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Nouzilly, France; CNRS, Nouzilly, France; Université François Rabelais, Tours, France; Haras Nationaux, Nouzilly,
France; IFR 135, Imagerie Fonctionnelle, France

ABSTRACT
Invariant natural killer T (iNKT) cells represent a particular subset of T lymphocytes capable of producing
several cytokines, which exert regulatory or effector functions, following stimulation of the T cell
receptor. In this study, we investigated the influence of iNKT cells on the development of experimental
anti-glomerular basement membrane glomerulonephritis (anti-GBM GN). After injection of anti-GBM
serum, the number of kidney iNKT cells rapidly increased. iNKT cell-deficient mice (J�18�/�) injected
with anti-GBM serum demonstrated worse renal function, increased proteinuria, and greater glomerular
and tubular injury compared with similarly treated wild-type mice. We did not detect significant
differences in Th1/Th2 polarization in renal tissue that might have explained the severity of disease in
J�18�/� mice. Interestingly, expression of both TGF-� and TGF-�-induced (TGFBI) mRNA was higher in
wild-type kidneys compared with J�18�/� kidneys, suggesting a possible protective role for TGF-� in
anti-GBM GN. Administration of an anti-TGF-� neutralizing antibody significantly enhanced the severity
of disease in wild-type, but not J�18�/�, mice. In conclusion, in experimental anti-GBM GN, iNKT cells
attenuate disease severity and TGF-� has a renoprotective role.

J Am Soc Nephrol 20: 1282–1292, 2009. doi: 10.1681/ASN.2008040433

The experimental anti-glomerular basement mem-
brane (anti-GBM) model was first described in dogs
by Jean Redman Oliver and was adapted for rats by
Matazo Masugi. Today, this model is used most often
in mice,1–5 and it remains a useful and robust tool for
studying inflammatory renal injury.6,7 Briefly, this
method involves the injection of a heterologous serum
rich in immunoglobulins against antigens from the
GBM; this results in an immediate inflammatory re-
sponse, characterized by the infiltration of cells of the
innate immune system, including polymorphonu-
clear cells, into the kidney. This first wave of the innate
immune response is followed by T and B cell activa-
tion, resulting in the progressive infiltration of CD4�

T cells and macrophages into the site of inflamma-
tion.7 Although the triggering factor is an alloantigen,

this model mimics several human glomerular in-
flammatory diseases in which immune deposits in-
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duce endocapillary wounds, with or without extracapillary
proliferation, with direct or collateral podocyte injury.

The mechanisms involved in the development of experi-
mental anti-GBM glomerulonephritis (anti-GBM GN) are still
unclear. Some authors have implicated a type-1 (Th1) pattern
of immune response in the development of anti-GBM GN in
C57BL/6 (B6) mice.3,8,9 Therefore, it was reasonable to hy-
pothesize that an efficient type 2 (Th2) counter response could
play an important role in resistance to anti-GBM pathogene-
sis.3,10 Along these lines, we decided to study the role of a par-
ticular immunoregulatory T cell population, the invariant nat-
ural killer T (iNKT) cells, in the development of this disease.
iNKT cells constitute a distinct population of mature T lym-
phocytes positively selected by the non-polymorphic MHC
class-I-like molecule CD1d. In contrast to variant NKT cells,
iNKT cells are defined by a highly restricted T cell receptor
(TCR) repertoire, composed of a single invariant V�14J�18
chain in mice and a V�24J�18 chain in humans, preferentially
paired with a limited TCR V� chain repertoire that specifically
recognizes glycolipids. These cells can be specifically recog-
nized by the use of CD1d/�-galactosylceramide (�-GalCer)
tetramers.11 Interest in iNKT cells arose first from their unique

capacity to simultaneously produce large amounts of Th1
(IFN-�) and Th2 (IL-4) cytokines, conferring the ability to influ-
ence the outcome and development of several inflammatory dis-
eases depending on the immunological context.12 iNKT cells have
been effectively implicated in inflammatory immune responses,
namely tumor immunity, infections, autoimmune diseases and
allergic asthma. In most of these pathologies, iNKT cells play a
protective role; in some cases, however, they can become delete-
rious. It is likely that these contrasting effects result from the cy-
tokine profile generated by iNKT cells in each situation. In fact,
IFN-� production by iNKT cells is required for their protection
against a variety of pathogens. Administration of �-GalCer, a
glycolipid capable of specifically stimulating iNKT cells, inhib-
its hepatitis B virus and cytomegalovirus replication by activa-
tion of NK cells by an IFN-�-dependent mechanism.13,14 Oth-
ers reports demonstrate that IL-12 associated with IL-18
promotes the secretion of IFN-� by iNKT cells without TCR
crosslinking and can enhance the antiviral response mediated
by NK cells, conferring protection during murine cytomegalo-
virus infection.15 Others authors have reported that IFN-�
produced by iNKT cells in response to cytokines can mediate
protection against Mycobacterium bovis or Leishmania major

Figure 1. The development of anti-GBM GN is associated with local influx of iNKT cells. C57BL/6 mice were injected with anti-GBM
serum on day 0. At 0, 2, and 24 h and on day 10, kidneys were collected, treated with collagenase and DNase, and stained for TCR-�
antigens (TCR�-FITC) and V�14-J�18 TCR (TT, tetramer-CD1d��GalCer-APC) to detect iNKT cells at different time points. FACS
analysis showed the time-dependent influx of lymphocytes (A), TCR�� cells (B), and iNKT lymphocytes (C). Results are reported as
absolute numbers of infiltrating cells per kidney (mean � SEM) from five to eight animals for each time point. *P � 0.05 versus 0 h. Data
are representative of three separate experiments.
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infections.16 On the other hand, IL-4-producing iNKT cells
protect the host against cerebral malaria.17 In contrast to these
protective roles, a deleterious effect has been ascribed to both
IL-4 and IL-13 secreted by iNKT cells in the development of
airway hyper-reactivity, a cardinal feature of asthma.18,19

We have recently demonstrated iNKT plasticity using an
ovalbumin (OVA)-induced asthma model. iNKT cell activa-
tion during the sensitization phase increases Th2 responses,
whereas �-GalCer treatment administered during the effector
phase decreases Th2-associated inflammatory responses.19,20

This dichotomous effect of iNKT cells was also demonstrated
in pristane-induced lupus, where its specific activation by
�-GalCer suppressed or promoted lupus-like autoimmunity
in a strain-dependent manner.21 Other authors associated the
regulatory effect of iNKT lymphocytes in lupus-like disease
with Th1/Th2 bias and B lymphocyte activation.21–25 In oppo-
sition to the regulatory role of iNKT cells in autoimmunity,
there is other evidence suggesting that iNKT cells are the major
early-acting CD4� T cell type in renal ischemia-reperfusion
injury through IFN-�-mediated neutrophil accumulation.26,27

Despite these studies, the regulatory role of iNKT in kidney
physiology remains unclear.

Recently, it was shown that CD1d-deficient mice, which are
deficient for all CD1d-restricted T cells including iNKT cells,
developed an accelerated course of GN compared with controls.28

In that study, however, the precise contribution of the iNKT sub-
set was not evaluated since the use of CD1d�/� mice did not
exclude the possible effects of other CD1d-restricted T cell sub-
populations. In the study presented here, the use of J�18�/�

mice,29 which are exclusively deficient for iNKT cells, allowed us
to demonstrate that these cells confer resistance to the develop-
ment of experimental anti-GBM GN and that TGF-� plays a ma-
jor role in the protection against anti-GBM GN.

RESULTS

Development of Anti-GBM GN Is Associated with a
Local Influx of iNKT Cells
It has been shown that during the development of an inflam-
matory response, iNKT cells can migrate to the site of inflam-
mation, where they can contribute to immune responses.30,31

This effect was also seen in the kidneys of anti-GBM-treated
mice. We found a 3-fold increase in the number of iNKT cells
in the renal tissue of such mice; this number peaked 2 h after
injection of the anti-GBM serum and started to decrease 24 h
after serum administration (Figure 1).

Lack of iNKT Cells Aggravates Renal Injury
To determine the role of iNKT cells in the pathogenesis of
anti-GBM GN, we used C57Bl/6 J�18�/� animals, which are
exclusively deficient in these lymphocytes. After the adminis-
tration of anti-GBM serum, the C57Bl/6 J�18�/� mice dem-
onstrated higher levels of proteinuria and blood urea nitrogen
(BUN) than wild-type (WT) mice (Figure 2, A and B, respec-

tively), suggesting a protective role of iNKT cells in the devel-
opment of anti-GBM GN.

The development of anti-GBM GN is associated with infil-
tration of T cells, macrophages, and polymorphonuclear cells
(PMNs) into the kidney interstitium.32 Indeed, immunohisto-
logical analysis of the renal tissue demonstrated that the ad-
ministration of nephrotoxic sera resulted in a significant influx
of inflammatory cells into the kidney tissue. In parallel with the
increased proteinuria and renal failure described above,
J�18�/� mice showed increased infiltration of inflammatory
cells into the kidneys compared with WT animals (Figure 3).
The infiltrating cells were essentially macrophages (MAC-1�

cells), followed by CD4� T cells, CD8� T cells, and PMNs
(GR1� cells) (Figure 3, A to E). Figure 3F demonstrates that the

Figure 2. iNKT deficiency results in more significant alterations in
renal function after anti-GBM serum administration. C57BL/6J WT
and J�18�/� mice were injected with anti-GBM serum, and con-
trol mice were injected with PBS. Urine and blood were collected
at selected time points to assess renal function. C57BL/6J
J�18�/� mice, which lack iNKT lymphocytes, had higher levels of
proteinuria on days 7 and 12 (A) and a higher BUN level on day 14
(B) compared with C57BL/6 WT mice. Results are expressed as
mean � SEM (n � 5). *P � 0.05 versus control; #P � 0.05 versus
WT. This is representative of three isolated experiments.
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development of anti-GBM GN was associated with glomerular
infiltration of MAC-1� cells. This infiltration was significantly
increased in iNKT cell-deficient mice compared with the WT

group, suggesting that the protective role of iNKT cells during the
development of anti-GBM GN may be, at least in part, mediated
by decreased glomerular macrophage accumulation.

Figure 3. Increased infiltration of inflammatory cells into renal tissue in mice lacking iNKT cells. C57BL/6 WT and J�18�/� mice were
injected with anti-GBM serum, and control mice were injected with PBS. After 14 d, kidneys were collected. (A) Immunohistochemical
analysis showed greater influx of inflammatory cells into renal tissue of J�18�/� mice, which lack iNKT cells, than into renal tissue from
WT mice. MAC-1� cells (A, B, and F) made up the largest proportion of infiltrating cells, followed by CD4� T cells (C), CD8� T cells (D),
and GR1� cells (E). J�18�/� mice also had more intraglomerular MAC-1� cells than WT mice (F). Results are expressed as mean � SEM
(n � 5). *P � 0.05 versus control; #P � 0.05 versus WT. This is representative of three isolated experiments.

BASIC RESEARCHwww.jasn.org

J Am Soc Nephrol 20: 1282–1292, 2009 iNKT Cells and Glomerulonephritis 1285



In accordance with the results concerning renal function and
inflammatory infiltrates, the J�18�/� mice demonstrated more
significant and severe tubular and glomerular injury than the WT
mice. Figure 4, A and C3 show that iNKT cell-deficient mice ex-
hibited a higher number of glomerular crescents at day 14 in com-
parison to WT animals. With regard to tubular injury, we found
that J�18�/� mice presented significant and diffuse tubular dila-
tion and necrosis with hyaline casts (Figure 4, B and C3). In WT
mice, only occasional tubulointerstitial lesions were noted.

Th1/Th2 Polarization Does Not Differ Between WT and
J�18�/� Mice During the Development of Anti-GBM GN
To investigate the possibility that Th1 polarization contributed
to the increased severity of anti-GBM GN in iNKT cell-deficient
mice, we analyzed the production of several cytokines and sub-
classes of mouse anti-sheep immunoglobulins. We failed to detect
any significant difference with regard to the expression of mRNA
for IL-4 or IFN-� in the renal tissue of WT versus J�18�/� mice.
Indeed, in anti-GBM-treated mice, IL-4 and IFN-� mRNA were
at the lower limit of detection by quantitative PCR (Q-PCR) at
day 14 (data not shown). Similarly, comparable plasma levels of
IFN-� and TNF-� were measured in both groups, and IL-4, IL-5,

and IL-2 levels were below the limit of detection in all groups
(supplemental data Figure S1). Furthermore, WT and J�18�/�

mice showed no significant differences in the level of mouse anti-
sheep IgG1 or IgG2a (supplemental data Figure S2, A and B) or in
the renal deposition of nephrotoxic sheep IgG or mouse anti-
sheep IgG (supplemental data Figure S2C). These data indicate
that mechanisms other than disequilibrium in the Th1/Th2 bal-
ance might explain the increased disease severity observed in the
absence of iNKT cells.

WT Mice Express More TGF-� and TGFBI (BIGH3) than
J�18�/� Mice During the Development of Anti-GBM GN
One potential factor that might explain the differences ob-
served between WT and J�18�/� mice is TGF-�1. This factor
has been implicated in the development of anti-GBM GN, al-
though its exact role is not entirely clear.33,34 Q-PCR analysis
demonstrated that WT mice injected with anti-GBM nephro-
toxic serum developed increased expression of TGF-�1 mRNA
in the kidney compared with J�18�/� mice (Figure 5A). To
determine the biologic activity of TGF-� in our model, we used
Q-PCR to quantify the expression of TGFBI (BIGH3) mRNA,
which is strictly related to TGF-�1 activity in renal tissue and
can reflect the levels of the active form of TGF-�.35–37 In accor-

Figure 4. Increased glomerular crescent formation and tubular
injury in mice lacking iNKT cells. C57BL/6J WT and J�18�/� mice
were injected with anti-GBM serum, and control mice were in-
jected with PBS. After 14 d, kidneys were collected to determine
the extent of glomerular crescent formation (A) and tubular injury
(B). Sections were stained with Masson’s trichrome. More glomer-
ular crescents were observed in J�18�/� mice (blue arrow in C3),
which lack iNKT cells, than in WT mice. These mice also lacked a
capsular urinary space (black arrows in C3), whereas this was
observed less frequently in WT mice (black arrow in C2). There
were significantly more hyaline casts and tubular dilation in
J�18-/- mice than in WT mice (asterisk [*] in C3). Original magni-
fication, �600. Results are expressed as mean � SEM (n � 5).
*P � 0.05 versus control; #P � 0.05 versus WT. This is represen-
tative of three isolated experiments.

Figure 5. Anti-GBM serum administration increases the expres-
sion of renal TGF-� and TGFBI mRNA in WT but not iNKT-
deficient mice, despite induction of systemic TGF-�. C57BL/6J
WT and J�18�/� mice were injected with anti-GBM serum, and
control mice were injected with PBS. After 14 d, kidneys were
collected, and Q-PCR was carried out to assess the expression of
TGF-� (A) and TGFBI (B) mRNA. Both plasma (C) and kidney (D)
TGF-� levels were measured at day 14 after anti-GBM serum
injection. Results are expressed as mean � SEM (n � 5). *P � 0.05
versus control; #P � 0.05 versus WT. This is representative of two
isolated experiments.

BASIC RESEARCH www.jasn.org

1286 Journal of the American Society of Nephrology J Am Soc Nephrol 20: 1282–1292, 2009



dance with the higher expression of TGF-� mRNA in WT mice,
the relative expression of TGFBI-associated genes was signifi-
cantly higher in WT animals (Figure 5B) compared with J�18-/-

mice. Plasma levels of TGF-� were significantly increased in both
WT and J�18�/� mice after the administration of anti-GBM se-
rum, with no significant difference between the two strains (Fig-
ure 5C). In contrast, renal TGF-� protein levels were significantly
lower in J�18�/� mice than in WT mice (Figure 5D). Taken to-
gether, these results suggest that iNKT cells could provide a pro-
tective effect in the anti-GBM GN model through the renal, but
not systemic, production of TGF-�.

In Vivo Administration of TGF-� Neutralizing Antibody
Impaired Resistance to the Development of Anti-GBM
GN
Finally, to confirm the renoprotective role of TGF-� in the
development of anti-GBM GN, we treated WT mice with the
1D11 antibody, a mouse monoclonal anti-TGF-� neutralizing
antibody.38,39 Treatment with 1D11 2 d after serum adminis-
tration impaired the resistance to anti-GBM GN previously
seen in WT mice when evaluated at day 14. The 1D11-treated
WT mice demonstrated higher proteinuria in comparison to
animals receiving an irrelevant matched isotype antibody (Fig-
ure 6A), although we did not find any significant alteration in
the BUN (Figure 6B). 1D11 administration decreased TGF-�
protein levels in the renal tissue of WT mice (Figure 6C). In
accordance with this, renal TGFBI mRNA expression was also
reduced after anti-TGF-� treatment, confirming the effective
in vivo neutralization of TGF-� (Figure 6D). The pathologic

analysis showed that, along with the increased proteinuria, the
1D11-treated WT mice exhibited a higher number of glomer-
ular crescents (Figure 7, A and B) and more pronounced tubu-
lar injury (Figure 7, A and C) in comparison to animals that
received control Ig. Moreover, the administration of 1D11 did
not affect the outcome of anti-GBM GN in J�18�/� mice in
terms of proteinuria and renal function, suggesting that
TGF-� production, which confers renoprotection to WT mice
in this model, is dependent on iNKT cells. Taken together,
these data support the idea that, in our model, TGF-� contrib-
utes to the renoprotective role of iNKT cells in the develop-
ment of anti-GBM GN.

DISCUSSION

Our finding that iNKT-deficient mice exhibit a more severe
form of GN agrees with previous results showing that CD1d-
deficient mice, deficient for all CD1d-restricted T cells, de-
velop more severe disease than WT mice after anti-GBM anti-
serum administration.28

In agreement with our results, iNKT cell-deficient mice
have been shown to develop spontaneous lupus-like glomeru-
lar lesions with age.16 Collectively, our results suggest that
iNKT cells may attenuate auto- or alloimmune-mediated renal
injury. The anti-GBM GN model in mice has been shown to be
mainly a Th1-driven disease, while Th2 cytokines are thought
to exert a protective role. Given the Th2-like response induced
by iNKT cells in airway hypersensitivity reactions,11 it would

Figure 6. TGF-� neutralization by 1D11 mAb
impairs renal function in WT mice but not in
J�18�/� mice. Animals were injected with
nephrotoxic serum and treated with 1D11, a
TGF-�-neutralizing mouse mAb, 2 days after
administration of the anti-GBM serum. The
control group received only PBS, whereas the
anti-GBM plus Ig group was injected with
nephrotoxic serum and treated with a nonrel-
evant IgG1. At days 7 and 12, urinary protein
(A) and BUN (B) were measured. The levels of
renal TGF-� protein (C) and the expression of
the TGFBI mRNA (D) were evaluated at day
14 after the induction of anti-GBM GN. Re-
sults are expressed as mean � SEM (n � 8).
*P � 0.05 versus control; #P � 0.05 versus
WT; **P � 0.05 versus irrelevant IgG1-treated
mice; ***P � 0.05 1D11 J�18�/� versus 1D11
WT. This is representative of two isolated ex-
periments.
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have been logical to find a Th1-like profile in iNKT cell-defi-
cient mice, which might, in turn, explain the more severe form
of GN seen in these animals. Using various cytokine and Ig
subclass analyses, however, we failed to detect any Th1 polar-
ization in J�18�/� mice.

When examining the immune process of anti-GBM GN at
day 14, we found a striking relationship between iNKT cell
deficiency and impaired production of TGF-�. Unlike previ-
ous studies that described the harmful role of TGF-� during
the development of renal fibrosis or nephritis,40 – 43 we have
demonstrated that the absence of TGF-� exacerbates the loss of
renal function and the influx of inflammatory cells into renal

tissue after acute kidney injury. TGF-� plays different roles in
the immune response, depending on several factors such as the
nature of the cell targets, the location of the immune response,
and the timing of disease evaluation (chronic versus
acute).44 – 49 In kidney tissue, TGF-� plays an important but
ambiguous role; it is probably harmful in chronic inflamma-
tory processes50 and beneficial in acute kidney injury, as sug-
gested by our work and several other reports.34,51,52 It seems
that iNKT cells play a protective role in our model by modu-
lating the bioactivity of intrarenal TGF-�, since circulating lev-
els of this protein were similar in both WT and J�18�/� mice.
Wild-type mice injected with nephrotoxic serum demon-

Figure 7. 1D11 treatment increases the level of glomerular crescent formation and tubular injury in WT mice but not in J�18�/� mice.
Animals were injected with nephrotoxic serum at day 0 and treated with 1D11, a TGF-�-neutralizing mouse mAb, 2 days after
administration of the anti-GBM serum. The control group received only PBS, whereas the anti-GBM plus Ig group was injected with
nephrotoxic serum and treated with a nonrelevant IgG1. The percentage of glomerular crescents was analyzed at day 14 (B). We also
found increased hyaline casts and tubular dilation in 1D11-treated mice (A and C). Sections were stained with Masson’s trichrome.
Original magnification, �600. Results are expressed as mean � SEM (n � 8). *P � 0.05 versus control; #P � 0.05 versus WT; **P � 0.05
versus irrelevant IgG1-treated mice. This is representative of two isolated experiments.
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strated significant expression of TGF-� and TGFBI mRNA,
indicating that iNKT cells were directly or indirectly involved
in the local production of bioactive TGF-�. The expression of
TGFBI is a reliable marker of active TGF-� signaling in renal
tissue, as described previously.35,36 In contrast to TGF-�
mRNA levels, which increase during renal disease, the total
renal TGF-� protein content was found to decrease during
disease in both strains of mice. This result suggests that during
the acute phase of GN, latent TGF-� stored in the extracellular
matrix is released and activated. Recent work by Huang et al.
demonstrated that systemic overexpression of latent TGF-�,
which may accumulate locally in the extracellular matrix and
be released during inflammatory processes, is associated with
protection in crescentic GN, corroborating our findings and
reinforcing the idea of a protective role for intrarenal TGF-� in
anti-GBM GN.34

Therefore, to confirm our hypothesis that TGF-� is an im-
portant agent in the control of anti-GBM GN, possibly related
to iNKT cells, we treated both C57Bl/6 WT and J�18�/� mice
with the TGF-� 1, 2, and 3 neutralizing antibody 1D11. We
found that TGF-� neutralization exacerbated the anti-GBM
GN seen in WT mice but not in J�18�/� mice. The neutraliza-
tion of TGF-� in WT mice was associated with decreased ex-
pression of TGFBI mRNA and exacerbation of disease. Here,
we demonstrate a strict relationship between iNKT cells and
intrarenal production of TGF-� during crescentic GN. Our
results suggest that iNKT cells can, in the early stages of acute
glomerular inflammation, contribute to an anti-inflammatory
response via intrarenal expression of TGF-�. In addition, our
results suggest that both TGF-� and iNKT cells are required to
observe a full protective effect in anti-GBM GN, since in the
absence of iNKT cells, the blockade of TGF-� had no influence
on GN severity.

A recent report using CD1d�/� mice suggested that NKT
cells exert a renoprotective role during the development of
anti-GBM GN.28 It is noteworthy that CD1d�/� animals lack
different populations of CD1d-dependent cells, including the
invariant V�14J�18 and noninvariant NKT lymphocytes,
whereas J�18�/� mice are deficient only in iNKT cells.29 We
and others have demonstrated that in immune responses
against helmintic infections as well as tumors, both cellular
populations can be implicated and play distinct roles.53–55 The
use of J�18�/� mice, however, clearly demonstrated the reno-
protective role of iNKT cells, since these mice exhibited more
severe disease despite the presence of the noninvariant NKT
lymphocytes. Our findings demonstrated that bioactive
TGF-�1 production was associated with protection, while
Yang et al. reported a decreased level of TGF-�1 protein in the
kidneys of CD1d�/� mice transferred with TCR�NK1.1� cells
and concluded that the decrease in TGF-� was associated with
a better prognosis.28 These authors, however, adoptively trans-
ferred TCR�NK1.1� cells to CD1d�/� mice. These cells, in
addition to containing cells others than iNKT cells, cannot be
activated in a CD1d-dependent manner when transferred to
CD1d�/� mice. Thus, after transfer, and to induce the protec-

tion described, these NKT cells are likely activated by an alter-
native pathway that could modify the pattern of cytokines pro-
duced and potentially induce mechanisms independent of
TGF-� that could contribute to the renoprotection. Further
experiments are necessary to test this possibility.

In conclusion, our data show that, during the development
of experimental anti-GBM GN, iNKT lymphocytes play a ma-
jor role in controlling the inflammatory process and glomeru-
lar injury. Additionally, we have shown that this regulatory role
either directly or indirectly involves the production of bioac-
tive TGF-�. Although further analysis is required to dissect the
precise relationship between TGF-� and iNKT cells in our
model, our data support the idea that both factors are essential
in the regulation of acute kidney injury.

CONCISE METHODS

Animals and Anti-GBM GN
C57BL/6 mice (9 to 14 wk old) were purchased from Janvier (Centre

d’Elevage R. Janvier, Le Genest-St-Isle, France). J�18�/� mice29 were

bred in our own facilities onto a pure C57BL/6-background (�B12).

All mice were kept in well-controlled animal housing facilities and

had free access to tap water and pellet food. All animal experiments

were performed according to the French Institutional Committee.

Decomplemented sheep anti-rat GBM sera were prepared as de-

scribed previously.33 We induced passive anti-GBM GN by intrave-

nous administration of a total of 1.5 mg total protein/g body weight,

administered over three consecutive days (days 0, 1, and 2). This

protocol has been popularized by D.J. Salant and coworkers, accord-

ing to the seminal work of A.R. Morley and J. Wheeler in mice.6,56,57

We evaluated renal injury and mRNA expression on day 14. Control

mice were injected with PBS.

FACS Analysis of iNKT Cells in Kidney Tissue
Mice were deeply anesthetized with urethane (Sigma-Aldrich, St

Quentin Fallavier, France), and kidneys were perfused via injection of

10 ml PBS into the left ventricle. We collected one kidney per animal and

minced and incubated them for 15 min at 37°C in 1 ml RPMI 1640

containing 1 mg/ml DNase (Roche Diagnostics, Meylan, France) and 2

mg/ml collagenase (Sigma). Next, we teased the kidney homogenate

through a 100-�M cell strainer (BD Biosciences, San Diego, CA), and

then we further separated the mononuclear cells by gradient centrifuga-

tion on 35% Percoll (Amersham Biosciences, Piscataway, NJ). We

stained the collected cells (2 � 106 cells) with FITC-conjugated anti-

TCR� and allophycocyanin (APC)-conjugated CD1d/�-GalCer tetram-

ers (plasmids containing CD1d and �2m genes were provided by M.

Kronenberg, LA Jolla Institute for Allergy and Immunology, San Diego,

CA) and analyzed on a FACS Canto II using DIVA software (Becton

Dickinson). Further analyses of FACS data were performed using

FLOWJO 7.2 software (Tree Star, Ashland, OR).

Histopathological Analysis of Glomerular and Tubular
Injury
We fixed the kidneys in alcohol-formalin-acetic acid, embedded them

in paraffin, cut them into 4-�m sections, and stained them with Mas-
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son’s trichrome. We defined crescent formation as glomeruli exhib-

iting two or more layers of cells in Bowman’s space, with or without

podocyte injury, as indicated by ballooning, necrosis, or cyst forma-

tion. The proportion of affected glomeruli per mouse was determined

in 100 randomly selected glomeruli, as described previously.33 We

scored tubulointerstitial injury on a scale of 0 to 4, as follows: 0, no

tubulointerstitial injury; 1, less than 25% injury; 2, 25% to 50% injury;

3, 51% to 75% injury; 4, more than 75% injury. Tubulointerstitial

injury was defined as tubular dilation or atrophy, denudation of the

tubular basement membrane, or tubular necrosis, as described previ-

ously.33

Immunohistochemical Analysis of Renal Inflammation
Kidneys were snap-frozen in liquid nitrogen, and 5-�m acetone-fixed

cryostat sections were used for conventional immunohistochemistry

with a two-layer immunoperoxidase method. We identified T lym-

phocytes using rat monoclonal antibodies against CD3, CD4, and

CD8; macrophages, using a monoclonal antibody against MAC-1;

and polymorphonuclear cells, with an antibody against GR1.1. We

purchased all primary antibodies from Serotec (Oxford, UK) or Bec-

ton Dickinson, and secondary antibodies were purchased from

Nichirei (Tokyo, Japan). We analyzed a minimum of 25 glomeruli,

and the total number of T lymphocytes (CD3�/CD4�/CD8�), mac-

rophages (MAC-1�), or polymorphonuclear cells (GR1.1�) was de-

termined at �20 magnification. Results are expressed as cells per glo-

merular cross-section or cells per high-power field, as described

previously.33

Proteinuria and Plasma BUN Levels
Urine was manually collected at selected times. We assessed protein-

uria using the Pyrogallol Red method, utilizing a KONELAB auto-

mater (Thermo Scientific, Waltham, MA), and we expressed protein-

uria as gram protein/mmol creatininuria. We assessed the BUN level

in blood plasma obtained on the day of sacrifice, using an enzymatic-

spectrophotometric method with an automater, and it was expressed

in mmol/L.

TGF-� Measurement in Renal Tissue and Plasma
We determined active and total TGF-�1 levels by ELISA (Duo-Set;

R&D Systems, Minneapolis, MN) on whole protein extracts isolated

from 25 mg renal cortex homogenized in 100 �l RIPA buffer, pH 7.4.

We centrifuged the homogenate at 12,000 � g for 20 min at 4°C and

collected the supernatant. We first determined active TGF-�1 levels

without acid treatment of samples. We determined total (active plus

latent) TGF-�1 levels after acid activation of samples (1 N HCl for 10

min, then 1.2 N Hepes NaOH to correct the pH to 7.4). Acidification

of the sample was checked for each sample, according to the manu-

facturer’s protocol. Concerning renal tissue, we observed a large and

unreliable interassay variation in spontaneously active TGF-� de-

pending on the duration of renal tissue processing, temperature, ex-

tract buffer, and freeze-thaw cycles. Thus, we report the total active

TGF-� concentration after acid activation, which gave more consis-

tent results. In parallel, we evaluated the in vivo TGF-� activity by

measuring TGFBI mRNA expression, as described.35–37

Q-PCR to Measure Renal Expression of IFN-�, IL-4,
TGF-�, and TGFBI (BIGH3)
We obtained kidneys from J�18-/- and WT B6 mice 14 d after the first

injection of sheep anti-rat GBM serum. We extracted RNA from the

kidneys using TRIzol solution (Life Technologies BRL, Gaithersburg,

MD). RNA quality was checked by measuring the ratio of optical

densities at 260 and 280 nm and by electrophoresis. We used reverse

transcription with Superscript II (Life Technologies BRL) to convert 1

�g RNA into cDNA, which was then amplified by PCR using a Light-

Cycler 480 (Roche Diagnostic) using SYBR Green (Fast Start DNA

Master SYBR Green I; Roche Applied Science, Roche Diagnostic),

specific primers for IL-4 and INF-�, and a corresponding hydrolysis

probe designed by Roche (Universal Probe Library) (Table 1) under

the following conditions: 95°C for 5 min, and 45 cycles at 95°C for 15 s

and 60°C for 15 s, then 72°C for 15 s. PCR was also carried out for

several housekeeping genes; namely, 18s ribosomal RNA, RPL32, and

hypoxanthine-guanine phosphoribosyltransferase (HPRT). We used

the geometric mean of these three reference genes to normalize the

Q-PCR results, using Roche LightCycler 2.0 software (Roche Diag-

nostic). The use of a multiple housekeeping gene-based normaliza-

tion approach provides the most conservative and reliable method of

data normalization and greatly improves the accuracy of unbiased

gene expression levels.58 – 60 We expressed results as 2-deltaCp, where

Cp is the cycle threshold number. We analyzed dissociation curves

after each run for each amplicon to access the specificity of quantifi-

cation when using SYBR Green. Q-PCR for TGFBI mRNA was also

carried out as a measure of active TGF-� protein in renal tissues of

rodents, as described previously in several articles.35–37

Cytokine Levels
We measured plasma cytokine levels using mouse Th1/Th2 cytomet-

ric bead arrays (CBA; BD Biosciences, San Diego, CA), according to

the manufacturer’s protocol.

Table 1.

Gene Name Forward Sequence Reverse Sequence

IFN� TCAAGTGGCATAGATGTGGAAGAA TGGCTCTGCAGGATTTTCATG
IL-4 GAGAGATCATCGGCATTTTGA TCTGTGGTGTTCTTCGTTGC
TGF-�1 TGGAGCAACATGTGGAACTC GTCAGCAGCCGGTTACCA
TGFBI TCCTTGCCTGCGGAAGTG GGAGAGCATTGAGCAGTTCGA
18s GCATGCACTCTCCCGTTC AGCGCGAGAGAGGAGGAG
rpl32 GCTGCCATCTGTTTTACGG TGACTGGTGCCTGATGAACT
hprt1 TCCTCCTCAGACCGCTTTT CCTGGTTCATCATCGCTAATC
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In Vivo Blocking of TGF-�
We blocked the in vivo activity of TGF-� using the mouse monoclonal

antibody 1D11 (R&D Systems), as described previously.38,39 Briefly,

mice received a single intravenous injection of 150 �g 1D11 2 d after

injection of the anti-GBM serum, and the development of anti-GBM

GN was evaluated on day 14. Control mice received a nonrelevant

mouse IgG1.

Statistical Analysis
Quantitative analyses of histology and immunostaining were carried

out using blinded coded slices. We analyzed a total of three to eight

mice per group in two or three separate experiments, and the results

are expressed as means � SEM. We compared differences using an

unpaired t test with Welch correction, performed using GraphPad

Prism 5.0 (GraphPad Software, San Diego, CA). Tubulointerstitial

grades were compared using a two-sided Fischer exact t test. We con-

sidered differences to be significant when P was less than 0.05.
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