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The	renin-angiotensin-aldosterone	system	(RAAS)	is	a	key	hormonal	system	regulating	blood	pressure.	How-
ever,	expression	of	RAAS	components	has	recently	been	detected	in	immune	cells,	and	the	RAAS	has	been	
implicated	in	several	mouse	models	of	autoimmune	disease.	Here,	we	have	identified	Ang	II	as	a	paracrine	
mediator,	sustaining	inflammation	in	the	CNS	in	the	EAE	mouse	model	of	MS	via	TGF-β.	Ang	II	type	1	
receptors	(AT1Rs)	were	found	to	be	primarily	expressed	in	CNS-resident	cells	during	EAE.	In	vitro,	astro-
cytes	and	microglia	responded	to	Ang	II	treatment	by	inducing	TGF-β	expression	via	a	pathway	involving	
the	TGF-β–activating	protease	thrombospondin-1	(TSP-1).	TGF-β	upregulation	in	astrocytes	and	microglia	
during	EAE	was	blocked	with	candesartan	(CA),	an	inhibitor	of	AT1R.	Treatment	of	EAE	with	CA	amelio-
rated	paralysis	and	blunted	lymphocyte	infiltration	into	the	CNS,	outcomes	that	were	also	seen	with	genetic	
ablation	of	AT1Ra	and	treatment	with	an	inhibitor	of	TSP-1.	These	data	suggest	that	AT1R	antagonists,	
frequently	prescribed	as	antihypertensives,	may	be	useful	to	interrupt	this	proinflammatory,	CNS-specific	
pathway	in	individuals	with	MS.

Introduction
The renin-angiotensin-aldosterone system (RAAS) is a major endo-
crine system, regulating blood pressure and body fluid homeosta-
sis. Angiotensin peptides not only act on the vasculature, heart, 
kidney, and adrenal gland but also in the brain to mediate these 
important functions. Renin cleaves off the decapeptide Ang I from 
the protein angiotensinogen. Angiotensin-converting enzyme 
(ACE) cleaves off 2 additional amino acids, resulting in the octa-
peptide Ang II, which is the main effector molecule, acting on its 
target cells via the 2 G protein–coupled receptors, Ang II type 1 
receptor (AT1R) and Ang II type 2 receptor. AT1R is responsible 
for most of the known effects of Ang II.

Recent studies have found several molecular components of this 
endocrine system in different tissues (1), such as the heart (2), pan-
creas (3), eye (4), brain (5), thymus (6), and immune cells (7–9). 
The proposed autocrine or paracrine RAAS-mediated mechanisms 
have been described in diverse diseases, such as fibrosis (2), ath-
erosclerosis (8, 10), and inflammation (7, 11). But the exact func-
tions and molecular mechanisms of these tissue-restricted RAASs 
are still not completely understood. In inflammation, it has been 
shown that Ang II acts on several levels. For instance, it fosters 
differentiation of dendritic cells from monocytes (7), and it stimu-
lates neutrophil accumulation (11).

Several reports have further implicated a role for the RAAS in 
autoimmunity. The inhibition of ACE or AT1R in mouse models 
of rheumatoid arthritis attenuates clinical symptoms and modu-
lates T cell cytokine profiles (12, 13). Treatment with the AT1R 
inhibitor telmisartan is beneficial in experimental autoimmune 

uveoretinitis in mice (14). We recently demonstrated that treat-
ment with ACE inhibitors ameliorates relapsing-remitting EAE, 
the proteolipid protein 139–151 peptide–induced (PLP139–151–
induced) SJL mouse model of relapsing-remitting MS. We further 
showed that ACE inhibitors suppress inflammatory Th1 and Th17 
cells and induce Tregs in SJL mice (15).

TGF-β is a multipotent cytokine secreted by a variety of different 
cell types. It is involved in inflammation, cell growth, apoptosis, 
and matrix synthesis (16). In inflammation, TGF-β plays a Janus-
like dual role on T cells, as it contributes both to the induction of 
beneficial immunosuppressive Tregs and to the harmful skewing 
of T cells toward inflammatory Th17 cells (17). The role of TGF-β 
is therefore determined by the context of the surrounding milieu, 
namely the accompanying cytokines and the location at which  
T cells are stimulated. We have shown previously that TGF-β sig-
naling is vastly upregulated in the CNS before and during the onset 
of chronic-progressive EAE, the myelin oligodendrocyte glyco-
protein 35–55 peptide–induced (MOG35–55–induced) C57BL/6 
mouse model of chronic-progressive MS (18). Here, TGF-β cre-
ates a permissive environment for inflammation. Treatment with 
a pharmacological inhibitor of the TGF-β receptor I (TGF-βRI) 
resulted in a delay of onset and mitigation of the disease.

TGF-β, which is secreted as an inactive proprotein, can be acti-
vated by cleavage from its latency-associated protein (LAP) by a 
number of different molecules, including proteases, integrins, and 
thrombospondin-1 (TSP-1) (19). TSP-1 is a secreted multifunctional 
trimeric protein that has been shown to be upregulated by Ang II in 
different tissues, like the heart, kidney (20), and muscle (21). Trans-
genic TSP-1–knockout mice show a partial phenotypic overlap with 
TGF-β–knockout mice, thereby supporting the contention that 
TSP-1 is an important in vivo activator of latent TGF-β (22). Pro-
teomic analysis of brain lesions from MS patients demonstrates that 
TSP-1 is produced in high abundance in chronic active plaques (23).  
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Recently, it has been shown that TSP-1–knockout mice are less  
susceptible to the induction of chronic-progressive EAE (24).

We describe here a remarkable interplay between the CNS and the 
immune system, with the RAAS acting on resident brain cells and 
on immune cells, modulating harmful autoimmunity in the brain. 

During neuroinflammation, TGF-β as well as TSP-1 are upregulated 
in astrocytes, microglia, and neurons, leading to increased TGF-β 
signaling in the CNS during the early stages of EAE. This increase 
is abrogated by AT1R inhibitors and accompanied by delayed onset 
and attenuation of chronic-progressive MOG35–55–induced EAE.

Figure 1
AT1R expression in CNS cells and immune cells. (A–D) Fluorescence double staining of spinal cords from diseased mice for AT1R (green) and the 
following specific cell markers (blue): (A) GFAP for astrocytes, (B) Iba-1 for microglia, (C) NeuN for neurons, and (D) CD4 for CD4+ T cells. AT1R is 
highly expressed in astrocytes, microglia, and neurons, while it is almost not detectable in CD4+ T cells by immunohistochemistry, as surrounding CNS 
cells supersede T cells in immunoreactivity. (E) Fluorescence double staining of the spleen from a diseased mouse for CD4 (red) and AT1R (green). 
Immunoreactivity for AT1R is not detectable in CD4+ cells. All tissues were taken from vehicle control mice on day 6 after onset of EAE. Scale bars: 
50 μm. (F) Cell surface AT1R expression in CD4+ and CD11b+ splenocytes stimulated in vitro. Cells from naive 2D2 mice were stimulated in vitro with 
either MOG35–55 or anti-CD3/CD28 for 48 hours and then analyzed by FACS. Expression of AT1R increases on both cell types after antigen specific 
and nonspecific T cell stimulation. (G) Cell surface AT1R expression on CD4+ and CD11b+ cells after induction of EAE. Splenocytes were taken on 
day 15 after immunization and analyzed by FACS. Expression of AT1R increases in both cell types after inducing neuroinflammation. FACS data are 
representative for at least 2 independent experiments. (F and G) The percentages of double positively stained cells are indicated in each box.
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Results
Increased AT1R expression in the inflamed brain occurs mainly on CNS-
resident cells. Recently, we showed effective treatment of relapsing- 
remitting EAE with ACE inhibitors and AT1R blockers in SJL 
mice. We observed AT1R expression on lymphocytic meningeal 
infiltrates of diseased mice as well as on human MS plaques 
(15). Though we and others also showed that AT1R is expressed 
at low levels on naive T cells as well as on monocytic cells and is 
upregulated upon in vitro activation, the functional significance 
of increased AT1R expression in vivo by inflamed CNS-resident 
cells still remained unclear (15, 25).

Here, we addressed the role of increased AT1R expression in 
inflamed CNS-resident cells in a mouse model of chronic-progressive  
EAE that bears many hallmarks of the neurodegeneration seen in 
MS. Fluorescence immunohistochemistry of AT1R in CNS tissue 
of C57BL/6 mice with chronic EAE showed that AT1R is preferen-
tially expressed in astrocytes (stained for glial fibrillary acidic pro-
tein [GFAP]), microglial cells (stained for ionized calcium-binding 
adapter molecule 1 [Iba-1]), and neurons (stained for neuronal nuclei 
[NeuN]) (Figure 1, A–C), which is in line with our previous find-
ings in human MS plaques (15). AT1R expression was low in CD4+  
T cells infiltrating the brain (Figure 1D) as well as in CD4+ sple-

nocytes (Figure 1E). The sur-
rounding cells that expressed 
high levels of AT1R seemed 
to be monocytic cells or fibro-
blasts. To analyze whether 
AT1R is also upregulated in 
peripheral immune cells dur-
ing chronic EAE we performed 
FACS analysis, confirming 
our previous findings of cell 
surface AT1R expression in 
splenic MOG35–55–specific 
CD4+ T cells and monocytes 
from transgenic 2D2 mice and 
MOG35–55–immunized WT 
mice (Figure 1, F and G). Thus, 
in chronic MOG35–55–induced 
EAE, expression of AT1R on 
CD4+ T cells and monocytes 
is evident and responsive to 
inflammation, but total expres-
sion levels remain relatively 
low. When looking into spinal 
cords from diseased mice using 
immunohistochemistry, immu-
noreactivity for AT1R is almost 
undetectable on infiltrating 
lymphocytes (Figure 1D), as 
the surrounding CNS cells 
tremendously supersede their 
AT1R expression levels (Figure 
1, A–C). These findings indi-
cated that AT1R expression in 
CNS-resident cells might play 
a previously unrecognized role 
in shaping the inflammatory 
response during chronic auto-
immune neuroinflammation.

Cultured astrocytes and microglia are responsive to Ang II. We ana-
lyzed the response of AT1R-expressing CNS-resident cells to 
Ang II. TGF-β is a key cytokine in autoimmunity, playing a 
Janus-like dual role in MS and EAE (18, 26, 27). Since Ang II can 
induce TGF-β in various tissues, such as the lung, kidney, and 
blood vessels (2, 21, 28–32), we were interested in whether this 
pathway is also active in microglia and astrocytes. We separately 
measured the amount of total and active TGF-β in serum-free 
supernatants of primary cultured microglia and astrocytes. For 
quantification of TGF-β we used the TGF-β–responsive MFB-
F11 cell line, measuring secreted alkaline phosphatase (SEAP) as 
a surrogate (33). Ang II increased the total production of TGF-β 
in microglial cells. This increase was abrogated completely by 
specifically inhibiting AT1R with the AT1R antagonist losartan 
(Figure 2A). In contrast, Ang II did not alter the total TGF-β 
production in astrocyte cultures (Figure 2B). Of note, however, 
constitutive total TGF-β levels were lower in primary astrocytes 
from AT1Ra-deficient mice (herein referred to as Agtr1–/– mice), 
indicating that the endogenous angiotensin pathway may drive 
TGF-β production in astrocytes. Interestingly, stimulation 
with losartan increased production of TGF-β. When measuring 
activated TGF-β in the supernatants, we found that Ang II did 

Figure 2
Ang II stimulates TGF-β production and activation in primary cultured astrocytes and microglia. (A and B) 
Total TGF-β in supernatants of primary cultured cells. (A) In microglial cells, total production of TGF-β can be 
almost doubled by stimulation with Ang II. This effect can be abrogated by inhibition of AT1R with losartan. (B) 
In contrast, astrocytes produce much less and do not upregulate total TGF-β production upon Ang II stimula-
tion. (C and D) Active TGF-β in supernatants of primary cultured cells. (C) Ang II does not have any effect on 
activation of TGF-β in microglia, as opposed to (D) astrocytes, which triple the amount of active TGF-β in their 
supernatants upon Ang II stimulation. This effect is also AT1R dependent and can be disrupted by losartan 
and by knockout of AT1R. Representative data are shown from 1 of 2 independent experiments; measure-
ments were carried out in triplicates (mean ± SEM). *P < 0.05, **P < 0.01 (Student’s t test).
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not influence the release of activated TGF-β in microglial cells 
(Figure 2C). In contrast, stimulation with Ang II resulted in a 
marked increase of activated TGF-β in astrocytes. Again, this 
augmentation could be reversed by adding losartan to the cul-
ture (Figure 2D). No change in TGF-β production or activation 
levels was measured when using astrocytes from Agtr1–/– mice 
(Figure 2, B and D), confirming that this effect is mediated 
through AT1R. We had also considered a potential role for 
AT2R in TGF-β production, but the use of an AT2R specific 
inhibitor, PD123319, did not support this hypothesis (data not 
shown). Collectively, these data indicated that microglial cells 
are the main Ang II–sensitive producers of TGF-β, while astro-
cytes respond to Ang II by inducing the activation of TGF-β.

TGF-β is upregulated in the brain via Ang II. We next investigated 
the role of Ang II on TGF-β expression in the CNS during chronic 
EAE. We have shown previously that TGF-β is activated in the 
CNS during EAE and that CNS-specific TGF-β, as opposed to its 
antiinflammatory role in the peripheral adaptive immune system, 
sustains neuroinflammation by initiating influx of pathogenic 
T cells into the CNS (18). Fluorescence immunohistochemistry 
of TGF-β in CNS tissue of C57BL/6 mice with chronic EAE 
showed that TGF-β is expressed in astrocytes, microglial cells, 
and neurons but not in CD4+ T cells and that its expression 
colocalizes with AT1R (Figure 3, A–D), indicating a close spatial 
relation of the angiotensin and the TGF-β pathway. To analyze 
the functional dependence of TGF-β expression on endogenous 

Figure 3
Ang II drives upregulation of TGF-β during chronic EAE. (A–D) Fluorescence triple staining for TGF-β (red), AT1R (green), and the following 
specific cellular markers (blue) as well as the merge of the 3 stainings: (A) astrocytes, (B) microglial cells, (C) neurons, and (D) CD4+ T cells. 
The merge shows expression of both AT1R and TGF-β in astrocytes, microglia, and neurons. Scale bars: 50 μm. (E) Spinal cord slices stained 
for TGF-β. During EAE, TGF-β is upregulated in the CNS compared with healthy mice. CA treatment suppresses TGF-β expression. One rep-
resentative slide of each group is shown. Scale bars: 100 μm. (F) Statistical evaluation of the experiment shown in E. TGF-β staining intensities 
were evaluated with MetaMorph software and normalized on the healthy control group. Statistical analyses of 5 spinal cord slices per mouse are 
shown (n = 5 mice per group; mean ± SEM). *P < 0.02 (Student’s t test).
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Ang II, mice were treated daily with 1 mg/kg of the AT1R blocker 
candesartan (CA), starting on day 3 after immunization. TGF-β 
immunohistochemistry showed that upregulation of TGF-β during 
chronic EAE is blocked by treatment with CA. (Figure 3, E and F).

TGF-β signaling in the CNS is increased Ang II dependently during 
chronic EAE. To confirm that Ang II–mediated induction of active 
TGF-β in the CNS during chronic EAE results in the activation 
of endogenous TGF-β signaling, we measured phosphorylation of 

Figure 4
Downregulation of pSMAD after CA treatment. (A) In vivo bioluminescence of diseased SBE-Luc mice depicts pSMAD signaling. Mice were 
imaged on the indicated days after immunization. The highly increased level of pSMAD signaling in the vehicle control group (top row) is almost 
completely abrogated by CA treatment (bottom row). One representative mouse of each group is followed up. sr, steradian. (B and C) Statistical 
evaluation of the experiment shown in A. Mean intensity of bioluminescence in (B) brains and (C) spinal cords of immunized SBE-Luc mice. 
Mean ± SEM of each group is shown (n = 5 per group). *P < 0.05 (Student’s t test). (D) Cerebellar slices are stained for pSMAD, confirming its 
upregulation during EAE and its downregulation due to CA treatment. One representative slide of each group is shown. Scale bars: 100 μm. (E) 
Statistical evaluation of the experiment shown in D. pSMAD staining intensities were evaluated with MetaMorph software and normalized on the 
healthy control group. Statistical analysis of 6 cerebellar slices per mouse is shown (n = 5 mice per group; mean ± SEM). *P < 0.02 (Student’s 
t test). (F–I) Fluorescence double staining of inflamed spinal cords for pSMAD (red) and the following cell markers (blue): (F) astrocytes, (G) 
microglial cells, (H) neurons, and (I) CD4+ T cells. T cells show high levels of nuclear staining for pSMAD, and therefore are responsive to TGF-β, 
as do microglia and neurons but not astrocytes. Spinal cords are from untreated diseased mice. Scale bars: 50 μm.
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SMAD2/3 (pSMAD) in the CNS using in vivo bioluminescence. To 
this end, we immunized transgenic SMAD-binding-element-Luc 
(SBE-Luc) mice that carry a luciferase gene in their DNA, down-
stream of the SBE (34, 35). While immunization with MOG35–55 
resulted in a strong induction of pSMAD in the CNS, treatment 

with CA lead to its abrogation during EAE (Figure 4, A–C). Inter-
estingly, baseline levels of pSMAD remained unaltered by CA treat-
ment. Confirming the bioluminescence data, pSMAD immuno-
reactivity was decreased in CNS immunohistochemistries of the 
CA-treated group (Figure 4, D and E). In order to determine which 

Figure 5
Ang II drives upregulation of TSP-1 during chronic EAE. (A) Spinal cord slices stained for TSP-1. During EAE, TSP-1 is highly upregulated in the CNS 
compared with healthy mice. CA treatment suppresses TSP-1 expression. One representative slide of each group is shown. Scale bars: 100 μm.  
(B) Statistical evaluation of the experiment shown in A. TSP-1 staining intensities were evaluated with MetaMorph software and normalized on the 
healthy control group. Statistical analyses of 5 spinal cord slices per mouse are shown (n = 5 mice per group; mean ± SEM). *P < 0.02, **P < 0.001  
(Student’s t test). (C) Fluorescence double staining of inflamed spinal cords for CD4 (green) and TSP-1 (red). TSP-1 is upregulated in the direct 
vicinity of CD4+ T cell infiltrates but not in CD4+ T cells itself. Scale bars: 50 μm. (D–G) Fluorescence triple staining for TSP-1 (red), AT1R (green), 
and the following specific cellular markers (blue) as well as the merge of the 3 stainings: (D) astrocytes, (E) microglial cells, (F) neurons, and (G) 
CD4+ T cells. The merge shows expression of both AT1R and TSP-1 in neurons, astrocytes, and microglia. Scale bars: 50 μm.



research article

2788	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 120   Number 8   August 2010

cells are the main responders to activated TGF-β, we costained 
inflamed spinal cords for pSMAD and for the specific cell mark-
ers for astrocytes (Figure 4F), microglia (Figure 4G), neurons  
(Figure 4H), and CD4+ T cells (Figure 4I). Nuclei of CD4+ T cells 
as well as microglia and neurons showed positive immunoreac-
tivity for pSMAD antibodies, while those of astrocytes remained 
unstained. Collectively, these data indicated that endogenous  
Ang II activates TGF-β signaling in the CNS cells during EAE.

TSP-1 shows a similar expression pattern during neuroinflammation. 
Since Ang II induced activation of TGF-β in primary astrocytes, we 
next determined whether Ang II also activated TGF-β in the CNS 
during chronic EAE. TSP-1 is a known major activator of TGF-β 
that has been described to be responsive to Ang II in other tissues 
(20, 21). Immunohistochemistry demonstrated a marked induc-
tion of TSP-1 in the CNS during chronic EAE. This increase was 
blocked by treatment with CA (Figure 5, A and B). Moreover, TSP-1  

Figure 6
CA treatment delays and attenuates EAE. (A) Clinical EAE scores comparing vehicle controls with CA-treated mice. CA treatment delays and 
ameliorates the disease. One representative experiment of 3 independent experiments is shown (n = 10 females per group; mean ± SEM).  
*P < 0.05, ** P < 0.02 (Mann-Whitney U test). (B) Spinal cord slices stained for CD3. CA treatment suppresses T cell infiltration into the CNS. (C) 
Statistical evaluation of the experiment shown in B. Count of CD3+ cells per slide. (D) Spinal cord slices stained for GFAP. CA treatment sup-
presses glial activation. (E) Statistical evaluation of the experiment shown in D. GFAP staining intensities were evaluated with MetaMorph soft-
ware and normalized on the healthy control group. (B and D) One representative slide of each group is shown. Higher magnification images of the 
regions in the small boxes are shown in the insets. Scale bars: 50 μm. (C and E) Statistical analyses of 5 spinal cord slices per mouse are shown 
(n = 5 females per group; mean ± SEM). *P < 0.001 (Student’s t test). (F) Clinical EAE scores comparing WT C57Bl/6 to Agtr1–/– mice. Onset 
of disease is delayed in Agtr1–/– mice. Results are shown from 2 independent experiments (n = 5 females per group; mean ± SEM). *P < 0.05,  
**P < 0.02 (Mann-Whitney U test). (G) Clinical EAE scores comparing LSKL treatment with vehicle controls and control peptide–treated (SLLK-
treated) mice. Treatment with the TSP-1 inhibitor LSKL ameliorates disease scores (n = 10 females per group; mean ± SEM). *P < 0.05 between 
LSKL- and SLLK-treated groups, #P < 0.05 between LSKL-treated and vehicle control group (Mann-Whitney U test).
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was expressed mainly in the areas surrounding the inflammatory 
infiltrate (Figure 5C). Astrocytes (Figure 5D), microglia (Figure 
5C), and neurons (Figure 5F) expressed high levels of TSP-1, while 
CD4+ T cells (Figure 5G) produced only a little, if any, TSP-1.  
Collectively these data indicated that the activation of the endo-
genous angiotensin signaling pathway in the CNS during chronic 
EAE induces activation of TGF-β via upregulation of TSP-1.

Signaling through CNS AT1R drives EAE. To analyze whether block-
ing signaling through AT1R is therapeutic in chronic EAE, we 
treated mice with CA orally at 1 mg/kg/d. When treatment was 
initiated on day 3 after immunization, we observed a delayed onset 
of disease for several days and an overall reduced disease severity 
in CA-treated mice (Figure 6A). Titration of the daily CA dose 
was performed up to 10 mg/kg/d (data not shown), showing no 
difference in the level of improvement over what was observed at 
1 mg/kg/d. One mg/kg/d is a relatively low dose, scalable to the 
dose used for treatment of blood pressure in humans (calculated 
according to FDA’s guidelines; ref. 36). In contrast to the effect of 
CA on relapsing-remitting disease (15), which like relapsing-remit-
ting MS is more easily treatable than chronic-progressive MS, CA 

treatment had no significant effect on the course of chronic-pro-
gressive EAE when administered on or after the peak of disease 
(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI41709DS1).

Brain and spinal cord histology, after being stained with anti-
bodies against CD3, showed a decrease of lymphocyte infiltration 
into the CNS in CA-treated mice, as compared with that of vehicle 
controls (Figure 6, B and C). Levels of GFAP, an astroglial activa-
tion marker that indicates severity of inflammation (37), were also 
downregulated in mice treated with CA as compared with those of 
vehicle controls (Figure 6, D and E).

To exclude potential nonspecific effects of CA treatment on 
chronic-progressive EAE, we immunized Agtr1–/– mice, likewise on 
the C57BL/6 background, with MOG35–55 (Figure 6F). Compared 
with WT C57BL/6 animals, there was the same delay in disease 
onset in the Agtr1–/– mice that was observed in the CA-treated 
group. Following the acute phase of disease, the Agtr1–/– mice 
maintained a similar disease severity as the WT control mice.

To observe changes in activation of T cells, we restimulated sple-
nocytes, obtained on day 7 after immunization, with MOG35–55 

Figure 7
Schematic pathway of Ang II–TGF-β 
interaction in the CNS. (i) During neuro-
inflammation Ang II targets astrocytes and 
microglia via the AT1R. (ii) Following Ang II  
stimulation, microglial cells increase pro-
duction of TGF-β. (iii) Astrocytes in turn 
mainly increase their TSP-1 secretion, 
which (iv) cleaves off LAP and activates 
TGF-β. (v) More active TGF-β in the brain 
creates a permissive niche in the CNS, 
allowing T cells to obtain a more inflam-
matory phenotype, and therefore worsens 
EAE. (vi) CA inhibits this TGF-β–activating 
cascade at the beginning. (vii) LSKL blocks 
the binding between TSP-1 and TGF-β.
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in vitro. Antigen-specific proliferation of T cells was measured 48 
hours later by [3H]thymidine uptake. Splenocytes from CA-treated 
mice as well as from Agtr1–/– animals showed significantly less pro-
liferation than WT vehicle control mice (Supplemental Figure 2).

In order to analyze the functional significance of the previously 
unrecognized TSP-1–mediated pathway of Ang II–induced activa-
tion of TGF-β in CNS-resident cells, we treated mice with the TSP-1  
inhibitor LSKL, a 4–amino acid peptide that specifically blocks the 
binding of TSP-1 and the large latent TGF-β complex (LLC) (38). 
Treatment with LSKL resulted in a similar, delayed disease onset 
and an amelioration of clinical symptoms when compared with 
the vehicle and SLLK control groups.

Collectively, these data show that during chronic EAE, Ang II in 
the CNS sustains autoimmune neuroinflammation via AT1R by 
TGF-β upregulation and TSP-1–mediated activation of TGF-β in 
CNS-resident cells.

Discussion
The RAAS plays a pivotal role in the regulation of autoimmunity. 
We have recently reported that its inhibition with ACE inhibitors 
and AT1R blockers suppresses autoreactive Th1 and Th17 cells, 
promotes antigen-specific CD4+FoxP3+ Tregs, and inhibits the 
canonical NF-κB1 transcription factor complex, while activating 
the alternative NF-κB2 pathway. We also showed that the RAAS 
may be critically involved in Th1/Th17-mediated autoimmune 
diseases and that use of an ACE inhibitor, lisinopril, and of an 
AT1R-inhibitor, CA, is capable of reversing relapsing-remitting 
EAE in SJL mice (15). Concurrently, Stegbauer et al. showed simi-
lar effects of the RAAS on immune cells, adding a special role for a 
reduced APC migration caused by downregulation of the chemo-
kines CCL2, CCL3, and CXCL10 (39).

Here we focused on the role of AT1R on CNS-resident cells dur-
ing chronic-progressive EAE and identified what we believe to be a 
novel role of Ang II during neuroinflammation. We demonstrated 
that astrocytes, microglia, and neurons express AT1R on high 
levels and are responsive to it by initiating the upregulation and 
activation of TGF-β. Previously, we and others had shown that 
AT1R is also expressed by infiltrating macrophages and epithelial 
cells, and it is highly upregulated in the murine and human CNS 
during neuroinflammation caused by PLP139–151– or MOG35–55–
induced autoimmunity or by viral encephalitis (15, 39). As shown 
in Supplemental Figure 3, we observed that AT1R expression is 
upregulated after immunization and before clinical symptoms 
(day 7) and is sustained throughout the peak of disease (day 14) 
and into disease chronicity (day 21).

TGF-β is a highly pleiotropic and multifunctional molecule that 
plays pivotal roles in embryogenesis, carcinogenesis, tissue develop-
ment and maintenance, and especially in the immune response. It 
is involved in various pathologic states as diverse as fibrosis, cancer, 
atherosclerosis, muscular dystrophy, and Marfan disease (16, 40, 41). 
Of the 3 members of the TGF-β family (TGF-β1–TGF-β3), TGF-β1 
is the predominant isoform expressed in the immune system (42). 
Almost every mammalian cell holds the capacity to secrete TGF-β 
as well as respond to it via its dimerizing receptors TGF-βRI/TGF-
βRII, which then phosphorylate SMAD2/3 (19). TGF-β influences 
the development, homeostasis, tolerance, and immune response of 
T cells (19). It is now well established that TGF-β, together with IL-2, 
leads to induction of CD4+ FoxP3+ Treg cells, whereas, in combi-
nation with IL-6, it induces RORγt expression and therefore causes 
CD4+ T cells to become aggressive Th17 cells (17).

Ang II–dependent overproduction of TGF-β is a well-known 
pathophysiological mechanism in animal models of pulmonary, 
cardiac, and renal fibrosis (2, 28). In vitro studies demonstrate 
similar mechanisms in cardiac fibroblasts and smooth muscle 
cells as well as renal tubular and mesangial cells (29–32). We show 
here that, also in the CNS, total production of TGF-β is increased 
by Ang II and blocked by CA treatment. Our in vitro data sug-
gests that microglial cells are the main producers of TGF-β in the 
CNS, being highly responsive to Ang II. In autoimmunity, the role 
of TGF-β still remains controversial, and we must differentiate 
carefully under which circumstances we alter TGF-β-signaling, 
especially where we modulate the signaling, how we influence it, 
at which state of inflammation, and in which context we intervene. 
During the onset of EAE, high levels of TGF-β signaling occur nor-
mally in brains and spinal cords (18). Systemic injections of TGF-β 
ameliorate EAE in SJL mice (26, 27) and also clinical symptoms 
in a rat model of rheumatoid arthritis (43), while reciprocally, 
systemic inhibition of TGF-β by a blocking antibody aggravates 
the disease (44). Knockout of TGF-β leads to massive multifocal 
systemic autoimmune diseases in mice (45), and knockout mice 
of the TGF-β activator TSP-1 suffer from similar albeit weaker 
symptoms (22). But TGF-β does not behave like a unidirection-
ally immunosuppressive cytokine, as it was initially perceived. Its 
involvement in Th17 induction is probably only one part of the 
explanation. Indeed, current studies showed that blocking TGF-β 
locally in the inflamed joints of the same rat model of rheumatoid 
arthritis could reverse inflammation and clinical symptoms (46). 
Its inhibition in the brain, using a synthetic inhibitor of TGF-βRI, 
results in a delay of onset as well as in an amelioration of EAE 
(18), very similar to what we observed when treating with CA. Also  
TSP-1–knockout mice show a weaker course of EAE compared 
with WT animals (24). Inhibiting TSP-1 with the peptide LSKL 
is even more specific, as it particularly blocks the binding site 
between TSP-1 and the LLC and does not interfere with the mul-
tiple collateral functions of TSP-1 (38). Thus, we prove that TSP-1 
is an important activator of TGF-β in the brain, and its inhibition 
in EAE leads to delay and amelioration of the disease.

In our system, TGF-β is blocked at the site of inflammation by 
influencing resident CNS cells. Using luciferase reporter mice and in 
vivo bioluminescence imaging as well as immunohistochemistry, we 
showed that CA potently inhibits TGF-β signaling in the brains and 
spinal cords of mice with EAE. This approach contributes to atten-
uation of the immune response, especially at the onset of disease. 
However, when using AT1R inhibitors, the baseline of TGF-β signal-
ing was not altered. In fact, we were only able to reduce the immense 
upregulation of TGF-β signaling that occurred during the onset 
phase of neuroinflammation. One could hypothesize that other 
molecules account for the baseline activation of TGF-β, whereas the 
Ang II–responsive TSP-1 is responsible for its high activation dur-
ing neuroinflammation. This might explain why inhibitors of AT1R 
and ACE do not cause common side effects related to TGF-β inhibi-
tion. We showed that the main paracrine responders to TGF-β via 
pSMAD are T cells, neurons, and microglia but not astrocytes.

It is important to scrutinize the complex system of activation 
that distinguishes TGF-β from most other cytokines (19). Briefly, 
the homodimer TGF-β is secreted in its inactive form, noncova-
lently bound to LAP. It forms the LLC with latent TGF-β–binding 
protein (LTBP) and binds via LTBP to extracellular matrix proteins. 
TGF-β can be activated by cleavage from the LAP, which can be eas-
ily simulated in vitro by acidification or heat. In vivo, a variety of 
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molecules can act as activators of TGF-β, including proteases, such 
as plasmin and matrix metalloproteinases, reactive oxygen species, 
the integrins αvβ6 or αvβ8, and TSP-1 (19). In the CNS, TSP-1 has 
been described to take a special role in the context of glioma, being 
responsible for over 50% of TGF-β activation caused by glioma cells 
(47), and its expression appears to correlate with the malignancy 
of gliomas (48). TSP-1 has been shown to be upregulated by Ang 
II in different tissues, like the heart, kidney (20), and muscle (21), 
in which it can be inhibited by blockade of AT1R. This is of impor-
tance in several pathologic conditions like cardiac and renal fibro-
sis (2, 20) or Marfan disease (21). We show here that this signaling 
pathway is active in the CNS as well and therefore, AT1R inhibition 
with CA leads to a decrease of active TGF-β.

From our in vitro data in these experiments, it is mainly astrocytes 
that showed a high degree of upregulation of a TGF-β–activating 
agent in response to Ang II. In vivo, we demonstrated AT1R controlled 
upregulation of TSP-1 in the CNS during EAE by more than 9 fold. 
This result is supported by proteomic studies from human brain sam-
ples of chronic active MS lesions where TSP-1 is among the most high-
ly upregulated proteins, compared with normal brain tissue (23). In 
turn, with CA treatment TSP-1 is suppressed very effectively, a mecha-
nism that adequately explains the decrease of pSMAD signaling we 
observed. In inflamed murine spinal cords, TSP-1 is highly expressed 
by neurons, astrocytes, and microglia but not by the infiltrating  
T cells themselves. Moreover, we find TSP-1 mainly in the vicinity of 
inflammatory infiltrates, suggesting a paracrine mechanism of TSP-1 
induction. This underscores again the cross-talk between the immune 
system and CNS cells. The augmentation of active TGF-β would be 
protective of neural tissue. However, in this context, it does not silence 
but rather promotes inflammation, probably caused by the distinct 
constellation of infiltrating lymphocytes and their cytokines.

The high coexpression of AT1R, TSP-1, and TGF-β in neurons 
is striking and seems to be higher in the vicinity of lymphocytic 
infiltrates. Neurons appear to be tightly involved in this regulating 
mechanism via the RAAS, and their direct role must be subject to 
extensive further investigations.

From these experiments, we hypothesized the following events 
(Figure 7). During neuroinflammation, microglia and astrocytes, the 
main resident immunomodulatory cells in the CNS, are stimulated 
by Ang II via the AT1R (Figure 7, part i). In microglial cells, this initi-
ates the production of TGF-β (Figure 7, part ii), whereas in astrocytes, 
Ang II mainly upregulates TSP-1 (Figure 7, part iii), which in turn 
cleaves off LAP and therefore activates latent TGF-β (Figure 7, part iv).  
An increase in active TGF-β levels in the brain creates a permissive 
niche in the CNS, allowing T cells to obtain a more inflammatory 
phenotype (Figure 7, part v), and therefore worsens EAE. CA treat-
ment inhibits this cascade at the beginning by blocking the AT1R 
(Figure 7, part vi), while LSKL interferes in the binding between TSP-1  
and TGF-β and therefore blocks its activation (Figure 7, part vii).

Due to the multifunctional character of Ang II, we have to keep 
in mind that inhibition of TGF-β is not the only immunomodula-
tory mechanism of AT1R inhibitors. Most likely it happens syn-
ergistically, with the shift from the canonical to the alternative  
NF-κB1 pathway and the induction of Tregs (15). Further research 
will be needed to elucidate how other mechanistic pathways of 
Ang II contribute to its T cell–dependent effect on neuroinflam-
mation, e.g., the production of reactive oxygen species by NADPH 
oxidase and the induction of TNF (25) or interferon-γ (13). Also, 
the unique features of neurons in this context will be of great inter-
est and further investigations are currently in progress.

We show the clinical impact of Ang II–dependent TGF-β 
activation by blocking the TGF-β–activating cascade at these 
2 separate points: binding of Ang II to the AT1R and activa-
tion of TGF-β by TSP-1. Both result in a delayed onset and an 
amelioration of the disease. The role of AT1R was confirmed by 
showing a similar delayed disease onset in Agtr1–/– mice in com-
parison with WT mice. Interestingly, later clinical scores in this 
experiment measure up to the levels of WT mice. While humans 
only have 1 AT1R, mice express 2 AT1Rs (AT1Ra and AT1Rb). 
Only the predominant isoform, AT1Ra, is knocked out in the 
Agtr1–/– EAE study, so we could hypothesize that later on in the 
disease, AT1Rb is able to compensate for the absence of the typi-
cal AT1Ra immunomodulating function, whereas CA constantly 
inhibits both isoforms. The role for the 2 murine AT1R isoforms 
in autoimmunity remains somewhat controversial, as Stegbauer 
et al. reported a slight aggravation of disease in Agtr1–/– mice, 
although their data support our findings with pharmacologic 
AT1R inhibition (39).

Taken together, we demonstrate here extensive cross-talk 
among resident CNS cells, infiltrating T cells, and the endocrine 
RAAS pathway. Treatment with AT1R inhibitors delays the onset 
and ameliorates EAE by influencing neurons, astrocytes, and 
microglia to downregulate TGF-β and TSP-1, which are normally  
upregulated early during inflammation. pSMAD signaling in 
the CNS can be dramatically inhibited by treatment with CA. We 
show that inhibition of TSP-1 itself is beneficial in EAE as well, 
indicating that TSP-1 is the major activator of TGF-β during EAE. 
TGF-β is known to be highly multifunctional and dependent on 
the location and surrounding milieu in which it functions, and 
further studies are needed to elucidate exactly why inhibition of 
TGF-β in the brain results in this perhaps counterintuitive out-
come. Finally, using AT1R inhibitors as treatment for MS would 
be highly appealing, because they are already well-known and 
widely-used antihypertensive drugs, with tolerable safety profiles. 
These findings add to the impetus to try this promising approach 
for patients suffering from MS.

Methods
Animals. Female C57BL/6 mice as well as B6.129P2-Agtr1atm1Unc/J mice were 
purchased from The Jackson Laboratory. SBE-luc mice were provided by 
Tony Wyss-Coray. 2D2 mice were provided by Vijay Kuchroo (Brigham and 
Women’s Hospital, Boston, Massachusetts, USA). B6.129P2-Agtr1atm1Unc/J 
mice are transgenic knockout mice for AT1Ra, cloned in the 129P2 strain, 
and then backcrossed at least 7 times with C57BL/6 mice (49). Throughout 
the text we refer to them as Agtr1–/– mice. SBE-luc mice (line T9-7BA on 
the C57BL/6J-Tyrc-2J genetic background, also known as “albino C57BL/6”) 
are “responder” mice, expressing luciferase activity after the binding of 
pSMAD to the SBE promotor (34). Mice were screened using luciferase 
activity in tail biopsies, and nonresponders were sorted out. 2D2 mice are 
transgenic mice on a C57BL/6 background, expressing a TCR specific for 
MOG35–55 (50). The transgenic TCR in heterozygous mice was detected by 
FACS analysis of murine blood, using antibodies against CD4 and Vβ11 
(both from BD Pharmingen). All mice were used at 8–12 weeks of age. All 
animal protocols were approved by the Division of Comparative Medicine 
at Stanford University, in accordance with the NIH guidelines.

EAE immunization and treatments. Mice were immunized s.c. with  
100 μg/mouse MOG35–55 (Stanford Protein and Nucleic Acid Biotechnol-
ogy Facility) in complete Freund’s adjuvant (Difco Laboratories), contain-
ing 200 μg/mouse Mycobacterium tuberculosis (strain H37 RA, Difco Labora-
tories). Concomitantly, 200 ng/mouse pertussis toxin was injected i.v., and 
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this was repeated 48 hours later. Clinical signs of disease were scored daily 
according to a standard scoring system: 0, no clinical signs; 1, loss of tail 
tone; 2, hind limb weakness; 3, complete hind limb paralysis; 4, hind limb 
and forelimb paralysis; 5, moribund or dead.

All treatments were started on day 3 after immunization. The AT1R 
inhibitor CA/cilexetil (Atacand, AstraZeneca) was ground up, dissolved in 
1x PBS, and administered once daily by oral gavage at a concentration of  
1 mg/kg/d. Daily gavage of 1x PBS without drug was used as vehicle con-
trol. Then, 100 μg/d/mouse of the 4–amino acid peptide inhibitor of TSP-1,  
LSKL, or the corresponding peptide control, SLLK (both from Stanford 
Protein and Nucleic Acid Biotechnology Facility), were dissolved in 1x PBS 
and administered daily by i.p. injections.

Recall proliferation assays. For in vitro culture of activated MOG35–55–spe-
cific T cells, immunized mice were sacrificed on day 7 after immunization. 
Cervical and inguinal lymph nodes were removed and mashed through a 
40-μm cell strainer, then washed with PBS, and centrifuged at 200 g and 
4°C for 10 minutes. Cells were washed again with PBS and seeded in 96-well 
plates at a concentration of 5 × 105 cells/well in enriched RPMI containing 
different concentrations of MOG35–55. For measurement of proliferation, 
cells were pulsed after 24 hours with 5 μCi/ml [3H]methylthymidine and 
harvested 24 hours later.

FACS analysis. Naive or EAE spleens were harvested 15 days after immu-
nization, and splenocytes were singularized as described above by mashing 
through a 40-μm cell strainer. Naive 2D2 splenocytes were seeded in 6-well 
plates at a concentration of 5 × 106 splenocytes/ml in enriched RPMI, con-
taining different concentrations of MOG35–55 or antibodies against CD3/
CD28 for 48 hours. Cells were permeabilized using the Cytofix/Cytofix 
solution (BD Biosciences), according to manufacturer’s instructions. Cell 
staining was performed according to standard protocols. After blocking 
Fc receptors with anti-CD16/32 (eBioscience) and with 5% normal donkey 
serum (Jackson ImmunoResearch Laboratories Inc.), cells were stained with 
fluorescence-labeled antibodies against CD4 (clone GK1.5, eBioscience) and 
CD11b (clone M1/70, eBioscience) as well as with primary rabbit-derived 
antibodies against AT1R (Millipore) and FITC-conjugated AffiniPure F(ab′)x 
fragment donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories 
Inc.) as secondary antibodies. All stainings were compared with correspond-
ing isotype controls. Stained cells were run on a FACScan Flow Cytometer 
(BD Biosciences). Data was analyzed using WinMDI 2.9 software (Scripps).

Tissue preparation. For immunohistochemistry, mice were sacrificed on 
day 6 after onset of disease in the vehicle control group to ensure a sig-
nificant difference in scores between the treated and the untreated group 
but also to catch proper disease scores in both groups. Mice were perfused 
with PBS. Brains, spinal cords, and spleens were fixed in freshly made 4% 
PFA (Sigma-Aldrich) for 24 hours and then cryoprotected in 30% sucrose. 
Brains were sectioned sagittally, and spinal cords were cut transversely at 
35 μm, using a freezing microtome (Leica Camera Inc.), and stored in cryo-
protective medium at –20°C. Prior to staining, slides were pretreated with 
0.1% triton and 0.6% H2O2 and then blocked with the proper serum.

Histology and immunohistochemistry. Floating sections of cerebellum, spinal 
cord, and spleen were stained by standard immunoperoxidase techniques, 
using biotinylated secondary antibodies with ABC kits (Vector Labora-
tories) and DAB (Sigma-Aldrich) plus hydrogen peroxide, according to 
manufacturer’s instructions.

Fluorescence immunohistochemistry stainings were performed using 
Alexa Fluor 488–, Alexa Fluor 555–, and Alexa Fluor 647–tagged sec-
ondary antibodies (Invitrogen). When using mouse anti-mouse primary 
antibodies, we blocked the tissue using a MOM blocking kit (Vector 
Laboratories). For better detection, f luorescence immunostaining 
for TGF-β was enhanced with a Tyramide Signal Amplification Kit 
(Invitrogen), according to manufacturer’s instructions.

The following primary antibodies were used: rat anti-mouse CD3 (BD Bio-
sciences), rat anti-mouse CD4 (BD Pharmingen), mouse anti-mouse NeuN, 
mouse anti-human/mouse GFAP (both from Millipore), rabbit anti-mouse 
Iba-1 (Wako Bioproducts), rabbit anti-mouse pSMAD2/3, rabbit anti-mouse 
AT1R (both from Millipore), mouse anti-human/mouse TSP-1 (Neomark-
ers), and rabbit anti-porcine/mouse TGF-β (Torrey Pines Biolabs).

Light microscopy was performed with a CoolSNAP HQ camera (Pho-
tometrics) mounted on an Olympus IX71 microscope (Olympus America 
Inc.). For confocal microscopy, we used a Zeiss LSM510 META Confocal 
microscope (Carl Zeiss MicroImaging). For statistical analysis of CD3 
staining, CD3-positive cells were counted from 3 to 6 transverse spinal 
cord slices per mouse. Other DAB stainings were evaluated by measuring 
immunoreactivity of 3–6 stained slices per mouse, using MetaMorph 
software (Molecular Devices).

Bioluminescence measurement of SBE-Luc mice. SBE-Luc mice were assayed for 
bioluminescence intensity using an In Vivo Imaging System (IVIS, Caliper) 
(34, 35) that uses a cooled charged-coupled device (CCD) camera. Then,  
50 mg/kg d-luciferin (Caliper) were injected 10 minutes before imaging. 
During imaging, mice were anesthetized with isoflurane. The imaging signal 
was quantitated as photons/s/cm2/steradian and integrated over 5 minutes, 
using Living Image software (version 2.50, Caliper). For signal quantifica-
tion, photons were obtained from equally sized and positioned regions of the 
brains and spinal cords. Twenty-four hours before immunization, baseline 
imaging was performed to ensure longitudinal comparison of biolumines-
cence. Bioluminescence was expressed as fold induction over baseline levels.

In vitro cultures of primary microglia and astrocytes. Microglia and astro-
cytes were prepared according to a protocol by Ousman et al. (51). 
Briefly, meninges were removed from cerebral cortices of 1- to 3-day-old 
mice. Next, the cortices were placed in complete DMEM (Invitrogen), 
containing 10% fetal bovine serum, penicillin-streptomycin, l-gluta-
mine, and sodium-pyruvate (all from Invitrogen), minced, vortexed at 
high speed for 1 minute, and passed through a 18.5-gauge needle. The 
ground-up cortices were filtered successively through sterile 80-nm and 
11-nm filters (Millipore). Cells from one brain were seeded in complete 
DMEM into one 75-cm2 tissue culture flask and placed in a 5% aerated 
CO2 incubator at 37°C. Media was changed every third day. Upon con-
fluence, cells were trypsinized (Invitrogen), split and reseeded with one-
third of the previous density, and then cultured again until confluence. 
Then, microglia was shaken off using an orbital shaker for 30 minutes. 
Microglia was seeded in 6-well plates at a concentration of 105 microg-
lial cells/well, and media was changed after 12 hours for stimulation. 
Astrocytes were trypsinized after separation from the microglial cells 
and seeded in 6-well plates as well at the same concentration. Media was 
changed, and astrocytes were stimulated after additional 48 hours.

Cell culture stimulation. Microglia and astrocytes were washed with 1x PBS 
3 times and then stimulated for 48 hours or 72 hours, respectively, in new 
serum-free DMEM (containing penicillin-streptomycin, l-glutamine, and 
sodium-pyruvate), with 500 pM Ang II (Stanford Protein and Nucleic Acid 
Biotechnology Facility) and 10 μM losartan (Fluka/Sigma-Aldrich). The spe-
cific AT1R inhibitor losartan was used in vitro, because unlike CA/cilexetil,  
losartan is available as an already biologically active drug and does not 
have to be metabolized from a prodrug. The best time points and concen-
trations of reagents have been determined previously.

After stimulation, supernatants were taken up, spun down at 4°C and 
8,600 g for 5 minutes to remove debris, and divided into 2 parts for mea-
surement of total and active TGF-β.

TGF-β measurement. The amount of active TGF-β was measured using 
MFB-F11 cells, a fibroblast cell line derived from TGF-β–knockout mice and 
stably transfected with the SBE-SEAP reporter (33). The amount of SEAP is 
directly proportional to the amount of active TGF-β in the medium.
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MFB-F11 cells were seeded in complete DMEM at a concentration of 
2 × 104 cells into flat bottomed 96-well plates. Twenty-four hours later, 
cells were washed 3 times with PBS and then covered with supernatants 
from cultured primary microglia or astrocytes for additional 24 hours. For 
measurement of total TGF-β, supernatants were acidified with 6 N HCl for 
10 minutes and then neutralized with 6 N NaOH right before application. 
Active TGF-β was measured from untreated supernatants. Samples were 
measured in triplicates. SEAP activity was measured using the Great EscAPe 
SEAP Reporter System 3 (BD Biosciences), according to the manufacturer’s 
instructions, with an Lmax plate photometer (Molecular Devices).

Statistics. Results were assessed by applying the Student’s t test statistics to 
the experimental data obtained in vitro. In vivo data was statistically evaluat-
ed using the Mann-Whitney U test. P values of less than 0.05 were considered 
significant. Statistic details are indicated in the respective figure legends.
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