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A role for toll-like receptor 4 (TLR4) has been sug-
gested in previous studies of glomerulonephritis, but
the complex integration of these effects has not been
explored. To separate effects on the innate and adap-
tive immune responses, we use the autologous neph-
rotoxic nephritis model with two disease induction
protocols. First, we give a TLR4 ligand at the time of
immunization and show the effects are mediated via
TLR4 by comparing wild-type and TLR4-deficient
mice. In wild-type mice histological measures of dis-
ease and serum creatinine are all at least twice as high
as TLR4-deficient mice, due to an enhanced immune
response to the nephritogenic sheep IgG. Second, we
stimulate TLR4 later in the course of disease develop-
ment and construct four groups of bone marrow chi-
meric or sham chimeric mice to study the role of TLR4
on bone marrow or renal cells. The most striking
finding is that renal cell TLR4 stimulation increases
glomerular crescent formation, with a mean of 21%
and 25% in the two groups of mice with renal cell
TLR4 compared with 0.1% and 0.6% in the two groups
without, with differences mirrored by changes in se-
rum creatinine. These findings, in a single disease
model, illustrate that TLR4 stimulation triggers crescen-
tic glomerulonephritis by effects on both the adaptive
and innate immune response, with a crucial direct ef-
fect on renal cells. (Am J Pathol 2010, 177:644–653; DOI:
10.2353/ajpath.2010.091279)

Toll-like receptors (TLRs) are a family of pattern recogni-
tion receptors that play a central role in the cellular re-
sponse to microbes. They are likely to be central to any
link between glomerulonephritis and infection. It was first
discovered that TLR4 recognized lipopolysaccharide

(LPS), otherwise known as Gram-negative endotoxin.
This was found when two mouse strains were observed to
have mutations in the tlr4 gene.1 Gene targeting has been
used to construct TLR4-deficient mice, which has con-
firmed the role of TLR4 in the recognition of LPS.2 Sub-
sequently, other members of the TLR family have been
shown to recognize a range of microbial components and
11 mammalian TLRs have been described.3 As well as
leukocytes, TLRs are also widely expressed on nonbone
marrow-derived cells.4 These tissue-cell TLRs have been
shown to contribute to disease in several nonrenal exper-
imental models5,6 in addition to models of renal tubuloin-
terstitial disease.7–10

TLR2 and TL4 use the adaptor molecule TIRAP to
activate the Myd88 dependent signaling pathway that
includes IRAK4 and TRAF6. In addition, TLR4 activates
Myd88 independent pathways via TRIF. Hence one
would expect similarities in the effects of these two re-
ceptors on disease severity. We have recently estab-
lished that stimulation of TLR2 and TLR4 can trigger
disease in the heterologous phase of nephrotoxic nephri-
tis.11,12 This is a model of neutrophil-mediated acute
glomerular inflammation induced by passively adminis-
tered glomerular binding antibody.13 For both TLR2 and
TLR4, we demonstrated that stimulation of renal cell TLRs
played an important role. The autologous phase of neph-
rotoxic nephritis is due to an immune response to the
foreign glomerular bound antibody, which acts as a
planted antigen.14 It is a more clinically relevant model of
glomerulonephritis as the pathology shows proliferation,
macrophage and T cell infiltration, and thrombosis and
crescent formation,15 which are all features found in hu-
man disease. We have recently demonstrated that TLR2
ligands given at the time of priming to the planted antigen
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can exacerbate disease in this model by modulating the
nephritogenic immune response.16 In addition to our own
studies, Fu et al17 also gave endotoxin and other TLR
ligands to mice at the same time as nephrotoxic antibody.
However, in this work there was no measurement of the
immune response to the nephritogenic antigen sheep
IgG, and so the relative roles of effects on the adaptive
immune response or on innate mechanisms were not
clear.

The current study had two main aims. First, we wanted
to assess whether stimulation of TLR4 at the time of
priming could cause crescentic glomerulonephritis by
augmenting the adaptive immune response to sheep
IgG, as we had shown for TLR2. Second, we planned to
study the effect of TLR4 stimulation on crescentic glomer-
ulonephritis in the context of an established nephrito-
genic immune response, including an assessment of the
role of TLR4 on renal cells. This would provide an in-
depth understanding of the effects of TLR4 stimulation on
both innate and adaptive immune mechanisms in a single
clinically relevant model of glomerulonephritis.

Materials and Methods

Mice

Wild-type C57BL6 mice were from Harlan UK. TLR4-
deficient mice were kindly provided by S. Akira. These
were backcrossed seven generations to C57BL/6. All
experiments were performed according to UK home of-
fice and local regulations.

Induction of Glomerulonephritis

Nephrotoxic serum (NTS) was raised in sheep as de-
scribed,11 and two disease inducing protocols were used
(LPS at priming, and LPS given later, denoted protocols A
and B, respectively). Sheep IgG used for pre-immuniza-
tion was prepared in house from normal sheep serum by
using DEAE sepharose with purity more than 90% on
SDS-polyacrylamide gel electrophoresis. In protocol A,
mice were immunized intraperitoneally with 200 �g of
normal sheep IgG that was given with 80 �l of aluminum
hydroxide gel (Sigma, Poole, UK) in 310 �l of PBS (en-
dotoxin free from Sigma), with 10 �g of highly purified
LPS from Escherichia coli R515 (581-007-L002; Alexis
Biochemicals, Nottingham, UK ). All of these components
were given as a single intraperitoneal injection. Five days
later, mice received an injection of 160 �l of NTS via the
tail vein to induce disease. In protocol B, disease was
induced with 10 �l/g of serum intravenously. At days 5
and 7, 10 �g LPS was given intraperitoneally in 400 �l
PBS, with PBS alone as a control. These protocols are
illustrated in Figure 1. Endotoxin levels were measured by
using a chromogenic kinetic Limulus Amoebocyte Lysate
assay (Cambrex Bioscience, Verviers, Belgium). NTS
used in all experiments contained �0.5 eU/ml. Eighty
microliters aluminum hydroxide contained �0.004 eU.
The 200-�g sheep IgG used for pre-immunization con-
tained �0.0025 eU. Only mice surviving to the experi-

ment end were included in the analysis. For the experi-
ment depicted in Figures 2 to 4, one wild-type mouse was
sacrificed on day 6 due to ill-health and one on day 7,
with one TLR4-deficient mouse sacrificed on day 12, and
the remainder on day 14. In addition, one wild-type
mouse was not placed in the metabolic cage at the end
of the experiment due to ill health. For the experiment in
Figures 5 to 7, two mice given LPS were sacrificed on day
10 due to ill health, and the remainder on day 12. For the
experiment in Figures 8 to 10, one wild-type3 wild-type
mouse was sacrificed on day 12 due to ill health, and the
remainder on day 14 (with blood and urine not obtained
from one wild-type 3 TLR4�/� mouse, which was ill on
day 14).

Assessment of Disease

Disease was assessed as previously described.16 In
brief, crescents and thrombosis were scored on samples
fixed in Bouin’s solution and stained with PAS. For throm-
bosis, 50 glomeruli were each scored out of 4. Neutro-
phils were identified by their characteristic nuclear mor-
phology on PAS stained sections. CD68� and CD4� cells
were detected on phosphate-lysine periodate fixed sec-
tions, with anti-CD68 (clone FA11; Serotec, Oxford, UK)
and anti-CD4 (clone L3T4; BD Pharmingen, Oxford, UK),
respectively. For the experiments in wild-type mice, the
avidin-biotin complex method was used with a biotinyl-
ated mouse anti-rat (Jackson’s Immunoresearch, West-
grove, PA) and avidin-biotin complex kit (Vectorlabs, Pe-
terborough, UK). For the chimera experiments, we
changed to an immunofluorescence-based method. De-
tection was with fluorescein isothiocyanate conjugated
mouse anti-rat IgG (Jacksons Immunoresearch), followed
by Alexa Fluor 488 conjugated goat anti-fluorescein iso-
thiocyanate (Molecular Probes, Paisley, UK). All histolog-
ical scoring was done without knowledge of the sample
identity. Albuminuria was measured by radial immunodif-
fusion by using rabbit anti-mouse albumin (Biogenesis,
Poole, UK) as described previously.11 Normal C57BL/6

Figure 1. Overview of disease induction protocols. Glomerulonephritis was
induced by using two protocols. In protocol A, LPS or control was given at
the time of immunization with sheep IgG in aluminum hydroxide. In the
second protocol, our aim was to have no effect on the immune response to
sheep IgG, and LPS was given after NTS injection. The protocols are de-
scribed in detail in Materials and Methods.
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mice have less than 50 �g/ml of albuminuria using this
assay, as previously reported (n � 12).16 Serum creati-
nine was measured by mass spectrometry as
described.16

Assessment of the Nephritogenic Immune
Response

Sandwich enzyme-linked immunosorbent assays (ELISAs)
to measure the immune response to sheep IgG were

performed as before16 with modification for IgG2c.
Detecting antibodies for IgG1, IgG2b, and IgG3 were
from Southern Biotechnology (Birmingham, Alabama).
The IgG2c antibody was from Bethyl Laboratories (Mont-
gomery, TX). The relative concentrations were measured
by using a standard curve that was constructed from
pooled serum samples from mice that were immunized
with sheep IgG. Normal serum from unimmunized mice
served as a control. With disease induced according to
protocol A, single cell suspensions were prepared from
spleens at the end of the experiment. After red cell lysis,
these were cultured at 106 cells/ml for 5 days in X-Vivo 15
serum-free medium, containing 1% glutamax (Invitrogen,
Paisley, UK) and 0.1% mercaptoethanol, in the presence
or absence of sheep IgG at 100 �g/ml. The sheep IgG
preparation was the same as that used for pre-immuni-
zation. Interleukin-4 and interferon-� were measured in
supernatants by using ELISA kits (R&D Systems, Oxford,
UK) with limits of detection of 15.6 pg/ml and 31.2 pg/ml,
respectively.

Bone Marrow Chimeras

Chimeric mice were made by irradiation with a dose of 9
Gy and reconstitution with 5 � 106 donor bone marrow
cells. Experiments were performed 10 weeks after this.
Confirmation of chimerism was obtained by using real-
time PCR for the neomycin resistance gene (present in
TLR4-deficient mice) and glyceraldehyde-3-phosphate
dehydrogenase, using genomic DNA extracted from pe-
ripheral blood, as described previously.11 DNA from a
TLR4-deficient mouse was used as a standard, and re-
sults were expressed as a percentage of this value. This
confirmed that bone marrow was at least 90% donor
derived in all mice tested (n � 5 per group).

Figure 2. TLR4 stimulation at immunization exacerbates crescentic glomer-
ulonephritis. Wild-type and TLR4-deficient mice were pre-immunized with
sheep IgG and LPS and disease was induced as described in protocol A.
Disease parameters were assessed at day 14 (albuminuria at day seven as
well). A–D: In wild-type, compared with TLR4-deficient mice, there were
significantly more crescents, thrombosis, and glomerular CD68� macro-
phages, but no difference in glomerular CD4� cell numbers. E: Albuminuria
was not different at day seven and higher in TLR4-deficient mice at day 14.
F: Serum creatinine (day 14) was higher in wild-type mice. Each point is an
individual mouse n � 7 (wild-type) and n � 8 (TLR4-deficient). Mice not
surviving to day 14 were not included in the analysis and are listed in
Materials and Methods.

Figure 3. TLR4 stimulation at immunization exacerbates crescentic glomer-
ulonephritis. Representative histology from wild-type and TLR4-deficient
mice in the experiment shown in Figure 2. PAS stained sections showing a
crescent and thrombosis in a wild-type but not a TLR4-deficient mouse. More
macrophages were seen in the wild-type mice, as shown by CD68 immuno-
peroxidase staining. A crescent is shown by an arrow.
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Statistics

These were performed by using Graphpad Prism Soft-
ware (GraphPad Software, Inc., La Jolla, CA). An un-
paired Student’s t-test was used to compare two
groups. If the variances were significantly different, a
logarithmic transformation was used. More than two groups
were compared by using a Kruskall-Wallis test with Dunn’s
post test. Significance was taken as P � 0.05.

Results

Toll-Like Receptor 4 Stimulation at the Time
of Immunization with Nephritogenic Antigen
Exacerbates Glomerulonephritis

We began by exploring the effect of TLR4 stimulation at
priming on the adaptive immune response and disease
severity in nephrotoxic nephritis to discover if our previ-
ously described results for TLR216 were generally appli-
cable to other TLRs. Disease was induced by using pro-
tocol A (as shown in Figure 1 and described in Materials
and Methods) in wild-type and TLR4-deficient mice. Mice
were bled from the tail vein at days 5 and 9 after injection
of NTS for assessment of the humoral immune response.
Mice were placed in metabolic cages for assessment of
albuminuria at days 7 and 14. This experiment showed

that TLR4 stimulation at the time of priming with sheep
IgG exacerbated disease. Figure 2, A–F, shows that there
were more glomerular macrophages, crescents, and
thrombosis in wild-type mice compared with TLR4-defi-
cient mice. Neutrophil numbers were low, and there was
no difference between the groups. These were 0.086 �
0.012 and 0.0725 � 0.026 (mean � SEM cells per glo-
merular cross section) in wild-type and TLR4-deficient
mice, respectively. There was also evidence of a func-
tional effect as serum creatinine was higher in wild-type
mice. There was no difference in albuminuria at day 7,
and there was higher albuminuria in TLR4-deficient mice
at day 14, which just reached statistical significance. This
may have been a reflection of the renal failure developing
in wild-type but not TLR4-deficient mice. Figure 3 shows
representative histology from this experiment. These data
established that crescentic glomerulonephritis is exacer-
bated by TLR4 stimulation when this occurs at the time of
priming with an antigen that is then planted in the
glomerulus.

Toll-Like Receptor 4 Stimulation Augments the
Nephritogenic Immune Response

To explore the mechanism of more severe disease in
wild-type mice compared with TLR4-deficient mice, we
assessed the immune response to sheep IgG in the

Figure 4. A–D: TLR4 stimulation at immuniza-
tion augments the humoral immune response to
sheep IgG. Subclass-specific ELISAs were per-
formed on serum from wild-type and TLR4-de-
ficient animals pre-immunized with sheep IgG
and LPS in the experiment in Figure 2. Normal
serum from three untreated mice was included
as a control (NMS). Wild-type mice had an in-
crease in all subclasses at day five when com-
pared with TLR4-deficient mice. This difference
was maintained at day nine and 14 for IgG1 and
IgG2c. Each point is an individual mouse. E and
F: Spleens were taken at the end of the experi-
ment and cytokines were measured in superna-
tants from splenocytes restimulated in the pres-
ence of sheep IgG, with controls cultured
without sheep IgG. The data demonstrate an
antigen-specific response, but there were no sig-
nificant differences between the groups. Each
point is the mean of triplicate cultures from an
individual mouse. At the end of the experiment
n � 7 (wild-type) and n � 8 (TLR4-deficient) for
all data sets, with additional surviving mice in-
cluded at earlier time points.
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above experiment. Using subclass-specific ELISAs, we
analyzed serum at days 5, 9, and 14 after disease induc-
tion (corresponding to days 10, 14, and 19 after priming).
As shown in Figure 4 (A–D), the peak response was seen
at day 5, and there was an increase in all four IgG
subclasses in wild-type compared with TLR4-deficient
mice. The difference in IgG1 and IgG2c was maintained
at later time points. To further assess any change in Th1
or Th2 skewing, we restimulated splenocytes with sheep
IgG at the end of this experiment and measured interleu-
kin-4 and interferon-� in supernatants. As shown in Figure
4 (E and F), there were no significant differences. We also
performed immunofluorescence staining to assess glo-
merular deposition of mouse IgG subclasses and found
increased IgG2c and IgG3 (see Supplemental Figure 1 at
http://ajp.amjpathol.org). Because this is a less sensitive
technique, the absence of a difference for IgG1 and
IgG2b does not invalidate the ELISA data. Additional
factors regarding interpretation of immunofluorescence
data are discussed below. These data established that
the increase in disease severity in wild-type mice com-
pared with TLR4-deficient mice was accompanied by a
global augmentation of the adaptive immune response to
sheep IgG with no change in Th1 or Th2 skewing.

Toll-Like Receptor 4 Stimulation after Disease
Induction Does Not Affect the Nephritogenic
Immune Response but Triggers Crescentic
Disease

We had established that TLR4 stimulation at the time of
priming to the relevant antigen could augment disease by
modulating the adaptive immune response. Our next aim
was to establish an experimental protocol to test the

effect of TLR4 stimulation later in disease development,
with minimal effect on the nephritogenic immune re-
sponse. We therefore induced disease by using protocol
B (shown in Figure 1 and described in Materials and
Methods) in wild-type C57BL/6 mice. We assessed the
immune response to sheep IgG at the end of the exper-
iment (day 14) by using subclass-specific ELISAs. As
shown in Figure 5, no significant differences were seen
between mice given LPS or control. Antigen-specific lev-
els of all IgG subclasses were similar in both groups. We
also performed immunofluorescence staining for IgG
subclasses and performed a semiquantitative analysis of
the intensity of glomerular staining. However, the distri-
bution of staining did not follow the capillary wall as
expected, and this was probably due to the large amount
of thrombosis seen (Figure 6B). There was significantly
more IgG2c and IgG3 present in mice given LPS (see
Supplemental Figure 2 at http://ajp.amjpathol.org), but we
were not confident that this was not the result of second-
ary trapping of these subclasses in more diseased glo-
meruli, and do not consider it a reliable measure of the
immune response to sheep IgG. However, we acknowl-
edge that we have not excluded some effect of LPS

Figure 5. LPS given after disease induction does not affect the immune
response to sheep IgG. Wild-type mice were given LPS or control at days five
and seven after NTS and sacrificed at day 12 according to protocol B.
Subclass-specific ELISAs were performed on serum, with normal mouse
serum from three nonimmunized mice as a control (NMS). There were no
significant differences. Each point is an individual mouse, with n � 7 (LPS)
and n � 8 (control). Mice not surviving to day 12 were not included in the
analysis and are listed in Materials and Methods.

Figure 6. Nephrotoxic nephritis is exacerbated by LPS given after disease
induction. Wild-type mice were given LPS or control at days 5 and 7 after NTS
as described in Materials and Methods (protocol B). Data are from the same
experiment as the ELISA data in Figure 4. A–D: There were significantly more
crescents, thrombosis, and glomerular CD68� macrophages but no differ-
ence in glomerular CD4� cell numbers in mice given LPS compared with
controls. E and F: There was no difference in albuminuria, but a higher serum
creatinine in LPS treated mice. Each point is an individual mouse with n � 8
(control) and n � 7 (LPS).
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administration on the nephritogenic immune response to
sheep IgG.

Having established that LPS does not have a major
effect on the immune response in this protocol, we then
assessed the effect of LPS on disease in wild-type
C57BL/6 mice in the above-described experiment. Ad-
ministration of LPS led to more glomerular crescents,

increased glomerular thrombosis, greater numbers of
CD68� macrophages, but no difference in glomerular
CD4� cells as shown in Figure 6 (A–D). Representative
histology is shown in Figure 7. Neutrophil numbers were
low, and there was no difference between the groups.
These were 0.045 � 0.023 and 0.046 � 0.018 (mean �
SEM cells per glomerular cross section) in mice given
control or LPS, respectively. To assess the functional
effects of TLR stimulation, we measured albuminuria and
serum creatinine with data shown in Figure 6 (E and F).
Albuminuria data were only obtained from five mice per
group due to technical issues. There was no difference in
albuminuria, which was severe in both groups. However,
serum creatinine was significantly higher in mice given
LPS compared with control. These results established
that LPS given after disease induction triggers crescentic
disease with no detectable effect on the nephritogenic
immune response. It should be noted that this was true
even when the two mice with the most severe disease in
the group given LPS were excluded form the analysis
because they were sacrificed early.

The Immune Response to the Nephritogenic
Antigen Is Influenced by Bone Marrow but Not
Renal Cell TLR4

Having established that TLR4 stimulation triggered cres-
centic disease, we then explored the role of renal cell

Figure 7. Nephrotoxic nephritis is exacerbated by LPS given after disease
induction. Representative histology at day 14 from the experiment shown in
Figure 5. This shows crescent formation and thrombosis in mice given LPS
(left column) compared with controls (right column). There were also more
glomerular CD68� macrophages, but no difference in CD4� cell numbers. A
crescent is shown by an arrow.

Figure 8. The immune response to sheep IgG in
chimeric and sham chimeric mice with nephro-
toxic nephritis given LPS after disease induction.
Mice were given LPS at days five and seven after
NTS and sacrificed at day 14 according to protocol
B. Serum was analyzed by using subclass-specific
ELISAs, with normal mouse serum from three non-
immunized mice as a control (NMS). Several dif-
ferences were shown between mice with wild-
type (WT) or TLR4 bone marrow with P values
shown for those that were significant. Importantly,
there we no significant differences between mice
that had the same bone marrow (between wild-
type 3 wild-type and wild-type 3 TLR4�/�, or
between TLR4�/� 3 TLR4�/� and TLR4�/� 3
wild-type). Each point is an individual mouse with
n � 14, 15, 13, and 10 for wild-type 3 wild-type,
TLR4�/� 3 TLR4�/�, wild-type 3 TLR4�/�, and
TLR4�/� 3 wild-type mice, respectively. Mice not
surviving to day 14 were not included in the analysis
and are listed in Materials and Methods.
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TLR4 in this process. We constructed bone marrow chi-
meras by transplanting wild-type or TLR4-deficient bone
marrow in TLR4-deficient or wild-type mice. Sham chime-
ras were constructed by transplanting wild-type marrow
into wild-type mice, or TLR4-deficient marrow into TLR4-
deficient mice. We induced disease in these four groups
of chimeric or sham chimeric mice by using the same
protocol B that had been used in wild-type mice as
described above, with all mice receiving intraperitoneal
LPS at days 5 and 7, with mice sacrificed at day 14. We
began by analyzing the nephritogenic immune response
with subclass-specific ELISAs as shown in Figure 8. We
found that there was a diminished immune response in
mice that had TLR4-deficient marrow compared with
mice with wild-type marrow. This was surprising since we
had found no difference between wild-type mice given
PBS or control using this protocol (Figure 4), and this is
considered in the discussion. These differences varied
for the subclasses, and any statistically significant differ-
ences are indicated in Figure 4. The important point to
note is that there were no differences between mice with
the same bone marrow for any of the subclasses. The
question that we set out to address in these studies is the

role of renal cell TLR stimulation on crescentic disease in
the absence of an effect on the adaptive immune re-
sponse. To achieve this it was necessary to compare
groups of mice with the same immune response to sheep
IgG. Therefore, in analyzing disease parameters in this
experiment, we restricted comparisons to those be-
tween mice with the same bone marrow and hence the
same immune response. That is, wild-type3 wild-type
and wild-type 3 TLR4�/� mice were compared, and
TLR4�/� 3 TLR4�/� and TLR4�/� 3 wild-type mice
were compared.

Renal Cell Toll-Like Receptor 4 Stimulation
Triggers Crescentic Disease

Having established that there was no difference in the
immune response for chimeric or sham chimeric mice
with the same marrow, we assessed the disease param-
eters in this experiment as shown in Figure 9, A–F. When
wild-type 3 wild-type and wild-type 3 TLR4�/� mice
were compared, there was significantly less thrombosis
and crescent formation in the latter. This means that, in

Figure 9. Stimulation of renal cell TLR4 exacer-
bates crescentic glomerulonephritis. Histological
disease parameters assessed in chimeric and sham
chimeric mice 14 days after disease induction with
LPS or control given at days five and seven as
described in Materials and Methods (protocol B).
Statistical significance was only assessed between
groups with the same bone marrow as discussed in
the text. A and B: wild-type 3 wild-type (WT)
micehad significantlymore crescents and thrombosis
than wild-type 3 TLR4�/� animals. TLR4�/� 3
wild-type mice had significantly more crescents
and thrombosis than TLR4�/� 3 TLR4�/� ani-
mals. C and D: There were no differences in
glomerular CD68� cell numbers when compar-
ing mice with the same marrow, and no differ-
ences between any groups in glomerular CD4�

cell numbers. E: There were no differences in
albuminuria. F: wild-type3 wild-type mice had
significantly higher serum creatinines than wild-
type3 TLR4�/� animals. TLR4�/�3 wild-type
mice had significantly higher serum creatinines
than TLR4�/�3 TLR4�/� animals. Each point is
an individual mouse with n � 14, 15, 13, and 10
for wild-type 3 wild-type, TLR4�/� 3 TLR4�/�,
wild-type3 TLR4�/�, and TLR4�/�3 wild-type
mice, respectively. Mice not surviving to day 14
were not included in the analysis and are listed in
Materials and Methods.
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the setting of LPS administration after disease induc-
tion, the lack of renal cell TLR4 protects from crescent
formation and thrombosis. In fact, crescent formation
was practically absent in wild-type 3 TLR4�/� mice.
Despite the increase in crescent formation and thrombo-
sis, numbers of glomerular macrophages and CD4 pos-
itive T cells were the same in wild-type 3 wild-type and
wild-type 3 TLR4�/� mice. When TLR4�/� 3 TLR4�/�

and TLR4�/� 3 wild-type mice were compared, we
found that there was significantly more thrombosis and
crescent formation in the latter. This means that, in the
setting of LPS administration after disease induction, the
presence of renal cell TLR4 promotes crescent formation
and thrombosis, with crescent formation practically ab-
sent in TLR4�/�3 TLR4�/� mice. Despite the increase in
crescent formation and thrombosis, numbers of glomer-
ular macrophages and CD4 positive T cells were the
same in TLR4�/� 3 TLR4�/� and TLR4�/� 3 wild-type
mice. Neutrophil numbers were low, and there was no
difference between the groups. These were 0.13 �
0.025, 0.08 � 0.031, 0.16 � 0.027, and 0.07 � 0.17
(mean � SEM cells per glomerular cross section) in
wild-type 3 wild-type, TLR4�/� 3 TLR4�/�, wild-type 3
TLR4�/�, and TLR4�/� 3 wild-type groups, respectively.
Representative histology from these experiments in chi-
meric mice is shown in Figure 10. There were no differences
in albuminuria when either wild-type3 wild-type and wild-
type 3 TLR4�/� mice, or TLR4�/� 3 TLR4�/� and
TLR4�/� 3 wild-type mice were compared. In contrast,
differences in serum creatinine mirrored the changes
seen in glomerular thrombosis and crescent formation
demonstrating an important functional consequence of
these morphological changes. Wild-type 3 wild-type
mice had significantly higher serum creatinines than wild-
type 3 TLR4�/� mice. Likewise TLR4�/� 3 wild-type
mice had higher serum creatinines than TLR4�/� 3
TLR4�/� mice. To examine the relationship between throm-

bosis and crescent formation, we plotted these as shown in
Supplemental Figure 3 at http://ajp.amjpathol.org. Although
several mice in the wild-type3 TLR4�/� group showed a
degree of thrombosis comparable to that seen in wild-
type 3 wild-type and TLR4�/� 3 wild-type mice, they
did not develop crescents. There was a correlation be-
tween crescent formation and thrombosis in TLR4�/� 3
wild-type mice but not in the other two groups individu-
ally, or when the data from all three groups were analyzed
together. This suggested that thrombosis itself was not
sufficient for crescent formation, and that this resulted
from a different and specific effect of TLR4 stimulation on
renal cells. Overall, these data demonstrate that renal cell
TLR4 stimulation can trigger glomerular thrombosis, cres-
cent formation, and renal failure.

Discussion

These results extend our previously published findings
showing that TLR2 stimulation augments the nephrito-
genic immune response without causing a change in the
Th1 versus Th2 balance.16 We have therefore estab-
lished a general mechanism whereby either TLR2 or
TLR4 stimulation can exacerbate crescentic glomerulo-
nephritis. We did not demonstrate a difference in cellular
immunity as evidenced by glomerular CD4� cell num-
bers or the cytokines released by restimulated spleno-
cytes. The precise mechanism by which humoral immu-
nity is augmented could therefore be via direct effects on
B cells, or via stimulation of antigen presenting cells,
which would then prime T helper cells and augment the
humoral response. These possibilities are not mutually
exclusive and could both apply. It should be noted that
TLR4 may be stimulated by both exogenous microbial
ligands or by endogenous ligands.18 In this experiment,
TLR4 stimulation would have been the result of adminis-
tered LPS and also any contribution from endogenous
ligands present in normal mice. However, the compari-
son of wild-type and TLR4-deficient mice gives a clear
assessment of the role of TLR4 in this context, since the
presence or absence of TLR4 is the only difference be-
tween the groups.

The demonstration of a crucial role for renal cell TLR4
in the pathogenesis of crescentic disease is probably the
most unexpected result that we report here. The interpre-
tation of the chimera experiments is complicated by dif-
ferences in the immune response between groups that
had wild-type or TLR4�/� bone marrow. Further studies
(data not shown) have suggested that the effect on the
immune response may be due to the sheep serum having
some TLR stimulatory activity at the time of initial expo-
sure to sheep IgG, despite the fact that the endotoxin
content of the serum used was �0.5 eU/ml. As discussed
above, endogenous ligands for TLR4 may also be
present in normal mice and could contribute to the dif-
ferences in the immune response seen. Nevertheless,
when mice with the same marrow were compared, our
data clearly show that renal cell TLR4 stimulation can
lead to crescentic glomerulonephritis. The effect on cres-
cent formation was striking. Of the four chimeric or sham

Figure 10. Stimulation of renal cell TLR4 exacerbates disease. Representa-
tive histology from the experiment in Figure 8, showing crescents in wild-
type 3 wild-type (WT) and TLR4�/� 3 wild-type mice, with a degree of
thrombosis in all groups except TLR4�/�3 TLR4�/� animals. Crescents are
shown by arrows.
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chimeric groups, only the two groups with renal cell TLR4
(wild-type recipients) developed crescents, with virtually
none in the other two groups. Despite the diminished
immune response in mice with TLR4�/� marrow, renal
cell TLR4 stimulation (in TLR4�/�3 wild-type mice) was
sufficient to trigger crescentic disease in these animals.

There were no differences in albuminuria between chi-
meric and sham chimeric groups. We had also failed to
detect differences in albuminuria in experiments that did
not involve chimeras (Figures 2 and 6) and it is possible
that the reduction in renal function as evidenced by a
raised serum creatinine decreased the measured albu-
minuria in mice with increased disease. In addition, the
albuminuria was variable, and in the case of the bone
marrow chimera experiments, this could be due to a
variable degree of chimerism between animals, although
this would not explain the variability in wild-type 3 wild-
type and TLR4�/�3 TLR4�/� groups. The differences in
crescent count suggest a high degree of chimerism,
and we demonstrated this by using quantitative PCR
on peripheral blood. However, this may not be as
accurate a method as assessment at the cellular level
with flow cytometry.

When mice with the same marrow and immune re-
sponse were compared, there were no differences in
glomerular macrophages, and all four groups had similar
numbers of glomerular CD4 positive cells. The differ-
ences in macrophage number and thrombosis between
TLR4�/� 3 wild-type and wild-type 3 wild-type, or be-
tween TLR4�/� 3 TLR4�/� and wild-type 3 TLR4�/�

mice may have been a reflection of differences in the
immune response in addition to differences in down-
stream effects on leukocytes. Although we have empha-
sized the fact that the two groups with TLR4-deficient
marrow had a lesser immune response to sheep IgG than
those with wild-type marrow, this did not influence the
formation of crescents when renal cell TLR4 was present.
This occurred to a similar extent in TLR4�/� 3 wild-type
and wild-type3 wild-type mice despite a lesser immune
response to sheep IgG in the former. The differences in
crescent formation between groups with the same mar-
row occurred despite similar macrophage numbers,
suggesting that macrophage infiltration was not suffi-
cient to cause crescent formation. Although mice in the
wild-type 3 TLR4�/� group developed less thrombosis
than mice in wild-type3 wild-type and TLR4�/�3 wild-
type groups, there was considerable overlap. Some mice
in the wild-type3 TLR4�/� group had a degree of throm-
bosis similar to that of these other groups as illustrated in
Supplemental Figure 3 at http://ajp.amjpathol.org. Despite
this they did not develop crescents. This suggests that
thrombosis itself does not cause and is not sufficient for
crescent formation.

There are previous reports of TLR stimulation of intrin-
sic renal cells causing kidney disease. A bone marrow
chimera approach has defined a role for both TLR2 and
TLR4 on renal cells in ischemia reperfusion injury,8–10

and also shown a role for renal cell TLR4 in a model of
infection.7 In contrast, LPS-induced acute kidney injury in
mice was not dependent on renal cell TLR4, as evi-
denced by studies with transplanted TLR4-deficient and

wild-type kidneys.19 These studies have shown that in
some experimental systems, renal tubular cell TLR4 may
be important. Our own work in heterologous nephrotoxic
nephritis has established that renal cell TLR2 or TLR4
stimulation may also be important in glomerular disease.
It exacerbates the neutrophil influx and proteinuria in-
duced by passively administered glomerular-binding an-
tibody.11,12 The current study differs from our previous
reports because, unlike heterologous nephrotoxic nephri-
tis, the autologous phase is a model in which progressive
disease occurs, and histological features closely resem-
ble those seen in human glomerulonephritis.

In a previous study we have localized TLR4 in the
glomerulus by using in situ hybridization.12 We showed
that parietal and visceral epithelial cells express TLR4,
and there was also mesangial expression, with TLR4-
dependent chemokine release from cultured mesangial
cells. TLR3 has been found on mesangial cells and im-
plicated in the pathogenesis of murine lupus,20 although
in vivo evidence of a role was not determined through the
use of bone-marrow chimeras. More recently other inves-
tigators have detected protein with immunohistochemical
staining for TLR4 reported to be on podocytes in normal
mouse glomeruli.21 Murine glomerular endothelial cells
and podocytes both express TLR4,22 and cultured podo-
cytes have been shown to express TLR4 and to undergo
phenotypic changes including cytoskeletal reorganiza-
tion and B7.1 expression in response to TLR4 stimula-
tion.23 A further report demonstrated that podocytes ex-
press a range of chemokines in response to TLR4
stimulation.21 However, TLR4 has been localized to the
glomerular endothelium rather than podocytes in frozen
rat kidney,24 and it seems likely that the findings would be
the same in mice. Both Myd88 and TRIF dependent TLR4
signaling has been shown in murine mesangial cells,
although TRIF deficient mice developed nephrotoxic ne-
phritis to a similar degree to wild-type mice.25 However, a
different disease induction protocol to the present study
was used, with priming in Freund’s adjuvant and LPS was
not given during disease development. We acknowledge
that a limitation of our study is that we do not define the
renal cell responsible for the TLR4-mediated effects on
crescent formation. Because resident renal leukocytes
such as dendritic cells are radiosensitive, the cell respon-
sible will almost certainly be parenchymal. Crescent for-
mation is thought to occur when the glomerular endothe-
lium is damaged, leading to the entry of blood
components into Bowman’s space. Whether this is a
direct effect of endothelial cell TLR4 stimulation or is
mediated via TLR4-dependent effects of TLR4 stimulation
on podocytes or mesangial cells remains to be defined in
future studies. Such studies would require cell-specific
manipulation of TLR4 to provide definitive answers.

We have focused on one receptor, namely TLR4, in the
current study. We accept that this is a simplification,
since in the context of infection, pathogens would be
expected to activate a number of TLRs and Nod-like
receptors simultaneously providing a more wide-ranging
response. However, by limiting our study to TLR4, we
have been able to reveal the multiple facets of the re-
sponse to even this single receptor. The complexity of our
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experimental system is reflected in the fact that we have
shown that TLR4 stimulation can both augment the ne-
phritogenic immune response and have direct effects on
renal cells. Our findings therefore represent a novel ob-
servation on the interactions between the innate and
adaptive arms of the immune system in causing glomer-
ulonephritis. We show the integration of TLR stimulation
on both the adaptive and innate immune systems in a
complex and relevant disease model, with crucial effects
of TLR4 stimulation on renal cells in the development of
pathology.
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