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Introduction
Bacterial pneumonia remains a major cause of  morbidity and mortality in modern intensive care units 
(ICUs) (1). The incidence of  ventilator-associated pneumonia (VAP) has steadily increased despite the 
introduction of  the VAP bundle in the care of  critically ill patients (2, 3). Lung contusion (LC) is the prima-
ry cause of  mortality following blunt chest trauma and blast explosions, while being an independent risk 
factor for the development of  acute respiratory distress syndrome and VAP (4). Klebsiella pneumoniae (KP) is 
a capsulated gram-negative pathogen that causes a significant proportion of  community-acquired and hos-
pital-acquired pneumonia (5, 6). These organisms are particularly virulent as they are typically responsible 
for 70% of  VAP cases (7). In addition, they can cause significant alveolar necrosis and potential septicemia. 
These conditions result in substantial mortality and morbidity.

Pattern recognition receptors (PRRs), such as those classified under the toll-like receptor (TLR) family, 
consisting of 10 highly homologous TLRs in humans, are involved in detection and response (8, 9), often acting 
through inflammatory pathways directed by NF-κB. TLRs in alveolar macrophages recognize the molecular 
constituents of pathogens and activate the host’s innate immune responses (4). TLR3 is considered a pathogen 
recognition molecule associated with viral infections, with double-stranded RNA (dsRNA) serving as its sole 
ligand (10, 11). TLR3 activation stimulates the production of type I interferon (IFN) as the main mechanism of  
antiviral immunity. TLR3 is unique in its binding specificity to dsRNA. In addition, TLR3 activation promotes 
the systemic hyperinflammatory response observed during sepsis (12). We have recently demonstrated that 
TLR3, independent of a type I IFN response, also functions in initiation and maintenance of acute inflam-
matory responses following LC (4). Although these studies have indicated a role for TLR3, the precise nature 

Toll-like receptor 3 (TLR3) is a pathogen recognition molecule associated with viral infection with 
double-stranded RNA (dsRNA) as its ligand. We evaluated the role of TLR3 in bacterial pneumonia 
using Klebsiella pneumoniae (KP). WT and TLR3–/– mice were subjected to a lethal model of KP. 
Alveolar macrophage polarization, bactericidal activity, and phagocytic capacity were compared. 
RNA-sequencing was performed on alveolar macrophages from the WT and TLR3–/– mice. Adoptive 
transfers of alveolar macrophages from TLR3–/– mice to WT mice with KP were evaluated for 
survival. Expression of TLR3 in postmortem human lung samples from patients who died from 
gram-negative pneumonia and pathological grading of pneumonitis was determined. Mortality was 
significantly lower in TLR3–/–, and survival improved in WT mice following antibody neutralization 
of TLR3 and with TLR3/dsRNA complex inhibitor. Alveolar macrophages from TLR3–/– mice 
demonstrated increased bactericidal and phagocytic capacity. RNA-sequencing showed an 
increased production of chemokines in TLR3–/– mice. Adoptive transfer of alveolar macrophages 
from the TLR3–/– mice restored the survival in WT mice. Human lung samples demonstrated a 
good correlation between the grade of pneumonitis and TLR3 expression. These data represent a 
paradigm shift in understanding the mechanistic role of TLR3 in bacterial pneumonia.
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of the ligand and the downstream signaling pathways involved are still unclear. Moreover, the specific role of  
TLR3 in lung contusion, bacterial pneumonia, and other nonviral diseases remains largely unknown.

Several earlier studies investigated the role of  TLRs in host defense against KP (13–15). Our laboratory 
recently reported on the role of  TLR3 in the activation and progression of  acute inflammation following 
blunt trauma–induced LCs. In this study, we use C57BL/6 and TLR3–/– knockout mice to examine the role 
of  TLR3 in the initiation and maintenance of  primary and secondary bacterial pneumonia. Specifically, we 
explore the major mechanisms by which alveolar macrophages are involved in the processes related to dimin-
ished bacterial clearance observed with activation of  TLR3. We hypothesize that dsRNA release from necrot-
ic cells following bacterial pneumonia activates TLR3 located on alveolar macrophages, inducing apoptosis 
and phagosomal maturation arrest, thereby worsening acute inflammation and increasing bacterial presence. 
Our current results have the potential to change the paradigm for the role of  TLR3 in bacterial infections.

Results

Postmortem lung tissue from patients and mice infected with KP shows significant 
expression of TLR3
Human postmortem lung samples. We examined the expression of  TLR3 using IHC from postmortem lung 
samples of  patients who died from KP. Immunocytochemistry data showed that the lung samples from dif-
ferent KP patients had significantly higher expression of  TLR3 (Figure 1A). Histopathological evaluation of  
postmortem samples from patients with KP revealed a significantly higher degree of  pneumonitis character-
ized by the influx of  macrophages compared with samples from normal lungs (Figure 1A). Additionally, we 
examined the blood and tracheal cultures of  patients infected with other gram-negative bacteria. These data 
suggest that activation of  TLR3 is also observed in other gram-negative bacterial infections, such as Pseudomo-
nas and Acinetobacter infections (Tables 1–3). A Kendall’s τb correlation was used to determine the relationship 
between pneumonitis grading and the IHC scores among the 10 postmortem samples and showed that there 
was a good positive correlation between the two, which was statistically significant (τb = 0.6571, and P = 0.03).

Murine lung samples. Here, we further examined the expression of  TLR3 in WT mice following KP 
via immunocytochemistry. Immunocytochemistry images show intense TLR3 staining in alveolar macro-
phages following KP inoculation compared with uninjured mice (Figure 1B).

Capillary Western blot. Additionally, lung protein expression of TLR3 was measured by Western blot follow-
ing pneumonia. The protein levels of TLR3 expression were higher at 24 hours in the WT mice compared with 
the TLR3–/– mice following pneumonia (Figure 1C). Taken together with the previous immunocytochemistry 
imaging, these data corroborate the idea that there is greater activation of TLR3 following pneumonia.

TLR3 activation is lethal in models of primary and secondary bacterial pneumonia of KP
TLR3–/– mice show reduced mortality in primary and secondary bacterial pneumonia with KP. We examined the pro-
tective effect of TLR3 knockout in mice following primary and secondary KP infection. Following a primary 
insult of KP, all WT mice died by day 5, but 19 of the 20 TLR3–/– mice survived. This phenomenon was also 
observed in the setting of secondary bacterial pneumonia (LC + KP), in which mice were subjected to blunt 
force trauma as well as inoculation with KP, either concurrently or at 6 hours following LC (Figure 2, A and B).

The effect of  monoclonal antibody neutralization against TLR3 before pneumonia. We previously found the 
extent of  lung injury and inflammation following LC was significantly reduced in the TLR3–/– mice and 
WT mice treated with monoclonal antibody against TLR3 (4). In this study, we administered mouse mono-
clonal antibody against TLR3 (50 and 100 μg/mouse) 48 hours before KP infection in C57BL/6 mice while 
using IgG and saline for the control mice. As shown in Figure 2C, neutralization of  TLR3 with antibody 
protected the mice following KP. These data demonstrate that the absence of  TLR3 confers a protective 
role, even though TLR3 has not been identified as a ligand for recognition of  KP.

Reduced lung injury and inflammation in the TLR3–/– mice following primary and 
secondary pneumonia correlate with improved bacterial clearance
Lung injury and inflammation in TLR3–/– and WT mice following KP administration. We performed several addi-
tional experiments using TLR3–/– and WT mice to examine the pathogenesis of  acute inflammation and 
injury in primary (KP) bacterial pneumonia. It is important to note that while the model of  LC is nonlethal, 
the pneumonia model by itself  is lethal (5, 16).

https://doi.org/10.1172/jci.insight.131195
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We examined BAL albumin levels using ELISA at 24 and 48 hours following KP administration. BAL 
albumin levels (a marker of  permeability injury) were highest following LC but were significantly decreased 
in TLR3–/– mice compared with WT (Figure 3A) following KP. Levels of  IL-1β and macrophage inflamma-
tory protein 2 (MIP-2) were significantly reduced in TLR3–/– mice following primary KP infection (Figure 
3, B, C, and E). However, BAL levels of  KC, a neutrophil-recruiting chemokine, were higher in the TLR3–/– 
mice following primary pneumonia (Figure 3D).

We then examined blood and lung bacterial counts (CFU) in WT and TLR3–/– mice following KP infec-
tion. There was a significantly reduced lung bacterial burden in the TLR3–/– mice following pneumonia at the 
24- and 48-hour time points (Figure 4A). TLR3–/– mice had evidence of very minimal to no bacteremia in the 
blood at 24- and 48-hour time points following KP treatment compared with WT mice (Figure 4B). The bacte-
rial burden in the spleen was significantly reduced in the TLR3–/– mice (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/jci.insight.131195DS1). Gross morpholog-
ical analyses of the TLR3–/– mice revealed reductions in lung injury and inflammation following pneumonia 
(Figure 4C). Additionally, histological evaluation of lung sections demonstrated significantly worse injury in 
WT compared with TLR3–/– mice at all time points (Figure 4D). There was a large area of intra-alveolar hem-
orrhage, necrosis, and proteinaceous material in WT mice after KP infection at 24 and 48 hours. None of these 
features was seen in the TLR3–/– mice. Taken together, the data suggest that the increased mortality in the WT 
group was likely the result of progressive pneumonia and sepsis with positive blood cultures.

Lung injury and inflammation with LPS
We next wanted to determine whether the improved outcomes in the TLR3–/– mice were the result of  better 
bacterial clearance or a reduced response to lung injury. Because LPS is a major component in gram-neg-
ative bacteria, including KP, and a virulent antigen that can induce pneumonia and acute lung injury (17–
19), we wanted to test outcomes in WT and TLR3–/– mice to a fixed dose of  LPS. To determine the extent 
of  lung injury, pressure–volume (PV) mechanics were measured at 24- and 48-hour time intervals following 
LPS administration. The PV measurements showed significantly decreased compliance (increased lung 
injury) at the 24-hour time points in the TLR3–/– mice compared with WT mice (Figure 5, A and B). BAL 
albumin levels (a marker of  permeability injury) were not significantly different between TLR3–/– and WT 
mice at either time point (Figure 5C). Interestingly, levels of  IL-1β and MIP-2 were lower in TLR3–/– mice 
(Figure 5, D and E), but KC levels were higher at 24 hours (Figure 5F). Finally, histopathological examina-
tion of  H&E–stained lung tissue and measurement of  lung injury score revealed no significant differences 
in the extent of  the microscopic injury and the inflammatory response (Figure 5G). Taken together, these 
results suggest that the reduction in lung injury and inflammation in the WT and TLR3–/– mice following 
KP infection is not related to a direct injury on the parenchyma but rather is a result of  improved bacterial 
clearance in the TLR3–/– mice.

dsRNA released from necrotic cells is the ligand for activation of TLR3 in KP
TLR3–/– mice show similar intracellular staining for dsRNA but different extracellular staining following lung contu-
sion and pneumonia. We next examined the expression of  dsRNA following pneumonia. Intracellular stain-
ing of  TLR3 and flow cytometric analysis revealed significant upregulation of  TLR3 in WT mice infected 
with KP, which was ameliorated in the TLR3-knockout mice even though KP induced similar levels of  
dsRNA in lung homogenates in both strains (Figure 6A).

Figure 1. Postmortem lungs from patients with KP show significant expression of TLR3. (A) Postmortem lung samples in patients with KP compared 
to normal lung tissue. Representative IHC images from a normal human lung stained with anti-TLR3 antibody and a lung with KP stained with anti-
TLR3 antibody. Histopathological evaluation of postmortem lung samples (n = 11/samples) from controls and patients with KP (***P < 0.001 human 
normal lung vs. KP-infected lung). Interestingly, intense expression of TLR3 was also observed in 2 patients with deaths attributed to Acinetobacter 
infection (n = 10) (Table 1). (B) Immunocytochemistry: TLR3 expression in isolated alveolar macrophages from WT mice at 24 hours following KP. 
Samples were subjected to staining with TLR3 antibody (green) and nuclear staining with DAPI (blue) (n = 3/group). Statistical analysis was performed 
at each time point. Samples were analyzed using 2-tailed unpaired t test with Welch’s correction (*P < 0.05 WT uninjured vs. WT injured). (C) Capillary 
Western blot. TLR3 protein expression was determined at 24 hours following KP inoculation. Lung samples from 4 groups of mice (WT, TLR3–/– unin-
jured, WT + KP 24 hours, TLR3–/– + KP 24 hours were homogenized and subsequently lysed in RIPA buffer. Following Western immunoassay (Wes) pro-
tocol from Protein Simple, samples were loaded onto a plate and then tested using polyclonal TLR3 antibody (PA5-29619, eBioscience) and HRP-con-
jugated secondary antibodies (1:10, Anti-Rabbit Secondary Antibody, 042-206, Protein Simple). Data were analyzed using Protein Simple software to 
display bands. The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the 
box represents the interquartile range.
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We next examined the relationship between dsRNA and TLR3 in the whole-lung lysate. With exper-
imental repeats (3 times), we co-immunoprecipitated dsRNA antibody in the lysate and then blotted for 
TLR3. We found that dsRNA was present even in uninfected alveolar macrophages, but levels of  TLR3 
were not substantially increased till 48 hours after KP (Figure 6B). The kinetics of  these experiments sug-
gested to us that it was not the amount of  dsRNA that drives the differential degree of  inflammatory 
response between the KO and WT mice. It is the amplification of  the inflammatory response in the WT 
that results in increased permeability injury (BAL albumin) and inflammation (cytokines).

TLR3/dsRNA complex inhibitor improves mortality in WT mice following KP. WT mice were administered 
TLR3/dsRNA complex inhibitor 1 hour before bacterial infection, which resulted in significantly reduced mor-
tality following bacterial pneumonia (Figure 6C). These results suggest that injury with bacterial pneumonia and 
LC increases the amount of dsRNA, generating an amplified inflammatory response in the presence of TLR3.

A central role for alveolar macrophages in TLR3-driven pathology following KP
Alveolar macrophages from TLR3–/– mice have substantially improved bactericidal and phagocytic activity compared with 
WT. It has been previously reported that depletion of  alveolar macrophages results in increased mortality 
with KP (6). Previous studies also showed that the capsule of  KP reduces phagocytosis by alveolar macro-
phages (20, 21). Using a phagocytic assay, we evaluated isolated alveolar macrophages from WT and TLR3–/– 
uninjured and injured (KP-infected) mice that were treated with FITC-labeled KP. Both the serum-opsonized 
and nonopsonized relative phagocytic activity was significantly increased at 24 hours in TLR3–/– mice com-
pared with WT mice (Figure 7A). Next, we performed single-cell imaging of  alveolar macrophages isolated in 
the presence and absence of  FITC-labeled dead KP from both genotypes. There were significant differences in 
phagocytic activity in TLR3–/– mice compared with WT mice (Figure 7B), with TLR3–/– alveolar macrophages 
showing enhanced uptake of  FITC-labeled heat-killed bacteria. Additionally, we examined the phagocytosis 
of  live KP. Macrophages were harvested from WT and TLR3–/– mice at 24 hours following live KP admin-
istration and subjected to immunofluorescence staining with anti-Klebsiella antibody (shown in green) and 
nuclear staining with DAPI (blue). The fluorescent images show intense phagocytosis in the TLR3–/– mac-
rophages following KP administration compared with WT mice (Figure 7C). These results suggest that in 
the absence of  TLR3, macrophage phagocytic capacity is enhanced, which in turn confers a protective effect 
from pneumonia infection while reducing the mortality rate resulting from the acute inflammatory response.

Table 1. IHC data show cytoplasmic and/or nuclear staining defining TLR3+ cells

Serial number Age/Sex Blood Trachea BAL ICU LOS Grading IHC scoring No. of positive  
cells/HPF

1 55/M Sterile Klebsiella 
pneumoniae

No 9 3 3 2–10/HPF

2 46/M GNB Acinetobacter 
baumanii

No 12 1 0 0

3 27/M GNB No GN/GP 9 2 2 2–5/HPF
4 62/M Pseudomonas 

aeruginosa
GNB — multiple Upper respiratory 63 3 3 2–10/HPF

5 46/M No Klebsiella 
pneumoniae

Acinetobacter 
baumanii

7 2 1 1/20HPF

6 34/M Sterile Acinetobacter 
baumanii

No 14 0 2 1–2/10HPF

7 65/M Acinetobacter 
baumanii

No No 4 0 1 1–2/10HPF

8 23/F Sterile Acinetobacter 
baumanii

No 36 2 2 1–2/10HPF

9 44/M Sterile No Acinetobacter 
baumanii

12 3 3 1–2/10HPF

10 41/M GN No No 24 2 3 5–10/HPF

The blood and tracheal cultures of patients infected with Pseudomonas and Acinetobacter infections show a higher expression of TLR3. For IHC, cells with 
cytoplasmic and nuclear staining found TLR3+ cells. For IHC, cells with cytoplasmic and/or nuclear staining were defined as TLR3+ cells. BAL, bronchoalveolar 
lavage; ICU LOS, intensive care unit length of stay; HPF, high-power field; GNB, gram-negative bacteria; GN, gram-negative; GP, gram-positive.
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Moreover, we determined the bactericidal activity in isolated alveolar macrophages from both 
naive and KP-administered mice. Alveolar macrophages from TLR3–/– mice were better able to kill 
both opsonized and nonopsonized bacteria (Figure 7D). Finally, the evaluation of  Klebsiella hemolysin 
gene (Khe) expression in the surviving KP population within the alveolar macrophages confirmed 
these findings (Figure 7E). Taken together, these data suggest that the alveolar macrophages in TLR3–/– 
mice drive bacterial clearance through the enhanced bactericidal activity as well as increased phago-
cytic capability.

The role for alveolar macrophage efferocytosis following pneumonia. Efferocytosis (the phagocytosis of  
apoptotic self-cells) is a key mechanism allowing engulfment by phagocytes of  dying and dead cells as 
well as their debris, and this process is important in the resolution of  various pathologies (22, 23). To 
investigate this process, we first used the mouse macrophage (MH-S cell line) co-incubated with apoptot-
ic cells (camptothecin-treated human Jurkat T cell line). The results demonstrated that macrophage cells 
co-incubated with apoptotic cells showed efficient efferocytosis (Figure 8A). We next isolated alveolar 
macrophages from WT and TLR3–/– mice that were uninfected or infected with KP for 24 hours and 
tested the efferocytotic capacity of  these cells ex vivo. Here we found that efferocytosis was increased 
in macrophages originating from the TLR3–/– mice compared with WT mice in both the uninjured and 
injured groups (Figure 8B), but this was significant only after 24 hours.

The alveolar macrophage phenotype polarization following pneumonia. Macrophage polarization into 
M1 or M2 phenotype dictates the nature, duration, and severity of  an inflammatory response (4, 
24, 25). WT and TLR3–/– mice were subjected to KP, and RNA was isolated from the BAL mac-
rophages. Levels of  NOS-2, arginase-1, FIZZ-1, and IL-10 genes were measured by a quantitative 
reverse transcriptase PCR. The expression of  NOS-2 was significantly reduced at the 24-hour time 
point in the TLR3–/– mice compared with WT mice (Figure 9A). On the other hand, the levels of  
arginase-1, FIZZ-1, and IL-10 were significantly higher in TLR3–/– mice at 24 hours compared with 
WT mice (Figure 9, B–D). Correspondingly, the TLR3–/– mice exhibited a protective M2 phenotype as 
evidenced by increased arginase-1 and FIZZ-1 expression. Taken together, these data suggest TLR3 
deletion promotes skewing to predominant M2 polarization in alveolar macrophages characterized 
by counterinflammatory gene products, while maintaining a high phagocytic capability for both KP 
and apoptotic cells.

Table 2. Pneumonitis grading score

Grade Histopathological findings
0 None
1 Alveolar thickening 20%; alveolar spaces normal
2 Alveolar septal thickening 20%–50%
3 Alveolar septal thickening >50%; consolidation with mononuclear infiltrates in the alveolar space

A Kendall’s τb correlation was used to determine the relationship between pneumonitis grading and the IHC scores among 
the 10 postmortem samples. The staining intensity was scored as: 0 = negative, 1 = weak, 2 = intermediate, and 3 = strong.
 

Table 3. IHC score

Score Intensity
0 Nil
1 Mild
2 Moderate
3 Strong

Statistical analysis was used and scores of IHC = scores of staining intensity × scores of the percentage of positive cells 
(τb = 0.6571, and P = 0.03). The percentage of positive cells was scored as: 0 = 0%–5%, 1 = 6%–25%, 2 = 26%–50%, and 
3 = 51%–100%.
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Enhanced chemokine secretion from TLR3–/– mice. We conducted RNA-sequencing analysis to elucidate the role 
of TLR3 following pneumonia. RNA-sequencing analysis of alveolar macrophages revealed that the TLR3–/– 
mice produced significantly higher amounts of chemokines, particularly, CXCL1 (KC) and -2 (MIP-2). TLR3 
activation results in diminished chemokine production of CXCL1, -2, and -10 by alveolar macrophages (Figure 
9E). These data suggest neutrophilic chemoattractants play a functionally important role in the promotion of  
host defense in bacterial infections by attracting neutrophils that play a key role in bactericidal activity.

Decreased macrophage apoptosis in TLR3–/– mice. We next assessed the degree of  lung injury and the inflam-
matory profile by comparing apoptotic responses in WT and TLR3–/– mice. We examined the responses 
based on alveolar macrophage phenotype polarization in WT and TLR3–/– mice following primary pneu-
monia. M1 macrophage apoptosis was significantly lower following primary pneumonia at 24 hours, but 
both M1 and M2 macrophage apoptosis were significantly lower in TLR3–/– mice following 24 hours’ pneu-
monia compared with WT mice (Figure 10, A and B). These data suggest TLR3–/– alveolar macrophages 
are better able to resist apoptosis regardless of  the polarization state.

Figure 2. TLR3 controls host defense against KP infection: survival study following KP. WT and TLR3–/– mice were 
administered (via pharyngeal drops) with 500 CFU of KP 6 hours following (A) or concurrently with LC (B), and mortality 
was monitored up to 10 days (*P < 0.05 by log-rank test). Data shown represent n = 20 mice/group from 4 independent 
experiments (***P < 0.001, and ****P < 0.0001, WT vs. TLR3–/–. TLR3 antibody neutralization survival study: admin-
istration of TLR3 antibody (50 and 100 μg) protected the WT mice following KP (C) (n = 10/group) (****P < 0.0001 by 
log-rank test, WT vs. TLR3 antibody–administered WT mice).
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Role of neutrophils following pneumonia
Increased neutrophils in TLR3–/– mice. Neutrophils are the first phagocytic cells recruited to the site of  bacte-
rial infection. Numerous reports suggest that TLR3 is predominantly located on alveolar macrophages and 
is not present on peripheral circulating neutrophils (26, 27). Here, we examined the levels of  neutrophils in 
BAL fluid and lungs collected from WT and TLR3–/– mice at different time intervals following KP. The data 
show no significant difference in neutrophil levels in the airspaces between WT and TLR3–/– mice at any 
time (Figure 11A). However, following KP inoculation there was a significantly higher level of  neutrophils 
in the TLR3–/– mice lungs at the 24-hour time point compared with WT mice (Figure 11B). We next tested 
for mediators of  neutrophil functional activity, such as NO (28), which is known to be important in host 
defense against pathogens (29, 30). We found no significant NO difference in the BAL between WT and 

Figure 3. WT mice show increased lung injury and inflammation compared with TLR3–/–. WT mice had increased albumin levels following primary 
pneumonia (A) (n = 12) (*P < 0.05, and **P < 0.01, WT vs. TLR3–/–). WT and TLR3–/– mice BAL cytokines IL-1β (B), CXCL2/MIP-2 (C), and CXCL-1/KC (D) levels 
following primary pneumonia (n = 12/group) measured by ELISA. The levels of lung cytokine IL-1β (E) were measured by using ELISA (n = 12/group from 
3 independent experiments). Statistical analysis was performed at each time point. Samples were analyzed using 2-tailed unpaired t test with Welch’s 
correction (*P < 0.05 WT vs. TLR3–/– mice).
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TLR3–/– mice at all time points (Figure 11C). However, there was a significantly lower level of  NO in the 
TLR3–/– lung tissue at the 24-hour time point compared with WT mice following KP (Figure 11D). We next 
examined malondialdehyde (MDA) following pneumonia. MDA is a frequently used biomarker for oxida-
tive stress (31). Using ELISA, we determined the levels of  MDA in BAL fluid and in lung tissue collected 
from WT and TLR3–/– mice at different time intervals following KP. The levels of  BAL MDA were signifi-
cantly lower in TLR3–/– mice at the 48-hour time point compared with WT mice following KP (Figure 11E).

Neutrophil depletion. We next sought to elucidate the relationship between TLR3 knockout and neutrophil 
activity and impact on survival following KP. WT and TLR3–/– mice received anti-Ly6G antibody via intraper-
itoneal injection to deplete neutrophils. After 48 hours, blood was collected, and the hematological parame-
ters were examined in the mice (Figure 12A). Neutrophil numbers were significantly reduced in both WT and 
TLR3–/– mice that received anti-Ly6G antibody (intraperitoneally at 170 μg per mouse in 200 μL) compared with 
the untreated mice (Figure 12A) following KP. These results showed the efficacy of this antibody treatment.

Next, we administered 500 CFU KP to both groups treated with Ly6G antibody and a separate 
group of  WT and TLR3–/– mice not given the antibody and monitored their survival. Additionally, 48 
hours after KP, blood was collected, and the hematological parameters were examined in the mice. The 
number of  neutrophils significantly increased in the injured WT mice that did not receive the antibody. 
However, the antibody effectively reduced neutrophils in both genotypes (Figure 12B). In our survival 
study, the neutrophil-depleted WT and TLR3–/– mice both died in similar patterns as the WT mice with 
KP alone (Figure 12C). Taken together, these data suggest neutrophils play a critical role in the survival 
of  the TLR3–/– mice through an indirect effect.

Neutrophil contribution from the spleen. To evaluate whether the splenic reservoirs contributed to the neu-
trophils, we evaluated splenic neutrophils with histology and myeloperoxidase (MPO) measurements of  the 
spleen. There were no significant differences in the number of  neutrophils and amount of  MPO between 
WT and TLR3–/– mice following KP infection at 24- and 48-hour time points (Supplemental Figure 1C). 
These results suggest that splenic contribution to the increased neutrophils was at best limited (Supplemen-
tal Figure 1C). We did not perform the definitive experiment involving splenectomy.

Adoptive transfer
Adoptive transfer of  TLR3–/– alveolar macrophages restores host defense in WT mice. Next, we examined whether 
adoptive transfer of  macrophages can rescue the WT mice following pneumonia infection. We isolated alve-
olar macrophages from TLR3–/– uninjured mice. After confirmation to establish the suspension contained 
more than 98% macrophages, the TLR3–/– macrophages were transferred to WT mice. KP was administered 
48 hours later to both groups, and survival was monitored for 10 days. Our results demonstrated that WT 
mice were rescued (70%) following the introduction of  TLR3–/– macrophages compared with 100% mor-
tality within 5 days in WT mice that received bacteria alone (Figure 13A). These data suggest the ability of  
alveolar macrophages from TLR3–/– mice to rescue the WT animal from KP infection.

Adoptive transfer of  TLR3–/– alveolar macrophages improves bacterial clearance in WT mice. Additionally, in a 
separate experiment, we isolated alveolar macrophages from TLR3–/– uninjured mice and then transferred 
them to WT mice. Pneumonia was administered 48 hours later to both groups, regardless of  the presence or 
absence of  TLR3–/– macrophages. Blood and lung cultures were conducted 24 and 48 hours following pneu-
monia infection. The blood culture data indicate a significant reduction at the 24-hour time point in blood 
culture between the WT mice given KP alone and WT mice given TLR3–/– macrophages and KP (Figure 
13B). There was a significant reduction in bacterial colonies in lung culture at both the 24-hour and 48-hour 
time points when comparing the same 2 groups (Figure 13C). In summary, we have provided conclusive 
evidence to show that the protective effect of  the deletion of  TLR3 in combating KP infection is mediated 
through the activity of  the alveolar macrophages.

Figure 4. Reduced bacteremia and gross morphology following pneumonia administration. TLR3–/– mice had reduced lung bacterial CFU (A) in blood 
culture (bacteria growth) (B) and whole lung gross morphology (C) at 24 and 48 hours compared with WT mice (n = 6 mice per group, 2 independent exper-
iments). Left side (black bullet) is WT+ KP, and right side (red bullet) is TLR3–/– + KP. Gross morphological analyses of the TLR3–/– mice revealed reductions 
in lung inflammation following KP (n = 6 mice per group, 2 independent experiments) (D) Histology: WT and TLR3 mice were inoculated with 500 CFU of 
KP per mouse. Lungs were collected at 24 and 48 hours after infection and stained with H&E, and inflammatory changes in histological sections were 
scored. Shown are representative sections from 3 mice per each condition (original magnification, ×200). Statistical analysis was performed at each time 
point. Samples were analyzed using 2-tailed unpaired t test with Welch’s correction (*P < 0.05 WT vs. TLR3–/– mice). The box plots depict the minimum 
and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. 
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Adoptive transfer of  TLR3–/– alveolar macrophages increases neutrophil activity in WT mice. Neutrophils have 
crucial antimicrobial functions but are also thought to contribute to tissue injury upon exposure to bacterial 
products (32). Therefore, an important step in the initiation of  an immune response is the synthesis of  the 
neutrophil-recruiting chemokines. Previous studies described that peripheral neutrophils do not express 
TLR3 (26, 27). Here, we examined neutrophil activity following adoptive transfer. The mice lung lysate was 
collected, and the levels of  keratinocyte chemoattractant (KC) and MIP-2 were measured by ELISA. The 
levels of  KC and MIP-2 were significantly higher in the mice that received TLR3–/– alveolar macrophages in 
combination with KP compared with KP alone group (Figure 14, A and B). Finally, histological evaluation 
of  H&E-stained lung sections revealed that the numbers of  neutrophils and macrophages were significant-
ly increased in the TLR3–/– alveolar macrophage adoptive transferred mice compared with the WT mice 
that received KP alone (Figure 14, C and D). Taken together, these data suggest that adoptive transfer of  
TLR3–/– alveolar macrophages induces the production of  chemokines (KC and MIP-2) and recruitment of  
neutrophils constituting a first essential step in response to a pathogen.

Discussion
Bacterial pneumonia, particularly in the setting of the VAP, is the leading cause of nosocomial infections. The 
incidence of VAP continues to be steady despite the introduction of the VAP bundle in the care of critically ill 
patients. LC injury associated with barotrauma is the most common critical injury sustained by people during 
blast damage in both civilian and military settings (33). LC is also an independent risk factor for the development 
of acute respiratory distress syndrome (34) and VAP in affected patients (35). Gram-negative organisms are 
typically responsible for 70% of the VAP incidences. We have specifically chosen to study K. pneumoniae because 
it accounts for a significant proportion of community- and hospital-acquired pneumonia. KP is particularly vir-
ulent because it causes significant alveolar necrosis and has the potential to cause septicemia. We have recently 
demonstrated that TLR3 plays a major role in the initiation and maintenance of acute inflammatory response 
following LC (4). This study was undertaken to explore the effects of TLR3 on KP alone and KP after LC.

TLR3 has been considered a pathogen recognition molecule associated with viral infections, with dsR-
NA serving as its sole ligand. TLR3 activation stimulates production of  type I IFN as the main mechanism 
for generating antiviral immunity. Following blunt trauma–induced LC, TLR3 acts as a sensor of  necrotic 
cells and drives the majority of  inflammation following LC (4) and other acute inflammatory events (12). 
Here we observed a finding related to gram-negative bacterial pneumonia. Although all WT mice following 
inoculation with KP died by day 5, 19 of  the 20 TLR3–/– mice survived the insult. All the TLR3–/– mice with 
primary KP infection survived. The survival pattern was replicated in the setting of  secondary bacterial 
pneumonia, where the mice received LC followed by inoculation with KP administered either concurrently 
or 6 hours following LC. A similar survival pattern was seen with the monoclonal antibody neutralization, 
confirming the effect was TLR3 specific.

An additional key observation was the presence of  reduced permeability lung injury and inflammation 
in the TLR3–/– mice. The degree of  inflammation and the nature of  the cytokine response indicates that the 
acute and subacute inflammation in the WT compared with TLR3–/– mice persist over a period. However, 
there is clear evidence that the bacterial burden in the WT mice at any time point is higher than the KO 
mice. To eliminate the confounding variable of  the increased bacterial burden, we used LPS to induce lung 
injury and inflammation. LPS has been widely reported to interact with TLR3 directly (36). As shown in 
Figures 3 and 4, we did not see any significant differences in permeability (BAL albumin) or inflammation 
as seen by histology and cytokine levels. Therefore the increased survival seen in TLR3–/– mice is primarily 
due to improved bacterial clearance and not a result of  reduced lung injury.

Figure 5. WT mice show increased inflammation following LPS administration. PV curves after established combined injury with LPS. PV curves at 24 
hours (A) and PV curves at 48 hours (B). Using a SCIREQ FlexiVent quasistatic PV curves with maximal inflation to 30 cmH2O were generated from over 
4000 data points (n = 6 per group, 2 independent experiments). The bottom half of each loop represents the inspiratory portion of a PV curve perturbation 
maneuver. Top half represents the expiratory portion of each graph (*P < 0.05 WT vs. TLR3–/– mice). (C) Mouse albumin was measured by ELISA at 24 and 
48 hours following LPS administration. WT and TLR3–/– mice BAL cytokines IL-1β (D), MIP-2/CXCL-2 (E), and KC/CXCL-1 (F) were measured by ELISA follow-
ing LPS (n = 6 per group, 2 independent experiments) (*P < 0.05, and **P < 0.01, WT vs. TLR3–/– mice). (G) WT and TLR3 mice were inoculated with LPS, 
and lungs were collected at 24- and 48-hour time points and stained with H&E. Shown are representative sections (n = 3 per group) from each condition 
(original magnification, ×200). Statistical analysis was performed at each time point. Samples were analyzed using 2-tailed unpaired t test with Welch’s 
correction (*P < 0.05 WT vs. TLR3–/– mice). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the 
median. The length of the box represents the interquartile range. 
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It was important to establish how TLR3, as a viral sensor, is involved in the inflammatory response to 
gram-negative bacteria. Alveolar macrophages showed increased TLR3 expression following KP compared with 
uninjured mice. We have previously published data that show dsRNA is significantly increased in serum and 
BAL of animals following LC and that a TLR3 dsRNA ligand inhibitor resulted in a reduction in lung inju-
ry and inflammation (4). The mortality in WT mice was partially reversed by the administration of TLR3/
dsRNA complex inhibitor following pneumonia. These experiments highlight the important role of dsRNA 
in TLR3-driven lung injuries, including LC and bacterial pneumonia. We report that TLR3 is an endogenous 
sensor of necrosis and that in its absence, there is a reduction in the amplification of the inflammatory response 
following LC (4). The current work provides further evidence that the dsRNA, likely released from necrotic cells, 
is the ligand for activation of TLR3 in KP. This finding has significant therapeutic implications. Other TLRs 
(e.g., TLR2/4) have been reported to play a key role in the generation of the acute inflammatory response fol-
lowing LC (37, 38). However, significant complications from uncontrolled gram-positive and -negative bacterial 
infections have been observed when the activities of these TLRs have been blocked (39–42).

It has been previously reported that the presence of  alveolar macrophages in the resolution or progres-
sion of  KP infection (6) and in animal models of  Streptococcus pneumonia (43) is crucial in regard to the acute 

Figure 6. Increased survival with inhibition of TLR3 following pneumonia. WT and TLR3–/– were subjected to pneumonia, and the TLR3 and dsRNA 
expression were measured. Intracellular staining of TLR3 and flow cytometric analysis revealed significant upregulation of TLR3 in alveolar macrophages 
following KP administration. (A) A representative panel of flow cytometry data shown alongside pooled expression data. The lung lysate collected from 
uninjured and injured WT mice following KP (co-immunoprecipitation) (B) shows increased dsRNA expression (n = 3 per group). WT mice were adminis-
tered TLR3/dsRNA complex inhibitor 1 hour before bacterial infection (C), which resulted in significantly reduced mortality following bacterial pneumonia 
(n = 6 per group). Statistical analysis was performed at each time point. Samples were analyzed using 1-way ANOVA with Tukey’s multiple-comparisons 
test (*P < 0.05; **P < 0.01; ***P < 0.001, WT vs. TLR3–/– mice). The box plots depict the minimum and maximum values (whiskers), the upper and lower 
quartiles, and the median. The length of the box represents the interquartile range.
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Figure 7. TLR3–/– mice alveolar macrophages show enriched phagocytic and bactericidal activity: phagocytosis. (A) Alveolar macrophages from WT 
and TLR3–/– uninjured and injured (KP-infected) mice were treated with FITC-labeled KP. Using a phagocytic assay (serum-opsonized and nonopsonized), 
relative phagocytic activity was measured (n = 6 per group). (B) Single-cell imaging of alveolar macrophages isolated in the presence and absence of 
KP infection that were treated with FITC-labeled dead KP with WT and TLR3–/– mice (n = 3 per group). (C) Macrophages were harvested from WT and 
TLR3–/– mice at 24 hours following live KP administration and subjected to immunofluorescence staining with anti–Klebsiella pneumonia antibody (n = 
3 per group). (D) MTT bacterial viability assay: The bactericidal activity in isolated alveolar macrophages from both naive and KP administered mice was 
assessed (with serum and non–serum opsonized) (n = 4 per group). (E) The Klebsiella hemolysin gene (Khe) expression in real-time PCR: Lung RNA was 
isolated from WT and TLR3–/– mice following pneumonia, and Khe gene expression was measured (n = 6 per group from 2 separate experiments) Statis-
tical analysis was performed at each time point. Samples were analyzed using 2-tailed unpaired t test with Welch’s correction (*P < 0.05**P < 0.01; ***P 
< 0.001, ****P < 0.0001 WT vs. TLR3–/– mice). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the 
median. The length of the box represents the interquartile range.
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inflammatory response. Additionally, it has been shown that the polysaccharides of  the capsule of  KP can 
affect phagocytosis by alveolar macrophages (21, 44). We hypothesized that deletion of  TLR3 could aid in 
the resolution of  KP by possibly abrogating this effect. We evaluated the bactericidal and phagocytic capac-
ity in isolated alveolar macrophages from both naive and injured (KP) mice. The alveolar macrophages 
from TLR3–/– mice showed enhanced phagocytic capacity and increased bactericidal activity as confirmed 
by an MTT bacterial viability assay (see methodology in refs. 45, 46 and in Figure 7D). Additional evalu-
ation of  Khe indicative of  surviving KP within the alveolar macrophages supported these findings. These 
results confirm the hypothesis that although TLR3 is a crucial PRR for viral infections, its deletion can lead 
to enhanced clearance of  KP. Finally, the adoptive transfer experiments show that TLR3 deletion modu-
lates the alveolar macrophage population, resulting in enhanced bacterial clearance of  KP.

Though the bulk of  this study focused on the alveolar macrophages, neutrophils, in addition to alveolar 
macrophages, are important effectors of  bacterial clearance resulting from oxidant generation and formation 
of  extracellular traps involved with bacterial killing (47). We observed an increase in neutrophil counts in the 
lung circulation at the 48-hour time point following KP infection in TLR3–/– mice. However, the neutrophils 
obtained from TLR3–/– mice showed a moderate reduction in oxidant production (NO) and oxidative stress 
(malondialdehyde) (Figure 11). A review of the literature suggests that peripheral neutrophils do not express 
TLR3 (26, 27). Therefore, it is possible that neutrophils are solely stimulated indirectly by increased chemok-
ine generation during alveolar macrophage activation in the absence of  TLR3. We observed that the splenic 
tissue from the TLR3–/– and WT mice had no difference in neutrophil infiltration by histology or MPO levels. 
Therefore, it is likely that the spleens did not contribute to the increased neutrophils observed with TLR3–/–.

This study has some limitations. The number of  postmortem samples for the study was limited, and 
with no previous data on this subject, it would have been difficult to study the phenomenon of  upregula-
tion of  TLR3 in patients with bacterial pneumonia prospectively. Additionally, the cellular mechanisms 
involved in the macrophage activity with the deletion of  TLR3 need further elucidation.

In summary, our data indicate that TLR3 deletion is integral to improved bacterial clearance of KP. This 
action is directly mediated through increased phagocytic and bactericidal activity of the alveolar macrophages. 
Our findings are directly relevant to understanding and treatment of human disease. Neutralization of TLR3 
has the potential not only to reduce lung injury associated with LC (4) but also to significantly reduce the sever-
ity of secondary bacterial pneumonia without off-target side effects. In contrast, significant complications from 
uncontrolled bacterial infections have been observed with specific neutralization of TLR2 and -4 (42), which 
are PRRs known to play a key role in the pathogenesis of bacterial infections.

Methods
Human lung histology and immunofluorescence staining. Human LC specimens were obtained from the All 
India Institute of  Medical Sciences (India), and access to these tissue specimens was approved by the 
local research ethics committee. For the lung specimens, slides of  lung tissue from autopsy samples 
were obtained from 10 patients who died following KP. The formalin-fixed control and lung-contused 
sections were paraffin-embedded, sectioned, and stained with H&E. The sections that represented 
histological changes consistent with progression of  lung contusion in human subjects were further 
analyzed for IHC localization of  TLR3. Briefly, 5-μm sections were deparaffinized and rehydrated. 
Sections were washed and blocked for 15 minutes, incubated overnight at 4°C with polyclonal TLR3 
antibody (1:100, PA5-29619, eBioscience), and incubated with goat anti-rabbit Alexa Fluor 594 anti-
body (1:2000, A-11037, BioLegend) for 60 minutes at room temperature (RT). Sections were mounted 
using Pro Long Gold containing DAPI (Invitrogen, Thermo Fisher Scientific). Cells on coverslips were 
then mounted in mounting medium, and photomicrographs of  the invasive sections were analyzed dig-
itally using Photoshop software version 9.0.2 (Adobe) (4).

Figure 8. Improved macrophage efferocytosis in the absence of TLR3 following KP. (A) Representative figure of mouse macrophages cell line incu-
bated, in the presence and absence of Cell Tracker orange, with apoptotic Jurkat (camptothecin-treated human Jurkat T cell line) cells and measures 
of the macrophage efferocytosis (n = 4 per group) (***P < 0.001 untreated cells vs. treated cells). (B) Representative picture of alveolar macrophages 
from uninjured and injured (KP-infected) WT and TLR3–/– mice treated with Cell Tracker orange–labeled apoptotic Jurkat cells and with the measured 
fluorescence intensity. Fluorescence recovery analysis was done using ImageJ (n = 4 per group). Statistical analysis was performed at each time point. 
Samples were analyzed using 2-tailed unpaired t test with Welch’s correction (*P < 0.05 WT vs. TLR3–/– mice). The box plots depict the minimum and 
maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range.
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Figure 9. The deletion of TLR3 increased chemo-
kine production from alveolar macrophages fol-
lowing KP. Characterization of BAL macrophages 
from WT and TLR3–/– mice following pneumonia 
and the levels of NOS-2 (A), arginase-1 (B), 
FIZZ-1 (C), and IL-10 (D) genes were measured 
by quantitative reverse transcriptase PCR (n = 5 
per group). WT and TLR3–/– mice were subject-
ed to KP, and RNA was isolated from the BAL 
macrophages. The box plots depict the minimum 
and maximum values (whiskers), the upper and 
lower quartiles, and the median. The length of 
the box represents the interquartile range. (E) 
RNA-sequencing analysis of alveolar macro-
phages reveals that the TLR3–/– mice produced 
significantly higher amounts of chemokines, 
particularly CXCL1 (KC) and CXCL2 (MIP-2) (n = 6 
per group). Statistical analysis was performed at 
each time point. Samples were analyzed using 
1-way ANOVA with Tukey’s multiple-compari-
sons test (*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001, WT vs. TLR3–/– mice). Image 
credit: Advaita Corporation © 2017.
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Mouse TLR3 immunocytochemistry. Macrophages were added (3 × 105) to serum-coated, chambered, 
8-well tissue culture plates and allowed to adhere at RT for 1 hour. Cells were washed with PBS. Cells were 
fixed and the fixative was removed by aspiration and incubated in blocking buffer. To detect TLR3 expres-
sion, macrophages were permeabilized with 0.3% Triton X-100 for 10 minutes at RT before incubation 

Figure 10. Increased alveolar macrophage apoptosis in WT compared with TLR3–/– mice following primary and secondary pneumonia. (A and B) Charac-
terization of BAL cells using flow cytometry revealed that the degree of M1 and M2 macrophage apoptosis was higher in WT mice following KP infection 
compared with TLR3–/– mice (n = 5 per group). Statistical analysis was performed at each time point. Samples were analyzed using 2-tailed unpaired t test 
with Welch’s correction (*P < 0.05 WT vs. TLR3–/– mice). The box plots depict the minimum and maximum values (whiskers), the upper and lower quar-
tiles, and the median. The length of the box represents the interquartile range. 
 

https://doi.org/10.1172/jci.insight.131195


1 9insight.jci.org   https://doi.org/10.1172/jci.insight.131195

R E S E A R C H  A R T I C L E

with TLR3 polyclonal antibody (1:100, MAB3005, R&D Systems) for 1 hour at RT and then incubated 
with goat anti-rabbit Alexa Fluor 594 (1:2000, A-11037, BioLegend) for 60 minutes at RT. Sections were 
analyzed digitally using Photoshop software version 9.0.2.

Animals. Male and female age-matched (6–8 weeks, bred in-house) C57BL/6 and TLR3–/– (The Jackson 
Laboratory) mice were used.

Murine model for lung contusion. C57BL/6 and TLR3–/– (6–8 weeks, bred in-house) mice were anesthe-
tized, and LC was induced. Briefly, after induction of  anesthesia, each mouse was placed in a left lateral 

Figure 11. Role of neutrophils following pneumonia. The WT and TLR3–/– mice treated with pneumonia and the BAL and lung neutrophil level measured by 
cytospin method. (A) No significant neutrophil difference in the BAL between WT and TL3–/– mice. (B) The levels of neutrophils were significantly higher in the 
WT mice lungs compared with the TLR3–/– mice. (C and D) The level of NO was measured in the BAL and lung of WT mice and TLR3–/– mice following pneumonia. 
(E) The levels of MDA were significantly higher in WT mice at the 48-hour time point compared with TLR3–/– mice following KP (n = 6 per group, 2 independent 
experiments). Statistical analysis was performed at each time point. Samples were analyzed using 2-tailed unpaired t test with Welch’s correction (*P < 0.05 
WT vs. TLR3–/– mice). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box 
represents the interquartile range. 
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position and injured with a cortical contusion impactor. The right chest was struck along the posterior 
axillary line 1.3 cm above the costal margin with a velocity of  5.8 m/s adjusted to a depth of  10 mm (4, 24).

Administration of  anesthetic, analgesic, and resuscitation. Animals were anesthetized by intraperitone-
al (i.p.) injection of  ketamine (80–120 mg/kg body weight) and xylazine (5–10 mg/kg body weight) 
or isoflurane inhalation. Systemic analgesics were not used because of  their effects on the immune/

Figure 12. Neutrophils play a critical role in bacterial clearance, phagocytosis, and killing following KP. WT and TLR3–/– mice received anti-Ly6G antibody 
(source and catalog/clone number) (i.p.) to deplete the number of neutrophils. (A) After 48 hours, blood was collected, and the hematological parameters 
were examined in the mice. (B) WT and TLR3–/– mice were administered KP (500 CFU), and 48 hours after KP, blood was collected. The hematological 
parameters were examined in the mice. (C) In our survival study, the antibody-administered WT and TLR3–/– mice both died in similar patterns as the WT 
mice KP alone once the neutrophils were depleted (n = 6 per group, 2 independent experiments). Statistical analysis was performed at each time point. 
Samples were analyzed using 1-way ANOVA with Tukey’s multiple-comparisons test (*P < 0.05; ****P < 0.0001, WT vs. TLR3–/– mice). The box plots depict 
the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. 
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inflammatory system. In the event of  severe respiratory distress beyond 48 hours, animals were 
humanely euthanized (48).

Bacterial pneumonia model. K. pneumoniae, strain 43816, serotype 2, was purchased from American Type 
Culture Collection (ATCC). This microbial strain was cultured overnight in trypticase soy broth (Becton 
Dickinson) with re-inoculation the following morning into fresh medium to bring the bacteria into a logarith-
mic growth phase. Optical density (OD) was measured at a wavelength of  600 nm, and serial dilutions were 
then made to reach a concentration of  500 CFU of bacteria per 30 μL. Mice were inoculated with the bacte-
rial suspension or saline control via deep oral hypopharyngeal injection under isoflurane anesthesia. Animals 
were allowed to recover spontaneously, and survival data were recorded every 8 hours for 10 days (5, 49, 50).

Figure 13. Adoptive transfer of TLR3–/– macrophages restores host 
defense in WT mice following KP infection. (A) Macrophages from 
TLR3–/– mice were adoptive transferred into WT mice; 48 hours later, the 
mice were inoculated (via deep oral hypopharyngeal groups) with 500 CFU 
of KP, and mortality was monitored up to 10 days (*P < 0.05 by log-rank 
test). Data shown represent n = 10 mice per group from 2 independent 
experiments. (B and C) Representative pictures of blood and lung culture 
following pneumonia. WT mice had reduced blood and lung CFU at 24 and 
48 hours following TLR3–/– macrophage administered mice compared to 
WT + KP only mice (n = 6 mice per group, 2 independent experiments). 
Statistical analysis was performed at each time point. Samples were ana-
lyzed using 2-tailed unpaired t test with Welch’s correction (*P < 0.05; 
**P < 0.01; ***P < 0.001, WT vs. TLR3–/– mice). The box plots depict the 
minimum and maximum values (whiskers), the upper and lower quartiles, 
and the median. The length of the box represents the interquartile range. 
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Figure 14. Adoptive transfer of TLR3–/– macrophages shows increased neutrophils in WT mice following KP infection. (A and B) Macrophages 
from TLR3–/– mice were adoptive transferred into WT mice; 48 hours later, the mice were inoculated with KP, and the expression of KC and MIP-2 
were measured by ELISA (n = 6 mice per group). The levels of both cytokines were significantly elevated in the adoptive transferred WT mice. (C and 
D) Macrophages from TLR3–/– mice were adoptively transferred into WT mice; 48 hours later, the mice were inoculated with KP. Lungs were collect-
ed at 24 hours after infection and stained with H&E. Representative histological pictures are shown following pneumonia (3 mice per group) (origi-
nal magnification, ×600). Statistical analysis was performed at each time point. Samples were analyzed using 2-tailed unpaired t test with Welch’s 
correction (**P < 0.01 WT vs. TLR3–/– mice). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and 
the median. The length of the box represents the interquartile range. 
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Determination of  bacterial load in lung, spleen, and blood. Bacterial loads in the lungs, spleen, and blood 
of  WT and TLR3–/– mice administered with KP were determined at 24- and 48-hour time points. Quickly, 
the lungs and spleen were removed and maintained in sterile conditions. A small aliquot (100 μL) of  tissue 
homogenate was serially diluted in sterilized PBS, plated on 5% sheep blood agar, and incubated overnight 
at 37°C, after which the number of  colonies was determined. For blood CFU determinations, blood was 
collected via cardiac puncture using a sterile 18-gauge needle. To measure bacterial number, 100 μL of  
undiluted blood was plated onto 5% sheep blood agar plates (Thermo Fisher Scientific) and incubated at 
37°C, and then colonies were counted (4, 5, 49).

Immunoneutralization of  TLR3 in WT mice. TLR3 was blocked by a single injection of  murine monoclo-
nal antibodies against this receptor (50 and 100 μg per mouse, MAB3005, R&D Systems). The antibody 
injections were performed intraperitoneally, 48 hours before pneumonia. Mice survival was noted 10 days 
following pneumonia inoculation. Using a combination of  LysoTracker and permeability assay, in previ-
ous studies we were able to show that the antibodies do enter the cell. In addition, we observed external-
ization of  TLR3 to the surface of  the cell (4). These 2 factors account for the efficacy of  the antibody in the 
neutralization of  TLR3.

Albumin concentrations in BAL. Albumin concentrations in the BAL were measured by ELISA using 
polyclonal rabbit anti-mouse albumin antibody (1:1000, A90-135, Bethyl Laboratories, Inc.) and HRP-la-
beled goat anti-rabbit IgG (1:5000, A90-134P, Bethyl Laboratories, Inc.) (48, 51).

Determination of  cytokine levels in BAL and lungs. Soluble concentrations of IL-1β, IL-6, MIP-2, KC, and MPO 
in the BAL and lung, following LC and pneumonia, were determined using ELISA. Antibody pairs (capture 
and biotinylated reporter antibody) and recombinant cytokines for these assays were obtained from R&D Sys-
tems. These cytokines reflect the various attributes of the inflammatory response following pneumonia (50, 52).

Cytospin cell count. For cytospin preparations, BAL cells were centrifuged at 600 g for 5 minutes using a 
Cytospin II (Shandon Scientific), stained with Diff-Quik (Dade Behring Inc.) and analyzed by examination 
under a light microscope at original magnification 20× as described previously (4, 52).

Tetrazolium dye reduction assay of  bacterial killing. The killing ability of  alveolar macrophages after admin-
istration of  pneumonia from WT mice and TLR3–/– mice was quantified using a tetrazolium dye reduction 
assay (53). Results were expressed as a percentage of  survival of  ingested bacteria normalized to the percent-
age of  control, where the A595 experiment values were divided by the average of  the A595 control values.

Phagocytosis assay. Phagocytosis assays were performed as previously described (4, 16). Briefly, follow-
ing administration of  pneumonia, alveolar macrophages were isolated from BAL extracted from WT and 
TLR3–/– mice. Cells were aspirated and replaced with 50 μL serum-free medium. Macrophages were then 
incubated with FITC-labeled, heat-killed KP. Phagocytosis of  FITC-labeled bacteria was measured after 
quenching of  noningested bacteria with trypan blue. Additionally, single-cell imaging of  alveolar macro-
phages with FITC-labeled dead KP, with phagocytosis of  WT and TLR3–/– mice, was performed. 

Macrophage phagocytosis of  live K. pneumonia. Phagocytosis of  KP by macrophages was measured 
by coordinated phagocytosis assays, which were performed with adherent macrophages. KP were 
opsonized in fresh 5% (vol/vol) FBS for 30 minutes at 37°C, washed in PBS, and resuspended in 
RPMI/H at 5000 CFU/mL. They were then added to 8-well chambered plates and allowed to adhere 
at RT for 15 minutes. Samples were incubated at 37°C for the indicated times and then washed with 
cold PBS. Cells were fixed with 4% paraformaldehyde for 10 minutes on ice, followed by 10 minutes 
at RT. Fixative was removed by aspiration, and samples were washed 3 times in PBS and incubated in 
blocking buffer (5% goat serum in PBS) for 30 minutes at RT. To detect ingested bacteria, cells were 
incubated with antibody specific for KP (1:200, PA1-7226, Thermo Fisher Scientific) for 1 hour at RT 
and washed 3 times with washing buffer. Nuclei were stained with DAPI. Cells were then mounted on 
coverslips in mounting medium (Dako, Agilent), and photomicrographs of  the invasive sections were 
analyzed digitally using Photoshop software version 9.0.2.

Ex vivo efferocytosis assay (f low cytometry method). Ex vivo efferocytosis assay was performed as 
previously described (54). For this experiment MH-S, a murine alveolar macrophage cell line, was 
received from ATCC. Alveolar macrophages were isolated from the WT and TLR3–/– mice following 
KP administration. Macrophages were incubated with apoptotic targets (1:5) for 1 hour at 37°C. Jurkat 
cells were labeled with Cell Tracker Orange (Life Technologies Corporation). Next, the Jurkat T cells 
(ATCC) were incubated with 8 μg/mL camptothecin for 3 hours at 37°C, 5% CO2 in serum-free media. 
At the end of  co-incubation (1 hour) with apoptotic Jurkat cells, alveolar macrophages were collected 
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in flow cytometry tubes and fixed in 1% paraformaldehyde. Engulfment efficiency was measured by 
flow cytometry. The results were expressed as an efferocytosis index, defined as the percentage of  alve-
olar macrophages that engulfed apoptotic cells relative to the total number of  alveolar macrophages.

Apoptosis–Annexin V–FITC staining flow cytometry. Apoptosis-sensitive staining was performed as pre-
viously described (4, 51). Briefly, cells were labeled with Annexin V (BioLegend) and incubated for 20 
minutes at RT. After washing with Annexin V binding buffer, cells were incubated for 10 minutes with 
LIVE/DEAD stain (Invitrogen, Thermo Fisher Scientific). Cells were washed and blocked with Fc block 
(CD16/32). The cells were then stained with the following fluorochrome-conjugated mouse antibodies: 
Ly6C-FITC (1:200, 128005, BioLegend and BD Biosciences), Gr-1-PE (1:200, 108408, BioLegend and 
BD Biosciences), CD11c-APCCy7 (1:200, 117324, BioLegend and BD Biosciences), F4/80-AF488 (1:200, 
123120, BioLegend and BD Biosciences), and CD11b-PE-Cy7 (1:200, 101216, BioLegend and BD Biosci-
ences). Data were analyzed using FlowJo software (Tree Star, Inc.).

Intracellular TLR3 and dsRNA staining flow cytometry. For the detection of  intracellular staining for TLR3 
and dsRNA, BAL cells were collected following pneumonia. The cells were fixed, permeabilized, and 
subjected to intracellular staining (4). The following primary antibodies were used: J2 (1:200, 10010200, 
English & Scientific Consulting), CD11c-FITC (1:200, 117306, BioLegend), and F4/80-APCCy7 (1:200, 
BioLegend). For TLR3 staining cells were incubated overnight at 4°C with polyclonal TLR3 antibody 
(1:1000, PA5-29619, eBioscience) and incubated with goat anti-rabbit Alexa Fluor 594 (1:1000, A-11037, 
BioLegend). Data were analyzed using FlowJo software.

TaqMan quantitative PCR. Total RNA was prepared from whole-lung lysates and reverse-transcribed into 
cDNA using M-MLV reverse transcriptase (Life Technologies Corporation). The cDNA was then amplified 
by real-time quantitative TaqMan PCR using an ABI Prism 7700 (Applied Biosystems) sequence detec-
tion system. GAPDH was analyzed as an internal control. TaqMan gene expression reagents or SYBR 
Green Master PCR mix (Applied Biosystems) were used to detect the genes responsible for inflammation. 
Data were expressed as the fold change in transcript expression. The fold difference in mRNA expression 
between treatment groups was determined by software developed by Applied Biosystems (4, 51).

Co-immunoprecipitation. WT mice lungs were lysed in ice-cold lysis buffer. The total protein lysate was 
incubated with dsRNA antibody (1:200, 10010200, English & Scientific Consulting) for 2 hours followed 
by a 2-hour incubation with 20:l of  protein A-Sepharose beads (prewashed and resuspended in PBS at a 1:1 
ratio). After incubation, the beads were washed 4 times with lysis buffer, separated by SDS-PAGE, trans-
ferred to PVDF membranes (MilliporeSigma), and analyzed by immunoblotting using antibodies against 
dsRNA and TLR3 (1:50, PA5-29619, eBioscience) (55).

Western blot/immunoblot analysis. Mice lungs were lysed in ice-cold lysis buffer, mixed with a commer-
cial sample buffer (Invitrogen, Thermo Fisher Scientific), and heated at 95°C for 5 minutes. Samples were 
then electrophoresed on SDS-PAGE, after which the gels were transferred to PVDF membranes. Blots were 
incubated overnight at 4°C with various primary antibodies followed by the appropriate secondary antibody 
(118492, Jackson ImmunoResearch Laboratories). They were then washed, and the signal was detected 
using a Super Signal chemiluminescent substrate (Pierce Biotechnology, Thermo Fisher Scientific) (51, 56).

Capillary Western immunoassay. Wes analysis was performed with a Wes system (004–600, Protein Sim-
ple) according to the manufacturer’s instructions using a 12–230 kDa separation module (SM-W004, Pro-
tein Simple) and an anti-mouse detection module (DM-002, Protein Simple) (57). The samples, blocking 
reagent (antibody diluent), primary antibodies (1:50, Polyclonal TLR3 antibody, PA5-29619, eBioscience), 
HRP-conjugated secondary antibodies (1:10, Anti-Rabbit Secondary Antibody, 042-206, Protein Simple), 
and chemiluminescent substrate were pipetted onto the plate of  the separation module.

MPO measurements. Spleen and lung sections were collected from the following groups, including 
WT uninjured control, WT plus KP 24 hours, and TLR3–/– plus KP at 24 hours. MPO measurements 
were made using ELISA.

Histology. The formalin-fixed uninjured control and lung with KP along with spleens were paraffin-em-
bedded, sectioned, and stained with H&E. Histological analysis and scoring, such as peribronchial, paren-
chymal, and perivascular cell infiltration, were semiquantitatively graded in a blinded manner (18, 52).

TLR3/dsRNA complex inhibitor administration (in vivo). The TLR3/dsRNA complex inhibitor, (R)-2-(3-
Chloro-6-fluorobenzo [b] thiophene-2-carboxamido)-3-phenylpropanoic acid (Calbiochem, MilliporeSig-
ma), was dissolved in DMSO and diluted in sterile PBS. The inhibitor (1 mg/mouse) was administered i.p. 
to the mice 24 hours before KP (4).
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Neutrophil depletion. To deplete neutrophils (in both WT and TLR3–/– mice), the anti-mouse Ly6G 
monoclonal antibody (170 μg/mouse, BP0075-1, Bio X Cell) was injected intraperitoneally, at a dose 
of  170 μg per mouse (in 200 μL). Two days after, the whole blood was collected using potassium salt of  
10% EDTA as an anticoagulant in the proportion of  50 μl for every 1.0 mL of  blood. Once obtained, 
whole blood was used for the complete blood cell count. Mice were inoculated with the bacterial sus-
pension or saline control via deep oral hypopharyngeal injection under isoflurane anesthesia, and sur-
vival data were recorded every 8 hours.

Complete blood count. The analyses were performed using an automatic blood cell analyzer (HEMAVET 950).
Macrophage adoptive transfer. An age-matched group of  WT and TLR3–/– uninjured mice alveolar 

macrophages were isolated from the BAL fluid. Cell suspensions were washed, RBCs were lysed, and 
macrophages were isolated by single-cell suspension. Macrophages were resuspended to a final density 
of  1 × 105 cells per 50 μL PBS for introduction via deep oral hypopharyngeal injection under isoflu-
rane anesthesia. After 48 hours 500 CFU of  KP per 30 μL of  bacterial inoculum was administered. 
Animals were allowed to recover spontaneously, and survival data were recorded 10 days as described 
previously (50).

RNA-sequencing analysis. C57BL/6 and TLR3–/– mice were subjected to a lethal model of primary insult 
with KP administered via pharyngeal drop. Macrophages were isolated from WT and TLR3–/– mice with and 
without injury after 24 hours (n = 4). Total RNA was extracted from macrophages by using the miRNeasy 
Mini Kit (QIAGEN) according to the manufacturer’s protocol. The RNA quality was evaluated with an Agi-
lent BioAnalyzer. All the samples had RNA integrity numbers greater than 8–9. The RNA quality was addi-
tionally assessed by electrophoresis and bioanalyzer (Agilent Technologies) before RNA-sequencing. An input 
of 100 ng of total RNA was used to construct cDNA libraries (TruSeq Stranded mRNA Sample Prep Kit, 
Illumina) following the manufacturer’s instructions. Differences between 2 groups were analyzed using Advai-
ta. Data were deposited into the National Center for Biotechnology Information’s Gene Expression Omnibus 
database (GSE140693).

Statistics. Data are expressed as the mean ± SEM in all figures. Statistical significance of  data between 
2 groups was analyzed using 2-tailed, unpaired t test with Welch’s correction, and data from more than 
2 groups were analyzed using 1-way ANOVA with Tukey’s multiple-comparisons test (Graph Pad Prism 
8.00) (4). Survival curves (Kaplan-Meier plots) were compared using log-rank tests (25). Fluorescence 
recovery analysis was done using ImageJ (NIH) (58). Additional methods specifically used to evaluate 
correlations between IHC and pneumonitis scoring for the postmortem human samples are discussed in the 
appropriate sections (59). Significance was set at *P < 0.05; **P < 0.01; and ***P < 0.001.

Study approval. All procedures performed were approved by the Institutional Animal Care and Use 
Committee at the University of  Michigan and complied with the state, federal, and NIH regulations. 
Human lung contusion specimens were obtained from the All India Institute of  Medical Sciences (India), 
and access to these tissue specimens was approved by the local research ethics committee.
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