cultured in 10% fetal
bovine serum (FBS) containing RPMI 1640 medium for 3 days in the presence
of 10 �g/ml formalin-inactivated PR8, which was kindly provided by Taisuke
Horimoto, Tokyo University Institute of Medical Science. After cells were mixed
with radiolabeled [3H]thymidine and incubated for an additional 8 h, incorpo-
ration was measured by scintillation counter (Perkin Elmer, Waltham, MA). To
address cytokine levels, MdLN or spleen cells (1 � 106) from vaccinated mice
were plated and cultured. The culture supernatant was collected at day 3 and
analyzed for cytokine profile by a mouse Th1/Th2 Cytokine Cytometric Bead
Array (CBA) kit (BD Pharmingen, San Diego, CA). To analyze nucleoprotein
(NP) tetramer-specific T cells, mononuclear cells (1 � 106) were incubated with
10 �g/ml H-2Db influenza virus NP tetramer (ASNENMETM) conjugated with
phycoerythrin (MBL, Nagoya, Japan) for 45 min at 4°C. After cells were washed
with 1% bovine serum albumin (BSA) containing phosphate-buffered saline
(PBS), CD3-fluorescein isothiocyanate (FITC), and CD8-allophycocyanin (APC;
BioLegend, San Diego, CA), antibodies were incubated for 15 min at 4°C. The
cells were analyzed by flow cytometry (BD Biosciences, San Jose, CA).

Sample preparation. Mice were injected intraperitoneally with 100 �g of
pilocarpine, and saliva was obtained 2 days before sacrifice. To obtain bronchoal-
veolar lavage fluid (BALF) and nasal wash samples, mice were anesthetized with
a mixture of ketamine (100 mg/kg) and xylazine (20 mg/kg). Tracheas were
cannulated after exsanguination, and lungs were washed with 1 ml of PBS. Then
nasal passages were flushed twice with 50 �l of PBS to collect nasal wash
samples. Samples were stored at �20°C before analysis.

Antigen-specific ELISA. A 96-well microplate (Nunc, Roskilde, Denmark) was
coated with 5 �g/ml inactivated PR8 virus in PBS overnight. Then wells were
washed with PBS and blocked with 1% BSA in PBS for 2 h at 37°C. After a wash
with PBS, serially diluted samples were incubated for 4 h. Plates were then
incubated at 4°C overnight with horseradish peroxidase (HRP)-conjugated anti-
mouse IgG, IgG1, IgG2b, IgG2c, IgG3, and IgA (Southernbiotech, Birmingham,
AL) antibodies. HRP-conjugated polymeric immunoglobulin receptor (pIgR)
(R&D Systems, Minneapolis, MN) antibody was used to detect secretory IgA
(SIgA) antibody. Finally, the plates were developed by tetramethylbenzidine
(TMB) solution (Moss, Pasadena, MD) before stop solution (0.5 N HCl) was
added. Absorbance was measured at 450 nm on an enzyme-linked immunosor-
bent assay (ELISA) reader (Molecular Devices, Sunnyvale, CA). Endpoint titers
were expressed as the reciprocal log2 of the last dilution giving an optical density
at 450 nm of 0.1 greater than background.

HI assay. BALF samples were serially diluted 2-fold using PBS, and 4 hem-
agglutination inhibition (HI) units of virus were added in equivalent volumes and
incubated for 1 h at 37°C. Then we added 50 �l of fixed chicken red blood cells
and calculated the HI titer after 30 min of incubation at 4°C.

BALF analysis. Cells were collected from BALF by centrifugation (800 � g for
5 min) and stained with the following antibodies: CD11b (M1/70), Ly6C (AL-21),
and Ly6G (1A8), all purchased from BD Pharmingen. Cell populations in the
BALF were classified using these surface markers: neutrophils (CD11b� Ly6Cint

Ly6G�; Ly6Cint indicates intermediate-level expression of Ly6C) and monocytes
(CD11b� Ly6Chi Ly6G�; Ly6Chi indicates high-level expression of Ly6C). The
levels of IL-6, tumor necrosis factor alpha (TNF-�), and IFN-� were measured
by a Mouse Inflammatory Cytometric Bead Array Kit (BD Biosciences) accord-
ing to the manufacturer’s instructions.

Histology. Lungs were removed from infected B6 and MyD88�/� mice and
washed with PBS before being fixed with 4% formaldehyde for 1 h at 4°C. The
tissues were embedded in paraffin and stained with hematoxylin and eosin
(H&E).

Statistics. We used a paired two-sample t test for analysis of T-cell prolifer-
ation and ELISA and HI assay results. For survival data, we used Kaplan-Meier
analysis.

RESULTS

MyD88�/� TRIF�/� and TLR3�/� TLR7�/� mice are sus-
ceptible to primary H1N1 influenza virus infection. To inves-
tigate the role of TLR signaling on susceptibility after primary
influenza virus infection, wild-type B6 and MyD88�/�

TRIF�/� mice, in which all TLR signaling is completely dis-
rupted, were infected with 1 � 105 PFU (approximate dose of
1� the 50% lethal dose [LD50] for B6 mice) or 2 � 104 PFU
of PR8 influenza virus. All MyD88�/� TRIF�/� mice suc-
cumbed to infection while approximately 30% and 80% of B6
mice survived after infection with 1 � 105 and 2 � 104 PFU of
influenza virus, respectively (Fig. 1A). Although MyD88�/�

TRIF�/� mice did not show accelerated body weight loss (data
not shown), they died significantly earlier than B6 mice (Fig.
1A). Since higher susceptibility of MyD88�/� TRIF�/� mice
can result from increased viral burden, we next addressed viral
load in the lung of infected wild-type B6 and MyD88�/�

TRIF�/� mice at 3 and 6 days after infection (Fig. 1B). Al-
though MyD88�/� TRIF�/� mice had elevated mean viral
titers in the lung, these did not reach statistical significance.

Since MyD88 also mediates IL-1 family signaling (1), we
used TLR3�/� TLR7�/� mice to determine if TLR signaling is
involved in the enhanced susceptibility observed in MyD88�/�

TRIF�/� mice after influenza virus infection. In all, 15% of
TLR3�/� TLR7�/� mice survived as did 85% of wild-type
BALB/c mice after challenge with 1 � 103 PFU (approximate
dose of 1� LD50 for BALB/c mice) of influenza virus (Fig. 1C).
When a reduced dose (2 � 102 PFU) was used, 30% of
TLR3�/� TLR7�/� mice died while all wild-type mice survived
(Fig. 1C).

MyD88�/� TRIF�/� and TLR3�/� TLR7�/� mice may
have both a defect in immediate innate immune responses and
impaired adaptive immune responses that contribute to this
enhanced susceptibility. To confirm earlier observations that
adaptive immune responses are required for protection after
primary influenza virus infection, we infected mice deficient in
adaptive immune responses (Fig. 1D and E). In parallel with
previous studies (14, 24), both �MT mice of B6 background
and RAG2�/� mice of BALB/c background were vulnerable to
influenza virus infection. When �MT of B6 background and
RAG2�/� mice of BALB/c background were infected with 1 �
105 PFU or 1 � 103 PFU of PR8 virus, respectively, �MT and
RAG2�/� mice succumbed to infection while approximately
40% or 80% of wild-type mice survived (Fig. 1D and E).
Overall, our results indicate that TLR-mediated innate and/or
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acquired immunity is indispensable for efficient protection
against H1N1 influenza virus infection.

TLR signaling is involved in T-cell responses to influenza
virus infection. To examine the role of TLR on T-cell acti-
vation, wild-type B6 and MyD88�/� TRIF�/� mice were
infected with 5 � 102 PFU of PR8 virus. After 4 weeks,
mononuclear cells of MdLN and spleen were isolated and
cultured in vitro for 3 days with stimulation using inactivated
PR8 virus. Of note, the spleens of MyD88�/� TRIF�/� mice
had significantly reduced (but detectable) CD4 T-cell pro-
liferation compared to B6 wild-type mice, but both mouse
groups had similar levels of CD4 T-cell proliferation in
MdLN (Fig. 2A). We further examined Th1/Th2-related
cytokines in the culture supernatant. The Th2 cytokines,
IL-4 and IL-5, were increased in MyD88�/� TRIF�/� mice
while TNF-� and IFN-� were decreased, indicating that
MyD88�/� TRIF�/� mice had Th2-biased T-cell differenti-
ation but wild-type mice did not (Fig. 2B). We also tested
the CD8 T-cell response using tetramer specific to NP of
influenza virus. Numbers of virus-specific CD8 T cells in
both MdLN and spleen were identical in MyD88�/�

TRIF�/� mice and wild-type mice (Fig. 2C). Taken to-
gether, TLR signaling seems to have a role in antigen-
specific CD4 proliferation and Th1 cytokine production but
not in CD8 T-cell responses after influenza virus infection.

TLR signaling is dispensable for protective Ab responses
following influenza virus infection. We next determined IgG
Ab levels in serum and BALF of wild-type and MyD88�/�

TRIF�/� mice following primary influenza virus infection. Of
note, identical or slightly higher levels of virus antigen-specific
IgG Ab were determined in serum and BALF of MyD88�/�

TRIF�/� mice than in wild-type mice following primary infec-

tion with 5 � 102 PFU of PR8 virus (Fig. 3A). To measure
Th1/Th2 balance, we examined IgG subclasses in the BALF.
As reported elsewhere (18, 21) and in agreement with our
Th1/Th2 cytokine analysis (Fig. 2B), IgG1 Ab was dominant in
BALF of MyD88�/� TRIF�/� mice (Fig. 3A). We further
examined IgA Ab levels in serum, BALF, nasal wash, and
saliva following primary and secondary influenza virus infec-
tion. Of note, identical levels of IgA Ab in nasal wash, BALF,
and serum were determined in both wild-type and MyD88�/�

TRIF�/� mice (Fig. 3B). In contrast, virus antigen-specific IgA
Ab levels were significantly downregulated in saliva of
MyD88�/� TRIF�/� mice in comparison with those of wild-
type mice (Fig. 3B). There were no significant differences in
virus antigen-specific IgG and IgA Abs in the serum and mu-
cosal compartments following secondary influenza virus infec-
tion (data not shown). To further assess the role of SIgA, we
examined SIgA production in MyD88�/� TRIF�/� mice. SIgA
levels in BALF and nasal wash from MyD88�/� TRIF�/� mice
did not differ from those of wild-type B6 mice (Fig. 3C). The
fact that IgA Ab levels were not affected in the BALF and
nasal wash of MyD88�/� TRIF�/� mice after primary infec-
tion suggests that airway IgA secretions can be induced in a
TLR-independent manner.

Because we found normal levels of IgA and Th2-biased
IgG responses in the BALF of MyD88�/� TRIF�/� mice
(Fig. 3A and B), we next tested the inhibitory efficacy of
BALF from MyD88�/� TRIF�/� mice to learn whether Ab
produced after primary infection without TLR signaling can
suppress hemagglutination by the hemagglutinin (HA) pro-
tein (Fig. 3D). We found that BALF isolated from
MyD88�/� TRIF�/� mice was significantly more effective in
inhibiting hemagglutination than that of wild-type B6 mice.

FIG. 1. Mice lacking innate and adaptive components exhibit enhanced mortality. Wild-type B6 and MyD88�/� TRIF�/� mice were infected
intranasally with 1 � 105 or 2 � 104 PFU of PR8 virus, and survival rates (A) were checked daily or virus titers in lung (B) were measured at 3
and 6 days after infection. (C) Wild-type BALB/c and TLR3�/� TLR7�/� mice were infected with 1 � 103 or 2 � 102 PFU of PR8 virus, and
survival rates were monitored. Survival rates are shown for �MT mice of B6 background (D) and RAG2�/� mice of BALB/c background
(E) infected with 1 � 105 PFU and 1 � 103 PFU of PR8 virus, respectively. **, P � 0.01; ***, P � 0.001 (compared with wild-type controls).
Results are representative of two experiments (n � 5 for each group).
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Overall, our findings show that TLR signaling is not essential
for induction of protective virus antigen-specific T- and B-cell
responses in either systemic or respiratory mucosa.

MyD88 plays an essential role in susceptibility after pri-
mary influenza virus infection. Because the MyD88�/�

TRIF�/� mice exhibited high susceptibility to primary influ-
enza virus infection, we further adapted MyD88�/� and
TRIF�/� mice to learn if each adaptor molecule behaves
differently. When we subsequently infected mice with 1 �
105 and 2 � 104 PFU of PR8, MyD88�/� mice showed
significantly higher susceptibility than either wild-type or
TRIF�/� mice (Fig. 4A). To determine if MyD88 plays a
crucial role in preventing primary influenza virus infection,
we observed immunological and pathological changes in
wild-type and MyD88�/� mice infected with 2 � 104 PFU of
PR8. Since a previous study showed that MyD88 signaling is
required for Gr-1� CD11b� cell accumulation in the course
of polymicrobial sepsis (8), we assessed cell subsets in the
BALF of wild-type and MyD88�/� mice at 3 and 5 days after
infection. We found that recruitment of neutrophils and
monocytes was significantly reduced in MyD88�/� mice
(Fig. 4B). We also measured inflammatory cytokine levels in
the BALF and found that IL-6, TNF-�, and IFN-� produc-
tion was reduced in MyD88�/� mice compared to levels in
wild-type mice at 5 days after infection (Fig. 4C). Impor-
tantly, infected lungs of MyD88�/� mice exhibited more
severe tissue damage including edema, alveolar hemor-
rhage, and alveolar wall thickness than those of wild-type

mice at 5 days after infection (Fig. 4D). These data indicate
that MyD88 is required for optimal recruitment of immune
cells and production of inflammatory cytokines which might
be important for resisting primary influenza virus infection.

MyD88 signaling is involved in T-cell responses to influenza
virus infection. We further evaluated T-cell proliferation in
both MyD88�/� and TRIF�/� mice and found that a defect in
MyD88 but not in TRIF was responsible for reduced T-cell
activation in the spleen (Fig. 5A). When the Th1/Th2 cytokine
balance was compared, it was apparent that MyD88, but not
TRIF, was responsible for decreased Th1 cytokines and slightly
increased Th2 cytokines (Fig. 5B). Virus antigen-specific CD8
T-cell responses were comparable in wild-type, MyD88�/�,
and TRIF�/� mice (Fig. 5C). As illustrated by data from the
MyD88�/� TRIF�/� mice (Fig. 3A and B), IgG and IgA Ab
levels were identical in wild-type, MyD88�/�, and TRIF�/�

mice except for a significant decrease in the saliva of
MyD88�/� mice (Fig. 5D). Overall, MyD88 signal, not TRIF,
was more crucial for T-cell responses against primary influenza
virus infection.

IPS-1-mediated RLR signaling does not influence suscep-
tibility and adaptive immune responses to influenza virus
infection. To assess the role of RLR on susceptibility of
influenza virus infection, we infected wild-type B6/129Ola
mice and IPS-1�/� mice of B6/129Ola background with 1 �
103 PFU (approximate dose of 1� LD50 for B6/129Ola
mice) of PR8 virus. The lack of IPS-1 signaling did not affect

FIG. 2. T-cell responses are reduced in MyD88�/� TRIF�/� mice. Wild-type B6 and MyD88�/� TRIF�/� mice were infected with 5 � 102 PFU
of PR8 virus. As a control, wild-type B6 mice were challenged with PBS (naïve). Mononuclear cells from MdLN and spleen were isolated 4 weeks
later and cocultured with 10 �g/ml inactivated PR8 virus. (A) Cell proliferation was assessed by [3H]thymidine incorporation. Data are
representative of three independent experiments; values are means � standard deviations of triplicate experiments. (B) Th1/Th2 cytokine profiles
were determined in culture supernatant of mononuclear cells by a CBA kit. Results are representative of three experiments (n 	 3 for each group).
(C) Virus-specific CD8 T cells stained with nucleoprotein-specific tetramer from MdLN and spleen of naïve or infected mice (n 	 3). **, P � 0.01
versus wild-type control.
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the susceptibility to influenza virus infection (Fig. 6A). Fur-
thermore, virus-specific T-cell proliferation levels in MdLN
and spleen were comparable in both wild-type B6/129Ola
and IPS-1�/� mice (Fig. 6B). In addition, similar levels of
virus antigen-specific IgG and IgA Ab levels in serum and

mucosal compartments were detected in wild-type B6/
129Ola and IPS-1�/� mice (Fig. 6C). Taken together, these
findings indicate that RLR signaling is not crucial for sus-
ceptibility and development of adaptive immunity against
influenza virus infection.

FIG. 3. Comparable systemic and airway antibody responses are induced in MyD88�/� TRIF�/� mice. Wild-type B6 and MyD88�/� TRIF�/�

mice were infected with 5 � 102 PFU of PR8 virus. Four weeks after primary challenge, serum and BALF were prepared. (A) PR8-specific IgG
in serum and BALF and IgG subclasses in BALF were determined by ELISA. (B) IgA levels of serum, BALF, nasal wash (NW), and saliva were
determined by ELISA. (C) SIgA levels in BALF and NW samples were determined using pIgR-specific antibody. (D) Hemagglutination inhibition
titer was assessed using BALF. �, P � 0.05 compared with wild-type controls. Values are means � standard deviations. Results shown are
representative of three experiments (n 
 3 for each group).

FIG. 4. MyD88 is more critical for protection than TRIF. (A) Wild-type B6, MyD88�/�, and TRIF�/� mice were infected with 1 � 105 or 2 �
104 PFU of PR8 virus, and survival rates were checked daily. Cell numbers (B) at indicated time points and cytokine levels (C) at 5 days after
infection (2 � 104 PFU) in BALF of wild-type B6 and MyD88�/� mice were determined. Results are pooled data from two individual experiments
(n 	 3). N, neutrophils; Mo, monocytes. (D) Lungs of infected wild-type B6 and MyD88�/� mice were prepared 5 days after infection (2 � 104

PFU) and stained with H&E. Pictures are representative of three mice per group. Data are means � standard deviations. **, P � 0.01; ***; P �
0.001 (compared with wild-type controls).
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TLR signaling is dispensable in secondary influenza virus
infection. Our previous studies revealed that MyD88 signaling
is essential for protection against bacterial infection irrespec-
tive of its contribution toward antibody production (23, 40). To
assess how TLR signaling contributes to both homologous and
heterosubtypic protection, groups of mice immunized with 2 �
104 PFU of PR8 virus (H1N1) were challenged with either 4 �
106 PFU of PR8 virus (H1N1) or 5.1 50% egg infective doses
(EID50) of W81 (H5N2) virus (approximately 40� LD50 for B6
mice). Both wild-type and MyD88�/� TRIF�/� mice were
completely protected against homologous and heterosubtypic
challenge without body weight loss (Fig. 7A). Overall, these
data clearly demonstrate that TLR signaling is dispensable for
both homologous and heterosubtypic protection against sec-
ondary lethal influenza virus infection.

We further explored the role of serum Ab for homologous
and heterosubtypic protection against lethal influenza virus
infection. Both wild-type and MyD88�/� TRIF�/� mice were
infected with 5 � 102 PFU of PR8. Serum samples were col-
lected 4 weeks after infection and passively transferred to naive

wild-type B6 mice. Then the recipient mice were challenged
with either 4 � 106 PFU of PR8 virus (H1N1) or 5.1 EID50 of
W81 (H5N2) virus. Regardless of the serum source (wild-type
or MyD88�/� TRIF�/� mice), the serum Ab was effective in
protecting against homologous challenge but had no effect on
heterosubtypic protection (Fig. 7B). These results indicate that
serum Ab that induces either a TLR signal-intact or -deficient
condition is effective for homologous protection against influ-
enza virus but that it is not sufficient for heterosubtypic pro-
tection.

DISCUSSION

The role of MyD88 signal for pathogenesis or protection
during bacterial or viral infection is controversial. In previous
studies using various infection models, there was less inflam-
mation when MyD88 signaling was deleted, and the pathology
associated with coxsackievirus or Burkholderia cenocepacia in-
fection and polymicrobial septic peritonitis was also reduced

FIG. 5. MyD88 is more critical in the adaptive immune response than TRIF. Groups of mice were infected with 5 � 102 PFU of PR8 virus,
and samples were taken 4 weeks after infection. T-cell proliferation (A), Th1/Th2 cytokine profiles after in vitro culture (B), and virus
antigen-specific CD8 T cells (C) were determined as described in the legend of Fig. 2. (D) IgG levels of serum and BALF and IgA levels of serum,
BALF, nasal wash (NW), and saliva were determined by ELISA. Results are representative of at least two individual experiments (n � 3 for each
group). Data are means � standard deviations. *, P � 0.05; **, P � 0.01; and ***, P � 0.001 (compared with wild-type controls).
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(13, 56, 58). In contrast, MyD88�/� mice are much more sus-
ceptible to vesicular stomatitis virus, herpesvirus, and severe
acute respiratory syndrome (SARS)-coronavirus infection than
wild-type mice (28, 50, 62). After influenza virus infection, both
wild-type and MyD88�/� mice have similar susceptibilities to
virus-induced acute pneumonia (29). However, in the present
study MyD88�/� mice but not TRIF�/� mice were significantly
more susceptible to lethal primary influenza virus infection. It
is possible that the differences between our results and those of
other investigators are related to different experimental con-
ditions, including virus strain (H1N1 versus H3N2) and infec-
tion volume (20 �l versus 50 �l). We extensively reviewed our
experimental conditions before testing the susceptibility of
MyD88�/� and MyD88�/� TRIF�/� mice to optimize the in-
fection dose and challenge schedule and found that MyD88-
deficient mice had higher susceptibility (Fig. 4A). Although we
have yet to clarify these discrepancies between the different
experimental designs, it is obvious that MyD88-dependent sig-
naling has greater importance in protection than TRIF-medi-
ated signaling against lethal influenza virus infection. In addi-
tion, reduced but sufficient adaptive immune responses in
MyD88�/� and MyD88�/� TRIF�/� mice after primary sub-
lethal influenza virus infection resulted in efficient protection
against a lethal secondary influenza virus infection. As MyD88-
deficient mice produce solid antibody responses in the airway
mucosa after primary infection, disruption of the early innate
immune response that results in a detrimental effect on the
lung would be more likely to result in higher susceptibility to
infection than the adaptive immune response after primary
infection.

We initially expected TLR signaling to play an important
role in secondary influenza virus infection as it is a major signal

FIG. 6. IPS-1 is not involved in the development of adaptive
immune responses and protection. (A) Both wild-type B6/129Ola
(n 	 13) and IPS-1�/� (n 	 15) mice were infected with 1 � 103

PFU of PR8 virus, and survival rates were checked daily. (B and C)
Groups of wild-type B6/129Ola (n 	 4) and IPS-1�/� (n 	 4) mice
were infected with 5 � 102 PFU of PR8 virus, and samples were
taken 4 weeks after infection. Values are means � standard devi-
ations. Results shown are representative of three experiments (n �
4 for each group). (B) T cell proliferation was determined as de-
scribed in the legend of Fig. 2. (C) IgG levels of serum and BALF
and IgA levels of serum, BALF, nasal wash (NW), and saliva were
determined by ELISA.

FIG. 7. TLR signaling is dispensable for protection against secondary influenza virus infection (flu). Wild-type B6 and MyD88�/� TRIF�/�

(dKO) mice were primed with 5 � 102 PFU of PR8 virus. (A) Mice were lethally challenged with homologous (4 � 106 PFU of PR8) or
heterosubtypic (5.1 EID50 of W81) virus 4 weeks after priming. (B) Serum samples were passively transferred by intraperitoneal injection into
wild-type B6 mice, and recipient mice were challenged with 4 � 106 PFU of PR8 or 5.1 EID50 of W81.

VOL. 84, 2010 MyD88 AND INFLUENZA VIRUS INFECTION 12719



for inducing type I IFN signaling and NF-�B-mediated innate
immunity, which are important for activating consecutive im-
mune responses (25, 30). Thus, we were surprised that TLR
was dispensable, even against heterosubtypic infection in which
CD4 T-cell responses are important in cross-protection (4).
We assume that minimal levels of T-cell responses and intact
systemic IgG Ab under the TLR-deficient condition are suffi-
cient to provoke efficient protection against secondary homol-
ogous and heterosubtypic influenza virus.

Other investigators reported that both TLR and RLR con-
trol innate immune response after influenza virus infection (9,
31, 33, 41). The deletion of either the MyD88 or IPS-1 gene
cannot diminish the type I IFN response in the lung after
influenza virus infection, but this response is shut down in
MyD88�/� IPS-1�/� mice (25). TLR and RLR are also coop-
erative in response to poly(I:C) treatment (27). Nevertheless,
in our study, despite the known contribution of IPS-1 to the
immune response, IPS-1�/� mice did not show any reduced
acquired immune responses (Fig. 6A) and had no altered sus-
ceptibility to lethality. Thus, it seems likely that influenza virus
infection activates both TLR and RLR and that they compen-
sate each other in induction of the innate immune response.
Therefore, TRIF�/� and IPS-1�/� mice might survive with a
sufficient innate immune response even if they partially lose
recognition signaling (Fig. 4A and 6A). However, MyD88�/�

mice were more vulnerable to influenza virus infection than
were TRIF�/� and IPS-1�/� mice even though loss of MyD88
can be compensated for by other TLR or RLR signaling. Our
observations and those of other investigators regarding higher
susceptibility to various pathogens should be considered in the
context of MyD88-dependent mechanisms other than the well-
described TLR- and RLR-dependent innate immune re-
sponses (e.g., NF-�B and type I IFN), such as IL-1- and IL-
18-mediated signaling (1). In an earlier study, MyD88 was
important in protection while TLR did not contribute to resis-
tance against Pseudomonas aeruginosa infection (43). Further,
MyD88�/� mice had greater mortality than TLR-deficient
mice when infected with Staphylococcus aureus and Mycobac-
terium avium (12, 54). Those results suggest the idea that the
higher susceptibility of MyD88�/� mice to influenza virus in-
fection shown in our current study may be partially attributed
to mechanisms other than TLR signaling.

The lack of MyD88 signaling skews the T-cell response to
Th2 dominance regardless of virus or bacterial infection. In
this regard, IgG1 is much higher after influenza virus infection
in MyD88�/� mice (15, 25). In our previous studies, an oral
attenuated Salmonella vaccine strain resulted in Th2-type re-
sponses (dominant IgG1 subclasses) and subsequently elicited
identical levels of systemic and mucosal Ab responses in
MyD88�/� mice (23, 40). In the present study, higher levels of
IgG1, lower levels of Th1 cytokines (i.e., IFN-� and TNF-�),
and higher levels of Th2 cytokines (i.e., IL-4 and IL-5) were
found in MyD88-deficient mice than in wild-type B6 mice
following primary challenge with a sublethal dose of influenza
virus (Fig. 2B). These relatively Th2-biased environments
could be involved in induction of normal levels of humoral
immune responses under MyD88-deficient conditions that
have minimal levels of CD4 T-cell responses.

A role for TLR on induction of IgA antibody in the mucosal
tissues following influenza virus infection has not been well

described. In general, SIgA Ab in the mucosal compartments is
recognized as an important component of protection in airway
infection (5). However, SIgA was dispensable for prevention of
homologous influenza virus infection in one study (35), and its
contribution to heterosubtypic cross-protection is unclear (4,
11). Nevertheless, SIgA Ab is important for defense in nasal
and respiratory compartments and protective when passively
transferred (44–46). Our results in the current study show that
TLR- or RLR- or MyD88-mediated innate immunity is not
essential for induction of SIgA Ab in the respiratory mucosal
compartments (i.e., lung and nasal).

Members of TLR family recognize their own ligand, but
their responses vary (52). Furthermore, TLR signals from
different cell types cooperate to develop TLR-induced adap-
tive immune responses (3, 15, 42). Interestingly, this varia-
tion seems to lead the host to develop different responses
against different antigens. Our previous studies revealed
that the Ab response to the Salmonella lipopolysaccharide
(LPS) or Salmonella expressing Streptococcus antigen
(PspA) was accelerated in MyD88�/� mice (23, 40). We
postulated that this unexpected augmentation of the B-cell
response is responsible for the increasing numbers of
CD11b� Gr-1� myeloid cells (submitted for publication).
Likewise, oral Salmonella administration and intranasal
challenge of influenza virus recruit myeloid cells at the site
of infection; however, influenza virus fails to induce hyper-
active IgG and IgA responses in MyD88�/� and MyD88�/�

TRIF�/� mice. In addition, MyD88 signal is critical for
protection against both Salmonella and Streptococcus pneu-
moniae and noninvasive bacterial infection, regardless of the
importance of mucosal Ab for protection (23, 40). However,
in the current study, TLR signaling was dispensable for
protection against homologous and heterosubtypic influenza
virus infection. Although the underlying mechanism for the
role of MyD88 in bacterial infection remains under investi-
gation, our new findings clearly suggest that MyD88 may
have a reciprocal role against bacterial and viral infections.

For development of more efficient vaccines, various TLR
agonists have been suggested as adjuvant candidates (34). The
aim of stimulation of TLR signaling is to induce stronger
and/or optimal immune responses and to manipulate the type
of response required for better protection. The influenza virus,
which has pandemic potential, must have a broad-spectrum
vaccine because it can readily mutate, and outbreaks are un-
predictable (17). Therefore, to preempt a future pandemic a
vaccine must provide strong heterosubtypic immunity (10).
When we examined the contribution of TLR signaling on sec-
ondary heterosubtypic protection, we found that sublethal live
virus infection can induce efficient heterosubtypic protection
independent of TLR signaling. This suggests that live vaccine
could achieve immunity in a TLR-independent manner, which
would be advantageous over an inactivated vaccine with TLR-
dependent protection (25).

To extend our current findings, we anticipate further studies
to find TLR-dependent and -independent factors that play key
roles in protection during primary virus infection. We will also
explore the underlying mechanisms of TLRs against bacteria
and virus infections.
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