
Reversal of Paralysis and Reduced Inflammation from Peripheral
Administration of Amyloid-β in Th1- and Th17-Versions of
Experimental Autoimmune Encephalomyelitis

Jacqueline L. Grant1,2, Eliver Eid Bou Ghosn3, Robert C. Axtell1, Katja Herges1, Hedwich F.
Kuipers1, Nathan S. Woodling1,2, Katrin Andreasson1, Leonard A. Herzenberg3, Leonore A.
Herzenberg3, and Lawrence Steinman1

1Department of Neurology and Neurological Sciences, Stanford University, Stanford, California,
USA
2Neurosciences Graduate Program, School of Medicine, Stanford University, Stanford, California,
USA
3Department of Genetics, Stanford University School of Medicine, Stanford, CA 94305

Abstract
β-amyloid-42 (Aβ42) and β-amyloid-40 (Aβ40), major components of senile plaque deposits in
Alzheimer’s disease (AD), are considered neurotoxic and pro-inflammatory. In multiple sclerosis
(MS), Aβ42 is upregulated in brain lesions and damaged axons. Here we found, unexpectedly, that
treatment with either Aβ42 or Aβ40 peptides reduced motor paralysis and brain inflammation in
four different models of experimental autoimmune encephalomyelitis (EAE) with attenuation of
motor paralysis, reduction of inflammatory lesions in the central nervous system (CNS), and
suppression of lymphocyte activation. Aβ42 and Aβ40 treatments were effective in reducing
ongoing paralysis induced with adoptive transfer of either autoreactive Th1 or Th17 cells. High-
dimensional 14-parameter flow cytometry of peripheral immune cell populations after in vivo
Aβ42 and Aβ40 treatment revealed substantial modulations in the percentage of lymphoid and
myeloid subsets during EAE. Major pro-inflammatory cytokines and chemokines were reduced in
the blood following Aβ peptide treatment. Protection conferred by Aβ treatment did not require its
delivery to the brain: adoptive transfer with lymphocytes from donors treated with Aβ42
attenuated EAE in WT recipient mice and Aβ deposition in the brain was not detected in treated
EAE mice by immunohistochemical analysis. In contrast to the improvement in EAE with Aβ-
treatment, EAE was worse in mice with genetic deletion of the amyloid precursor protein.
Therefore, in the absence of Aβ there is exacerbated clinical EAE disease progression. Since
Aβ42 and Aβ40 ameliorate experimental autoimmune inflammation targeting the CNS, we might
now consider its potential anti-inflammatory role in other neuropathological conditions.
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INTRODUCTION
Extracellular β-amyloid (Aβ) plaques are a primary pathological hallmark of Alzheimer’s
disease (AD). It is widely accepted, based on pathology, biochemistry, and genetic studies
(4–8), that Aβ accumulation is critical to neurodegeneration and inflammation in AD.
Within and around Aβ senile plaques, activated microglia (9), astrogliotic astrocytes (10),
components of the classical complement pathway (11), and cytokines such as TGF-β, TNF-
α, IL-1β are all present (12, 13). The association of Aβ with these hallmarks of innate
inflammation has implied that these peptides may actually contribute or even orchestrate the
destruction of neurons in AD. In fact, major efforts are underway to reduce production or
enhance clearance of Aβ as a therapy for the disease (1, 14, 15). Yet molecules are often
poised for polar roles, with Janus-like functions causing damage in some contexts and
providing benefit and protection in others.

Aβ is produced from proteolytic cleavage of amyloid precursor protein (APP) by β- and γ-
secretase enzymes, which yield various amino acid sequences of β-amyloid, including 42-
and 40-residue Aβ peptides (Aβ42 and Aβ40, respectively). At normal physiological
conditions, Aβ40 is present at ten-fold higher concentration levels compared to Aβ42 in the
central nervous system (CNS) (16, 17). This ratio is dynamically altered as Aβ42 is
upregulated during injury, inflammation, and stress in the brain (18, 19). Aβ is also
endogenously present in plasma at lower concentrations and is in dynamic equilibrium with
Aβ in the brain (20). The physiologic role of peripheral Aβ peptides is not completely
understood in dementia and little is known about its role in other diseases of the CNS, where
it is present Somewhat discordant with theories about the pathogenicity of Aβ in dementia, it
was reported that higher levels of plasma Aβ42, but not Aβ40, were associated with reduced
rates of cognitive decline in the elderly without dementia over a nine-year period (21).
Investigation of the role of Aβ in the peripheral circulation has not been undertaken in
experimental inflammatory conditions in the CNS.

MS is an autoimmune disorder where autoreactive immune cells originating from the
peripheral circulation home to the CNS and inflict damage to focal grey and white matter.
These demyelinated regions called plaques are comprised, in part, of lymphocytes and
macrophages that have infiltrated the CNS, resulting in axonal damage (22). Aβ is
upregulated in acute and chronic MS lesions and is a sensitive immunohistochemical marker
of axonal damage (2, 3). We noted previously that an N-terminus epitope shared by Aβ42
and Aβ40 is a target of antibody responses in cerebrospinal fluid samples from patients with
relapsing remitting MS (23), suggesting that Aβ is a target of the inflammatory response in
the disease. We also reported that Aβ is elevated in laser captured micro-dissected lesions
from MS brain, analyzed with mass spectroscopy and proteomics (24).

To probe the function of Aβ in inflammatory demyelinating diseases, we administered Aβ
peptide outside the brain in various forms of experimental autoimmune encephalomyelitis
(EAE), often considered an animal model of MS (25). The pathogenic role of lymphocytes
from outside the brain in homing to the CNS to induce pathology is emphasized in
understanding the mechanism of action of the most powerful approved therapies:
Natalizumab, a monoclonal antibody that blocks a4 integrin and Fingolimod, that modulates
sphingosine phosphate receptors. These approved drugs treat relapsing remitting MS by
blocking or sequestering lymphocytes outside the CNS, preventing their infiltration from the
peripheral circulation into the CNS parenchyma (26, 27). Therefore, we explored the effects
of augmenting Aβ peptide levels outside the CNS as an immunomodulatory mechanism to
regulate EAE disease progression, actually expecting that such manipulations would worsen
disease, due to the induction of proinflammatory, macrophage-driven immune responses
(28, 29) or to the activation of Aβ-specific T-cells (30, 31). However, when Aβ peptides are

Grant et al. Page 2

Sci Transl Med. Author manuscript; available in PMC 2013 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



given exogenously, we find that they provide benefit and protection from autoimmune
mediated damage induced by encephalitogenic proinflammatory Th1 or Th17 cells, which
attack the brain after gaining entry from the peripheral circulation.

RESULTS
Protective Properties of Aβ42 and Aβ40 peptides in EAE

C57BL/6 mice with EAE induced with MOG35–55 and complete Freund’s adjuvant were
treated with Aβ42, Aβ40 or solvent control 3-times per week by intraperitoneal injection
prior to clinical disease onset (prevention paradigm). Animals were scored daily for signs of
disease based on a graded 0–5 score for ascending motor paralysis. To our surprise,
treatment with Aβ42 and Aβ40 peptides significantly delayed the onset of EAE symptoms
and reduced the severity and incidence of disease (Fig. 1A, B). Next we tested whether Aβ-
treatment could reverse the progression of EAE after the onset of symptoms (treatment
paradigm). We found that Aβ42- and Aβ40- treatment attenuated clinical paralysis
compared to control EAE mice (fig. S1). Aβ42-treatment reversed paralysis after 2 days and
Aβ40-treatment significantly reduced disease severity after 4 days. Both Aβ-peptides
continued to confer protection for the remainder of the experiment over the next two to three
weeks of observation.

Autoreactive Th1 and Th17 immune responses have been associated with relapses and
disease severity in MS and animal models of CD4+ T-cell mediated EAE (32). Transfer of
myelin-specific CD4+ T-cells can also induce EAE in naïve recipients (33). Therefore, we
tested whether Aβ peptides would be effective in treating EAE induced by adoptive transfer
of proinflammatory CD4+ Th1 or Th17 cells (Fig. 1C–F). Either Aβ42 or Aβ40 was
administered three times per week starting 7 or 8 days after recipient mice received
MOG35–55-autoreactive Th1 or Th17 cells(34) (Experimental Scheme in fig. S2). Both Aβ
peptides significantly attenuated the progression of EAE symptoms induced by Th17 (Fig.
1C, D) and Th1 cells (Fig. 1E, F) in recipient mice, demonstrating that Aβ can suppress
peripheral T-cell mediated damage against the CNS in vivo. In accordance with the clinical
course of Th1-induced EAE, flow cytometric analysis revealed that Aβ42 and Aβ40
peptides decreased the percentage of CD4+IFN-γ + cells in the spinal cord and suppressed
IFN-γ production, a prototypical Th1 cytokine, at the site of disease in the spinal cords of
recipient EAE mice (fig. S3).

Reduction of Inflammation within the CNS and in Lymphoid Tissues with in vivo Aβ42 and
Aβ40 Treatment during EAE

To determine whether the protective effect was restricted to the MOG-C57BL/6 model, we
treated mice with the relapsing-remitting model of EAE. SJL/J mice were induced with
PLP139–151 EAE and treated with Aβ42 and Aβ40 in the prevention paradigm (35). Aβ42-
and Aβ40- treatments showed a trend for clinical protection in reducing paralysis in SJL/J
mice, with either active induction or with adoptive transfer of Th1-polarized PLP139–151 T
cells [EAE Score in Active Induction in SJL: Control (3.3 ± 0.4), Aβ42 (1.8 ± 0.7), p = 0.08,
by Day 23] [EAE Score in Adoptive Transfer in SJL: Control (3.8 ± 0.8), Aβ40 (2.6 ± 1.7),
p = 0.09, by Day 8]. The modest clinical effect in this strain may have reflected the
spontaneous relapsing and remitting nature of this model, as compared to the progressive
EAE model in C57BL/6 mice. Nevertheless, treatment of SJL mice, though modest
clinically, significantly reduced inflammation in the CNS and modulated immunological
manifestations of CNS damage in paralyzed mice, compared to mice receiving vehicle. In
vivo administration of either Aβ42 or Aβ40 decreased proliferation (Fig. 2A, C) and
inhibited the production of proinflammatory cytokines IL-6, interferon (IFN)-γ, and IL-17
(Fig. 2B, D) in response to MOG35–55 restimulation in secondary lymphoid tissues. The
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cytokines assessed are considered proinflammatory and include key components of the well-
known Th1 and Th17 pathways, which have a major role in EAE pathogenesis (33, 34).
Concordant with disease attenuation, histological characterization of CNS tissue revealed
fewer inflammatory foci in the brain and spinal cords of Aβ42- (Fig. 2E, F) and Aβ40-
treated mice (Fig. 2G, H).

Therapeutic approaches utilizing active and passive immunization against Aβ for the
treatment of AD have highlighted the immunogenic properties of Aβ when paired with an
immunizing adjuvant (36–38). In fact, active immunization against Aβ formulated in an
immunogenic adjuvant in clinical trials caused meningoencephalitis (39), suggesting that an
autoimmune T-cell response to Aβ is triggered in these subjects. To address the possibility
that repeated Aβ-treatment during EAE initiated a T-cell response against Aβ, we assessed
lymphocyte responsiveness to Aβ ten days after MOG-induced EAE in the prevention
model. Splenocytes taken from both Aβ42- and Aβ40-treated mice showed negligible
thymidine incorporation and cytokine production when restimulated in culture with either
Aβ peptide, but they did proliferate following αCD3 stimulation, indicating that the T-cells
respond to antigen receptor stimulation after Aβ-treatment (fig. S4). Thus, our experiments
indicate that T-cells from Aβ-treated mice are not activated by Aβ peptides ex vivo, and this
may reflect that Aβ peptides may not be immunogenic in vivo.

CD4+ T helper cells are targets of Aβ42 and Aβ40-mediated immunosuppression
CD4+ T effector cells play a central role in EAE pathology (40, 41) and MS (42). Since
deleting CD4+ T-cells in EAE inhibits the development of clinical symptoms (43) and Aβ
treatment attenuates adoptive Th1- and Th17-induced EAE in recipient mice, we speculated
that Aβ treatment might directly inhibit T-lymphocyte function. To explore this hypothesis,
C57BL/6 spleen cells were stimulated in vitro with αCD3, αCD28 antibodies and cultured
with Aβ42, Aβ40, or solvent control. Both Aβ42 and Aβ40 directly inhibited thymidine
incorporation of activated lymphocytes in vitro (Fig. 3A). Comparing the proliferation of
Aβ42- or Aβ40- treated spleen cells revealed that Aβ42 is a more potent inhibitor of T-cell
function (Fig. 3B). At 50 μg ml−1, Aβ42 induces a 5-fold reduction while Aβ40 induces a
1.4-fold reduction in thymidine incorporation.

Production of proinflammatory cytokines was also significantly decreased with titrated
concentrations of Aβ42 and Aβ40 in vitro (Fig. 3C). To extend the observed effects of Aβ42
and Aβ40 in suppressing mouse T-cell function to humans, we isolated naïve CD4+ T-cells
from buffy coat samples of healthy human donors. Cells were activated in vitro with beads
coated with antibodies to CD2, CD3, and CD28 and cultured with titrated concentrations of
Aβ42 or Aβ40 peptides for 5 days. Consistent with our findings in mice, Aβ42 and Aβ40
suppressed proliferation of stimulated human CD4+ T-cells, as measured by thymidine
incorporation, in a dose-dependent manner compared to solvent control (Fig. 3D). At 50 ug
ml−1, Aβ42 reduced proliferation by 56% and Aβ40 reduced proliferation by 43%,
compared to controls. Aβ42 and Aβ40 treatment also significantly reduced secretion of
proinflammatory cytokines IL-2, IFN-γ, as well as IL-10, which has both pro- and anti-
inflammatory attributes (44) (Fig. 3E, F). Thus, these in vitro experiments demonstrate that
activated mouse and human CD4+ T-cells are direct targets of Aβ-immunosuppression.

Mechanistic studies on Aβ-mediated immune cell modulation during EAE
We examined several potential mechanisms whereby Aβ peptides suppress T-lymphocyte
function to attenuate EAE. Since we found that Aβ42 and Aβ40 suppress proliferation of T-
cells, we assessed their effects on early events downstream of T-cell activation. Cell surface
levels of CD69 are rapidly elevated after TCR engagement and can be used as an early
indicator of T-cell activation. Therefore, we assessed whether Aβ42 or Aβ40 would affect
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early events after T-cell activation by assessing levels of CD69 on the surface of in vitro
activated CD4+ T-cells. We found that Aβ peptides did not alter cell-surface CD69
expression on CD4+ T-cells after 1 to 3 hours of αCD3 stimulation, assessed by FACS (fig.
S5), indicating that Aβ peptides do not suppress early events of T-cell activation.

Next, we investigated the possibility that Aβ peptides protect against autoimmunity by
inducing the expansion of a FoxP3+ regulatory T-cell (Treg) population. Tregs have been
implicated in suppressing autoimmunity and maintaining immune homeostasis during
inflammation and disease (45). Therefore, we examined the effect of Aβ42 and Aβ40 on
FoxP3+ CD4+ T-cells stimulated in vitro with IL-2, TGF-β, αCD3 antibodies and APCs.
Neither Aβ42 nor Aβ40 significantly altered the frequency of CD4+CD25+FoxP3+ T-cells,
as assessed by FACS (fig. S6). Type 1 regulatory T (Tr1) cells, a subset that can
differentiate independently of FoxP3, are the major IL-10-producing Treg subset (46). Such
cells can confer protection through secretion of IL-10, a cytokine that has been associated
with remission from EAE. Aβ42 and Aβ40 treatment of splenic cells cultured in Treg-
priming conditions decreased production of the regulatory cytokine IL-10, measured by
ELISA. Taken together, these results imply that Aβ protection was not due to increased
Foxp3+ Treg differentiation or due to augmented IL-10 secretion from Tr1 cells.

Due to widespread suppression of proinflammatory cytokines and reduced proliferative
capacity of lymphocytes after Aβ treatment, we speculated that Aβ peptides influence
lymphocyte viability. We performed in vitro and in vivo experiments to explore this. We
describe experiments indicating that in vitro Aβ42 is cytotoxic for activated lymphoid and
myeloid cells, while Aβ40 does not affect immune cell viability. However, in vivo treatment
with Aβ42 or Aβ40 does not induce cytotoxicity and instead modulates key immune subset
populations, as detected by high-dimensional multiparameter flow cytometry on various
tissues taken from Aβ-treated mice.

In the context of AD, Aβ42 has a well-characterized role in neurodegeneration and has been
implicated in various cytotoxic pathologies including excitotoxicity and oxidative stress on
neurons (47). To determine whether immunosuppression was due to Aβ-induced cell death,
we assessed by flow cytometry the cell viability of activated CD4+ T-cells incubated with
Aβ42 and Aβ40 in vitro. Using DiOC6, a lipophilic dye that selectively targets intact
mitochondrial membranes, we were able to discriminate viable (DiOC6high) from nonviable
(DiOC6low) populations (48). Aβ42-treatment of activated splenic cells in vitro revealed a
significant decrease in viable CD4+ T-cells (Fig. 4A. fig. S7). Interestingly, there were no
significant changes in the frequency of viable CD4+ T-cells when exposed to Aβ40 in vitro.
We extended this observation with human T-cells and observed that Aβ42 treatment
significantly increased the frequency of nonviable 7AAD+ human CD4+ T-cells compared
to untreated cultures (Fig. 4B). The frequency of dead cells increased from 18.9% to 42.0%
when human CD4+ T-cells were cultured with 50 μg ml−1 of Aβ42 compared to solvent
control. Strikingly, Aβ40 did not induce this effect (Fig. 4B). In addition, we stimulated
splenocytes with LPS and treated with Aβ42, Aβ40, and solvent and assessed cell viability
of CD11b+ macrophages and CD11c+ dendritic cells by FACS. We found that in vitro
Aβ42 increased cell death in both macrophage and dendritic cell populations whereas Aβ40
did not (fig. S8). Thus, our in vitro experiments demonstrate that Aβ42 induces cell death of
activated lymphocytes and myeloid cells.

These results led us to examine whether treatment with Aβ42 selectively targets activated
immune cells or whether administration of this cytotoxic peptide induces lymphopenia,
anemia, or thrombocytopenia in EAE mice. We analyzed complete blood counts of Aβ42-
and Aβ40-treated EAE mice 10 days after immunization in the prevention model.
Assessment of platelet, white blood cell, and red blood cell populations revealed that neither
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Aβ42- nor Aβ40- treatment in vivo made mice anemic, lymphopenic, or thromobocytopenic
(Fig. 4C). These data demonstrate that in vivo Aβ42 and Aβ40 treatments do not induce
significant cytotoxicity when assessing circulating populations of the major cell types,
which is in marked contrast in vitro findings regarding cell viability.

To further explore the mechanism underlying our findings of Aβ-mediated suppression of
EAE when given in vivo, we used 12-color high-dimensional flow cytometry stain sets
capable of distinguishing as many as 14 parameters per cell (see Materials and Methods
Section) to assess Aβ40- and Aβ42-mediated modulation of peripheral immune subsets in
various tissues during EAE. Assessment of immune cells in the peritoneal cavity (PerC),
spinal cord, spleen, and blood revealed that the most significant changes in both Aβ40- and
Aβ42-treatments compared to control-treatment occurred in the PerC, which is the anatomic
space where the Aβ-peptides are administered (fig. S9–S12). We collected data for single
live PerC cells from Control, Aβ40- and Aβ42-treated EAE mice at the peak of disease
[EAE Score: Control (2.3 ± 1.3), Aβ40 (1.7 ± 0.9), Aβ42 (1.9 ± 0.9)] to reveal the presence
and/or differential expression of one or more of the 14 parameters assessed on the following
cell subsets (Fig. 4D): T cells [CD4+ T cells, CD8+ T cells, CD4+CD62L+IFNγ + T cells],
B cells [B1 and B2 subsets] (49), and Myeloid Cells [Neutrophils, Mast Cells, Large
Peripheral Macrophages (LPM), Small Peripheral Macrophages (SPM) (50). Analyses
showed that there were significant changes in the distribution and subtle expansion/depletion
of immune subsets in the PerC.

In the lymphocyte compartment, B cells were significantly decreased (fig. S9A). However,
this decrease was due to a global decrease in the ratio of total CD19+ B cells in PerC since
there were no observed changes in the B1 or B2 subsets (fig. S9C). The ratio of total CD5+
T cells in PerC did not change (fig. S9A). However, there was a significant increase in the
CD4+CD62L+IFNγ + T cell subset in both Aβ40- and Aβ42-treated mice, which resembles
a central memory T helper subset (fig. S9E). CD4+CD62L+IFNγ + cells may be a key
source of IFNγ, which is suppressive in EAE (51–55).

In the myeloid compartment, we found a significant alteration in subset representation: LPM
cells were significantly decreased while SPM cells increased, both in percentage and
absolute numbers, in Aβ-versus control-treated mice (fig. S9D). Of note, we did not observe
a significant change in cell viability in control, Aβ40- or Aβ42-treated mice. Supplementary
figures (fig. S9–12) show subtle changes in major anatomic compartments, including the
spinal cord, spleen, and blood.

There is clearly a major discordance from in vitro and in vivo studies. Whereas in vitro
Aβ42-treatment, but not Aβ40 treatment, induces cytotoxicity in activated immune cells, in
vivo treatment induced expansion or depletion of specific immune cell subsets, mostly
focused on the PerC compartment where the peptides are injected. The significant increase
in a T helper subset that resembles central memory T cells producing IFNγ is notable.
Certainly treatment with these peptides is not attributable to in vivo cytotoxicity.

Based on these results, we asked whether these peptides act in the periphery or within the
CNS. We examined whether the effect of Aβ42 is focused on the peripheral immune system,
rather than an effect within the CNS, in order to ameliorate EAE. In the EAE model,
autoimmunity is initiated from secondary lymphoid tissues in which lymphocytes are primed
to attack the CNS through specificity for myelin antigens. Therefore, we sought to test
whether the effects of Aβ42 on such lymphoid cells residing outside the brain are sufficient
to attenuate EAE disease progression. We induced EAE in WT mice and treated donor mice
with Aβ42 three times a week for 10 days (Experimental Scheme in Supplementary fig.
S13). We then collected spleen and lymph node cells and re-stimulated in Th17-priming
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conditions with the MOG antigen ex vivo. The same number of viable Th17 cells, as
confirmed by Trypan Blue staining, was injected intraperitoneally into naïve recipient mice
that were not treated with Aβ peptides. Recipient mice injected with Aβ42-treated immune
cells had significantly attenuated EAE symptoms compared to mice injected with vehicle-
treated immune cells (Fig. 4E). This key experiment, in which the transferred immune cells
were exposed to exogenous Aβ42 but not the recipient mice, indicates that the
immunosuppressive effect of Aβ42 on immune cells residing outside the brain in vivo is
sufficient to ameliorate EAE. The Aβ42-treated immune cells, while still capable of causing
EAE in recipient mice, were not as encephalitogenic compared to vehicle-treated immune
cells. Thus the effect of Aβ42 on the peripheral immune system is sufficient to modulate
neuroinflammation.

To examine if exogenous administration of Aβ localizes in the CNS, we assessed for Aβ
deposition in the brains of treated EAE mice using immunohistochemical detection analysis
against Aβ. There was no Aβ deposition detected at either pre-symptomatic (D10) or peak
(D26) time points during EAE disease progression (fig. S14). Furthermore, we confirmed
the presence of serum Aβ peptides present in the periphery after Aβ-treatment in EAE mice
for 24 hours by ELISA (fig. S15). Thus, Aβ is present in the circulation after exogenous
administration of Aβ. Therefore, these peptides modulate autoinflammatory responses in the
periphery, and are not detectable in the CNS. These experiments do not completely rule out
an additional role for Aβ acting on the CNS. However, attempts to induce EAE in aged
transgenic mice overexpressing pathological forms of APP in the CNS indicate that
increased levels of Aβ in the CNS do not impair the induction of EAE induced with MOG
and adjuvant (37). Furthermore, immunization of APP transgenic mice with Aβ alone in
adjuvant, but without co-administration of myelin in adjuvant, did not result in EAE (37).
Thus, these experiments using transgenic models with overexpression of Aβ indicate that
CNS-derived Aβ does not induce or exacerbate neuroinflammation caused by autoreactive
myelin-specific T-cells. Of note, these transgenic mice use the PDGFb promoter to over-
express APP and in these mice Aβ is expressed in many tissues, but in particularly high
concentrations in the brain (56). The immunomodulatory effect of treatment with soluble Aβ
itself, given outside the CNS, was not tested in those studies (37).

Thus far, we have shown that exogenous Aβ treatment protects against autoimmune-
mediated damage against the CNS in four different models of EAE. Aβ treatment given
outside the CNS serves to augment levels of Aβ peptides that are present endogenously in
the circulation (21). Here, addition of exogenous Aβ serves to modulate their role, much as
addition of corticosteroids or cholecalciferol enhances the immune suppressive properties of
endogenous circulating sterols. To further solidify the ‘gain of function’ experiments in
which exogenous Aβ42 and Aβ40 protect against EAE, we conducted a complementary
‘loss of function’ experiment using mice lacking ubiquitous expression of APP, the
precursor protein that yields both Aβ42 and Aβ40 (APP−/−) (Experimental Scheme in fig.
S16). Administration of encephalitogenic T-cells sensitized to MOG induced more severe
classical EAE disease progression in APP−/− mice than in WT mice (Fig. 4F), characterized
by ascending motor paralysis. Interestingly, adoptive transfer EAE produces a unique motor
abnormality in APP−/−mice [Incidence 10/10] leading to atypical manifestations of EAE
characterized clinically by hunched, huddled posturing in addition to classical EAE
symptoms, that are absent in WT recipient mice [Incidence 0/10] (fig. S17, S18).
Comparison of classical EAE disease scores, which emphasize ascending motor paralysis, in
APP−/− compared to WT, shows statistically significant worsening on days 7 and 8, while
on day 9 the effect reaches a value below significance of p < 0.08, likely because at this
point WT mice continue to worsen [10% of WT mice had a score of 5 and 30% of APP−/−
mice had a score of 5]. Adoptive transfer of encephalitogenic T-cells induces extremely
severe ascending paralysis in these models. Animal care protocols dictate termination after
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day 9 when the mean score exceeds 4. Therefore, in the absence of APP, EAE disease
progression is worse in terms of ‘ascending paralysis’ and ‘atypical’ clinical motor
manifestations. These observations in the APP−/− mice demonstrate that the loss of Aβ
function leading to worse neuroinflammation is entirely concordant with our findings in the
‘gain of function’ experiments where administration of exogenous Aβ peptides ameliorates
EAE.

Due to Aβ-mediated modulation of lymphoid and myeloid subsets, we speculated that Aβ42
and Aβ40 treatment could differentially alter the cytokine signaling networks in EAE and
could account for its therapeutic effect. We used a multiplex bead system, Luminex, to
measure the serum concentrations of 26 cytokines and chemokines in Aβ42- and Aβ40-
treated EAE mice CNS parenchyma. Thus, the Aβ peptides in the blood affect the
pathogenic potential of inflammatory immune cells outside of the CNS. Both Aβ treatments
directly suppressed the proliferation capacity and cytokine secretion of activated
lymphocytes, which are capable of penetrating and causing damage to the CNS during EAE.
Aβ-mediated protection did not require the delivery of Aβ to the brain, since Aβ42
treatment isolated to the peripheral immune compartment in donor-treated adoptive EAE
attenuated motor paralysis in recipient mice. (Fig. 4G). Congruent with EAE protection, the
majority of cytokines examined were mutually downregulated by both Aβ treatments during
EAE compared to solvent control treated mice. However, cluster analysis of cytokine
profiles of Aβ42- and Aβ40- treated mice, normalized against control EAE mice, revealed a
differential cytokine signature between the two Aβ treatments, both of which are effective in
attenuating EAE. Eotaxin, G-CSF (granulocyte colonystimulating factor), IFN-γ, and
IL-12p40 were prominently downregulated in Aβ40-treatment and conversely upregulated
in Aβ42-treatment compared to controls. Of note, blood borne factors such as eotaxin can
reduce neurogenesis in older mice (57). Interestingly, many key cytokines and chemokines
notorious for their pro-inflammatory activities were downregulated by both treatments.
IL-17, IL-12p70, IL-6, TNF-a, IL-1b, IL-1a, GM-CSF, MCP1, IP-10, MIP-1a and RANTES
were all downregulated in the serum of mice with either Aβ42 or Aβ40 treatment.

DISCUSSION
Our objective was to understand the role of Aβ, a focal histopathological hallmark of AD, in
modulating autoimmunity originating from the peripheral immune circulation against the
CNS. Using EAE, a quintessential model of CNS autoimmunity and multiple sclerosis,
wetreated EAE mice by intraperitoneal injection of Aβ peptides in an attempt to augment
Aβ levels in the periphery. The Aβ peptides were administered outside the CNS, with
concentration levels in the blood rising rapidly after administration (fig. S15). Here we show
that Aβ42 and Aβ40, considered culprits in the pathology of AD, have unforeseen beneficial
effects of attenuating paralysis and reducing brain inflammation in four major models of
EAE, representing chronic progressive disease (C57BL/6), relapsing remitting disease (SJL/
J), adoptive Th1 transfer, and adoptive Th17 transfer. Improvement of clinical EAE disease
progression was corroborated with suppression of inflammation in lymphoid tissues and
reduction of inflammatory lesions in the CNS parenchyma. Thus, the Aβ peptides in the
blood affect the pathogenic potential of inflammatory immune cells outside of the CNS.
Both Aβ treatments directly suppressed the proliferation capacity and cytokine secretion of
activated lymphocytes, which are capable of penetrating and causing damage to the CNS
during EAE. Aβ-mediated protection did not require the delivery of Aβ to the brain, since
Aβ42 treatment isolated to the peripheral immune compartment in donor-treated adoptive
EAE attenuated motor paralysis in recipient mice.

There was an absence of Aβ plaque deposition in the brain, following intraperitoneal
administration of these peptides. High-dimensional flow cytometry of immune cell subsets
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in various tissues of EAE-treated mice revealed that Aβ intraperitoneal treatment
differentially modulated the percentage of immune cell subsets in the peritoneal cavity. We
observed an increase in the periphery in a subset of lymphocytes resembling central memory
effector T-cells (58) [CD4+CD62L+] that produce higher amounts of IFN-γ, while IFN-γ
production was reduced at the site of disease in spinal cord (fig. S3). IFN-γ cytokine has
differential roles in EAE and administration of IFN-γ itself is immune suppressive (34, 51–
55).

Aβ42 and Aβ40 confer protection via potentially different mechanisms with subsequent
alterations of the serum cytokine and chemokine network that produce a differential
signature between Aβ peptide treatments. The difference in two amino acid residues
between Aβ42 and Aβ40 provides different molecular properties, as Aβ42 is hydrophobic,
relatively insoluble, and more amyloidogenic compared to Aβ40. Characterization of the
biochemical and biophysical nature of the Aβ42 and Aβ40 peptides by western blot analysis
has confirmed that the experimental peptides are enriched for monomeric and oligomeric
fractions (fig. S19). How these properties contribute to differences in their mechanism of
action remains to be elucidated further.

The present results in various models of EAE emphasize that Aβ may have diverse Janus-
like properties that are pathological or beneficial, in response to various injuries to the CNS.
Here, we have attempted to augment Aβ concentration levels in the periphery, and
demonstrate that peripheral immune cells are suppressed by Aβ treatment, thus conferring
unexpected reductions in paralysis in a classical disease model of CNS autoimmunity, EAE.
Furthermore, our results suggest that the role of Aβ is dependent on the inflammatory
context; specifically whether the cellular targets and source of inflammation originate in
secondary lymphoid tissues or the glial-rich microenvironment of the brain.

The role of experimental context is also important, as demonstrated by immunotherapy
studies in AD patients with a vaccine against Aβ. AD patients immunized with Aβ develop
meningoencephalitis, likely due to the fact that the Aβ used in the vaccine AN-1792 was
formulated in an adjuvant in order to purposely make it immunogenic (59). In our
experiments, Aβ is given without adjuvant, and unexpectedly its properties are remarkably
immune suppressive. Also, one must note that we are increasing levels of Aβ peptides in the
periphery to accomplish this. The majority of current treatments in AD focus on
administration of monoclonal antibodies specific for Aβ peptides, the very opposite of what
we are attempting here in these experiments with EAE. Moreover, in the complementary
‘loss of function’ experiment, EAE induced in mice lacking APP demonstrate worse clinical
manifestations of disease progression. It is noteworthy, and actually concordant with these
experiments in EAE, that higher levels of Aβ42 in plasma, are correlated with reduced
cognitive decline over nine years in the elderly (21).

The cytotoxicity of Aβ42 on lymphocytes in vitro is similar to what is observed in many
mechanistic studies in AD, where Aβ42 is a potent mediator of neuronal cell death. The
present experiments demonstrating the toxicity, at least in vitro, of Aβ42 on peripheral
immune cells might help explain the cytopathology of AD, which is generally devoid of
lymphocytes and macrophages in the CNS. Lymphoid populations that might normally
home to regions with TNF, IL-1β, and complement, are strikingly absent in AD, and this
may be a consequence of the intense deposits of Aβ in AD plaques. Aβ is not as highly
concentrated in MS lesions, also referred to as plaques, as it is in AD plaques. Thus, TNF,
IL-1β, complement and auto-antigens all act in MS to trigger an influx of immune cells from
the periphery but are not entirely inhibited due to the lower levels of Aβ.
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Regulation of the dynamic efflux of Aβ deposition between the CNS and plasma is a
strategy under investigation in AD after success in pre-clinical models (20). We now show
that administration of Aβ in the periphery ameliorates clinical paralysis and reduces
pathology in both Th1 and Th17 models of EAE. The anti-inflammatory role of Aβ
described here contrasts with the presumed role of Aβ in Alzheimer’s, where great attention
has focused on the pathogenicity of Aβ as a central target for experimental therapy. These
findings provide new strategies for studying the context-dependent roles of Aβ in
neuropathological and inflammatory disorders.

MATERIALS AND METHODS
EAE induction

In the C57BL/6 model, EAE was induced in 8- to 12-week old female mice by subcutaneous
immunization with 100 ug MOG35–55 in emulsified Complete Freund’s Adjuvant (CFA)
followed by intraperitoneal injection of 500 ng of Bordetella pertussis toxin (Difo
Laboratories) in PBS at the time of, and two days following immunization(41). In the SJL/J
EAE model, EAE was induced in 8- to 12-week old SJL/J female mice by subcutaneous
injection with 100 ug PLP139–151 peptide in emulsified CFA. The classical clinical
manifestation of EAE is ascending motor paralysis, starting in the tail and leading to
forelimb paralysis.

For T helper (TH)-induced EAE in the C57BL/6 strain, on day 10, after induction of EAE as
described above, we re-stimulated splenic and axillary lymph node cells with MOG35–55
peptide and 10 ng ml−1 of IL-23 (Th17) (R & D Systems) or IL-12 (Th1) (R & D Systems)
for 3 days and transferred 5 × 107 cells into healthy recipients(32). In TH17-induced EAE,
recipient mice present atypical EAE symptoms that are characterized by defects in rotatory
movement and ataxia with little hind limb paralysis, as well as classical clinical
symptoms 48,49.

In vitro mouse immune cell activation assays, cytokine analysis, and differentiation
We isolated splenic cells from C57BL/6 naïve mice and cultured at a density of 2 × 105

splenic cells in triplicate with antibodies to CD3 and CD28 at a concentration of 300 or 1000
(ng ml−1) in the presence of Aβ42 or Aβ40 peptides (20 ug ml−1 and 50 ug ml−1) or DMSO/
PBS solvent control. Culture plates were harvested at different time points (48, 72, or 96 h).
We measured cytokine secretion by sandwich enzyme-linked immunosorbent assay (ELISA)
(BD Pharmigen) and proliferation by radioactive [3H]-thymidine incorporation. Cells were
pulsed at 16 h prior to thymidine detection.

For Treg differentiation, we mechanically disrupted whole spleens to obtain cell suspension
and depleted CD8+ T-cells by magnetic microbead selection (Miltenyi). We then stimulated
cells for 3 d with αCD3 beads (1 ug ml −1) (Ebioscience) in Treg polarizing (10 ng ml−1

TGF-β, 10 ng ml−1 IL-2)(R&D Systems) conditions in the presence of Aβ42 or Aβ40
peptides (20 ug ml−1 and 50 ug ml−1) or DMSO/PBS solvent control. Frequency of CD4
gated CD25+FoxP3+ Treg splenic cells was assessed by flow cytometry. IL-10 cytokine
secretion was detected by ELISA from cell supernatant 72 h after stimulation.

Mouse lymphoid and myeloid cell viability assays
We cultured splenocytes from C57BL/6 naïve mice for 48 h or 72 h in stimulating medium
either with αCD3, αCD28 (1 ug ml−1) for T-cell stimulation or LPS (1 ug ml−1)(Sigma) for
antigen-presenting cell (APC) stimulation. We assessed the frequency of viable cells by
FACS in cell cultures treated with Aβ42 or Aβ40 peptides (20 or 50 ug ml−1) or DMSO/
PBS solvent control using DiOC6, a fluorescent lipophilic dye that selectively targets intact
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mitochondrial membrane, distinguishing viable (DiOC6high-expressing) from nonviable
(DiOC6low-expressing) cells. We assessed the frequency of viable splenic CD4+ T-cells or
CD11c+ dendritic cells using fluorescent cell surface markers by flow cytometry.

Aβ
A peptide of amino acids 1–42 of human β-Amyloid [42] and a peptide of amino acids 1–40
of human β-Amyloid [40] were synthesized by the Stanford School of Medicine Protein and
Nucleic Acid Facility (PAN Facility) on a ABI 433A peptide synthesizer with UV
monitoring using standard Fmoc chemistry. Amino acid sequences of Aβ42
(DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA) and Aβ40
(DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV). All peptides
synthesized were analyzed and purified by reverse phase HPLC on a C18 column and their
molecular weight confirmed by Mass Spectrometry using a MALDI-TOF Voyager DE-RP
instrument. In brief, solid peptides were diluted in DMSO at 30 mg ml−1 and incubated at
37°C overnight prior to PBS dilution and in vivo or in vitro administration.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Aβ42 and Aβ40 peptides attenuate clinical MOG-induced EAE disease progression and
protect against Th1- and Th17-induced EAE
(A, B) Mean clinical scores ± s.e.m. of MOG-immunized mice treated with Aβ42 (A) or
Aβ40 (B) before clinical symptoms in prevention model (n = 7–12 mice per group) (ϕ P <
0.05; * P < 0.03). Mean clinical scores of adoptive EAE induced by transfer of autoreactive
Th1 (C, D) or Th17 (E, F) lymphocytes from MOG-induced donors. Recipient mice treated
three times per week with Aβ42 (C, E) or Aβ40 (D, F). Initiation of treatment is indicated
with arrows. (ϕ P < 0.04; * P < 0.01). (n=7–8 per group). Error bars represent means ±
s.e.m. Aβ intraperitoneally administered 3 times per week at 100 or 300 ug per injection.
Initiation of treatment is indicated with arrows. Mann-Whitney analysis.
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Fig 2. in vivoAβ42 and Aβ40 treatment suppress inflammation and reduce CNS lesions in EAE
(A–D) In vitro myelin recall responses of spleen and lymph nodes from EAE mice treated in
vivo with solvent control (black), Aβ42 (blue) or Aβ40 (green) three times per week in
prevention model (100 ug). (A, C) Thymidine incorporation. (B, D) Quantification of
proinflammatory cytokine production by ELISA. Interleukin(IL)-2, interferon(IFN)-γ,
IL-17. Representative of 48, 72, 96 h timepoints. (*P < 0.05; **P < 0.01). (E) Histology of
dorsal motor horn spinal cord sections and (F) quantification of inflammatory foci,
meningeal (dark shading), parenchymal (light shading), from Aβ42-treated mice 34 days
after EAE induction. Parenchymal foci (arrow), meningeal foci (arrowheads). Sections
stained with H&E. (G) Histology and (H) quantification of spinal cord sections from Aβ40-
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treated mice 21 days after EAE induction. Sections stained with H&E and Luxol Fast Blue.
(** P < 0.03). Error bars show s.e.m.
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Fig 3. Aβ42 and Aβ40 suppress mouse and human T lymphocyte function
(A, B) Proliferation of splenocytes stimulated by αCD3 αCD28 with Aβ42 (blue), Aβ40
(green) or solvent control. (B) Direct comparison of proliferation rates. Aβ42 (black) or
Aβ40 (white). Proliferation measured by thymidine incorporation. (*P < 0.05; **P < 0.001)
(C) Quantification of proinflammatory cytokines secreted by activated splenocytes cultured
with Aβ42 (blue), Aβ40 (green), or control by ELISA. Cytokines characteristic of T-cells
(IL-2), antigen-presenting cells (IL-6), CD4+ Th1 (IFN-γ), or CD4+ Th17 cells (IL-17).
Stimulated with (3 ug ml−1) αCD3 αCD28 for 72 h. (*P < 0.02; **P < 0.001) (U.D.,
undetectable) (D) Proliferation rates of activated naïve human CD4+ T-cells cultured with
Aβ42 (black) or Aβ40 (white). (E, F) Percent fold change of proinflammatory cytokines
(IL-2, IFN-γ) or anti-inflammatory cytokines (IL-10) secreted by human CD4+ T-cells
treated with Aβ42 (E) or Aβ40 (F), normalized against internal control. Naïve human CD4+
T-cells isolated from PBMCs by magnetic microbead positive selection and activated with
αCD3 αCD28 aCD2 beads for 5 d. (* P < 0.05; ** P < 0.03).
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Fig. 4. Aβ42 and Aβ40 differentially modulate peripheral immune cells during EAE
(A) Quantification of frequency of viable mouse CD4+ T-cells expressing DioC6high
cultured with Aβ42, Aβ40, or solvent control (50 ug ml−1). Mouse splenocytes activated in
vitro with αCD3 (1 ugml−1). Representative of 48 and 72 h stimulation of three separate
experiments. Error bars show s.e.m. (n=3 per group). (* P < 0.05; ** P < 0.01). (B)
Frequency of nonviable (7-AAD+) human CD4+ T-cells treated with Aβ42or Aβ40.
PBMCs collected from blood of healthy human donors. Activated by αCD3 αCD28 αCD2
stimulation for 5 d. (* P < 0.04) (Ca) Table of values presented as the mean ± s.d.. (Cb)
Treatment denotes in vivo administration of Aβ42, Aβ40 or solvent control initiated two
days prior to EAE-immunization and continuing three times per week (300 ug ml−1) in
prevention model. Sera extracted 10 days post EAE induction (n=3 mice per treatment
group). White Blood Cells (WBC), Red Blood Cells (RBC). (D) Gating strategy used to
identify immune cells present in PerC based on surface molecules. Total PerC cells from
Control, Aβ40- and Aβ42- treated EAE mice at the peak of disease were processed and
analyzed as described in Materials and Methods. Data shown are representative of n = 4
mice per group. (E) Peripheral immune cells taken from MOG-immunized donor C57BL/6
mice treated with Aβ42 or solvent control for 10 days and adoptively transferred into
untreated naïve recipient C57BL/6 mice. EAE induced adoptively in naïve recipients is
shown as mean clinical score (n=10 per group) (* P < 0.05). (F) Mean clinical scores of
Th17-induced EAE in WT and APP−/− mice (n=7–8 per group). (ϕP < 0.08, * P < 0.05).
Error bars represent means ± s.e.m. (G) Cytokine profiles from EAE-induced mice treated
with Aβ42 (purple) or Aβ40(blue) in prevention model. Sera collected from peripheral
blood on EAE Day 10. Relative cytokine depicted as the difference in relation to control
EAE mice. Samples analyzed by hierarchical clustering and shown as a heat map where red
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represents increased amounts, black represents similar amounts, and green represents
decreased amounts of cytokine compared to solvent-treated EAE controls. The blue bracket
highlights the four analytes – Eotaxin, G-CSF, IFN-γ, IL-12p40, that are most prominently
differentially regulated between Aβ treatments.
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