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Although certain dogma portrays amyloid fibrils as drivers of
neurodegenerative disease and neuroinflammation, we have found,
paradoxically, that amyloid fibrils and small heat shock proteins
(sHsps) are therapeutic in experimental autoimmune encephalomy-
elitis (EAE). They reduce clinical paralysis and induce immunosup-
pressive pathways, diminishing inflammation. A key question was
the identification of the target for these molecules. When sHsps and
amyloid fibrils were chemically cross-linked to immune cells, a limited
number of proteins were precipitated, including the α7 nicotinic ace-
tylcholine receptor (α7 NAChR). The α7 NAChR is noteworthy among
the over 20 known receptors for amyloid fibrils, because it plays a
central role in a well-defined immune-suppressive pathway. Compet-
itive binding between amyloid fibrils and α-bungarotoxin to perito-
neal macrophages (MΦs) confirmed the involvement of α7 NAChR.
The mechanism of immune suppression was explored, and, similar to
nicotine, amyloid fibrils inhibited LPS induction of a common set of
inflammatory cytokines while inducing Stat3 signaling and auto-
phagy. Consistent with this, previous studies have established that
nicotine, sHsps, and amyloid fibrils all were effective therapeutics in
EAE. Interestingly, B lymphocytes were needed for the therapeutic
effect. These results suggest that agonists of α7 NAChR might have
therapeutic benefit for a variety of inflammatory diseases.

α7 nicotinic acetylcholine receptor | amyloid fibrils | small heat shock
proteins | EAE | immune suppression

Amyloid precursor protein and αB crystallin (HspB5) are
found in copious quantities in multiple sclerosis lesions, in-

cluding white matter and degenerating axons (1). A protective role
for the small heat shock protein (sHsp) was established when
HspB5-knockout mice were shown to exhibit greater paralytic
symptoms of EAE than wild-type controls (2). Even though sHsps
are intracellular, cytosolic proteins, daily i.v. or i.p. injection
resulted in significant reduction of the clinical signs of EAE.
Subsequent studies have demonstrated that HspB5 is effective in
reducing the lesion size in a murine model of stroke (3), reducing
inflammation and improving heart function in a model of myo-
cardial infarction (4), and increasing oligodendroglial survival in
the optic nerve in a model of retinal ischemia (5).
Structure-function studies of the sHsp revealed that residues

73 to 92 exhibited chaperone activity and that the peptide was
equally therapeutic as the intact protein, reducing paralysis and
histological neuroinflammation in EAE (6). The chaperone func-
tion and therapeutic activity depended on the peptide forming
amyloid fibrils. Injection or inhalation of fibrils composed of amy-
loidogenic peptides as short as six amino acids from a variety of
proteins induces several pathways of immune suppression, resulting
in reduction of the proinflammatory cytokines IL-6, IL-1β, and
TNF-α and reduction of T cell activation (7). The fibrils are bound
specifically and endocytosed by peritoneal macrophages (MΦs) and
B2 and B1a lymphocytes, but not T lymphocytes, mast cells, or
eosinophils (8, 9). The binding results in changes in gene expression,
leading to several coordinated antiinflammatory responses: (i) ac-
tivation of the cells, defined as an increased expression of CD83,

CD80, and CD86 on the MΦs, and of CD80, CD86, CD25, and
CD83 on the B1a lymphocytes; (ii) decreased expression of integ-
rins and chemokine receptors, which allows both cell populations to
traffic from the peritoneum to secondary lymph organs; and (iii)
evidence of continued high expression of IL-10 in both cell types,
with induced expression of CTLA4, BTLA, IRF4, and Siglec G in
the B1a cells, thus increasing their immune-suppressive potential. In
the secondary lymph organs, both populations of IL-10–producing
cells inhibit antigen presentation and T cell activation, thereby re-
ducing consequent proinflammatory cytokine production, leading to
reduction of the paralytic signs of EAE.
The proposed mode of action was supported by loss-of-function

experiments using B cell-deficient (μMT) mice and IL-10–knockout
animals (neither of which responded to the fibrils), which estab-
lished the critical role of IL-10–secreting regulatory B cells (8).
Reciprocal gain-of-function experiments, in which as few as 3 × 105

B1a cells were reintroduced into μMT mice, reconstituted the
ability of the fibrils to ameliorate clinical paralysis. In addition to
the recovery of the response, the experiment also demonstrated
that the presence of the B1a cells without stimulation with the fi-
brils was insufficient for the therapeutic effect. Clinical paralysis was
reduced only when the B1a cells were activated.
Mass spectral analyses of amyloid fibrils cross-linked to peritoneal

cells revealed that the fibrils bound α7 nicotinic acetylcholine re-
ceptor (α7 NAChR), and N-methyl-D-aspartate (NMDA) receptor,
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The identification of α7 nicotinic acetylcholine receptor (α7 NAChR)
as the principal receptor for amyloid fibrils and small heat shock
proteins clarifies their mechanism of immune suppression. The
discovery of the receptor allows previous experiments using am-
yloid fibrils to be interpreted based on the extensive body of lit-
erature detailing the NAChR signaling pathway. In addition, the
data further support the realization that amyloid fibrils are im-
mune suppressive, which may be an important factor in neuro-
degenerative diseases. The demonstration that NAChR agonists
are effective in limiting ischemia and autoimmunity emphasizes
that the α7-specific partial agonists, which failed in clinical trials
for Alzheimer’s disease and schizophrenia, could be reconsidered
as therapeutics for a spectrum of inflammatory indications.
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subunit D, on peritoneal MΦs and B2 and B1a cells, but not T
lymphocytes. Wang and colleagues previously reported that amyloid
β bound α7 NAChR, signaling through Jak2 and Stat3 (10, 11). α7
NAChR is unique among the over 20 known receptors for amyloid
fibrils, being central in a well-defined immune-suppressive pathway
involving the vagus nerve (12). Nicotine induces a similar pattern
of immune suppression comparable to what is observed with
sHsps and amyloid fibrils and has been shown to be an effective
therapeutic for EAE (13–17). In addition to binding α7 NAChR,
nicotine, T7 HspB4, and amyloid fibrils composed of Tau 623-628
all (i) signal through Stat3, (ii) inhibit cell surface α-bungarotoxin
binding, (iii) inhibit proinflammatory cytokine secretion, (iv) in-
duce autophagy, and (v) are therapeutic in animal models of EAE.
Nicotine, T7 HspB4, and amyloid fibrils all require both the ex-
pression of α7 NACHR and the presence of B1a lymphocytes to
be effective. Collectively, the data support the conclusion that
these compounds are NAChR agonists inducing a common pat-
tern of immune suppression.

Results
Cross-Linking Amyloid Fibrils to Peritoneal MΦs and B and T Lymphocytes.
Identification of the cell surface receptors for amyloid fibrils and
sHsps required a strategy that covalently cross-linked the ligands to
the receptors. The principal populations of peritoneal cells (MΦs
and B1a, B2, and T lymphocytes) were purified by flow cytometry
and grown in leucine- and methionine-deficient media in the
presence of aziridine analogs of leucine and methionine. Each cell
population was incubated with and without biotinylated Tau or
biotinylated T7 HspB4, photolysed, and lysed, and the resultant
biotinylated complexes were isolated using Neutravidin. Reduction
and alkylation was followed by on-resin trypsinization. The resultant
mixture of peptides was separated by HPLC and identified using
mass spectrometry.
Elimination of background proteins seen in the paired samples

that did not contain biotinylated Tau or T7 HspB4 resulted in only
seven proteins seen in the MΦ and B2 and B1a lymphocyte samples
treated with biotinylated T7 HspB4 (but not seen in T cells): the 2D
subunit of NMDA glutamate receptor (Grin2D), α7 NAChR
(Chrna7), KidIns220, UV radiation resistance associated protein
(UVrag), dynein heavy chains 2 and 3, and Ras GTP-like activating
protein (SI Appendix, Table S1). For samples treated with bio-
tinylated Tau 623-628, six of the seven proteins were observed, with
the GTP-binding protein RAN substituted for the RAS GTP-like
activating protein (SI Appendix, Table S1). The results were con-
sistent with the literature, which previously established that amyloid
β binds NAChR (10, 11, 18–20) and associates with NMDA glu-
tamate receptor (21). KidIns220 is a scaffolding protein with mul-
tiple ankyrin repeats binding the A and B subunits of NMDA in
neuronal tissue (22) but is not documented to bind the D subunit of
the NMDA receptor, which is principally expressed in nonneuronal
tissue (23). There is extensive literature documenting α7 NAChR in
all three cell types (12, 24–26), while UVrag is essential for auto-
phagy and implicates the amyloid fibrils in this process.

α-Bungarotoxin Binding and Competition. Modulation of NMDA
glutamate and NAChR signaling can ameliorate EAE, but in di-
ametrically different ways. Therapeutic benefit is observed when the
NAChR pathway is stimulated (13–16) or when NMDA signaling is
inhibited (27). α7 NAChR, but not NMDA, signaling was investi-
gated further because amyloid fibrils and sHsps appear to be ago-
nists, stimulating pathways of immune suppression strikingly similar
to those induced by nicotine (13–16). In addition, α7 NAChR is
unique among amyloid receptors being integral to an endogenous
immune-suppressive pathway involving the vagus nerve (12, 28).
When α-bungarotoxin was used to stain murine peritoneal cells

isolated from wild-type C57BL/6, a closely related pattern to that
generated by fluorescent analogs of Tau 623-628 and T7 HspB4
was observed (Fig. 1). The specificity of α-bungarotoxin mirrored

that of the fibrils and sHsp, binding both populations of MΦs at
higher levels than B cells, which was two to three times greater
than the signal of the T cells, consistent with the three molecules
binding a common receptor.
A competitive whole-cell binding experiment was designed by

preincubating HEK-293 fibroblasts, which express α7 NAChR (SI
Appendix, Fig. S1), with varying concentrations of FITC-T7 HspB4
and with subsequent introduction of α-bungarotoxin labeled with
Alexa 627. The mixture was incubated for 15 min at 4 °C and then
the cells were washed, fixed, and analyzed using confocal mi-
croscopy (Fig. 2 A–D). Quantitation of the intensity of red and
green light in eight micrographs, including the four shown in Fig. 2
A–D, demonstrate that increasing the T7 HspB4 concentration
from 15 to 30 μM reduced Alexa 647 α-bungarotoxin binding by
an average of 53% (SI Appendix, Table S2).
An additional competitive experiment demonstrated that in-

creasing amounts of Tau 623-628 also could reduce the binding of
α-bungarotoxin ∼60% when measured by mean fluorescence using
flow cytometry (Fig. 2E) or replotted as percent inhibition (Fig.
2F). The ability of T7 HspB4 and Tau 623-628 to compete with
α-bungarotoxin strengthens the hypothesis that the Tau 623-628
and T7 HspB4 are binding to α7 NAChR.

α7 NaChR Signaling. Previous studies established that activation of
α7 NAChR results in Jak2 phosphorylation and subsequent
phosphorylation of Stat3, which dimerizes, migrates to the nu-
cleus, and binds SIE sequence in Stat3-inducible genes (29, 30).
To determine whether amyloid fibrils and sHsps also stimulate this
pathway, HEK-293 cells were transfected with a commercially
available reporter plasmid with the SIE promoter juxtaposed to
firefly luciferase. The cells were treated with either IL-6, nicotine,
T7 HspB4, or Tau 623-628 for 4 h, lysed, and treated with luciferin
and ATP, and the resulting chemiluminescence measured on a
luminometer (Fig. 3). The induction of luciferase gene expression
resulting in the chemiluminescence indicates that in addition to
IL-6 and nicotine, which are known to stimulate Stat3, T7 HspB4
and Tau 623-628 also activate this pathway.

Common Pattern of Inhibition of LPS-Induced Proinflammatory Cytokines.
Amyloid fibrils, sHsps, and nicotine have been shown to reduce
the proinflammatory cytokines IL-6, IL-1β, and TNF-α (2, 6, 8, 9,
24, 31); consequently, further confirmation of this inhibition in

Fig. 1. α-Bungarotoxin, T7 HspB4, and amyloid fibrils composed of Tau 623-
628 exhibit a similar pattern of cell surface binding to the predominant
populations of murine peritoneal cells. Specific binding of fluorescent am-
yloid fibrils, T7 HspB4, and α-bungarotoxin were measured using flow
cytometry. The data were normalized to the signal on T lymphocytes and
plotted as differences in relative fold binding. Values in graph represent
mean ± SD.
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murine systems was unnecessary. However, in humans, the α7
NAChR gene is partially duplicated and a second receptor,
ChrFam7a, is differentially expressed (32). The partial duplication
results in the deletion of the leader sequence and the first four
exons and the fusion with several exons of the unc-51–like kinase 4
gene. The functional role of the modified receptor is controversial,
with several reports assigning the protein as a dominant negative
based on its inability to flux Ca+2 (33, 34).

U937 cells, a human monocytic cell line, exclusively express
ChrFam7a with no detectable Chrna7 (SI Appendix, Fig. S1). Con-
sequently, stimulating this cell line with LPS to induce IL-6 and
treating with the set of NAChR agonists both allows their inhibitory
activity to be compared and demonstrates the signaling potential of
the mutated human receptor. U937 cells were preincubated with
varying concentrations of nicotine, AR-R17779 (α7-specific agonist),
Amylin 28-33, T7 HspB4, and Tau 623-628 and stimulated with LPS,
and the proinflammatory cytokines in the supernatants 18 h later
were measured by ELISA (IL-6, Fig. 4A) and using a luminex kit for
52 cytokines (Fig. 4B). Nicotine, AR-R17779, T7 HspB4, and amy-
loid fibrils composed of Tau 623-628 or Amylin 28-33 all inhibited IL-
6 production from LPS-stimulated U937 cells, indicating a common
pathway, and the compounds were functional agonists of ChrFam7a.
Measurement of the cytokines in the supernatant of the treated cells
revealed a reduction not only in IL-6, IL-1β, and TNF-α, but also
in IL-8, IL-18, IL-9, and VEGF. The pattern of inhibition seen in
the case of the small molecules nicotine and AR-R17779 mirrored
that observed for T7 HspB4 and the fibrils composed of either
Tau 623-628 or Amylin 28-33. The only exception was IL-8, which
was more effectively inhibited by Tau fibrils and T7 HspB4. Col-
lectively, the data support the premise that each of these com-
pounds is an α7 NAChR agonist signaling through a common
immune-suppressive pathway, and the mutated ChrFam7a is
shown to be a functional receptor.

Induction of Autophagy. In addition to inhibiting proinflammatory
gene expression (35), nicotine reduces IL-1β secretion by inducing
autophagy and the subsequent metabolism of inflammasomes (17,
36, 37). Autophagy initially was measured using HEK-293 cells
transfected with a commercially available insect baculovirus vector
containing a mammalian promoter encoding LC3-GFP. As a
negative control, cells were transfected with LC3 G/A GFP, in
which the C-terminal glycine is mutated to alanine, preventing
modification with phosphatidylethanolamine. The cells were
stimulated separately with nicotine, AR-R17779, T7 HspB4, and
fibrils composed of Tau 623-628. After 6 h, the cells were treated
with 0.1% saponin, and the amount of autophagy was observed
using confocal microscopy (Fig. 5 A–D). In each case, there was
clear perinuclear punctate staining, with the exception of cells
transfected with LC3 G/A GFP (Fig. 5E) and untreated trans-
fected cells (Fig. 5F). Alternatively, HEK-293 cells were stimu-
lated with LPS and treated with nicotine, T7 HspB4, and fibrils

Fig. 2. Whole-cell inhibition assays demonstrate that T7 HspB4 and am-
yloid fibrils composed of Tau 623-628 inhibit α-bungarotoxin binding. (A–
D) Micrographs of HEK-293 cells demonstrating that increasing levels of
FITC-T7 HspB4 (A and B: 30 μM; C and D: 15 μM) reduce binding of Alexa
647-labeled α-bungarotoxin (2.5 μM). Measurement of intensity of fluo-
rescent signal/unit area results in ∼50% inhibition (SI Appendix, Table S2).
(E and F) Using flow cytometry, incubation of increasing amounts of Tau
623-628 was shown to reduce binding of Alexa 488-labeled α-bungarotoxin on
the surface of HEK-293 cells (E), and the data were replotted as percent in-
hibition (F).

Fig. 3. IL-6, nicotine, T7 HspB4, and amyloid fibrils composed of Tau 623-
628 stimulate Stat3 signaling. Graph of relative chemiluminescence pro-
duced by HEK-293 cells transfected with a reporter plasmid containing lu-
ciferase with an SIE promoter and stimulated with the different agonists.
Values in graph represent mean ± SD.
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composed of Tau 623-628 for 16 h. The cells were permeabilized
with 0.1% saponin and treated with fluorescently labeled anti-
LC3. The cells were washed and analyzed by flow cytometry.
Using this procedure resulted in a clear distinction between cells
stimulated with nicotine, T7 HspB4, and Tau 623-628 compared
with untreated cells or those treated with LPS alone (Fig. 5G).

Role of α7 NAChR Expression and the Presence of B Lymphocytes in
the Therapeutic Effect of NAChR Agonists, Amyloid Fibrils, and sHsps
in EAE. Nicotine, AR-R17779, amyloid fibrils, and sHsps all are
effective therapeutics for EAE in wild-type animals (6–9, 13–17).
The therapeutic effects of nicotine are reduced significantly in α7
NAChR-knockout animals, whereas amyloid fibrils and sHsps have
been shown to require presence of B1a cells for efficacy (8). If all
these reagents induce a common immune-suppressive pathway
based on binding to α7 NAChR, then nicotine and AR-R17779
also should be ineffective in B cell-deficient μMT mice, while the
fibrils and sHsps should require the expression of α7 NAChR.
The results of a series of experiments analyzing each of these

combinations are shown in Fig. 6. In each case, EAE was induced
with murine MOG 35-55, and the animals were treated with daily
i.p. injections with the different compounds beginning at the onset
of paralytic signs (day 12). Consistent with binding α7 NAChR,

treatment with either Amylin 28-33 or T7 HspB4 was effective in
wild-type animals, but not in α7 NAChR-knockout mice (Fig. 6 A–
D). AR-R17779 and PNU-120596 (an α7 NAChR-specific positive
allosteric modulator) also were therapeutic in wild-type animals
(Fig. 6 E and F) but, along with nicotine, did not modulate the
paralytic symptoms in μMT mice (Fig. 6 G and H), indicating a
need for B cell involvement, most likely B1a lymphocytes based on
our previous experiments (8).

Discussion
The data in this manuscript support the premise that amyloid fi-
brils and sHsps are α7 NAChR agonists, binding at or near the
orthosteric site and stimulating Stat3 signaling and autophagy. The
activation of the receptor leads to the reduction of the proin-
flammatory cytokines TNF-α, IL-1β, IL-6, and IL-18 and, in EAE,
the reduction of paralysis. The studies are consistent with earlier
work establishing that amyloid β binds several NAChRs (including
α7 NAChR) and signals through Stat3 (10, 11), as well as with
prior studies demonstrating that nicotine was therapeutic in EAE
(13–16). The clarification of a receptor for the two types of bio-
logics enhances the understanding of their mode of action and
allows the present studies to be compared with the extensive

Fig. 4. A similar pattern of inhibition of cytokine secretion when the hu-
man monocytic cell line U937 is pretreated with a set of NAChR agonists
before stimulation with LPS. (A) Percent inhibition of IL-6 secretion after LPS
stimulation in the presence of varying concentrations of NAChR agonists,
measured by ELISA. (B) Percent inhibition of a set of cytokines in the su-
pernatant of U937 cells after LPS stimulation, measured using a Luminex
assay. Values in graph represent mean ± SD.

Fig. 5. Induction of autophagy analyzed by microscopy (A–F) or flow cytometry
(G). (A–D) HEK cells transfected with LC3-GFP were treated with (A) nicotine
(18.8 μM), (B) AR-R17779 (65.8 μM), (C) Tau 623-628 (1.26 μM), and (D) T7 HspB4
(150 nM). (E) Cells transfected with LC3 G/A GFP were treated with nicotine
(18.8 μM). (F) Untreated, transfected cells. (G) For FACS analyses, HEK-293 cells
were activated with LPS (100 ng/mL) and treated with each of the agonists for
16 h. The cells were removed from the six-well plates with Ca+2/Mg+2-free PBS,
permeabilized with 0.1% saponin, treated with fluorescent anti-LC3 for 30 min,
and washed; the resultant fluorescence was measured using flow cytometry.
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publications revealing that binding to α7 NAChR activates a po-
tent antiinflammatory pathway.
These studies complement the novel discoveries by Tracey and

coworkers (26), who revealed that the nervous system modulates the
immune response via activation α7 NAChR. Tracey and coworkers
(26) established that vagal nerve stimulation in the spleen releases
norepinephrine, which activates choline acetyltransferase (CHAT) in
lymphocytes, producing acetylcholine that binds NAChR in MΦs.
We show here that injection of either sHsps or amyloid fibrils in-
duces the immune-suppressive pathway by directly binding NAChR,
without involvement of CHAT. In addition to peritoneal MΦs, B
lymphocytes—in particular IL-10–producing B1a cells—also express
α7 NAChR and are activated by sHsps and amyloid fibrils.
Activation of the NAChR by nicotine, amyloid fibrils, and T7

HspB4 stimulates autophagy, providing an additional immune-
suppressive pathway in which inflammasomes are metabolized,
reducing IL-1β expression (17). In microglia and neutrophils,

amyloid β binds NALP3, inducing inflammasome activation and
IL-1β production (38), which emphasizes the dual activity of
amyloid fibrils. The balance between binding NAChR and NALP3
dictates whether amyloid fibrils are either inflammatory or im-
mune suppressive, which explains the complex duality of the role
of amyloid fibrils in disease.
The immune-suppressive pathways stimulated by amyloid fibrils

binding NAChR might be a central factor in amyloid-linked
neurodegeneration. Our laboratory has documented that Ly6Chi

MΦs migrate into the brain in animal models of EAE, but not
Huntington’s disease or in the mutant sod-1 animal model of ALS
(39). A possible explanation for the differences could be the
presence of amyloid fibrils in the periphery in the latter two cases,
which would inhibit the activation of the Ly6Chi MΦs. The in-
hibition of the migration of the activated MΦs would limit fibril
clearance and exacerbate neuronal death and neurodegeneration.
Support for this hypothesis is the recent publication by Schwartz
and coworkers (40), who successfully treated mice with Alz-
heimer’s disease with anti-PD1. Blocking this pathway is believed
to activate CD8 T lymphocytes in cancer models, but this pathway
also is central to the activation process in myeloid cells. In the
Alzheimer’s model, checkpoint inhibition resulted in an IFN-
γ–dependent systemic immune response, which is followed by
the recruitment of monocyte-derived macrophages to the brain.
The partial duplication of the α7 NAChR gene to create

ChrFam7a is an important issue to consider with future therapies.
Overlooking the role of ChrFam7a may have been a factor in the
failure of the previous clinical trials of NAChR agonists in treating
Alzheimer’s disease and schizophrenia. The predominant form of
the NAChR on human MΦs is ChrFam7a, whose functional ca-
pacity to signal has been controversial because of its failure to flux
Ca+2. Here, we demonstrate that the NAChR agonists all sup-
pressed proinflammatory cytokine production in U937 human
cells, which exclusively express ChrFam7a, arguing that it is a
functional receptor. Consequently, partial agonists and positive
allosteric modulators specific for ChrFam7a may systemically
modulate this neuroimmune circuit and reduce inflammation in a
broad spectrum of diseases.

Methods
The isolation and purification of murine peritoneal cells and the cloning, ex-
pression, and purification of T7 human HspB4 were described previously (6, 8).

Cross-Linking of T7 HspB4 and Tau 623-628 Amyloid Fibrils to Surfaces of
Peritoneal MΦs and B1a, B2, and T Lymphocytes. CD11b+F4/80high and
CD11b+F4/80lowMΦs and B1a (CD19+CD5+), B2 (CD19+CD5−), and T (CD19−CD5+)
lymphocytes were purified from peritoneal exudates by flow cytometry and in-
cubated overnight in six-well plates with DMEM lacking methionine and leucine
and supplemented with photoreactive leucine (5.72 mg/10 mL) and methionine
(3.14 mg/10 mL). The cells were washed and transferred back into the six-well
plates with the addition of 10 μg of biotinylated Tau 623-628 or 20 μg of bio-
tinylated T7 HspB4, along with protease inhibitors (Halt; Thermo). After 5 min of
incubation, the cells were photolysed with 365-nm light for 15 min. The cells
were lysed with 500 μL of radioimmunoprecipitation assay (RIPA) buffer with
protease inhibitors at 4 °C for 15 min. The mixture was spun, and the superna-
tant was incubated with 10 μL of Neutravidin (Thermo Fisher) overnight. The
resin was removed from the supernatant by centrifugation and repeatedly
washed with RIPA buffer. The resin was reduced, alkylated, and trypsinized, and
the resultant peptide fragments were separated using a C18 analytical column. A
Bruker Advance Source (Auburn) was used for nanoelectrospray mass ionization.
Data acquisition and analysis were done as previously reported (7).

Stat3 Signaling. HEK-293 cells (2 × 105 cells per well) grown in a six-well plate
were transfected with a commercially available reporter plasmid with the SIE
promoter juxtaposed to firefly luciferase (Thermo Fisher) and incubated over-
night. The cells were treated with IL-6 (0.7 nM), nicotine (400 nM), T7 HspB4 (301
nM), and Tau 623-628 (1,580 nM) for 4 h, lysed, and treated with luciferin and
ATP, and the resulting chemiluminescence was measured on a luminometer.

Fig. 6. Differential therapeutic effects in female C57BL/6 wild-type mice
compared with α7 NAChR-knockout (ko) animals and C57BL/6 μMT mice
when treated with Amylin 28-33, T7 HspB4, AR-R17779, PNU120596, or
nicotine. Wild-type and α7 NAChR−/− mice with EAE were treated daily with
i.p. injections of 10 μg of Amylin 28-33 (n = 11) (A and B) or 20 μg of T7
HspB4 (n = 11) (C and D) at onset of symptoms. Wild-type mice with EAE
were treated daily with i.p. injections of 5 mg/kg of AR-R17779 (n = 13) (E) or
2.5 mg/kg PNU120596 (n = 15) (F). Wild-type and μMT mice were treated
daily with 5 mg/kg nicotine (n = 15) (G) and a mixture of 0.5 mg/kg AR-
R17779 and 2.5 mg/kg PNU120596 (n = 15) (H). Values in graph represent
mean ± SD; *P < 0.05 calculated by two-tailed Mann–Whitney U test.
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Induction and Measurement of Autophagy. Punctate staining characteristic of
the localization of LC3-GFP in the autophagosome membrane was used to
identify whether nicotine and the biologic agents induce autophagy. A
commercially available autophagy kit from Thermo Fisher Scientific (Premo
Autophagy Sensor LC3B-GFP) was used to quantify autophagy in combination
with confocal microscopy. HEK-293 cells grown on chamber slides (1.5 × 105

per chamber; Thermo Fisher) were transfected with an insect baculovirus
containing a mammalian promoter encoding LC3-GFP or LC3 G/A GFP and
incubated overnight. The following day, nicotine (18.8 μM), AR-R17779
(65.8 μM), PNU-120596 (16.0 μM), T7 HspB4 (150 nM), Tau 623-628 (1.26
μM), and Amylin 28-33 (3.3 μM) were added separately to the cells, which were
incubated for an additional 4 h, after which they were washed, fixed, and
permeabilized with 0.1% saponin to remove the LC3-GFP or LC3-GFP G/A not
associated with the autosome membrane. The cells were visualized using a
Leica TCS SP8 White Light Laser confocal microscope. For FACS analyses, a
different commercial kit was used (Muse Autophagy Kit; MilliporeSigma), in
which HEK-293 cells were grown in six-well plates, activated with LPS
(100 ng/mL), and treated with each of the agonists for 16 h. The cells were
removed from the six-well plates with Ca+2/Mg+2-free PBS, permeabilized
with 0.1% saponin, treated with fluorescent anti-LC3 for 30 min, and
washed, and the resultant fluorescence was measured using flow cytometry.

Competition Between α-Bungarotoxin and T7 HspB4 or Tau 623-628.HEK-293 cells
grown in chamber slides (1.5 × 105 per chamber; Thermo Fisher) were cooled to
4 °C and treated with FITC-T7 HspB4 (15 or 30 μM) for 5 min before the ad-
dition of Alexa 647-labeled α-bungarotoxin (2.5 μM). Cells were incubated a
further 30 min at 4 °C, washed, fixed (1% paraformaldehyde), and visualized
using a Leica TCS SP8 White Light Laser confocal microscope. The relative
amounts of red and green were measured per unit area (SI Appendix, Table

S2). Inhibition of Alexa 488-labeled α-bungarotoxin (2.5 μM) binding with Tau
623-628 (0 to 50 μM) was performed similarly but analyzed by flow cytometry.

Inhibition of IL-6 Secretion in U937 Cells in Vitro After LPS Challenge. U937 cells
(106/mL) were plated in a 96-well plate and treated with nicotine (1,000 to
1 μM), AR-R17779 (1,000 to 1 μM), Amylin 28-33 (825 μM to 825 nM), T7 HspB4
(50 μM to 50 nM), or Tau 623-628 (50 to 1.5 nM). Thirty minutes later, LPS
(Escherichia coli endotoxin 0111:B4; Sigma) (100 ng/mL) was added and the
samples were incubated for 16 h. BD Biosciences anti-human IL-6 OptEIA kits
were used to determine the IL-6 concentrations in triplicate in each treatment
group. eBioscience/Affymetrix Magnetic Bead 63-Plex Luminex kits were used
according to the manufacturer’s recommendations.

Induction of Active EAE in Mice by Immunization with MOG and Adjuvant. EAE
was induced in female wild-type C57BL/6 mice or μMT mice on C57BL/6
background (The Jackson Laboratory) by procedures previously described
(6). All animal protocols were approved by the Institutional Animal Care and
Use Committee at Stanford University.
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