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Abstract Amyloidogenic proteins have long been linked to neurodegenerative
diseases. However, amyloid fibrils composed of six amino acids are protective in an
animal model of multiple sclerosis (MS), experimental autoimmune encephalo-
myelitis (EAE). The reduction of pro-inflammatory cytokines, decrease in the
number of inflammatory foci in the parenchyma and meninges of the brain and
spinal cord, and amelioration of the neurological signs of EAE when amyloid fibril-
forming hexapeptides are administered reveal that some fibrils provide benefit. The
therapeutic activity of the amyloid fibrils arise from diverse pathways that include
binding of pro-inflammatory mediators in the plasma, reduction of IL-6, TNF-q,
and IFN-y levels, and induction of type 1 interferon (IFN). Type 1 IFN has been
used widely as a therapeutic agent for the treatment of MS and has been shown to
be therapeutic in EAE with adoptive transfer of Th1 lymphocytes. However, type 1
IFN is known to exacerbate EAE with adoptive transfer of Th17 lymphocytes.
Indeed, the amyloid fibril-forming peptide Tau 623—-628 was therapeutic in Thl
adoptively transferred EAE, but ineffective in Th17 adoptively transferred EAE.
However, the therapeutic effect of Tau 623-628 was restored in IFN-o/p receptor
(IFNAR) knockout mice, indicating that other immune pathways independent
of type 1 IFN induction play a role in the amelioration of EAE. Moreover, Amylin
28-33, a polar, non-ionizable peptide that does not form fibrils as rapidly as Tau
623-628, induces a small fraction of type 1 IFN compared to Tau 623-628 and is
therapeutic in Th17 EAE. The diverse immunological pathways modulated by the
self-assembling hexapeptides are under investigation with a goal to develop novel,
safe, and potent therapeutics for neuroinflammation.
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1 Introduction

The accumulation of amyloid proteins has long been associated with neurodegen-
erative diseases, including Alzheimer’s, Parkinson’s, and Huntington’s disease;
type 2 diabetes; and transmissible spongiform encephalopathy. The proteins asso-
ciated with these diseases, such as amyloid beta 1-40 and 1-42, Tau, synuclein,
huntingtin, islet amyloid polypeptide (IAPP, or amylin), and prion protein, can form
insoluble aggregates that play a role in neuronal pathology and degeneration.
However, the biological functions of amyloid-forming proteins and the patho-
physiological role of amyloid fibrils are not well defined. Amyloidogenic proteins,
including alpha B crystallin (HspB5), amyloid precursor protein (APP), Tau, and
serum amyloid P (SAP), were all found in MS lesions (Han et al. 2008). However,
permanent deletion of HspBS (Ousman et al. 2007), APP (Grant et al. 2012), major
prion protein (PrP) (Gourdain et al. 2012), serum amyloid P (Ji et al. 2012), and Tau
(Weinger et al. 2012), resulted in more severe clinical scores and increased neuronal
damage in EAE. HspB5 has been shown to be an effective anti-inflammatory agent
that has been therapeutic in animal models of multiple sclerosis (Ousman et al.
2007), stroke (Arac et al. 2011) and cardiac and retinal ischemia—reperfusion injury
(Pangratz-Fuehrer et al. 2011; Velotta et al. 2011). Moreover, beta-amyloid 1-40
and 1-42 peptides were effective anti-inflammatory agents, ameliorating paralysis,
and inflammation in EAE (Grant et al. 2012). The absence of these proteins is
detrimental, but administration of amyloid fibril-forming peptides has been shown
to be therapeutic in EAE and have an anti-inflammatory capacity. The ability of
amyloid-forming peptides and proteins to modulate the immune system may lead to
new therapeutic targets for the treatment of MS and other neuroinflammatory
diseases.
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2 Peptides from Small Heat-Shock Proteins Have
Chaperone Activity and Form Amyloid Fibrils

The small heat-shock protein (sHsp), alpha B crystallin (HspB5), is a temperature-
sensitive molecular chaperone that binds partially unfolded proteins and prevents
deleterious aggregation during heat and cellular stress (Jakob et al. 1993). HspB5
was found to be the most abundant transcript in MS lesions, and the protein levels
were found in copious amounts in acute and chronic active lesions (Han et al.
2008). HspB5 levels were elevated in the plasma of MS, neuromyelitis optica
(NMO), and stroke patients, as well as in mice with EAE (Arac et al. 2011;
Rothbard et al. 2012). The increase in plasma levels of HspB5 may be a protective
mechanism to mitigate damage during inflammation, ischemia, and
neurodegeneration.

The protective nature of HspB5 is evident in mice lacking this protein when
induced with EAE. Mice deficient in HspBS5 exhibited more severe clinical
symptoms during EAE, with increased glial apoptosis and production of pro-
inflammatory cytokines (Ousman et al. 2007). Administration of exogenous alpha B
crystallin to mice with EAE reduced the disease severity, suppressed immune cell
proliferation, and decreased the production of pro-inflammatory cytokines (Ousman
et al. 2007; Rothbard et al. 2012). Cessation of the administration of the protein
resulted in a rebound of clinical symptoms during EAE, which indicated that
HspB5 was a biological inhibitor and must be maintained at a certain serological
level to have its therapeutic effect (Rothbard et al. 2012).

HspB5 did not affect B and T cell proliferation, and it appears that the sup-
pression of inflammation does not occur through direct inhibition on the adaptive
immune response (Rothbard et al. 2012). The mechanism of action for the efficacy
of HspB5 was based on its ability to bind pro-inflammatory proteins in the plasma
(Rothbard et al. 2012). Proteins bound to HspBS5 from plasma of MS patients and
mice with EAE were identified by mass spectroscopic analyses. Approximately
seventy proteins were enriched in the HspB5 precipitate with a temperature-
dependent sensitivity. Elevated temperature increases the molecular chaperone
activity of the sHsps. Temperature dependence makes HspBS particularly effective
at sites of inflammation, where temperature is known to be elevated compared to
non-inflamed tissue. Interestingly, the majority of the proteins identified as binding
partners of HspB5 were acute-phase proteins, complement proteins, and coagula-
tion factors (Rothbard et al. 2012). HspB5 not only bound these proteins, but also
could decrease the levels of the inflammatory proteins in the plasma and thereby
affect the innate immune system. The anti-inflammatory capacity of HspB5 was
evident by the reduction in the plasma levels of IL-6, a pleiotropic cytokine with
multiple functions in the immune system, and plays a role in the pathogenesis of
EAE (Rothbard et al. 2012).

Additional structure activity correlations between chaperone activity and thera-
peutic function were established when linear peptide regions within HspB5 were
examined (Kurnellas et al. 2012). Only the region corresponding to residues 73-92
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of HspB5 exhibited chaperone activity. More importantly, the 73-92 peptide was
therapeutic in EAE, which had efficacy similar to the full-length protein, and could
reduce the production of pro-inflammatory cytokines from stimulated splenocytes
and lymph node cells from EAE mice (Kurnellas et al. 2012). Tanaka et al. (2008)
have shown that the chaperone activity of alpha A crystallin (HspB4) 73-92 cor-
responded with the formation of amyloid fibrils and that the loss of amyloid for-
mation also correlates with a loss of chaperone function. In our work, amyloid fibril
formation was measured by incubating thioflavin T (ThT) with residues 73-92 from
HspBl1, 4, and 5 and measuring the fluorescence at 485 nm. Binding of ThT by
amyloid fibrils results in ThT fluorescence, which has long been used as a measure of
amyloid fibril formation of proteins and peptides (Naiki et al. 1989). Consistent with
this measurement, amyloid fibrils were visualized by atomic force microscopy for
these peptides. However, removal of a single hydrophobic amino acid at position 77,
79, or 81 of HspB5 73-92 peptide and replacement with a lysine was able to
eliminate amyloid formation as represented by ThT binding (Kurnellas et al. 2012).
The altered peptides also lost their chaperone activity and effectiveness in EAE
treatment (Kurnellas et al. 2012). Amyloid fibril formation was required for the
chaperone function and the therapeutic efficacy of the peptides. The necessity to
form amyloid fibrils to retain chaperone activity may explain how a relatively short
peptide can have an equivalent effect as a full-length protein. To reiterate, chaperone
activity is based on the formation of amyloid fibrils, which perhaps unexpectedly
provide protection from neuroinflammation. The juxtaposition of amyloid and
“protection from neuroinflammation” in the same sentence is certainly unexpected.

3 Hexameric Amyloidogenic Peptides Are Therapeutic
in EAE

Amyloid fibrils, which are composed of two self-complementary beta-pleated
sheets whose side chains interdigitate to form a zipper-like configuration (Sawaya
et al. 2007), are capable of forming pores in biological membranes and are path-
ogenic to cells (Chiti and Dobson 2009; Jang et al. 2010; Kayed et al. 2003; Quist
et al. 2005; Xue et al. 2009). To further reduce the complexity of the structure and
eliminate the toxicity of amyloid fibrils formed by larger peptides and proteins,
smaller peptides can be utilized. Six amino acids are capable of forming amyloid
fibrils (Thompson et al. 2006), but do not form toxic pore-forming structures
(Laganowsky et al. 2012). Several groups have written algorithms to predict the
amyloid-forming regions based on beta-sheet propensity (Fernandez-Escamilla
et al. 2004; Nelson et al. 2005). The Rosetta-Profile algorithm, developed by
Eisenberg and colleagues, allows for the quantification of the probability that any
six amino acid sequence within a protein is capable of forming a steric zipper spine
of an amyloid fibril (Goldschmidt et al. 2010). In the 73-92 peptide, two regions
that exhibit the highest propensity to aggregate and form amyloid are residues
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Table 1 The amyloidogenic peptides used to treat EAE are segregated by composition and their
propensity to form fibrils (Eisenberg and Jucker 2012; Sawaya et al. 2007)

cationic, readily form at all pH nenienizable hydrophobic
Tau 623-628 Ac M Q1 VYK CONM2 Amyfoid bota Ad protein 29-34 Az G A | | G L CONMZ
Tau 6236280 Ac W g | v yiRI CONHZ Amylotd bota Ad protein 3540 Ac MV G G WV W CONHZ
Serum amylold P 213-218 Az G Y V11K COonH2 Amylold bela Ad protein 15400 Ac m v g g ¥ ¥ CONM2
Amylold beta Ad protein 16.21 AcKIL V FF A CONHZ Amyloid beta Ad protein 3742 Ac G G VW V | A CONHZ
Amyln 24.29 A 5 5§ CONM2

Major prion protein 148-153 CONH2

nonionizable polar anionic/cationic, requires neutralization of charge within interface
Apolpopeoten E 5358 Az Q¥ T a coxMz Hip03 76-81 Ac § BRI N ISR CONH2
Amylin 28.33 acs s 1T uV G conmz Insulin 8 chain 1116 Ac WIBLA L Y L COnH2
1g Kappa chain 510 ae sl s s s ¥ connz Insulin A chain 12.17 Ac L Y O LIBIN CONMZ
HspBS 8994 Ac LIKVIKV L CONM2
Amyfoid beta Ad protein 27-32 Ac N K G A | | CONHZ

The amyloidogenic hexapeptides in bold font have been confirmed to reduce the symptoms of
EAE. The hexapeptides whose crystal structure have been published are in italics. The
hydrophobic amino acids are highlighted in light gray and acidic residues and basic amino acids in
dark gray. D-amino acids are listed in lower case

76-81 and 89-94 (Goldschmidt et al. 2010). These regions contain alternating
hydrophilic and hydrophobic amino acids that correspond to a beta-pleated sheet.

HspB5 76-81 and 89-94 are located within the region with the capacity to act as a
molecular chaperone. These and other hexapeptides derived from amyloidogenic
proteins, whose crystallographic solution have been determined, including Tau
623-628, beta-amyloid A4 16-21, 27-32, 29-34, 35-40, and 37-42, major prion
protein PrP 148-153, Amylin 28-33, insulin B chain 11-16, and insulin A chain
12—17 all form amyloid fibrils (Table 1; Kurnellas et al. 2014) (Eisenberg and Jucker
2012; Sawaya et al. 2007), were shown to act as molecular chaperones as assessed by
the inhibition of insulin aggregation (Kurnellas et al. 2013). These peptides are
known to have the propensity to form amyloid fibrils, which was confirmed to occur
when assessed by ThT staining (Kurnellas et al. 2013). The amyloid fibril-forming
hexapeptides tested were therapeutic in EAE, reducing the neurological impairment
from the disease (Kurnellas et al. 2013). The shuffled sequences of HspB5 76-81 and
Tau 623-628 did not form amyloid and were not able to modulate the disease
(Kurnellas et al. 2013), indicating the importance of the sequence of the hexapep-
tides. Cessation of treatment resulted in a return of paralytic symptoms of EAE, as
observed with the small heat-shock proteins and residues 73-92 of HspB5 (Kurnellas
etal. 2012). The therapeutic peptides were found to be anti-inflammatory, resulting in
the decrease in pro-inflammatory cytokines. Although no direct evidence suggests
the peptides enter the central nervous system (CNS), the hexapeptides are able to
reduce the number of inflammatory foci in the meninges and parenchyma of brains
and spinal cords (Kurnellas et al. 2013), perhaps by their effects on the peripheral
immune system.
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4 Mechanisms of Action of the Anti-Inflammatory,
Therapeutic Amyloid Fibrils

4.1 Chaperone Function

The mechanisms of action of the hexapeptides include a capacity to act as a
molecular chaperone, a similarity shared with HspBS and the other sHsps
(Rothbard et al. 2012). The amyloid fibril-forming peptides were incubated with
bovine insulin under reducing conditions with dithiothreitol (DTT), and time-
dependent light scattering produced by the association of the reduced B chain of
insulin was monitored at 360 nm (Bhattacharyya et al. 2006). The hexapeptides
were found to inhibit the aggregation of the B chain of insulin, consistent with
molecular chaperone function (Kurnellas et al. 2013). The shuffled sequences of
Tau 623-628 and HspBS5 7681, which do not form fibrils, lost the ability to inhibit
insulin aggregation (Kurnellas et al. 2013). Although Tau 623-628 was able to
inhibit the formation of insulin aggregates when added at time O, it was unable to
prevent aggregation following the initiation of aggregation (Kurnellas et al. 2013).
Tau 623-628 inhibited fibril formation during the initial step of the process, but not
during the nucleation of aggregates.

Tau 623-628 peptide, through its molecular chaperone activity, was able to bind
proteins from the plasma of MS patients and mice with EAE. Biotinylated Tau
623-628 was incubated in the plasma, and the proteins bound were identified by
mass spectral analysis. Forty-nine proteins were found enriched in the Tau 623-628
precipitate and with 41 of the proteins (84 %) also identified by precipitation with
HspB5 (Kurnellas et al. 2013; Rothbard et al. 2012). Among the proteins found
precipitated with amyloid fibrils, a high percentage were acute-phase proteins (19 of
49, 39 %), complement factors (11 of 49, 23 %), and members of the coagulation
cascade (13 of 49, 27 %), which together comprised 33 of the 49 proteins (67 %).
The proteins bound by Tau 623-628 are biologically relevant ligands that are
known to bind amyloid fibrils, including apolipoproteins A-I, A-IV, and E
(Strittmatter et al. 1993), clusterin (Ghiso et al. 1993), and transthyretin
(Velayudhan et al. 2012). Twenty-nine of the forty-nine proteins (59 %) most
prominent proteins bound to Tau 623—628 are known to be associated with HDL,
including apolipoproteins A-IV, A-I, B-100, and E, clusterin, vitronectin, trans-
thyretin, serum paraoxonase, angiotensin, and prothrombin (Kurnellas et al. 2013).
Many of these proteins are known to modulate the disease course during EAE. Mice
with genetic deletions of apolipoprotein E (Karussis et al. 2003), Tau (Weinger
et al. 2012), HspBS5 (Ousman et al. 2007), and APP (Grant et al. 2012) all exhibit
exacerbated EAE. Earlier studies have shown that inhibition of angiotensin con-
verting enzyme or angiotensin receptor and inhibition of prothrombin potently
inhibit EAE (Han et al. 2008; Platten et al. 2009). The binding of pro-inflammatory
mediators may be one factor involved in the immunosuppressive function of the
amyloidogenic peptides.
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4.2 Modulation of Peripheral Blood Cells

To discern the pathways responsible for the reduction of pro-inflammatory cyto-
kines by the amyloidogenic hexapeptides, gene expression of peripheral blood cells
(PBCs) from EAE mice treated with Tau 623-628 was evaluated. Blood was
collected after 3 days of treatment, just prior to the reduction of disease, and after
10 days of treatment, in which clinical signs were diminished. The analysis of
differential gene expression revealed that IL-6, TNF-q, IL-8, IFN-y, serum amyloid
A (SAA), and members of the S-100 family were decreased (Kurnellas et al. 2014).
Gene expression of TNF-a and IFN-y in PBCs and IL-6 in hepatocytes, as mea-
sured by qPCR, was decreased not only when the clinical signs were reduced, but
also prior to reduction of the clinical signs after 3 treatments, indicating that their
reduced expression might well be a central factor in the abrogation of the disease.
Pathway analysis revealed significant reduction in lymphocyte, dendritic cell, and
macrophage activation, and neutrophil and phagocyte chemotaxis. The pattern of
gene expression at the later time point when the neurological signs were resolved
displayed reduced activity of transcriptional factors NF«xB, AP-1, NFAT, Spll,
E2F1, and ETS1, which was not seen prior to the reduction of clinical signs
(Kurnellas et al. 2014). The pathways indicate that diverse and broad immune
suppression occurs following the treatment with Tau 623—-628 peptide.

4.3 Type I Interferon Induction

The analysis of gene expression prior to the reduction of symptoms revealed
additional pathways modulated by the administration of Tau 623-628. A reduction
in the expression of neutrophil-related genes and the induction of a type 1 IFN
pathway were observed (Kurnellas et al. 2014). The expression levels of IFN-a4, 5,
9, 12, and 13, and IFN- were all significantly increased after 3 treatments of Tau
623-628, which is just prior to the modulation of clinical signs. A change in the
expression levels of 124 type 1 IFN inducible genes, including Oasl, 2, Isgl5,
Mx1, Rsad2, Herc5, Aqp3, Ifitl, 3, and IRF1, supports the idea that type 1 IFN
plays a role in the therapeutic benefit of the amyloidogenic peptides.

The capacity of amyloid fibrils to decrease neutrophil-related genes has prece-
dent based on earlier work showing that beta-amyloid can be endocytosed by
neutrophils leading to the formation of neutrophil extracellular traps (NETSs)
(Azevedo et al. 2012). NETS are composed of DNA, elastase, and histones, which
are released by neutrophils as a response to pathogen or amyloid in order to initiate
a response gainst pathogens. Tau 623-628 also induced NETosis following its
exposure to human neutrophils (Kurnellas et al. 2014). The formation of NETs also
plays an important role in activating plasmacytoid dendritic cells (pDCs), which, in
turn, produce type 1 IFN (Azevedo et al. 2012). Indeed, this was corroborated by
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the ability of Tau 623-628 to induce the production of type 1 IFN from pDCs
(Kurnellas et al. 2014).

The type 1 IFN, IFN-B, has long been used as a treatment for MS, yet varies in
its therapeutic efficacy in different models of EAE, with the cytokine being effi-
cacious in Thl-induced disease, but deleterious when the disease is induced by
Th17 lymphocytes (Axtell et al. 2010, 2011, 2012). Tau 623-628 was found to
follow a similar pattern, in which it was therapeutic in active and in Th1 adoptively
transferred EAE, but was ineffective in Th17 adoptively transferred EAE (Kurnellas
et al. 2014). However, not all amyloidogenic peptides induce equivalent amounts of
type 1 IFN. Amylin 28-33 is a polar peptide that forms fibrils at a slower rate than
Tau 623-628 and induces lower levels of type 1 IFN and was able to reduce the
clinical signs of EAE (Kurnellas et al. 2014). This indicated that other immune
pathways play a role in the amelioration of EAE. This was confirmed by the
capacity of Tau 623-628 and Amylin 28-33 to ameliorate the symptoms of Th17
EAE in IFN receptor o/f mutant mice. Although type 1 IFN may play a role in the
efficacy of the amyloidogenic peptides in active and Thl EAE, it was shown to be
unnecessary for the therapeutic response.

4.4 Other Pathways Involved in Therapeutic Efficacy

The mechanisms of action of the amyloidogenic peptides are diverse, including the
reduction of pro-inflammatory cytokines in PBCs and the induction of type 1 IFN
by pDCs activated by NET formation. Although type 1 IFN has been shown to play
a role in the modulation of the disease, other pathways appear to have greater
importance. The mechanisms responsible for the decrease in pro-inflammatory
cytokines are the subject of further experiments and analyses. One such mechanism
may be the ability of different immune cells to endocytose the fibril particles, which
has been shown to be possible by neutrophils.

Endocytosis of the hexapeptides results from the formation of amyloid fibrils,
independent of steric specificity. The D-amino confirmation of Tau 623-628 was
able to form fibrils as effectively as the L-Tau 623—628, as measured by ThT staining
(Kurnellas et al. 2014). The stereoisomeric fibrils were also able to inhibit insulin
aggregation similarly when compared in an insulin chaperone assay (Kurnellas et al.
2014). As expected, D-Tau 623-628 was able to reduce the paralytic symptoms of
EAE as well as the L-Tau 623-628. The therapeutic equivalence of the two isomeric
peptides indicates that their mode of action will not be dependent on their binding by
a stereoselective receptor. This corresponds with gene chip microarray data that the
types of blood cells whose populations were most affected by administrations of the
fibrils were those known to endocytose particles (Kurnellas et al. 2014), such as
insoluble amyloid fibrils (Doherty and McMahon 2009; Sokolowski and Mandell
2011). Future studies will determine whether cell types other than neutrophils,
including macrophages and B cells, are capable of endocytosis of the fibril particles,
thereby mediating immunosuppression.
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Fig. 1 Amyloid fibrils composed of hexapeptides modulate diverse immunological pathways. Tau
623-628 and Amylin 28-33 are able to reduce the levels of the pro-inflammatory cytokines, IL-6,
TNF-a, and IFN-y, which can lead to the amelioration of paralysis during EAE. Both peptides are
able to induce type 1 IFN. However, Amylin 28-33, which forms fibrils more slowly, results in
less type 1 IFN, which can be overcome by other anti-inflammatory pathways in the Th17 adoptive
transfer model of EAE

5 Conclusions

The cell types affected and pathways modulated by amyloid fibril-forming peptides
yielded insights into the mechanisms of action of amyloidogenic peptides and their
ability to suppress the immune system. The peptides are able to modulate several
pathways, including the reduction of pro-inflammatory cytokines, including IL-6,
TNF-0, and IFN-y, potentially through its chaperone activity. The fibrils can also
induce type 1 IFN, which can enhance or limit the effect of the chaperone function
depending on whether the disease is dominated by Thl or Th17 lymphocytes
(Fig. 1; Kurnellas et al. 2014). The pleiotropic effects of the hexapeptides may
potentially lead to new treatment strategies in inflammatory and neurodegenerative
diseases and a better understanding of the role of amyloid proteins and peptides in
human disease and health. The discordance between therapeutic amyloid fibrils and
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the deleterious effect of amyloidogenic proteins in neurodegenerative disease may
be due to several factors, including the formation of toxic structures by larger
peptides and proteins.

Although the therapeutic benefit is counter to the general consensus of the
research and clinical communities, it is consistent with the experimental data
establishing that only those aggregates within mixtures of amyloid fibrils capable of
forming pores in biological membranes are pathogenic (Chiti and Dobson 2009;
Jang et al. 2010; Kayed et al. 2003; Quist et al. 2005; Xue et al. 2009). Amyloid
fibril-forming peptides composed of six amino acids do not form toxic structures
(Eisenberg and Jucker 2012; Greenwald and Riek 2010; Sawaya et al. 2007). The
simplified structure of these self-assembling peptides is sufficiently different from
the naturally occurring amyloidogenic proteins making them not toxic and suitable
for safe use as therapeutic molecules. Indeed, amyloid fibrils composed of hexa-
peptides were significantly less toxic to human monocytes than fibrils composed of
beta-amyloid 140 and 1-42 (Kurnellas et al. 2014). Additionally, Tau 623-628 did
not lead to a decrease in lymphocyte numbers in mice with EAE, but beta-amyloid
1-40 and 1-42, which was therapeutic in EAE, was deleterious to these cells (Grant
et al. 2012; Kurnellas et al. 2014). Another factor that may lead to differences
between the hexapeptides injected in the peritoneal cavity as compared to endog-
enous amyloidogenic proteins is the lack of formation of large insoluble aggregates.
The self-assembling peptides provide their therapeutic effect in the periphery and
likely do not enter the CNS, which may have an inability to clear the large
aggregates that form over time.

Despite a growing amount of data supporting the therapeutic efficacy and
immunosuppressive properties of the amyloid fibril-forming peptides, some ques-
tions do remain. The exact mechanisms of action of the self-assembling peptides are
the subject of further experiments. Moreover, the pharmacokinetics and pharma-
codynamics of the peptides need to be evaluated. Finally, the determination of
whether the peptides cross the blood-brain barrier and enter the CNS must be
examined. By answering these questions, the self-assembling peptides may become
a useful therapeutic agent in treating MS and other neurodegenerative diseases. It
would be a rather surprising reversal in perspective, if short, self-assembling, and
amyloid hexapeptide structures were to become therapeutics for some of the dis-
eases where amyloid is considered the basis of pathology.

References

Arac A, Brownell SE, Rothbard JB, Chen C, Ko RM, Pereira MP, Albers GW, Steinman L, Steinberg
GK (2011) Systemic augmentation of alphaB-crystallin provides therapeutic benefit twelve hours
post-stroke onset via immune modulation. Proc Natl Acad Sci USA 108:13287-13292

Axtell RC, de Jong BA, Boniface K, van der Voort LF, Bhat R, De Sarno P, Naves R, Han M, Zhong
F, Castellanos JG, Mair R, Christakos A, Kolkowitz I, Katz L, Killestein J, Polman CH, de Waal
Malefyt R, Steinman L, Raman C (2010) T helper type 1 and 17 cells determine efficacy of
interferon-beta in multiple sclerosis and experimental encephalomyelitis. Nat Med 16:406-412



Self-Assembling Peptides Form Immune Suppressive ... 231

Axtell RC, Raman C, Steinman L (2011) Interferon-beta exacerbates Th17-mediated inflammatory
disease. Trends Immunol 32:272-277

Axtell RC, Raman C, Steinman L (2012) Type I interferons: beneficial in Th1 and detrimental in
Th17 autoimmunity. Clin Rev Allergy Immunol 44:114-120

Azevedo EP, Guimaraes-Costa AB, Torezani GS, Braga CA, Palhano FL, Kelly JW, Saraiva EM,
Foguel D (2012) Amyloid fibrils trigger the release of neutrophil extracellular traps (NETs),
causing fibril fragmentation by NET-associated elastase. J Biol Chem 287:37206-37218

Bhattacharyya J, Padmanabha Udupa EG, Wang J, Sharma KK (2006) Mini-alphaB-crystallin: a
functional element of alphaB-crystallin with chaperone-like activity. Biochemistry 45:3069-3076

Chiti F, Dobson CM (2009) Amyloid formation by globular proteins under native conditions. Nat
Chem Biol 5:15-22

Doherty GJ, McMahon HT (2009) Mechanisms of endocytosis. Ann Rev Biochem 78:857-902

Eisenberg D, Jucker M (2012) The amyloid state of proteins in human diseases. Cell
148:1188-1203

Fernandez-Escamilla AM, Rousseau F, Schymkowitz J, Serrano L (2004) Prediction of sequence-
dependent and mutational effects on the aggregation of peptides and proteins. Nat Biotechnol
22:1302-1306

Ghiso J, Matsubara E, Koudinov A, Choi-Miura NH, Tomita M, Wisniewski T, Frangione B
(1993) The cerebrospinal-fluid soluble form of Alzheimer’s amyloid beta is complexed to SP-
40,40 (apolipoprotein J), an inhibitor of the complement membrane-attack complex. Biochem J
293(Pt 1):27-30

Goldschmidt L, Teng PK, Riek R, Eisenberg D (2010) Identifying the amylome, proteins capable
of forming amyloid-like fibrils. Proc Natl Acad Sci USA 107:3487-3492

Gourdain P, Ballerini C, Nicot AB, Carnaud C (2012) Exacerbation of experimental autoimmune
encephalomyelitis in prion protein (PrPc)-null mice: evidence for a critical role of the central
nervous system. J Neuroinflammation 9:25

Grant JL, Ghosn EE, Axtell RC, Herges K, Kuipers HF, Woodling NS, Andreasson K, Herzenberg
LA, Herzenberg LA, Steinman L (2012) Reversal of paralysis and reduced inflammation from
peripheral administration of beta-amyloid in TH1 and THI17 versions of experimental
autoimmune encephalomyelitis. Sci Transl Med 4:145ral05

Greenwald J, Riek R (2010) Biology of amyloid: structure, function, and regulation.
Structure 18:1244-1260

Han MH, Hwang SI, Roy DB, Lundgren DH, Price JV, Ousman SS, Fernald GH, Gerlitz B,
Robinson WH, Baranzini SE, Grinnell BW, Raine CS, Sobel RA, Han DK, Steinman L (2008)
Proteomic analysis of active multiple sclerosis lesions reveals therapeutic targets. Nature
451:1076-1081

Jakob U, Gaestel M, Engel K, Buchner J (1993) Small heat shock proteins are molecular
chaperones. J Biol Chem 268:1517-1520

Jang H, Arce FT, Ramachandran S, Capone R, Lal R, Nussinov R (2010) Beta-barrel topology of
Alzheimer’s beta-amyloid ion channels. J Mol Biol 404:917-934

Ji Z, Ke ZJ, Geng JG (2012) SAP suppresses the development of experimental autoimmune
encephalomyelitis in C57BL/6 mice. Immunol Cell Biol 90:388-395

Karussis D, Michaelson DM, Grigoriadis N, Korezyn AD, Mizrachi-Koll R, Chapman S,
Abramsky O, Chapman J (2003) Lack of apolipoprotein-E exacerbates experimental allergic
encephalomyelitis. Mult Scler 9:476-480

Kayed R, Head E, Thompson JL, Mclntire TM, Milton SC, Cotman CW, Glabe CG (2003)
Common structure of soluble amyloid oligomers implies common mechanism of pathogenesis.
Science 300:486—489

Kurnellas MP, Adams CM, Sobel RA, Steinman L, Rothbard JB (2013) Amyloid fibrils composed
of hexameric peptides attenuate neuroinflammation. Sci Transl Med 5:179ral142

Kurnellas MP, Brownell SE, Su L, Malkovskiy AV, Rajadas J, Dolganov G, Chopra S, Schoolnik
GK, Sobel RA, Webster J, Ousman SS, Becker RA, Steinman L, Rothbard JB (2012)
Chaperone activity of small heat shock proteins underlies therapeutic efficacy in experimental
autoimmune encephalomyelitis. J Biol Chem 287:36423-36434



232 M.P. Kurnellas et al.

Kurnellas MP, Schartner JM, Fathman CG, Jagger A, Steinman L, Rothbard JB (2014)
Mechanisms of action of therapeutic amyloidogenic hexapeptides in amelioration of
inflammatory brain disease. J Exp Med 211:1847-1856

Laganowsky A, Liu C, Sawaya MR, Whitelegge JP, Park J, Zhao M, Pensalfini A, Soriaga AB,
Landau M, Teng PK, Cascio D, Glabe C, Eisenberg D (2012) Atomic view of a toxic amyloid
small oligomer. Science 335:1228-1231

Naiki H, Higuchi K, Hosokawa M, Takeda T (1989) Fluorometric determination of amyloid fibrils
in vitro using the fluorescent dye, thioflavin T1. Anal Biochem 177:244-249

Nelson R, Sawaya MR, Balbirnie M, Madsen AO, Riekel C, Grothe R, Eisenberg D (2005)
Structure of the cross-beta spine of amyloid-like fibrils. Nature 435:773-778

Ousman SS, Tomooka BH, van Noort JM, Wawrousek EF, O’Conner K, Hafler DA, Sobel RA,
Robinson WH, Steinman L (2007) Protective and therapeutic role for alphaB-crystallin in
autoimmune demyelination. Nature 448:474-479

Pangratz-Fuehrer S, Kaur K, Ousman SS, Steinman L, Liao YJ (2011) Functional rescue of
experimental ischemic optic neuropathy with alphaB-crystallin. Eye (Lond) 25:809-817

Platten M, Youssef S, Hur EM, Ho PP, Han MH, Lanz TV, Phillips LK, Goldstein MJ, Bhat R,
Raine CS, Sobel RA, Steinman L (2009) Blocking angiotensin-converting enzyme induces
potent regulatory T cells and modulates TH1- and TH17-mediated autoimmunity. Proc Natl
Acad Sci USA 106:14948-14953

Quist A, Doudevski I, Lin H, Azimova R, Ng D, Frangione B, Kagan B, Ghiso J, Lal R (2005)
Amyloid ion channels: a common structural link for protein-misfolding disease. Proc Natl
Acad Sci USA 102:10427-10432

Rothbard JB, Kurnellas MP, Brownell S, Adams CM, Su L, Axtell RC, Chen R, Fathman CG,
Robinson WH, Steinman L (2012) Therapeutic effects of systemic administration of chaperone
alphaB-crystallin associated with binding proinflammatory plasma proteins. J Biol Chem
287:9708-9721

Sawaya MR, Sambashivan S, Nelson R, Ivanova MI, Sievers SA, Apostol MI, Thompson MJ,
Balbirnie M, Wiltzius JJ, McFarlane HT, Madsen AO, Riekel C, Eisenberg D (2007) Atomic
structures of amyloid cross-beta spines reveal varied steric zippers. Nature 447:453-457

Sokolowski JD, Mandell JW (2011) Phagocytic clearance in neurodegeneration. Am J Pathol
178:1416-1428

Strittmatter WJ, Saunders AM, Schmechel D, Pericak-Vance M, Enghild J, Salvesen GS, Roses
AD (1993) Apolipoprotein E: high-avidity binding to beta-amyloid and increased frequency of
type 4 allele in late-onset familial Alzheimer disease. Proc Natl Acad Sci USA 90:1977-1981

Tanaka N, Tanaka R, Tokuhara M, Kunugi S, Lee YF, Hamada D (2008) Amyloid fibril formation
and chaperone-like activity of peptides from alphaA-crystallin. Biochemistry 47:2961-2967

Thompson MJ, Sievers SA, Karanicolas J, Ivanova MI, Baker D, Eisenberg D (2006) The 3D
profile method for identifying fibril-forming segments of proteins. Proc Natl Acad Sci USA
103:4074-4078

Velayudhan L, Killick R, Hye A, Kinsey A, Guntert A, Lynham S, Ward M, Leung R,
Lourdusamy A, To AW, Powell J, Lovestone S (2012) Plasma transthyretin as a candidate
marker for Alzheimer’s disease. J Alzheimers Dis 28:369-375

Velotta JB, Kimura N, Chang SH, Chung J, Itoh S, Rothbard J, Yang PC, Steinman L, Robbins
RC, Fischbein MP (2011) AlphaB-crystallin improves murine cardiac function and attenuates
apoptosis in human endothelial cells exposed to ischemia-reperfusion. Ann Thorac Surg
91:1907-1913

Weinger JG, Davies P, Acker CM, Brosnan CF, Tsiperson V, Bayewitz A, Shafit-Zagardo B
(2012) Mice devoid of Tau have increased susceptibility to neuronal damage in myelin
oligodendrocyte  glycoprotein-induced experimental —autoimmune encephalomyelitis.
J Neuropathol Exp Neurol 71:422-433

Xue WF, Hellewell AL, Gosal WS, Homans SW, Hewitt EW, Radford SE (2009) Fibril
fragmentation enhances amyloid cytotoxicity. J Biol Chem 284:34272-34282



	377 Self-Assembling Peptides Form Immune Suppressive Amyloid Fibrils Effective in Autoimmune Encephalomyelitis
	Abstract
	1 Introduction
	2 Peptides from Small Heat-Shock Proteins Have Chaperone Activity and Form Amyloid Fibrils
	3 Hexameric Amyloidogenic Peptides Are Therapeutic in EAE
	4 Mechanisms of Action of the Anti-Inflammatory, Therapeutic Amyloid Fibrils
	4.1 Chaperone Function
	4.2 Modulation of Peripheral Blood Cells
	4.3 Type I Interferon Induction
	4.4 Other Pathways Involved in Therapeutic Efficacy

	5 Conclusions
	References


