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Systemic inflammatory response syndrome (SIRS) occurs in a range of infectious and non-infectious disease
processes. Toll-like receptors (TLRs) initiate such responses. We have shown that parenchymal cell TLR4
activation drives LPS-induced systemic inflammation; SIRS does not develop in mice lacking TLR4
expression on parenchymal cells. The parenchymal cell types whose TLR4 activation directs this process
have not been identified. Employing a bone marrow transplant model to compartmentalize TLR4 signaling,
we characterized blood neutrophil and cytokine responses, NF-kB1 activation, and Tnf-a, Il6, and Ccl2
induction in several organs (spleen, aorta, liver, lung) near the time of LPS-induced symptom onset. Aorta,
liver, and lung gene responses corresponded with both LPS-induced symptom onset patterns and plasma
cytokine/chemokine levels. Parenchymal cells in aorta, liver, and lung bearing TLR4 responded to LPS with
chemokine generation and were associated with increased plasma chemokine levels. We propose that
parenchymal cells direct SIRS in response to LPS.

S
ystemic inflammatory response syndrome (SIRS) is a major cause of morbidity and mortality in the United
States. The etiology of SIRS is multifactorial, with trauma, acute localized inflammation, and systemic
infection being of major importance1–4. Classical experimental studies have described the clinical and

pathologic features associated with the onset and progression of SIRS in response to lipopolysaccharide (LPS),
an endotoxin produced by Gram-negative bacteria5. The discovery of Toll-like receptors (TLR4) and of TLR4 as a
key receptor for LPS has facilitated the development of studies to provide a mechanistic basis for the systemic
effects of LPS6,7.

LPS binds LPS-binding protein (LBP) and engages TLR48. TLR4 associates with MD-2 (lymphocyte antigen
96) and CD14 to form an active signaling complex9–14. TLR4 ligation triggers two distinct signaling pathways – a
MyD88-dependent pathway leading to activation of NF-kB and a MyD88-independent pathway leading to the
production of type 1 interferons15,16. NF-kB is a well-recognized transcription factor that directs the production of
pro-inflammatory chemokines8. Although many studies of SIRS have focused on TLR4 activation by circulating
and infiltrating inflammatory cells, in vitro studies performed by us and others have demonstrated that par-
enchymal cells also respond to LPS with the generation of pro-inflammatory chemokines, and may thereby
contribute to the development and progression of SIRS17–23.

Given that both circulating inflammatory cells and resident parenchymal cells are capable of responding to LPS
with chemokine generation, our initial studies sought to determine whether TLR4 signaling by bone marrow-
derived inflammatory cells or by parenchymal cells contributed to the manifestations of SIRS24. We found that
TLR4 expression by parenchymal cells was necessary and sufficient to produce mortality in mice administered a
lethal dose of LPS24. Manifestations of SIRS appeared between 2 and 8 hours following LPS administration only in
mice expressing TLR4 on parenchymal cells. Surprisingly, plasma chemokine levels – with the notable exception
of CCL2 – did not predict the development of SIRS and mortality24,25.
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Based on these considerations, we sought to identify potential
organ/tissue source(s) of proinflammatory chemokine generation
by parenchymal cells following LPS administration. As a first step,
we compared chemokine generation in the spleen (an organ largely
composed of bone marrow-derived inflammatory/immune cells),
the lung and liver (organs composed of both parenchymal cells
and resident bone marrow-derived macrophages), and aorta (an
organ composed primarily of parenchymal cells). We employed mice
bearing a novel NF-kB promoter-driven EGFP reporter gene, which
facilitated studies to directly assay NF-kB activation in tissues har-
vested from mice following LPS exposure. Based on our previous
experience with this model, we chose a time point – 4 hours – at
which mice with parenchymal TLR4 expression were starting to
develop manifestations of SIRS but before animals showed signs of
multiorgan failure.

Results
Depletion of TLR4 on parenchymal cells reduces symptoms of
LPS-induced systemic inflammation. We sought to define plasma
and tissue chemokine levels at a time when clinical manifestations of
SIRS first begin to appear. In our previous study, we employed a
classical clinical definition of SIRS – ataxia, weakness, loss of
activity as assessed by an experienced animal technician blinded to
treatment group – to determine that the median time of LPS-induced
symptom onset was ,4 hours in TLR41/1 mice5,24. We therefore
used this time point for analysis of plasma- and cell-derived
chemokine expression in the studies described here.

By 4 hours post-injection, 60% of TLR41/1 mice (TLR41/1 mice
transplanted with TLR41/1 bone marrow) and 30% of Marrow
TLR42/2 mice (TLR41/1 mice transplanted with TLR42/2 bone mar-
row) given LPS had signs of LPS-induced symptom onset, as defined
above, but none of the Parenchymal TLR42/2 (TLR42/2 mice trans-
planted with TLR41/1 bone marrow) or TLR42/2 (TLR42/2 mice
transplanted with TLR42/2 bone marrow) mice given LPS displayed
any symptoms (Table 1). None of the groups became hypothermic
(,32uC; data not shown) and weight loss from the time of LPS or
PBS injection was similar across all groups, confirming that LPS-
induced hypothermia and weight loss occur only late in the systemic
inflammatory process. Moreover, all renal, hepatic, and pulmonary
samples showed no evidence of tissue damage or necrosis at this
point in the host systemic inflammatory response (data not shown)
confirming the changes we report here are not the consequence of
widespread tissue damage.

Expression of TLR4 by parenchymal cells plays an important role
in LPS-induced neutrophil activation. We next examined
differences in neutrophil responses near the time of symptom
onset. Our previous studies with this model demonstrated a
marrow-derived TLR4-driven neutropenia prior to symptom onset
(1 hour after LPS administration) and a nonspecific TLR4-driven
neutrophilia in mice expressing TLR4 in any compartment after
SIRS was established (18 hours post-injection)24. We therefore
examined blood neutrophil levels both very early in the process

(30 minutes after injection) and near the time of symptom onset
(4 hours after injection). Only TLR41/1 mice experienced a
significant neutropenia 30 minutes after LPS injection (p 5

0.0002; one-way ANOVA; Fig. 1a). At 4 hours, there was a
significant neutrophilia in only Marrow TLR42/2 mice given LPS
(p , 0.0001; one-way ANOVA; Fig. 1b).

Additionally, we assessed lung, kidney, and liver neutrophil activ-
ity at the time of LPS-induced symptom onset (4 hours post-injec-
tion) by measuring individual organ MPO content. Lung MPO
content was elevated only in the Marrow TLR42/2 mice given LPS
(p 5 0.0003; one-way ANOVA; Fig. 1c). In the kidneys, MPO con-
tent was elevated in both the TLR41/1 and Marrow TLR42/2 mice
given LPS compared to Parenchymal TLR42/2 and TLR42/2 mice
given LPS (p , 0.0001; one-way ANOVA; Fig. 1d). In the liver, MPO
content was elevated in Marrow TLR42/2 mice, Parenchymal
TLR42/2 mice, and TLR41/1 mice given LPS (p , 0.0001; one-way
ANOVA; Fig. 1e). Based on these considerations, we conclude that
parenchymal cell expression of TLR4 plays an important role in LPS-
induced neutrophil activation.

Plasma cytokine levels do not predict the development of LPS-
induced systemic inflammation. Since cytokine/chemokine
signaling is thought to be the means by which a systemic
inflammatory response is initiated from a local injury26,27, we
sought to determine how these molecules differed with TLR4
expression pattern. Plasma cytokine levels were examined very
early (30 minutes following LPS injection) and near the time of
symptom onset (4 hours post-injection).

At 30 minutes post-injection, all plasma cytokine levels were
below the detection threshold of the assay or indistinguishable from
levels measured in mice given saline control; plasma FGF2, CSF2,
IL1A, IL17A, and VEGFA levels remained below the detection limit
of the assay near the time of LPS-induced symptom onset (4 hours
post-injection, data not shown). IL10 plasma levels were similar
amongst all of the groups (data not shown). TNF-a, IL1-b, IL2,
IL5, and CCL2 plasma levels were highest in TLR41/1 mice given
LPS, followed by Marrow TLR42/2 mice given LPS, and then
Parenchymal TLR42/2 mice given LPS (p , 0.0001; one-way
ANOVA; Fig. 2a, 2b, 2d, 2g, 2i). For IL4, IL6, CXCL11, and CCL3,
TLR41/1 and Marrow TLR42/2 mice given LPS had higher plasma
levels than Parenchymal TLR42/2 and TLR42/2 mice given LPS (p ,
0.0001; one-way ANOVA; Fig. 2c, 2h, 2j, 2k). For IFN-c, IL12 and
CXCL10, plasma levels were highest in TLR41/1 and Parenchymal
TLR42/2 mice given LPS, followed by Marrow TLR42/2 mice given
LPS, and then TLR42/2 mice given LPS (p , 0.0001; one-way
ANOVA; Fig. 2e, 2f, 2l).

Plasma cytokine levels correlated better with parenchymal TLR4
expression than neutrophil responses (Fig. 2a, 2b, 2c, 2g, 2h, 2j, 2k)
near the time of symptom onset (4 hours). In our previous study,
early (1 hour) plasma levels of TNF-a, IL6, and CCL3 were highest
in mice expressing TLR4 in only bone marrow-derived cells
(Parenchymal TLR42/2). However, plasma levels of these chemokines
at 4 hours – near the time of symptom onset – were highest in mice
with parenchymal TLR4 expression (Fig. 2a, 2c, 2k). Since these

Table 1 | Responses of TLR4 transplant mice given LPS or saline vehicle control at 4 hours post-injection

TLR41/1 Marrow TLR42/2 Parenchymal TLR42/2 TLR42/2

LPS Saline LPS Saline LPS Saline LPS Saline

Total 10 5 10 5 10 5 10 5
LPS-induced systemic
inflammation1

6 0 3 0 0 0 0 0

Weight loss (g)2 0.9 6 0.1 1.0 6 0.2 1.1 6 0.1 1.4 6 0.3 1.1 6 0.1 1.4 6 0.1 1.1 6 0.04 1.0 6 0.2
1Assessed by blinded animal technician based on established parameters of murine LPS-induced systemic inflammation (ataxia, weakness, loss of activity)5.
2Expressed as mean 6 standard error.
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mediators can initiate a host systemic inflammatory response, these
data suggest parenchymal cells require independent recognition of
injury or infection (via TLR4 in this model) before a response to these
immune signals is permitted and propagated28,29. Expression of TLR4
on marrow-derived cells then serves to enhance parenchymal TLR4-
driven plasma cytokine levels as this process proceeds.

Parenchymal cell expression of pro-inflammatory mediators is
associated with the development of LPS-induced systemic inflam-
mation. As an important first step in identifying the parenchymal
cell source(s) responsible for the development of SIRS, a series of
gene expression studies was performed in tissues harvested 4 hours
after LPS administration. Tlr4 mRNA expression was considered to
confirm relative amounts of marrow-derived versus parenchymal
cells in each organ (using the TLR4 transplant mice given saline)
and to detect any signs of LPS-driven Tlr4 induction suggestive of
an inflammatory response30. To localize sources of key pro-
inflammatory signals involved in the systemic inflammation
process, spleen, aorta, liver and lung tissues were analyzed for NF-
kB-driven EGFP reporter gene expression along with Tnf-a, Il6, and
Ccl2 expression at 4 hours after LPS administration (median time of
symptom onset).

Tlr4 expression. In the spleen, Tlr4 expression levels mirrored the
bone marrow TLR4 genotype (p 5 0.0004 amongst LPS-treated

mice; p , 0.0001 amongst vehicle control mice; one-way ANOVA;
Fig. 3a). Marrow TLR42/2 mice had roughly 20% of the Tlr4 express-
ion level observed in TLR41/1 or parenchymal TLR42/2 mice. In the
aorta, Tlr4 expression levels mirrored instead the parenchymal cell
TLR4 genotype (p , 0.0001 amongst LPS-treated and vehicle control
mice; one-way ANOVA; Fig. 3b). Parenchymal TLR42/2 mice had
roughly 3% of the aortic Tlr4 expression level observed in TLR41/1 or
Marrow TLR42/2 mice. In the liver, TLR41/1 and Marrow TLR42/2

mice had similar levels of Tlr4 expression while Parenchymal
TLR42/2 mice had roughly half of this expression level (p #

0.0001 amongst LPS-treated and vehicle control mice; one-way
ANOVA; Fig. 3c). In the lung, Marrow TLR42/2 and Parenchymal
TLR42/2 mice had similar levels of Tlr4 expression and roughly 70%
of the level of TLR41/1 mice (p , 0.0001 amongst vehicle control
treated mice; one-way ANOVA; Fig. 3d).

Only liver and lung showed Tlr4 induction in response to LPS.
TLR41/1 mice showed a significant induction of hepatic Tlr4
expression in response to LPS compared to saline control (p 5

0.026; t-test); the degree of hepatic Tlr4 induction was not significant
in Parenchymal TLR42/2 mice (p 5 0.11; t-test). TLR41/1 mice and
Marrow TLR42/2 mice showed an induction of lung Tlr4 expression
in response to LPS (p 5 0.0001 and p 5 0.0037 respectively; t-test).

Basal (saline-treated) TLR4 levels reflected the cellular source of
TLR4. For example, the TLR4 expression in the spleen was largely
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Figure 1 | Blood neutrophil responses at 30 minutes post-injection (a) and 4 hours post-injection (b) along with several organ MPO contents at
4 hours post-injection (c-e) for four groups of TLR4 transplant mice given LPS (black) or saline (white). 15 TLR41/1, 15 Marrow TLR42/2, 15

Parenchymal TLR42/2, and 15 TLR42/2 mice were used for this experiment. Data represented as mean 6 standard error. *: p , 0.05 versus TLR42/2 given

LPS; {: p , 0.05 versus Parenchymal TLR42/2 given LPS; {: p , 0.05 versus Marrow TLR42/2 given LPS; 1: p , 0.01 versus TLR41/1 given LPS.
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Figure 2 | Plasma levels at 4 hours post-injection of a) TNF-a, b) IL1-b, c) IL6, d) IL2, e) IL12, f) IFN-c, g) IL5, h) IL4, i) CCL2, j) CXCL11, k) CCL3, and
l) CXCL10 for four groups of TLR4 transplant mice given LPS (black) or saline (white). 15 TLR41/1, 15 Marrow TLR42/2, 15 Parenchymal TLR42/2, and

15 TLR42/2 mice were used for this experiment. Data represented as mean 6 standard error. Dotted line indicates minimal detectable threshold for assay.

*: p , 0.01 versus TLR42/2 given LPS; {: p , 0.01 versus Parenchymal TLR42/2 given LPS; {: p , 0.01 versus Marrow TLR42/2 given LPS.
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Figure 3 | Tlr4 gene expression levels at 4 hours post-injection in a) spleen, b) aorta, c) liver, and d) lung for four groups of TLR4 transplant mice given
LPS (black) or saline (white). 15 TLR41/1, 15 Marrow TLR42/2, 15 Parenchymal TLR42/2, and 15 TLR42/2 mice were used for this experiment. Data

represented as expression level (mean 6 standard error) relative to TLR41/1 mice given saline. Dotted line depicts relative gene expression level of one.

*: p , 0.001 versus TLR42/2 given LPS; {: p , 0.001 versus TLR42/2 given PBS.
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Figure 4 | EGFP reporter gene expression levels at 4 hours post-injection in a) spleen, b) aorta, c) liver, and d) lung for four groups of TLR4 transplant
mice given LPS (black) or saline (white). 15 TLR41/1, 15 Marrow TLR42/2, 15 Parenchymal TLR42/2, and 15 TLR42/2 mice were used for this

experiment. Data represented as expression level (mean 6 standard error) relative to TLR42/2 mice given LPS. Dotted line depicts relative gene expression

level of one. *: p , 0.001 versus TLR42/2 given LPS; {: p , 0.05 versus TLR42/2 given LPS.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 2 : 918 | DOI: 10.1038/srep00918 5



marrow-derived in origin, and TLR4 expression in the aorta was
largely parenchymal in origin (Fig. 3a, 3b). Liver and lung Tlr4
expression patterns amongst mice given saline suggest a mixture of
marrow-derived cells and parenchymal cells. These two organs,
though, showed evidence of LPS-driven Tlr4 induction (Fig. 3c,
3d). This induction was largely related to parenchymal cell TLR4
expression indicating a parenchymal cell driven inflammatory res-
ponse in these two organs consistent with the parenchymal TLR4
dependence of the LPS-induced host systemic inflammatory res-
ponse.

NF-kB-driven EGFP expression. NF-kB is one major pro-inflammat-
ory transcription factor that is activated when cell surface TLR4
recognizes its ligand8. The mice used for these TLR4 transplant
experiments contain an EGFP reporter gene whose promoter con-
sists of three cis NF-kB elements allowing organ EGFP expression to
be used as a specific measure of NF-kB activity in vivo31.

Splenic NF-kB activation (as measured by EGFP reporter express-
ion) was only significantly elevated in the TLR41/1 mice given LPS (p
5 0.0009; one-way ANOVA; Fig. 4a). Hepatic EGFP NF-kB reporter
expression was highest in TLR41/1 mice amongst all TLR4 transplant
mice given LPS (p 5 0.04; one-way ANOVA; Fig. 4c). Aortic and
pulmonary NF-kB activation was most elevated in the TLR41/1 mice
given LPS followed by Marrow TLR42/2 mice given LPS (p # 0.0001;
one-way ANOVA; Fig. 4b, 4d).

Thus, aortic and pulmonary NF-kB activity followed a purely
parenchymal TLR4 expression pattern while hepatic NF-kB activity
showed higher expression levels with parenchymal TLR4 expression
than marrow-derived cell TLR4 expression (Fig. 4b, 4c, 4d). Spleen
NF-kB activity, however, required both marrow-derived cell TLR4
expression and parenchymal cell TLR4 expression (Fig. 4a).

Tnf-a expression. Splenic Tnf-a expression was induced in both
TLR41/1 and Parenchymal TLR42/2 mice given LPS (p , 0.0001;
one-way ANOVA; Fig. 5a). Aortic Tnf-a expression was elevated in

all TLR4 transplant mice given LPS except TLR42/2 mice (p ,

0.0001; one-way ANOVA; Fig. 5b). Hepatic Tnf-a expression was
only significantly elevated in TLR41/1 mice given LPS (p 5 0.015;
one-way ANOVA; Fig. 5c) and pulmonary Tnf-a expression was
only significantly elevated in Parenchymal TLR42/2 mice given
LPS (p , 0.0001; one-way ANOVA; Fig. 5d).

Unexpectedly, there was a wide range of Tnf-a expression levels
across these four organs but these data consistently showed a clear
disconnect from both parenchymal cell TLR4 expression (which
drives LPS-induced systemic inflammation) and organ NF-kB activ-
ity (Fig. 4, 5). It is unclear what signals and factors drive each organ’s
Tnf-a expression since it is believed that NF-kB is the key inducer of
murine Tnf-a expression32–34.

Il6 and Ccl2 expression. Splenic Il6 levels were undetectable amongst
all TLR4 transplant mice given vehicle control and amongst TLR42/2

mice given LPS. Splenic Il6 expression levels were significantly ele-
vated in only TLR41/1 mice given LPS (p 5 0.0005; one-way
ANOVA; Fig. 6a). Aortic, hepatic and pulmonary IL6 levels were
induced in TLR41/1 and Marrow TLR42/2 mice given LPS (p #

0.0001; one-way ANOVA; Fig. 6b, 6c, 6d).
Splenic Ccl2 expression levels were highest in TLR41/1 mice given

LPS with lower levels in Marrow TLR42/2 and Parenchymal TLR42/2

mice given LPS respectively (p , 0.0001; one-way ANOVA; Fig. 7a).
Aortic, hepatic and pulmonary Ccl2 expression levels were only ele-
vated in TLR41/1 and Marrow TLR42/2 mice given LPS (p , 0.001;
one-way ANOVA; Fig. 7b, 7c, 7d).

Both Il6 and Ccl2 contain kB motifs in their promoter sequences,
so it is not surprising that Il6 and Ccl2 expression levels roughly
mirrored NF-kB activity levels in each of the organs tested (Fig. 4,
6, 7)35–38. Both Il6 and Ccl2 expression in aorta, liver, and lung were
related to parenchymal TLR4 expression and thus also mirrored the
pattern of IL6 and CCL2 plasma levels observed at 4 hours post-
injection (Fig. 2c, 2i, 6, 7). In total, these data suggest that aorta, liver,
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Figure 5 | Tnf-a gene expression levels at 4 hours post-injection in a) spleen, b) aorta, c) liver, and d) lung for four groups of TLR4 transplant mice
given LPS (black) or saline (white). 15 TLR41/1, 15 Marrow TLR42/2, 15 Parenchymal TLR42/2, and 15 TLR42/2 mice were used for this experiment.

Data represented as expression level (mean 6 standard error) relative to TLR42/2 mice given LPS. Dotted line depicts relative gene expression level of one.

*: p , 0.001 versus TLR42/2 given LPS; {: p , 0.05 versus TLR42/2 given LPS.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 2 : 918 | DOI: 10.1038/srep00918 6



4 hr lung Il6  expression

0

100

200

300

400

500

600

TLR4+/+ Marrow TLR4-/- Parenchymal TLR4-/- TLR4-/-

R
el

at
iv

e 
Il6

 / 
R

n1
8s

4 hr liver Il6  expression

0

5

10

15

20

25

30

35

40

45

TLR4+/+ Marrow TLR4-/- Parenchymal TLR4-/- TLR4-/-

R
el

at
iv

e 
Il6

 / 
R

n1
8s

4 hr aorta Il6  expression

0

100

200

300

400

500

600

TLR4+/+ Marrow TLR4-/- Parenchymal TLR4-/- TLR4-/-

R
el

at
iv

e 
Il6

 / 
R

n1
8s

4 hr spleen Il6  expression

0

2

4

6

8

10

12

14

16

18

20

TLR4+/+ Marrow TLR4-/- Parenchymal TLR4-/- TLR4-/-

R
el

at
iv

e 
Il6

 / 
R

n1
8s

a
*

b

†

*

c

†

**

†

d

Figure 6 | Il6 gene expression levels at 4 hours post-injection in a) spleen, b) aorta, c) liver, and d) lung for four groups of TLR4 transplant mice given
LPS (black) or saline (white). 15 TLR41/1, 15 Marrow TLR42/2, 15 Parenchymal TLR42/2, and 15 TLR42/2 mice were used for this experiment. Data

represented as expression level (mean 6 standard error) relative to Parenchymal TLR42/2 mice given LPS (spleen) or TLR42/2 mice given LPS (aorta,

liver, lung). Dotted line depicts relative gene expression level of one. *: p , 0.001 versus TLR42/2 given LPS; {: p , 0.05 versus TLR42/2 given LPS.
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Figure 7 | Ccl2 gene expression levels at 4 hours post-injection in a) spleen, b) aorta, c) liver, and d) lung for four groups of TLR4 transplant mice given
LPS (black) or saline (white). 15 TLR41/1, 15 Marrow TLR42/2, 15 Parenchymal TLR42/2, and 15 TLR42/2 mice were used for this experiment. Data

represented as expression level (mean 6 standard error) relative to TLR42/2 mice given LPS. Dotted line depicts relative gene expression level of one.

*: p , 0.001 versus TLR42/2 given LPS; {: p , 0.05 versus TLR42/2 given LPS.
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and lung tissues may be sources of these immune signals in the
plasma and support their cellular components as key players in the
host systemic inflammatory response.

Discussion
Administration of LPS is a well-established model of SIRS caused by
systemic infection by gram negative bacteria5. Our current study, in
which blood neutrophil levels are assessed at 30 minutes and at
4 hours, provides a more comprehensive picture of changes in blood
neutrophil levels with time following LPS administration. In
TLR41/1 mice (TLR41/1 mice transplanted with TLR41/1 bone mar-
row), LPS administration produces a transient neutropenia, followed
by a neutrophilia at late time points, after the onset of SIRS24.
Neutrophil levels do not significantly change with LPS administra-
tion in TLR42/2 mice, which lack TLR4 expression on both par-
enchymal cells and bone marrow-derived cells. Marrow TLR42/2

mice do not develop neutropenia, but develop neutrophilia at
4 hours following LPS administration (Fig. 1b), which persists
throughout the development of SIRS24. The development of neutro-
penia appears to be delayed in Parenchymal TLR42/2 mice, with no
neutropenia at 30 minutes (Fig. 1a) but with neutropenia at one
hour24 following LPS administration.

Lung myeloperoxidase (MPO) content was elevated in Marrow
TLR42/2 mice but not TLR41/1 mice 4 hours after LPS administra-
tion. This difference may be related to the fact that marrow TLR42/2

but not TLR41/1 mice exhibit neutrophilia 4 hours after LPS admin-
istration (Fig. 1 b, c). We propose that mice with parenchymal cell
expression of TLR4 (Marrow TLR42/2 mice) are capable of activating
neutrophils, even if the neutrophils do not express TLR439. In the
kidney, elevated MPO content was observed in TLR41/1 and Marrow
TLR42/2 mice, indicating that parenchymal cell expression of TLR4
is required to activate infiltrating neutrophils in the kidney. Finally,
MPO content in the liver was elevated in TLR41/1, Marrow TLR42/2,
and Parenchymal TLR42/2 mice, indicating that TLR4 expression in
either bone marrow-derived or parenchymal cells is sufficient to
activate neutrophils in the liver. These studies demonstrate that
expression of TLR4 by parenchymal cells is sufficient to drive LPS-
mediated neutrophil activation.

At 4 hours after LPS administration, plasma chemokine levels,
with the exception of plasma IFN-c levels, reflected parenchymal cell
expression of TLR4 (TLR41/1 and Marrow TLR42/2). No significant
induction of any chemokine was observed following LPS administra-
tion to TLR42/2 mice. Significant induction of TNF-a, IL1b, IL2,
IL12, IFNc, IL5, CCL2, CXCL11, and CXCL10 levels were observed
in Parenchymal TLR42/2 mice at 4 hours after LPS administration.
Based on these considerations, we conclude that, under these experi-
mental conditions, plasma chemokine levels may be significantly
elevated in mice who do not develop manifestations of SIRS and
may thereby be poor predictors of outcome. This model may provide
the basis for mechanistic studies underlying the clinical observation
that chemokine levels do not always correlate with SIRS and mortal-
ity in humans with sepsis40.

Analysis of TLR4 expression in various organs provided several
patterns of TLR4 expression. In the spleen, TLR4 expression mirrored
the bone marrow phenotype, with highest levels in TLR41/1 and
parenchymal TLR42/2 mice. Conversely, in the aorta, TLR4 express-
ion mirrored the parenchymal cell phenotype, with highest levels
observed in TLR41/1 and Marrow TLR42/2 mice. Using an EGFP
assay as a marker of NF-kB activation, we found that highest levels
were observed in mice expressing TLR4 in both parenchymal cells
and bone marrow-derived cells (TLR41/1), with lower levels of NF-
kB activation observed in aorta and lung of Marrow TLR42/2 mice.

Our studies provide an important first step in the identification of
parenchymal cell type(s) responsible for the development and pro-
gression of SIRS. Based on our gene expression studies, the spleen
does not appear to significantly contribute to the development and

progression of SIRS. However, Tlr4 induction, NF-kB activation, and
Il6/Ccl2 expression was associated with parenchymal cell TLR4
expression in the aorta, liver, and lung, suggesting that these organs
may be critically involved in the host systemic inflammatory res-
ponse. Remarkably, TNF-a gene expression did not correlate with
parenchymal cell TLR4 expression or NF-kB activity in these organs.
This finding suggests that TNF-a expression at 4 hours doe not
predict the development of LPS-induced systemic inflammation.

However, our study does have some limitations that merit discus-
sion. As with our previous study, our disease definition for LPS-
induced systemic inflammation relies on clinical observation instead
of continuous measurement of criteria on which the human defini-
tion of SIRS is based (i.e., temperature, heart rate, respiratory rate,
white blood cell count)41,42. We did, however, measure neutrophil
responses and hypothermia, which are components of the human
SIRS definition. Moreover, this experimental model in which TLR4
activation in parenchymal cells and marrow-derived cells is arti-
ficially separated does not reflect the natural state of the host. Thus
the applicability of these findings to the host systemic inflammatory
response could be argued to be limited. These studies, however, do
allow separation of necessary (and potentially causative) compo-
nents of the host systemic inflammatory response from simply asso-
ciative (but non-causative) components (e.g., blood neutrophil
responses, organ neutrophil activity) – a feat not possible without
this separation of TLR4 expression in vivo. Finally, the wider applic-
ability of the LPS-induced systemic inflammatory response model
for human disease remains in question given that this model is an
intense pro-inflammatory disease model that does not recapitulate
complicated, multi-faceted disease processes like human sepsis40,43.
As a study focused, though, on the components and regulation of a
host systemic inflammatory response, the use of a single inflammat-
ory mediator recognized by a single host receptor allows us to parse
out these components in the absence of other competing factors.

The next logical step in these studies is to identify the specific
parenchymal cell type(s) responsible for the development of SIRS.
One common parenchymal cell type in the aorta, liver, and lung –
organs likely to be important in the development and progression of
SIRS – is endothelium. Endothelial cells comprise the intimal layer of
the aorta and make up 3% and 30% of parenchymal cells in the liver
and lung respectively41,42. Endothelial cells also actively express TLR4
and have been shown to respond to inflammatory stimuli like LPS in
vitro44–46. Low dose LPS studies in mice whose TLR4 is solely
expressed on their endothelial cells demonstrated patterns of P-selec-
tin induction (endothelial cell activation) and neutrophilic sequest-
ration in the lungs similar to those observed in TLR4 wild-type mice
supporting a role of endothelial cell TLR4 in the host inflammatory
response47. Endothelial cells are also parenchymal cells with direct
access to circulating plasma factors like TNF-a, IL6, and CCL3 whose
very early plasma levels were ultimately disconnected from develop-
ment of SIRS and from mortality24. Therefore, endothelial cells may
be one cell type playing a key role in also limiting the classical
inflammatory response induced by these pro-inflammatory plasma
factors early in Parenchymal TLR42/2 mice given LPS.

Based on these considerations, we conclude that neither neutrophil
responses nor plasma chemokine levels predict the development of
SIRS. As expected, NF-kB activity and TLR4 expression in aorta, liver,
and lung reflected parenchymal cell expression of TLR4. In liver, lung,
and aorta, expression of IL-6 and CCL2, but not TNF-a, reflected
TLR4 expression by parenchymal cells and predicted the development
of SIRS. These data suggest parenchymal cell types present in one or
more of these organs (e.g., endothelial cells) could be responsible for
the development and progression of SIRS in this model.

Methods
TLR4-positive and TLR4-negative NF-kB-enhanced green fluorescent protein
(EGFP) reporter mice. All animal experiments were approved by Mayo Clinic’s
institutional animal care and use committee. C57BL TLR4-positive NF-kB reporter
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mice were obtained from the University of North Carolina31. These mice contain an
NF-kB-driven EGFP reporter gene on their X chromosome to allow direct, specific
measurement of this pro-inflammatory transcription factor’s activity. Offspring from
these EGFP reporter mice were bred with commercially obtained C57BL TLR4-
knockout mice (Jackson Laboratories, Bar Harbor, ME, USA) to create a
corresponding C57BL TLR4-knockout NF-kB EGFP reporter mouse colony. All mice
used in these experiments were derived from these two colonies.

TLR4 transplant mouse generation. Protocols for TLR4 transplant mouse
generation are described fully elsewhere24,48. In brief, recipient mice receive lethal
irradiation and donor mouse bone marrow is extracted from excised femurs and tibia.
Eight million donor marrow cells suspended in sterile phosphate-balanced saline
(PBS) are injected IV into each recipient mouse. Engraftment is complete in 8–
10 weeks. Using this procedure, two types of chimeric TLR4 mice – Marrow TLR42/2

(transplantation of TLR42/2 marrow into a TLR41/1 mouse) and Parenchymal
TLR42/2 (transplantation of TLR41/1 marrow into a TLR42/2 mouse) - were
generated along with two types of TLR4 transplant control mice – TLR41/1

(transplantation of TLR41/1 marrow into a TLR41/1 mouse) and TLR42/2

(transplantation of TLR42/2 marrow into a TLR42/2 mouse). Previous experiments
using this transplantation procedure between TLR4 wild-type and TLR4 knockout
mice demonstrated that .99% circulating leukocytes and tissue macrophages acquire
the donor phenotype by the end of the engraftment process48–50. All bone marrow
engraftments conducted in this study were confirmed at 7 weeks post-
transplantation by the presence or absence of ex vivo production of TNF-a by isolated
peripheral blood mononuclear cells after an 18 hour exposure to LPS (data not
shown).

LPS-induced systemic inflammation. TLR4-dependent systemic inflammation was
induced using intraperitoneal injection of ultra-pure E. coli LPS (Invitrogen, San
Diego, CA, USA) dissolved in PBS24. Each lot of LPS was standardized for biologic
activity using a chromogenic Limulus amebocyte lysate assay (GenScript, Piscataway,
NJ, USA) to adjust for any variation between lots. A dose of ,1.5 3 1015 EU/kg was
used in these experiments (a dose that achieves systemic inflammation with high
mortality in TLR41/1 mice). As a vehicle control, a matching volume of PBS was
injected intraperitoneal.

Onset of a host systemic inflammatory response to this dose of LPS occurs between
2–8 hours post-injection in .80% of TLR41/1 and Marrow TLR42/2 mice24. Blood
was therefore collected at 30 minutes and 4 hours post-injection and organs (spleen,
aorta, lung, liver, kidney) were harvested at 4 hours. Signs of murine LPS-induced
systemic inflammation (ataxia, weakness, activity and appetite loss) were assessed at
4 hours (just prior to sacrifice)5,24. Additionally, all mice were assessed for hypo-
thermia (,32uC core temperature) via rectal thermometer prior to anesthesia
induction for sacrifice and animal weights were measured before LPS/saline injection
and again before sacrifice to assess weight change.

Plasma cytokines, blood neutrophil content, tissue histology and
myeloperoxidase content. In brief, all blood was collected in 7.5% K2EDTA. Plasma
was isolated from each blood sample by centrifugation and stored at 280uC. Plasma
cytokine levels were assessed using the Luminex mouse cytokine 20-plex panel on a
Luminex 100 machine (Invitrogen, Carlsbad, CA, USA). IL12 and CXCL9 levels were
not considered for these experiments as per Invitrogen’s assay validation data on
EDTA plasma samples. The remaining packed blood cells were stained with
neutrophil marker Gr1-PerCP (eBiosciences, San Diego, CA, USA) and processed
using a whole blood lysing kit (R & D Systems, Minneapolis, MN, USA). Flow
cytometry of these fixed cells was conducted using a BD FACS Calibur cytometer (BD
Biosciences, San Jose, CA, USA). White blood cell populations were separated from
cell fragments using forward and side scatter gating. Neutrophils were then separated
from the lymphocyte/monocyte population based on both forward/side scatter and
positive Gr1-PerCP staining. Percentage of neutrophils in blood was calculated as the
number of neutrophils divided by total number of gated white blood cells.

Organs were flash frozen upon harvest and stored at 280uC for later analysis.
Myeloperoxidase (MPO) content was used as a marker of neutrophil activity and was
assessed in frozen lung, kidney, and liver samples for each TLR4 transplant mouse
using a commercially available murine MPO ELISA kit (HyCult Biotech, Plymouth
Meeting, PA, USA). Renal, hepatic, and pulmonary samples were also fixed in 10%
neutral buffered formalin, dehydrated, and embedded in paraffin using standard
techniques. Representative sections were stained with hematoxylin & eosin and
reviewed for signs of damage or necrosis by a pathologist blinded to mouse and
intervention type.

Spleen, aorta, liver, and lung gene expression studies. Total RNA was isolated from
flash frozen spleens, aortas, livers, and lungs using the RNeasy Mini kit with on-
column DNase treatment (spleen), the RNeasy Plus Mini kit (liver, lung), or the
RNeasy Fibrous Tissue Mini kit (aorta) (Qiagen, Valencia, CA, USA). All extracted
RNA samples were analyzed for RNA integrity by Mayo Clinic’s Advanced Genomic
Technology Center Gene Expression Core to exclude any RNA samples unsuitable for
analysis. cDNA was prepared from 500 ng (aorta, liver, lung) or 1000 ng (spleen)
total RNA and the iScript cDNA synthesis kits per kit instructions (Bio-Rad,
Hercules, CA, USA). SYBR green RT-PCR kits (Roche Applied Science, Indianapolis,
IN, USA) and an iQ5 RT-PCR Detection System along with the manufacturer’s
recommended 96-well plates and films (Bio-Rad, Hercules, CA, USA) were used to
conduct all gene expression studies.

Two RNA samples were excluded from use in RT-PCR analysis due to low RNA
quality (one lung and one aorta). The average RNA Integrity Number (RIN) for all
spleen, aorta, liver, and lung total RNA samples used for these gene expression studies
was 7.2 (SD 1.0), 8.9 (SD 0.2), 9.7 (SD 0.2), and 9.9 (SD 0.1) respectively. There was no
difference in RINs between TLR4 transplant groups or between LPS and saline-
treated mice for each organ (data not shown).

All RT-PCR primer pairs used were selected from previous published studies and
all primer pairs were validated for RT-PCR prior to use (See Supplementary Table S1
online)51–53. All primer pairs underwent standard PCR on spleen and lung cDNA
samples from experimental control mice (untransplanted TLR4 wild-type mice given
LPS and untransplanted TLR4 knockout mice given PBS) using AmpliTaq Gold with
GeneAmp 10x PCR buffer (Life Technologies, Carlsbad, CA, USA). PCR target
sequences were then confirmed by Mayo Clinic’s Advanced Genomic Technology
Center DNA Sequencing Core. These PCR products were isolated to create standard
curves for each RT-PCR primer pair (109 – 103 copies/mL) for measuring RT-PCR
performance. Standard curve samples were run along with positive and negative
control cDNA samples to confirm a single amplicon (melt curve analysis) and
measure PCR efficiencies (See Supplementary Table S1 online).

For each organ of interest, Rn18s, Actb, Hprt, and Gapdh were considered for use as
reference genes. Rn18s was the only target found to be expressed at a constant level
across all TLR4 transplant groups and interventions within each organ analyzed and
thus was selected as the reference gene for use in these studies.

Statistical analysis. LPS-induced blood neutrophil levels, tissue MPO content, and
plasma cytokine levels were compared across all four TLR4 transplant groups initially
using one-way ANOVA and then Tukey-Kramer Honestly Significant Differences
test for all subsequent pair-wise testing to account for multiple comparisons. LPS-
induced gene expression changes (Tlr4, EGFP reporter, Tnf-a, Il6, Ccl2) in spleen,
aorta liver, and lung were expressed relative to reference gene expression (Rn18s) and
normalized to an appropriate reference group (Tlr4: TLR41/1 mice given PBS; EGFP,
Tnf-a, Il6, Ccl2: TLR42/2 given LPS if there were detectable expression levels). LPS-
induced gene expression was compared across all four TLR4 transplant groups
initially using one-way ANOVA and then using Dunnett’s test for subsequent
comparisons to the experimental negative control group (TLR42/2 mice) to account
for multiple comparisons. Organ Tlr4 induction in response to LPS was assessed
using t-tests assuming unequal variances by comparing LPS-treated and saline-
treated mice within each TLR4 transplant group. A p-value , 0.05 was considered
statistically significant.
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