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Nucleic acid sensing Toll-like receptors 3 and 9 play
complementary roles in the development of
bacteremia after nasal colonization associated

with influenza co-infection
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Abstract: Streptococcus pneumoniae can cause mortality in infant, elderly, and immunocompromised individuals
owing to invasion of bacteria to the lungs, the brain, and the blood. In building strategies against invasive infections,
it is important to achieve greater understanding of how the pneumococci are able to survive in the host. Toll-like
receptors (TLRs), critically important components in the innate immune system, have roles in various stages of
the development of infectious diseases. Endosomal TLRs recognize nucleic acids of the pathogen, but the impact
on the pneumococcal diseases of immune responses from signaling them remains unclear. To investigate their
role in nasal colonization and invasive disease with/without influenza co-infection, we established a mouse model
of invasive pneumococcal diseases directly developing from nasal colonization. TLR9 KO mice had bacteremia
more frequently than wildtype in the pneumococcal mono-infection model, while the occurrence of bacteremia was
higher among TLR3 KO mice after infection with influenza in advance of pneumococcal inoculation. All TLR KO
strains showed poorer survival than wildtype after the mice had bacteremia. The specific and protective role of
TLR3 and TLR9 was shown in developing bacteremia with/without influenza co-infection respectively, and all nucleic
sensing TLRs would contribute equally to protecting sepsis after bacteremia.
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Previous studies have concentrated on the phenomena

Introduction

Recent development of various molecular biological
techniques has enabled to elucidate detailed mechanisms

associated with colonization, carriage rate and transmis-
sion [3-9]. However, the events occurring after S. pneu-
moniae breaks the first barriers of protection in the na-

for many diseases, however, establishing animal models
is still a critical way to better reflect disease progression,
such as infectious diseases that always require to evalu-
ate host-pathogen’s interactions [1, 2]. Streptococcus
pneumoniae is a Gram-positive bacterium which is a
particular challenge for neonates and the elderly adults.

sopharynx, the invasion of the host, are still not
understood. Invasion is the main cause of the morbidity
of S. pneumoniae because the bacteria can migrate to
sterile sites such as the blood or the central nervous sys-
tem [10]. The innate immune receptors are mostly as-
sociated with the responses of the host to pathogens,
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ROLES OF TLRS IN PNEUMOCOCCAL INVASION

such as Toll-like Receptor (TLR) families [11]. The cell
surface TLRs recognize sugar chains or proteins derived
from pathogens. For recognition of the pneumococcus,
TLR2 and TLR4 have been known to be activated by
lipoteichoic acid and pneumolysin, respectively [12—15].
On the other hand, other types of TLRs are located in
the endosome and recognize nucleic acid derived from
pathogens. TLR3 is highly activated by viral double
stranded RNA resulting in production of type I inter-
feron and anti-viral host responses [16, 17]. Mouse TLR7
and human TLRS are phylogenetically and structurally
related and they recognize the single stranded viral RNA,
although they are expressed in different cells [18]. TLR9
recognizes and activates DNA with CpG motifs derived
from bacteria or viruses, and induces various innate im-
mune responses [19]. The impacts of these nucleic acid
sensing receptors on the pneumococcal infections have
been described, but with disparity in the conclusions
[20—-24]. In this study, we used a mouse model to evalu-
ate the roles of nucleic acid sensing TLRs in the develop-
ment of pneumococcal invasive infections arising from
nasal carriage.

Material and Methods

Animals

C57BL/6]J mice were obtained from Charles River
Laboratories (Yokohama, Japan). Mice of C57BL/6J
background, knockouts for TLR3, TLR7, or TLR9 activ-
ity were donated by Prof. Tsuneyasu Kaisho (the Depart-
ment of Immunology, Institute of Advanced Medicine
Wakayama Medical University) and Prof. Shizuo Akira
(the Laboratory of Host Defense, WPI Immunology
Frontier Research Center (IFReC), Osaka University)
[18, 25, 26]. Unc93bl KO mice were kindly provided
by Prof. Kensuke Miyake (the Institute of Medical Sci-
ence, University of Tokyo) [27]. Unc93bl1 is one of the
key carrier proteins to transport TLR3, TLR7 and TLR9
to an endosome, which is required to activate these re-
ceptors. All mice used in this study were maintained
under a specific pathogen-free condition from the onset
in individually ventilated cages.

Pneumococcal and influenza strains and growth
conditions

P2431, a serotype 6A of S. pneumoniae, was used
throughout the present study [28]. This strain is strepto-
mycin-resistant, and it has good ability in colonization
establishment and lethal bacteremia development. An-
other strain used was TIGR4, a serotype 4, which was
previously used in a different experiment to check the
nasal colonization in the mice [9]. Bacteria were grown

up to the mid-log phase in Tryptic Soy Broth (Becton
Dickinson (BD) Franklin Lakes, NJ, USA), mixed with
20% glycerol and stored at —80°C. The mouse-adapted
strain of influenza virus A/HKx31 (H3N2) was a kind
gift from Prof. Jeffry N. Weiser (New York University).
Viral concentrations were determined and adjusted by
titration in Madin-Darby Canine Kidney cells, as de-
scribed previously [29].

Murine infection model

The experimental scheme is shown in Fig. 1. Six-
week-old mice were inoculated intranasally (i.n.) with
10 u1 of the pneumococcal suspension to each nostril (5
x 107 CFU/mouse) without anesthesia. The influenza
co-infection mice were initially treated with 2 x 1022
x 10% TCIDs of influenza A and then pneumococci two
days later [30]. After each experiment, quantitative cul-
ture was performed to determine the actual number of
inoculated bacteria. Mice were euthanized 48 h after the
infection by isoflurane inhalation. The nasal cavity was
lavaged with 200 ul of sterile PBS from a needle (26
gauge) inserted into the trachea, and the fluid was col-
lected in tubes. For detection of bacteria in the lung, the
lung was homogenized with 1 ml of sterile PBS. A car-
diac puncture was performed to evaluate the bacteremia/
sepsis, and the blood samples were serially diluted before
coagulation. The other model of the co-infection con-
sisted of infecting the mice with 10 ul of the pneumococ-
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Fig. 1. Experimental schematics of this study. For the mono-in-
fection group, mice were inoculated intranasally (IN) with
S. pneumoniae (Sp) serotype 6A or TIGR4 on day 0. On
day 2, mice were euthanized and the evaluation of the
colony counts and flow cytometry was performed. For the
co-infection group (influenza first, then Sp), mice were
inoculated intranasally with influenza on day —2, and Sp
serotype 6A or TIGR4 on day 0. On day 2, the mice were
euthanized. For the co-infection group (Sp first, then influ-
enza), mice were inoculated intranasally with Sp serotype
6A on day 0, and then influenza on day 2. On day 4, the
mice were euthanized. For the survival experiment, the
mice in each infection model were monitored every 12 h
until day 12 after the pneumococcal infection.
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cal suspension to each nostril (5 x 107 CFU/mouse)
without anesthesia on day 0 and then influenza two days
after that. All samples were serially diluted on a 96-well
plate by mixing thoroughly and were plated on a blood
plate for quantitative evaluation. The limit of detection
was 666 CFU/ml. For the observation study of the time
course of the pneumococcal invasive infection, the mice
were monitored every 12 h for 12 days after the pneu-
mococcal infection, as previously reported [28, 31]. If
the mice were found to be severely sick (shivering, de-
creased motor activity), they were immediately eutha-
nized and the blood was collected for confirmation of
pneumococcus.

Nasal lavage sample collection

The mice were euthanized on the desired day and the
nasal lavages were collected as previously described. To
determine the bacterial density in the nasal cavity, the
nasal lavages were serially diluted with sterile PBS, and
were plated on sheep blood agar in triplicate overnight
at 37°C, 5% CO,. The colonies were counted for quan-
tification of the bacteremia. The lower limit of detection
(LOD) was 666 CFU/ml.

Blood sample collection

Blood from the euthanized mice was obtained by car-
diac puncture with a 26 G needle, and collected in the
tubes containing ethylene diamine tetra-acetic acid
(EDTA) to avoid coagulation. The tubes were vortexed
before the dilution and plating. After serial dilution with
sterile PBS, the samples were plated on sheep blood agar
in triplicate overnight at 37°C, 5% CO,. The colonies
were counted for the quantification of the bacteremia.
The lower limit of detection (LOD) was 666 CFU/ml.

Flow cytometry

Neutrophil and macrophage cell counts were per-
formed as previously described [28, 31]. The nasal la-
vages were pelleted at 1,500 rpm for 2 min, and resus-
pended in 200 ul PBS containing 1% bovine serum
albumin (BSA). After FcR blocking with a 1:200 dilution
of anti-CD16/32 (BioLegend, San Diego, CA, USA) for
15 min, cells were stained for 30 min at 4°C with 25 ul
of 1:150 dilution of the following antibodies: anti-
CD11b-V450 (BD Biosciences, San Jose, CA, USA),
anti-F4/80-PE (BioLegend), anti-Ly6G-PerCP-Cy (BD
Biosciences), and anti-CD45-APC-Cy7 (BD Biosci-
ences) for 30 min on ice in the dark. Cells were washed
with PBS with 1% BSA, then fixed with 4% PFA. FACS
Verse (BD) was used for flow cytometry analysis. After
excluding dead cells and debris by gating with forward
and side scatter, neutrophils (polymorphonuclear cells;
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PMNs) were detected as CD11b*, Ly6G*, and CD45*
components. Macrophages were detected as F4/80%,
Ly6G~, and CD45* components (Supplementary Fig. 1).
The absolute number of cells in each sample were count-
ed.

Statistical analysis

Statistical analyses of the observation of the time
course of pneumococcal invasive infection experiment
were performed by using the Kaplan-Meier Log Rank
test. Since the data were not confirmed whether they
follow Gaussian distribution, Kruskal-Wallis test with
Dunn’s multiple comparison test was used to compare
the bacterial load or the number of immune cells between
more than two groups. The ratio of positive bacteremia
was compared by Fisher’s exact test. GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA) was used
for the analyses. The value P<0.05 served as the limit
for the representation of significant differences.

Ethics statement

All studies were conducted according to the guidelines
outlined by the National Science Foundation Animal
Welfare Requirements and the Wakayama Medical Uni-
versity Animal Care and Use Committee. The study was
approved by the Institutional Animal Care and Use Com-
mittee at Wakayama Medical University (permission
number 28-42).

A virulent strain serotype 6A and less virulent one,
TIGR4 both established stable colonization among
all mouse strains

To evaluate the role of nucleic sensing TLRs for pneu-
mococcal carriage, mice were intranasally inoculated
with 5 x 107 CFU of 6A strain without anesthesia. S.
pneumoniae was successful in establishing nasal colo-
nization in all mouse strains (Fig. 2A). Even when the
mice were infected with influenza A virus (IAV) before
or after pneumococcal inoculation, the density of nasal
colonization was almost equal among all mouse strains
(Figs. 2C and E). In this mouse model using a virulent
pneumococcal strain, these TLRs did not affect the den-
sity of nasal colonization. Co-infection with influenza
virus is known to increase the bacterial load in the nasal
cavity, however, the significant difference was not ob-
served between the infection models for each mouse
strain (Figs. 2A, C and E). On the other hand, in the case
of TIGR4 strain, TLR3 KO mice were more susceptible
to having higher pneumococcal carriage in their nasal
cavities (Supplementary Fig. 2A). Co-infection with AV
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Fig. 2. Nasal colonization and bacteremia in each infection model of S. pneumoniae (Sp) 6A. A, B; the mono-infection
model of Sp. The number of mice was 9 for wt (wildtype), 11 for #/r37~ (TLR3 knockout), 11 for #/r77~ (TLR7
knockout), 19 for #/r97/~ (TLR9 knockout), and 15 for unc93b17~ (Unc93b1 knockout), respectively. C, D; the co-
infection model (influenza first, then Sp). The number of mice was 10 for wt, 12 for ¢lr37~, 18 for tIr77~, 16 for
tIr97", and 7 for unc93b1~", respectively. E, F; the co-infection model (Sp first, then influenza). The number of
mice was 13 for wt, 14 for tlr37~, 10 for tlr77~, 10 for t/r97~, and 18 for unc93b1~~, respectively. A, B, C; nasal
colonization and D, E, F; bacteremia. The pooled data of duplicated or triplicated experiment were displayed. All
symbols represent individual data and the detection limit is 666 CFU/ml. **; P<0.01.

on day —2 and TIGR4 on day 0 did not cause any differ-
ence of pneumococcal carriage among mouse strains
(Supplementary Fig. 2B).

Higher blood invasion was observed in TLR9 KO
mice after pneumococcal mono-infection

Next, we investigated the early invasion of the blood-
stream after nasal colonization with 6A strain. To exclude
the possibility of bacteremia arising from pneumonia,
lung homogenates from five wild-type mice were incu-
bated and we confirmed there were no bacteria at the
timing of blood sampling (data not shown). At 48 h after
nasal inoculations of the bacteria, bacteremia was ob-
served in a couple of mice of wildtype, TLR3 KO, TLR7
KO, and Unc93B1 KO strains, although those mice
showed no symptoms of sepsis. The incidence rate of

bacteremia was 30.0% (3 of 10) in wildtype, 36.4% (4
of 11) in TLR3 KO, 15.4% (2 out of 13) in TLR7 KO,
and 18.8% (3 of 16) in Unc93b1 KO mice, respectively.
Meanwhile, among TLR9 KO mice there was a signifi-
cantly higher incidence of bacteremia (16 of 19, 84.2%),
than in the other mouse strains (Fig. 2 and Table 1).

Co-infection with influenza increases the bacteremia
rate in the TLR3 KO mice

As influenza virus co-infection is one of the most im-
portant factors in exacerbation of pneumococcal dis-
eases, we evaluated pneumococcal bacteremia in mice
co-infected with influenza. Two models of co-infection
were established in different stage of influenza infection
(Fig. 1). At first, co-infection with influenza virus was
confirmed to enhance development of invasive pneumo-
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Table 1. Summary of the incidence of bacteremia in different mouse strains

P-value vs. wildtype

Bacteremia (ratio .
( ) by Fisher’s exact test

Mono-infection (6A) Wildtype
TLR3 KO
TLR7 KO

TLRY9 KO

Unc93bl KO

Co-infection (influenza first, then 6A) Wildtype
TLR3 KO
TLR7 KO

TLRY9 KO

Unc93bl KO

Co-infection (6A first, then influenza) Wildtype
TLR3 KO
TLR7 KO

TLRY9 KO

Unc93bl KO

3/10 (30.0%) -
4/11 (36.4%) 0.76
2/13 (15.4%) 0.40

16/19 (84.2%) 0.0035
3/16 (18.8%) 0.51
3/15 (20.0%) -
8/12 (66.7%) 0.014
9/18 (50.0%) 0.074
3/16 (18.8%) 0.93

0/7 (0.00%) 0.20
1/14 (7.14%) -
4/17 (23.5%) 0.22
1/11 (9.09%) 0.86
1/10 (10.0%) 0.80
0/18 (0.00%) 0.25

coccal infection among wildtype mice in the current
model. The incidence of invasive pneumococcal infec-
tion was higher in the co-infection models than the
mono-infection model. In particular, significant differ-
ence was observed in survival curve between the mono-
infected model and the co-infection model of prior flu
infection (P<0.05 by Log-rank test) (Figs. 4A—C). When
the mice were given influenza before the pneumococcal
infection, the pneumococcus invaded the bloodstream
more frequently among TLR3 KO mice (8/12, 66.7%)
and TLR7 KO mice (9/18, 50%) than in wildtype mice
(3/15, 20%). Particularly, TLR3 KO mice had a statisti-
cally higher density of bacteremia and higher ratio of
developing bacteremia than the wildtype (Fig. 2D and
Table 1). In contrast to pneumococcal mono-infection,
the ratio of bacteremia was low in TLR9 KO mice (3/16,
18.8%) a similar level to that of wildtype mice. Further-
more, Unc93b1l KO mice did not develop bacteremia
(0/7, 0%). In the case of influenza and TIGR4 co-infec-
tion, the mice did not develop bacteremia (data not
shown).

On the other hand, the timing of the co-infection
greatly affected the ratio of bacteremia development.
When influenza was infected after the 6A inoculum, the
bacteremia rate was low among all mouse strains: wild-
type (1/14, 7.14%), TLR3 KO (4/17,23.5%), TLR7 KO
(1/11, 9.09%), TLR9 KO (1/10, 10.0%) and Unc93bl
KO mice (0/18, 0%) (Fig. 2F and Table 1).

Impact of nucleic sensing TLRs on the local influx
of immune cells

In the mono-infection model, the number of neutro-
phils in the nasal lavage did not differ between mouse
strains (Fig. 3A), while the influx of macrophages was
significantly increased among TLR7 KO and TLR9 KO
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mouse strains (wildtype vs TLR7 KO; P<0.01, wildtype
vs TLR9 KO; P<0.05) (Fig. 3B). In the state of pre-in-
fection with influenza virus, the migration of neutrophils
in the nasal cavity was significantly inhibited in the mice
lacking TLR3 and Unc93bl (wildtype vs TLR3 KO;
P<0.01, wildtype vs Unc93bl KO; P<0.01) (Fig. 3C).
A similar change of neutrophils was observed for mac-
rophage that significantly decreased in TLR3 KO and
Unc93b1 KO strains (wildtype vs TLR3 KO; P<0.05,
wildtype vs Unc93bl KO; P<0.05) (Fig. 3D). Even when
the influenza infection followed the pneumococcal in-
oculum, the migration of neutrophils was significantly
suppressed in TLR3 KO and Unc93b1 KO mouse strains
compared with that in wildtype mice (wildtype vs TLR3
KO; P<0.05, wildtype vs Unc93b1 KO; P<0.0001) (Fig.
3E). The difference of the number of macrophages be-
tween the wildtype, TLR3 KO and Unc93b1 KO mice
disappeared when the order of influenza and pneumococ-
cal infection changed (Fig. 3F).

Suppression of nucleic sensing TLRs worsened the
prognosis of pneumococcal invasive infection in the
mono-infection model

The survival of the mice was measured every 12 h and
the severely sick mice showing shivering, messy hair
and loss of activity were immediately euthanized and
bacteremia was confirmed by cardiac puncture. In the
pneumococcal mono-infection model, all knockout
mouse strains showed significantly poorer survival than
that of wildtype (13/14, 92.9%); TLR3 KO (10/18,
55.6%, P<0.05), TLR7 KO (5/12, 41.7%, P<0.05), TLR9
KO (6 out of 12, 50.0%, P<0.0001) and Unc93bl KO
mice (4 out of 10, 40.0%, P<0.01) (Fig. 4A). The result
in TLR9 KO mice is supported by the high prevalence
of bacteremia at 48 h after nasal inoculum. Although the
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Fig. 3. The local influx of PMNs and macrophages in each infection model of S. pneumoniae (Sp) 6A. A, B; the mono-
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morphonuclear Cells (PMNs) in the nasal lavage and D, E, F; macrophages in the nasal lavage. The pooled data of
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and ****; P<0.0001.

other TLR KO and Unc93b1 KO mice showed less oc-
currence of bacteremia at 48 h after pneumococcal infec-
tion, the course of invasive infection was similar to TLR9
KO mouse group, suggesting that both TLR3 and TLR7
signaling might be important for protecting the develop-
ment of lethal infection after pneumococcal invasion into
the bloodstream.

Effect of influenza co-infection on the course of
pneumococcal invasive infection

When the mice were infected with influenza before
pneumococcal infection, the survival rate was decreased
in all mouse strains; wildtype (6/12, 50%), TLR3 KO
(3/8,37.5%), TLR7 KO (5/16, 31.3%), TLR9 KO (5/15,
33.3%) and Unc93b1 KO mice (4/21, 19.0%) (Fig. 4B).

In particular, the wildtype mice precedingly infected with
influenza before S. pneumoniae inoculum showed sig-
nificantly poorer survival than those infected S. preu-
moniae only (P<0.05) (Figs. 4A and B). However, when
the mice were pre-infected with S. preumoniae and
later with influenza, the time course of the lethal infec-
tion was similar to that with pneumococcal mono-infec-
tion among all mouse strains, with the exception of TLR3
KO strain. A lack of TLR3 signaling showed the most
susceptibility to pneumococcal invasive infection with
this co-infection model (2/12, 16.7%) compared with the
other strains; wildtype mice (5/7, 71.4%, P<0.05), TLR7
KO (4/8, 50.0%, not significant), TLR9 KO mice (7/16,
43.8%, P<0.05) and Unc93bl KO mice (4/7, 57.4%,
P=0.05) (Fig. 4C).
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Nasal colonization is a significant phase of the onset
and the development of pneumococcal diseases. When
the bacteria in the nasal cavity directly access the blood-
stream, they must overcome stringent mucosal barriers.
Pneumococcus colonized in hosts receive a strong selec-
tive pressure while developing bacteremia, the so-called
‘bottleneck effect’ [28]. The killing of bacteria by im-
mune cells and the epithelial barrier at the nasal cavity
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are the first line of defense and the ability of bacteria to
translocate from the extracellular matrix through the
endothelium is affected by the presence of the innate
immune system members, such as TLRs [32-34]. We
focused on neutrophils and macrophages those have been
reported to be critical for clearance of pneumococcal
colonization from the nasal cavity [35, 36]. Our results
that the mice inhibited TLR3 signaling (TLR3 KO mouse
and Unc93bl KO mouse) showed impaired influx of
neutrophils and macrophages by co-infection with flu, a
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strong agonist of TLR3, are consistent, partially reflect-
ing the prognosis of pneumococcal systemic infection.
Recently, the importance of natural killer cells as a de-
fense mechanism against both bacterial and viral infec-
tions has been reported. In particular, it has been point-
ed out that TLR7 activates natural killer cells during
influenza virus infection, which might impact on the
results of this study [37]. To model pneumococcal occult
bacteremia without pneumonia usually occurring in chil-
dren, we introduced a virulent strain serotype 6A [28].
Furthermore, to avoid a direct influx of bacterial suspen-
sion to the lung, we inoculated the bacteria in the nose
without anesthesia [28, 31].

All mice had similar nasal colonization in the current
three infection models. After establishing stable nasal
colonization, the pneumococcus invades into the basal
layer of tissue where the bacteria can access the blood-
stream [28]. Our previous work demonstrated that the
pneumococcus could reach under the epithelial cell
layer by passing through intercellular space [38]. When
the bacteria enter the systemic circulation, most cells of
the pneumococcus are entrapped and killed in the spleen.
On the other hand, very few pneumococcal cells survive
in the spleen invade into the bloodstream again and de-
velop lethal infection “bacteremia/sepsis” [39, 40].
These findings suggest the pneumococcus has to conquer
at least two tight bottlenecks; nasal epithelium and
spleen, for developing lethal infection. In the pneumo-
coccal mono-infection model, only TLR9 KO mice
showed a high prevalence of bacteremia, which suggests
that TLRY signaling is one of the key factors in regula-
tion of the bottleneck between the nasal cavity and blood.
Data on survival of mono-infection were consistent for
TLR9 KO mice, which had the lowest rate of survival.
This finding is important because only one previous
study observed the role of TLRO in triggering the activa-
tion of resident macrophages and early bacterial clear-
ance in pneumococcal infections [23]. On the other hand,
TLR3 KO, TLR7 KO, and Unc93bl KO mice also
showed poor prognosis compared with wildtype mice.
Each of these nucleic acid sensing receptors is thus sug-
gested to have a critical role in the prevention of devel-
oping sepsis from bacteremia.

A critical part of our experiment is the determination
of the differences in nasal colonization and survival in
co-infection with influenza virus compared with pneu-
mococcal mono-infection. A pneumococcal infection is
a major reason for high mortality during outbreaks of
influenza virus, [41, 42] and a very influential factor in
the establishment of colonization of pneumococcus in
the upper respiratory tract due to the increased inflam-
mation [28, 30]. Contrary to the mono-infection model,

TLR9 KO mice did not develop bacteremia in the co-
infection state with the influenza virus. The absence of
bacteremia in this model suggests that the other TLRs
have been activated by the influenza infection, which
affected the inflammatory responses after S. pneumoniae
inoculum, resulting in the inhibition of bacteremia.

In this co-infection model, TLR3 KO mice had the
highest progress of bacteria in the blood. TLR3 is known
to recognize the double-stranded RNA genetic material
of viruses [17]. This high bacteremia development may
be due to the deletion of TLR3, which has enabled the
influenza virus to be unrecognized by the signaling path-
ways, easily replicating and increasing inflammation in
the cavity, leading to disruption of the mucosal barrier.
Furthermore, two previous studies have shown that the
endosomal TLR3 recognizes pneumococcal nucleic acid
during infection, and it may induce IL-12p70 secretion
as an anti-pneumococcal response [20, 21]. Activation
of TLR3 signaling by pneumococcal nucleic acid recog-
nition may, however, be limited in the current model.
Our findings support the idea that TLR3 plays a key role
in preventing bacteremia in post-influenza pneumococ-
cal disease. Once the pneumococci invaded the blood-
stream, the onset of sepsis was similar to all of the four
knockout groups, while the wildtype mice showed a
better predisposition to survival. A study focused on a
gram-positive Staphylococcus aureus conveyed the im-
portance of neutrophils in controlling the nasal load and
preventing bacterial pneumonia, as they block the dis-
semination of bacteria from the upper to the lower air-
ways [43]. According to our results, TLR3 KO mice had
the lowest level of neutrophils in both 6 A mono-infection
and co-infection model. This neutropenia may explain
the uncontrolled spread of pneumococci during the state
of co-infection. However, in co-infection, TLR9 KO
mice in the co-infection model had a higher number of
neutrophils in the nasal load than in TLR3 KO strain (not
significant), making it a good candidate for explaining
the low development of bacteremia in this model.

Nucleic sensing TLRs were shown in a recent study
to potentially play a role in the recognition of the pneu-
mococcus, and the importance of TLR7 and TLRY in
pneumococcal infections was shown. The mice with
single deletions (TLR7, TLRY, or TLR13) were affected
mostly by the spread of pneumococcus in the lungs and
by the progress of encephalitis [21]. An intriguing find-
ing of that study was the ability of these TLRs to act
instead of each other and the absence of TLRs can in-
demnify the loss of other endosomal receptors. This may
be one explanation for our result of the time course of
invasive infection. They also demonstrated the dominant
role of those TLRs in developing bacteremia/sepsis, but
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their bacteremia model was via pneumococcal pneumo-
nia. The major differences in our study are that the strain
we mainly used, serotype 6A, is more virulent than
TIGR4, which was used in their study, and that the pro-
cedure of intranasal inoculation was performed without
anesthesia in order to avoid the direct invasion of the
bacteria to the lower respiratory tract, as we previously
reported in a model of pneumococcal pneumonia with
TIGRA4 strain by intranasal inoculation under anesthesia.
Over-stimulation of the TLR9 by the agonist CpG-ODN
was shown in a recent study to increase the bacteria
clearance and the survival in the murine model. Our
study helps to explain the previous study because TLR9
seems to be a major factor in the development of invasive
pneumococcal diseases [44].

In this study, TLR3 and TLR9 showed the great impact
on mouse survival. The main signaling system of TLRs
including TLR7 and TLR9 is MyD88 dependent. MyD88
associates with IRAK4 (IL-1 receptor-associated kinase
4) that induces phosphorylation of IRAK1. As a result
of the activation of NFkB, inflammatory cytokines such
as TNF-a and IL-12 are produced, and inflammatory
cells necessary for elimination of pneumococci migrate
into the nasal cavity. In the mono-infection model, TLR9
was thought to recognize pneumococcal DNA and induce
anti-pneumococcal immune responses. On the other
hand, TLR3, which recognizes viral double strand RNA,
activates TRIF mediated signaling system. Unlike
MyD88 mediated signaling, IKKi/IKKe and TBK1 ac-
tivate the transcription factor IRAF3 and induce type |
interferon. In the co-infection model, especially when
the pneumococci are administered to mice in advance
and then infected with influenza virus, TLR3 KO mice
showed the worst survival. A possible reason is when flu
infected in the nasal cavity where the pneumococci al-
ready established their colonization, barriers of nasal
epithelium were significantly disrupted by flu-induced
inflammation in the absence of TLR3 dependent immune
responses, which would help the pneumococci invade
into deeper tissue. Further study should be addressed to
elucidate detailed activation mechanism of the signaling
pathway in the infection model by multiple pathogens.

The effects seen in single TLR KO mice were not
necessarily invaginated in Unc93b1 KO mice. There are
two possible reasons to explain the discrepancy. First,
TLRs share common signaling pathways such as MyD88
and TRIF. For example, pneumococcal teichoic acid and
pneumolysin can stimulate TLR2 and TLR4 respec-
tively, that results activation of both MyD88 and TRIF
mediated pathways. Blocking one TLR signaling may
not have resulted in the expected response due to posi-
tive/negative feedback systems of other TLR signaling
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pathways. Second, in order to establish an animal mod-
el in which all signaling pathways of TLR3, TLR7, and
TLRO are blocked, we introduced a mouse strain knocked
out of Unc93bl, a protein required for activating these
endosome-located TLRs. To construct a rigorous model,
it would be ideal to generate a mouse strain with triple
TLRs knock out.

In this report, we demonstrated that nucleic sensing
TLRs play a dominant role in the acquisition of pneu-
mococcal invasion in adult mouse models. However, the
findings of this study have to be seen in the light of a
limitation caused by the lack of data of a model of a
mouse where all the three TLR deletions are imple-
mented; this limitation should be addressed in future
research. Further studies are required to test the mecha-
nism responsible for explaining why the TLR9O is effec-
tive in the control of the invasion and the mechanism
other TLRs compensate for the lack of each other, lead-
ing to similar survival in the murine model. On the
other hand, a study based on the effect of Gram-negative
bacteria or a less invasive Gram-positive S. pneumoniae
serotype in the same murine model is necessary for un-
derstanding the pneumococcal factor responsible for
these differences. The bacteremia level was higher in all
the mice when they were pre-infected with influenza
compared with the case when they were pre-infected
with S. preumoniae and later influenza. Other studies
have shown that preceding colonization with S. preu-
moniae actually reduces influenza infection [45-47].

In conclusion, the current findings related to the nu-
cleic acid-sensing, TLRY, and its phenotypic differences
are promising, and future studies will aim to gain better
understanding of the mechanism.
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