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It is difficult to say a favorable word about a terrible disease, but one 
of the positive features of multiple sclerosis (MS) is the remarkable 
capacity for patients to spontaneously recover from neurologic 
deficits that are attributed to inflammatory attacks on the CNS. 
About 80% of patients initially present with a decade or more of 
relapsing attacks in various areas of the CNS. Most of the neuro-
logic deficits in these recurrent acute attacks, known as relapses 
after the initial episode, resolve nearly completely over a few days 
to a few weeks (1). For example, an attack on the optic nerve can 
leave an individual unable to read for a few days or weeks, but in 
many cases, there is full recovery of visual acuity after the initial 
neurologic insult. An attack within the pyramidal system in the 
brain or spinal cord may cause paralysis of a limb, but often there 
is recovery from this deficit over days and weeks in the early stages 
of MS. Despite these remissions, the course of disease advances 
over a decade or more in about a quarter of individuals. In these 
unfortunate individuals, relapsing-remitting disease transitions to 
secondary progressive MS, which is characterized by a large bur-
den of disability and a lack of distinct relapses (1).

The substantial and remarkable recovery (remission) from an 
inflammatory insult (relapse) is a well-known phenomenon; how-
ever, more attention has been given to analyzing the inflammation 
that produces clinical deficits than to the processes that account for 
remission. The brain in MS frequently responds to immune damage 
with an array of molecules that serve to protect it from further dam-
age and to foster recovery. This beneficial response to injury may be 
coordinated. Both cells extrinsic and intrinsic to the CNS are involved 
in the production of these guardian molecules. Some guardian mol-
ecules enter the somewhat privileged site of the brain via infiltrating 

immune cells (1–6), still others are present at the blood-brain barrier 
that forms an interface between the immune system and the brain 
(7–11), while others are produced within the CNS itself (12–35).

This Review will describe these guardian molecules includ-
ing protective cytokines like type 1 interferon, IL-10, and IL-27; 
the neurotrophins; neurotransmitters like GABA; antioxidants; 
small lipids present in the normal myelin sheath; nuclear hormone 
receptors; amyloid-forming molecules; and serpins and other 
inhibitory proteins. All these molecules may serve as platforms for 
novel restorative therapies, provided they can be delivered to the 
brain structures under attack.

Protective cytokines: IL-10 and IL-27
The immune attack in MS is driven primarily by the migration of 
lymphoid cells from outside the brain. T cells, B cells, and mac-
rophages must move across the inflamed endothelium into brain 
via venules at the blood-brain barrier. The nature of this external 
attack on the CNS is best appreciated from studies leading to the 
development of the FDA-approved drug natalizumab (Figure 1), 
which is widely regarded as the most potent therapeutic to date 
for relapsing-remitting MS (RRMS). Natalizumab acts via binding 
to the Į4 integrin, thereby impeding the migration of T and B cells 
and macrophages into the CNS. Preclinical studies first confirmed 
how blockade of Į4 integrin reduced inflammatory cells in lesions 
in experimental autoimmune encephalomyelitis (EAE) (1, 36–40). 
This therapy is associated with a marked reduction in inflamma-
tory lesions, as measured by MRI.

The lymphocytes that migrate into the CNS produce pro-
inflammatory mediators, including IFN-Ȗ and IL-17, which play 
fundamental roles in disease pathophysiology. Transcriptomic 
analysis and immunohistochemical staining of MS lesion material 
showed that IFN-Ȗ and IL-17 are prominent (41–43), and clas-
sic studies performed a quarter century ago demonstrated that 
administration of IFN-Ȗ worsened MS (44–46). However, immune 
cells migrating into the brain also produce cytokines like IL-10 

The brain under immunological attack does not surrender quietly. Investigation of brain lesions in multiple sclerosis (MS) 
reveals a coordinated molecular response involving various proteins and small molecules ranging from heat shock proteins to 
small lipids, neurotransmitters, and even gases, which provide protection and foster repair. Reduction of inflammation serves 
as a necessary prerequisite for effective recovery and regeneration. Remarkably, many lesion-resident molecules activate 
pathways leading to both suppression of inflammation and promotion of repair mechanisms. These guardian molecules and 
their corresponding physiologic pathways could potentially be exploited to silence inflammation and repair the injured and 
degenerating brain and spinal cord in both relapsing-remitting and progressive forms of MS and may be beneficial in other 
neurologic and psychiatric conditions.
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In	  the	  next	  50	  minutes	  I	  shall	  share	  with	  you	  some	  “tractable”	  
targets	  derived	  from	  various	  “omics”,	  without	  the	  aid	  of	  
“genomics”.	  	  I	  shall	  describe	  the	  following:	  
1.  The	  inhibitory	  neurotransmiXer	  GABA	  is	  immune	  suppressive	  
2.  Angiotensin	  Receptors	  are	  in	  MS	  Lesions	  	  
	  	  	  	  	  	  	  ACE	  inhibiNon	  is	  beneficial	  in	  animal	  models	  
3.  Immune	  suppressive	  lipids	  in	  the	  myelin	  sheath	  
4.  Infamous	  amyloid	  proteins	  provide	  protecNon,	  not	  harm	  in	  

neuroinflammatory	  condiNons	  
5.  PPARs	  are	  targetable	  natural	  “brakes”	  on	  neuroinflammaNon.	  	  

They	  may	  also	  help	  explain	  gender	  disparity	  in	  MS	  



Mondrian,	  ComposiNon	  A,	  1920	  
	  	  Was	  this	  a	  cluster	  analysis	  from	  microarrays?	  
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Proteomic	  and	  Microarray	  Studies	  on	  Tissues	  Point	  to	  the	  GABA	  Pathway	  



Roopa	  Bhat	  
With	  Alfred	  N.,	  
Stockholm	  2009	  



GABA	  Metabolic	  Pathways	  



All	  GABA	  Biochemical	  Elements	  Are	  Present	  in	  the	  Immune	  System:	  
	  
1)	  SyntheNc	  Enzyme	  GAD	  
2)	  GABA-‐A-‐R,	  
3)	  DegradaNve	  Enzyme	  GABA-‐T	  
4)	  GABA	  Transporter,	  GAT-‐2	  
	  



Func@onal	  GABA-‐R	  In	  Patch	  Clamped	  Macrophages	  
GABA	  Currents	  Smaller	  with	  Slower	  KineNcs	  Than	  Neurons	  
Probably	  Endocytosis	  of	  GABA	  Receptors	  

In	  CollaboraNon	  with	  Dr.	  Ananya	  Mitra	  



GABAergic	  Agents	  Suppress	  Pro-‐inflammatory	  Gamma	  IFN	  producNon	  
from	  T	  cells	  via	  acNon	  On	  Macrophages,	  aka	  APC,	  via	  GABA-‐A	  Receptor	  

•  Muscimol	  is	  GABA-‐A-‐R	  agonist	  
•  Gabaculine	  is	  GABA-‐T	  inhibitor	  
•  Splenocytes	  with	  APC	  +	  TCR	  from	  MOG	  TCR,	  2D2	  

Gabaculine	  is	  is	  a	  naturally	  occurring	  neurotoxin	  first	  isolated	  from	  
the	  bacteria	  Streptomyces	  toyacaensis,[1]	  which	  acts	  as	  a	  potent	  	  
irreversible	  GABA	  transaminase	  inhibitor,[2][3]	  and	  also	  a	  GABA	  
reuptake	  inhibitor.	  

Splenocytes,	  T	  cells	  and	  Macrophages,	  
acNvated	  in	  vitro	  with	  various	  concentraNons	  
of	  Topamax	  



PrevenNon	  and	  Treatment	  of	  EAE	  via	  ModulaNon	  of	  GABA	  



IsolaNon	  of	  Effect	  to	  Immune	  System	  



Ancient	  Role	  for	  GABA	  
	  	  	  	  	  	  	  One	  of	  the	  metabolic	  adaptaNons	  that	  plants	  make	  to	  heat	  stress	  leads	  to	  the	  accumulaNon	  

GABA.	  	  
	  During	  heat	  stress,	  GABA	  accumulates	  to	  levels	  six-‐	  to	  tenfold	  higher	  than	  in	  unstressed	  plants.	  	  

	  

Plant	  Physiology,	  Fourth	  EdiNon	  
Lincoln	  Taiz	  and	  Eduardo	  Zeiger	  



BuXe	  &	  Colleagues	  
Science	  Transl.	  Med,	  Aug.	  2011	  
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•  Re-‐purposing	  Drugs:	  Topiramate,	  ACE	  Inhibitors,	  StaNns	  

Why	  not	  set	  expectaNons	  high	  ager	  BG-‐12/Tecfidera?	  
Add-‐on	  Combo	  Might	  Be	  INEXPENSIVE!	  



2008	  Proteomic	  Study	  Revealed	  Angiotensin	  in	  Acute	  Lesions	  
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Eff ect of high-dose simvastatin on brain atrophy and 
disability in secondary progressive multiple sclerosis 
(MS-STAT): a randomised, placebo-controlled, phase 2 trial
Jeremy Chataway, Nadine Schuerer, Ali Alsanousi, Dennis Chan, David MacManus, Kelvin Hunter, Val Anderson, Charles R M Bangham, 
Shona Clegg, Casper Nielsen, Nick C Fox, David Wilkie, Jennifer M Nicholas, Virginia L Calder, John Greenwood, Chris Frost, Richard Nicholas

Summary
Background Secondary progressive multiple sclerosis, for which no satisfactory treatment presently exists, accounts 
for most of the disability in patients with multiple sclerosis. Simvastatin, which is widely used for treatment of 
vascular disease, with its excellent safety profi le, has immunomodulatory and neuroprotective properties that could 
make it an appealing candidate drug for patients with secondary progressive multiple sclerosis.

Methods We undertook a double-blind, controlled trial between Jan 28, 2008, and Nov 4, 2011, at three neuroscience 
centres in the UK. Patients aged 18–65 years with secondary progressive multiple sclerosis were randomly assigned 
(1:1), by a centralised web-based service with a block size of eight, to receive either 80 mg of simvastatin or placebo. 
Patients, treating physicians, and outcome assessors were masked to treatment allocation. The primary outcome was 
the annualised rate of whole-brain atrophy measured from serial volumetric MRI. Analyses were by intention to treat 
and per protocol. This trial is registered with ClinicalTrials.gov, number NCT00647348.

Findings 140 participants were randomly assigned to receive either simvastatin (n=70) or placebo (n=70). The mean 
annualised atrophy rate was signifi cantly lower in patients in the simvastatin group (0·288% per year [SD 0·521]) 
than in those in the placebo group (0·584% per year [0·498]). The adjusted diff erence in atrophy rate between groups 
was −0·254% per year (95% CI −0·422 to −0·087; p=0·003); a 43% reduction in annualised rate. Simvastatin was well 
tolerated, with no diff erences between the placebo and simvastatin groups in proportions of participants who had 
serious adverse events (14 [20%] vs nine [13%]).

Interpretation High-dose simvastatin reduced the annualised rate of whole-brain atrophy compared with placebo, and 
was well tolerated and safe. These results support the advancement of this treatment to phase 3 testing.

Funding The Moulton Foundation [charity number 1109891], Berkeley Foundation [268369], the Multiple Sclerosis 
Trials Collaboration [1113598], the Rosetrees Trust [298582] and a personal contribution from A Pidgley, UK 
National Institute of Health Research (NIHR) University College London Hospitals/UCL Biomedical Research 
Centres funding scheme.

Copyright © Chataway et al. Open Access article distributed under the terms of CC BY.

Introduction
Multiple sclerosis is a major cause of disability, particularly 
in young adults in temperate climates. Despite much 
success with drugs that substantially reduce relapse 
frequency during the initial infl ammatory, relapsing-
remitting phase, more than half of patients eventually 
develop non-relapsing, secondary progressive multiple 
sclerosis one to two decades after the onset of relapsing-
remitting multiple sclerosis. This relentless accumulation 
of neurological defi cit and increasing brain atrophy is 
thought to be driven by neuroaxonal loss.1 Although 
several symptomatic treatments are available, progression 
in secondary progressive multiple sclerosis is presently 
intractable. Immunomodulatory strategies derived from 
relapsing-remitting multiple sclerosis have not proven 
eff ective when extended into secondary progressive 
multiple sclerosis (eg, cyclophosphamide,2 β-interferon,3,4 
myelin-basic protein5). Direct neuroprotection strategies 

(eg, lamotrigine,6 tetrahydrocannabinol7) have also failed.8 
The crucial and as yet unmet challenge is to fi nd eff ective 
and well-tolerated treatments for secondary pro gressive 
multiple sclerosis.

3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase 
inhibitors (statins), which inhibit the catalytic conversion 
of HMG-CoA to mevalonate, are extensively used and 
well tolerated in the treatment of primary 
hyperlipidaemia, and for secondary prevention of 
myocardial and cerebral ischaemia. Clinical benefi ts 
noted in these disorders are due to both direct cholesterol 
lowering, and to cholesterol-independent eff ects. In 
murine models, statins inhibit MHC class II-restricted 
antigen presentation, downregulate T-cell activation and 
proliferation and induce a shift from a pro-infl ammatory 
Th1 to a Th2 phenotype.9 Statins also block adhesion 
molecule expression and inhibit leucocyte migration 
through the blood-brain barrier, supporting their 

Lancet 2014; 383: 2213–21

Published Online
March 19, 2014
http://dx.doi.org/10.1016/
S0140-6736(13)62242-4

See Comment page 2189

National Hospital for 
Neurology and Neurosurgery, 
University College London 
Hospitals NHS Foundation 
Trust, London, UK 
(J Chataway PhD, 
Prof N C Fox MD); Queen Square 
Multiple Sclerosis Centre, 
Department of 
Neuroinfl ammation, 
(J Chataway, 
D MacManus BSc, K Hunter, 
V Anderson PhD), UCL Institute 
of Neurology (J Chataway, 
D MacManus, K Hunter, 
V Anderson, J Foster, 
S Clegg  BSc, C Nielsen PhD, 
N C Fox) and UCL Institiute of 
Ophthalmology 
(N Schuerer PhD, V L Calder PhD, 
Prof J Greenwood PhD), 
University College London, 
London, UK; Imperial College 
Healthcare NHS Trust, London, 
UK (J Chataway, A Alsanousi PhD, 
R Nicholas PhD); Imperial 
College, London, UK 
(J Chataway, 
Prof C R M Bangham ScD, 
D Wilkie MA, R Nicholas); 
Brighton and Sussex Medical 
School, Brighton, UK 
(D Chan PhD); and London 
School of Hygiene and Tropical 
Medicine, London, UK 
(J M Nicholas PhD, 
Prof C Frost MA)

Correspondence to:
Dr Jeremy Chataway, National 
Hospital for Neurology and 
Neurosurgery, Queen Square, 
London WC1N 3BG, UK
jeremy.chataway@uclh.nhs.uk

Acknowledgements We thank S. Birren andM. Chao for providing some of the p75mutant mice
and constructs; K. Gerhold for technical assistance; K.-F. Lee for discussion; and M. Greenberg,
V. Koprivica and K.-F. Lee for critical reading of the manuscript. This study was supported by the
Alfred Sloan Foundation, the Burrough Wellcome Fund, the EJLB Foundation, the International
Spinal Research Trust, the John Merck Fund, the Klingenstein Fund, the Whitehall Foundation,
the National Institute of Drug Abuse, and the National Institute of Neurological Disorders and
Stroke (to Z.H.). K.C.W. is a recipient of a Howard Hughes Predoctoral Fellowship. R.S. is
supported by a postdoctoral fellowship from the Lefler Foundation.

Competing interests statement The authors declare that they have no competing financial
interests.

Correspondence and requests for materials should be addressed to Z.H.
(e-mail: zhigang.he@tch.harvard.edu).

..............................................................

The HMG-CoA reductase inhibitor,
atorvastatin, promotes a Th2 bias
and reverses paralysis in central
nervous system autoimmune disease
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Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors, which are approved for cholesterol
reduction, may also be beneficial in the treatment of inflamma-
tory diseases1–3. Atorvastatin (Lipitor) was tested in chronic and
relapsing experimental autoimmune encephalomyelitis, a CD41

Th1-mediated central nervous system (CNS) demyelinating dis-
ease model of multiple sclerosis4,5. Here we show that oral
atorvastatin prevented or reversed chronic and relapsing paraly-
sis. Atorvastatin induced STAT6 phosphorylation and secretion
of Th2 cytokines (interleukin (IL)-4, IL-5 and IL-10) and trans-
forming growth factor (TGF)-b. Conversely, STAT4 phosphoryl-
ation was inhibited and secretion of Th1 cytokines (IL-2, IL-12,
interferon (IFN)-g and tumour necrosis factor (TNF)-a) was
suppressed. Atorvastatin promoted differentiation of Th0 cells
into Th2 cells. In adoptive transfer, these Th2 cells protected
recipient mice from EAE induction. Atorvastatin reduced CNS
infiltration andmajor histocompatibility complex (MHC) class II
expression. Treatment of microglia inhibited IFN-g-inducible
transcription at multiple MHC class II transactivator (CIITA)
promoters and suppressed class II upregulation. Atorvastatin
suppressed IFN-g-inducible expression of CD40, CD80 and
CD86 co-stimulatory molecules. L-Mevalonate, the product of
HMG-CoA reductase, reversed atorvastatin’s effects on antigen-
presenting cells (APC) and T cells. Atorvastatin treatment of
either APC or T cells suppressed antigen-specific T-cell acti-
vation. Thus, atorvastatin has pleiotropic immunomodulatory
effects involving both APC and T-cell compartments. Statins may
be beneficial for multiple sclerosis and other Th1-mediated
autoimmune diseases.

In 1995, it was reported that pravastatin treatment of cardiac
transplant recipients was associated with a reduction in haemo-
dynamically significant rejection episodes and increased survival,
independent of its cholesterol-lowering effects1. Subsequent studies
demonstrated that certain statins could inhibit production of
specific pro-inflammatory molecules2,3,6. Lovastatin inhibited pro-
duction of TNF-a and inducible nitric oxide synthetase (iNOS) by
microglia and astrocytes2. MHC class II expression is central to
immune regulation in T-cell-mediated autoimmune disease5,7,8.
Statins prevented IFN-g-inducible MHC class II expression on
non-professional APC9, suggesting that statins might inhibit anti-
gen presentation to pro-inflammatory Th1 cells. In that study, it was
observed that statins inhibited IFN-g-inducible expression of the
MHC class II transactivator (CIITA), the master regulator for MHC
class II expression10. In endothelial cells, IFN-g-inducible CIITA
transcription was inhibited at CIITA promoter (p) IV11, which

Figure 1 Atorvastatin treatment inhibits or reverses chronic and relapsing EAE. a, Oral
atorvastatin ameliorated MOG p35–55-induced EAE in C57BL/6 mice when administered

at EAE onset (within one day of initial symptoms), or b, after acute EAE was established.
c, Oral atorvastatin prevented exacerbations of relapsing EAE induced by immunization of
SJL/J mice with PLP p139–151. d, Relapsing EAE in SJL/J mice was reversed when
atorvastatin treatment began at the onset of the first relapse. e, Limited EAE development
in MBP Ac1–11-specific TCR transgenic mice after atorvastatin treatment was

discontinued. f, PLP p139–151-induced EAE in SJL/J mice was significantly reduced by
0.1 mg kg21, but not 0.01mg kg21 atorvastatin. Number of mice per group in each

experiment: a (7), b (14), c (10), d (10), e (7) and f (7). In a–d mice were scored and

randomized immediately before first treatment. Open circle, 1 mg kg21 atorvastatin; filled

circle, 10mg kg21 atorvastatin; shaded circle, vehicle only (PBS). Solid bars beneath each

panel indicate atorvastatin treatment. *P value , 0.001, comparison of either

atorvastatin-treated group with vehicle-only (PBS)-treated group.
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PBS	

αBC	




Regions from alpha B crystallin predicted to form fibrils

•Six amino acids is minimum needed to form a beta sheet
•Zipperdb is  a  website  by  Eisenberg’s  group  at  UCLA
•Algorithm to predict segments with high fibrillation propensity 
that  could  form  a  “steric zipper”  Æ two self-complementary beta 
sheets resulting in the spine of an amyloid fibril (Thompson et al., 
PNAS, 2006).
•Its Rosetta energy is utilized to determine propensity to form 
amyloid fibrils; -23 kcal/mol was chosen as the threshold.





Plasma Protein Concentrations  Range over 12 logs 



Novel	  Guardian	  Amyloid	  Proteins	  in	  MS:	  
Cryab,	  APP,	  Tau,	  Prp	  



Loss	  of	  Func@on	  Experiments	  with	  Amyloid	  Proteins	  
Disease	  ExacerbaNon	  in	  APP-‐/-‐	  

Concordant	  Loss	  of	  FuncNon	  Expts	  



EAE	  Worse	  in	  PrPc-‐/-‐	  



EAE	  Worse	  in	  Tau-‐/-‐	  



EAE	  Worse	  in	  SAP-‐/-‐	  



Worsened	  Brain	  Trauma	  in	  APP-‐/-‐	  





Dominant feature of amyloid fibrils 
cross beta spine  

replicated by the zipper interface formed with 
peptides as short as 6 amino acids 



 
 

Atomic structures of amyloid cross-β spines reveal varied steric zippers 
Michael R. Sawaya, Shilpa Sambashivan, Rebecca Nelson, Magdalena I. Ivanova, Stuart 
A. Sievers, Marcin I. Apostol, Michael J. Thompson, Melinda Balbirnie, Jed J. W. Wiltzius, 

Heather T. McFarlane, Anders Ø. Madsen, Christian Riekel & David Eisenberg 

Nature 447, 453-457(24 May 2007)	  
	  

3D	  views	  of	  representa@ve	  steric	  zipper	  structures	  of	  classes	  1,	  2,	  4	  and	  7,	  
	  showing	  the	  front	  sheet	  in	  silver	  and	  the	  rear	  sheet	  in	  purple.	  



Geometry	  of	  Beta	  Zippers	  



Self-assembling hexapeptides form immunosuppressive 
amyloid fibrils effective in neuroinflammation

Michael P. Kurnellas
Laboratory of Dr. Lawrence Steinman

Stanford University School of Medicine
November 9th, 2015



Take	  Home	  From	  This	  SecNon	  Take Away Message

• Amyloid fibrils composed of peptides as short as six 
amino acids are anti-inflammatory and therapeutic in 
experimental autoimmune encephalomyelitis (EAE)

• Amyloidogenic hexapeptides, oppositely from fibrils 
composed of larger peptides or proteins, do not form 
toxic structures

• The fibrils act as particles that associate with and 
activate B-1a cells and macrophages and induce the 
migration of these cells to lymph nodes, resulting in 
immune suppression



Hexapeptides tested in EAE

• Hexapeptides formed amyloid fibrils
• As assessed by Thioflavin T staining

• Hexapeptides act as molecular chaperones
• Determined by inhibition of denatured insulin 

aggregation



Hexapeptides are therapeutic in EAE



• Act as molecular chaperones
• Bind pro-inflammatory mediators in the plasma
• Decrease pro-inflammatory cytokines in the plasma
• Reduce the number of inflammatory foci in the meninges 

and parenchyma of spinal cord and brain
• Not toxic to human monocytes

Sci Transl Med (2013); 5 (179): 179ra42.



• Gene microarray analysis and qPCR confirmed a 
decrease in pro-inflammatory cytokines and revealed 
an induction of genes involved in the type 1 interferon 
pathway

• Amyloidogenic peptides taken up by neutrophils 
resulted in NETosis, which activated pDCs leading to 
the induction of type I IFN

• Type I IFN, a common therapeutic for MS, has 
differential therapeutic activity in Th1 and Th17 EAE

Mechanisms of action of therapeutic amyloidogenic 
hexapeptides in amelioration of inflammatory brain disease

Michael P. Kurnellas, Jill M. Schartner, C. Garrison Fathman, Ann Jagger, Lawrence Steinman, Jonathan B. Rothbard

J Exp Med (2014); 211: 1847-56.



Two	  major	  secreted	  proteins	  from	  islets	  are	  amyloid:	  
Insulin	  !!!	  And	  Amylin!!!	  (Islet	  Associated	  Amyloid	  Protein	  
Is	  that	  Good	  or	  Bad	  Amyloid??	  
	  
	  



HexapepNde	  Improve	  RNFL	  on	  OCT	  
Dr.	  Kathryn	  Paunicka’s	  Recent	  Work	  
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Mechanism	  3	  for	  Amyloid	  HexapepNdes	  
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•FITC-Tau 623-628

•Macrophages
•anti-F4/80
•white

•B cells
•anti-CD19
•red

Amyloid fibrils associate with peritoneal B cells and M)s



Peptide associated with macrophages (white) and B cells (red)



FITC-Tau 623-628 endocytosed by 
B cells (red) and macrophages (white)



Flow cytometry confirmed and extended the microscopic study

• Within 10 minutes of the FITC-Tau injection, more than 70% of the B-1 and B-2 
lymphocytes and macrophages are FITC positive 

• T lymphocytes and mast cells are minimally stained, demonstrating specific 
binding or uptake by B cells and M)s



• After five hours, the 
majority of the CD11b 
high population is 
significantly reduced 
from approximately 
45% to 3% of the total 
peritoneal cells

• Most of the B-1a 
population has 
disappeared, with the 
remaining cells being 
FITC-Tau negative



• A B cell-deficient mouse by targeted disruption of the 
membrane exon of the immunoglobulin P chain gene. 
(Kitamura D., Roes J., Kuhn R., & Rajewsky K. Nature 1991; 350: 423-6).

• B cell-deficient mice develop experimental allergic 
encephalomyelitis with demyelination after myelin 
oligodendrocyte glycoprotein sensitization. (Hjelmstrom
P., Juedes A.E., Fjell J., & Ruddle N.H. J Immunol 1998; 161: 4480-3).

• Relapsing and remitting experimental autoimmune 
encephalomyelitis in B cell deficient mice. (Dittel B.N., 
Urbania T.H., Janeway, Jr. C.A. J Autoimmunity 2000; 14: 311-8).

Use of PMT mice that lack mature B cells



Amyloid fibrils have no therapeutic efficacy in PMT mice



B cells are necessary for the therapeutic effect

• B cells regulate autoimmunity by provision of IL-10 
(Fillatreau et al., Nat Immunol 2002; 3: 944-50)
• B cell deficient mice fail to resolve EAE
• B cell IL-10 production required for recovery 
• Transfer of IL-10+ B cells suppresses EAE

• B-1a cells from peritoneal cavity are dominant 
producers of B cell-derived IL-10

• Next, we examined the role of IL-10 in the 
therapeutic efficacy of our peptides by using IL-10 
deficient mice



Amylin 28-33 has no therapeutic efficacy in IL-10 deficient mice



Transfer of B1a cells into PMT mice treated with 
Amylin 28-33 restores therapeutic effect

• 3.5x10^5 B1a cells transferred into PMT mice on Day 10 post-immunization 
(arrow)

• B1a restores therapeutic efficacy of  Amylin 28-33 in the PMT mice

• B1a cells alone cannot restore therapeutic effect



IL-10 vital for therapeutic efficacy

• B-1a cells from peritoneal cavity are dominant 
producers of B cell-derived IL-10

• B-1a cells migrate from PerC to spleen after LPS 
stimulation (Yang et al., PNAS 2007; 104: 4542-4546)

• Hypothesis: Amyloidogenic hexapeptides 
induce B-1a activation, resulting in migration to 
the lymph nodes, and suppression of 
inflammation through provision of IL-10



Amyloidogenic peptides induce exodus of B-1a cells and LPM 
from the peritoneal cavity



Utilization of gene microarray to identify targets

• B-1a cells and macrophages endocytose the self-
assembling peptides

• Activation of these cell types occur
• Use of gene microarray

• Wild type mice treated for 40 minutes
• Lactated  Ringer’s  solution
• Amylin 28-33, 10Pg
• Tau 623-628, 10Pg
• LPS, 10Pg

• Peritoneal cavity cells isolated by flow
• Isolated B-1a cells
• Isolated macrophages

• Collect RNA and run microarray



• Differential gene expression (720 annotated genes) expressed as a heatmap induced by 
LPS and the two types of amyloid fibrils, Tau 623-628 and Amylin 28-33

• RNA isolated from purified B-1a lymphocytes and CD11bhigh M)s isolated from groups of 
three C57BL/6 mice injected with either 10Pg LPS, Amylin 28-33, Tau 623-628, or buffer. 

Amyloid fibrils induce a different pattern of gene expression than LPS 
in B-1a lymphocytes and peritoneal M)s



Measurement by qPCR sets of genes representing (B) inflammatory cytokines, 
(C) immune suppressive genes, or (D) activation genes.



B-1a cells are present in the lung. Is Amylin 28-33 
effective by intranasal administration?



1) Fibrils can activate B-1a cells, which can provide 
local delivery of IL-10

2) IL-10 inhibits both APC and T cell-based 
inflammation

3) There are no known agents capable of selectively 
activating regulatory B cells

4) The effect occurs in the lymph node, not at sites of 
inflammation in the CNS, no need to cross BBB

5) MOA predicts that fibrils should be effective in 
large numbers of diseases

Summary of mechanism of action



California	  Funk	  and	  Amyloid	  





In	  the	  next	  50	  minutes	  I	  shall	  share	  with	  you	  some	  “tractable”	  
targets	  derived	  from	  various	  “omics”,	  without	  the	  aid	  of	  
“genomics”.	  	  I	  shall	  describe	  the	  following:	  
1.  The	  inhibitory	  neurotransmiXer	  GABA	  is	  immune	  suppressive	  
2.  Angiotensin	  Receptors	  are	  in	  MS	  Lesions	  	  
	  	  	  	  	  	  	  ACE	  inhibiNon	  is	  beneficial	  in	  animal	  models	  
3.  Immune	  suppressive	  lipids	  in	  the	  myelin	  sheath	  
4.  Infamous	  amyloid	  proteins	  provide	  protecNon,	  not	  harm	  in	  

neuroinflammatory	  condiNons	  
5.  PPARs	  are	  targetable	  natural	  “brakes”	  on	  neuroinflamma@on.	  	  

They	  may	  also	  help	  explain	  gender	  disparity	  in	  MS	  



r	  =	  0.83	  
R2=	  0.691	  
Chi2>124	  
p<	  0.000	  

Sex	  Ra@o	  (F:M)	  by	  year	  of	  birth	  the	  past	  half-‐century	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (2.05E-‐14)	  

Year	  of	  birth	  as	  predictor	  of	  sex	  raNo 	  	  

IdenNcal	  results	  
were	  seen	  in	  
migrants	  to	  
Canada	  from	  the	  
UK.	  
	  

	  

Canadian	  
CollaboraNve	  Project	  
on	  GeneNc	  
SuscepNbility	  

	  

Orton	  et	  al.,	  Lancet	  
Neurology,	  2006	  



Nuclear	  Hormone	  Receptors	  
Top	  Down	  Discovery:	  ImplicaNons	  for	  MS	  

F O R E WO R D

1016 VOLUME 10 | NUMBER 10 | OCTOBER 2004  NATURE MEDICINE

synthesized [3H]estradiol, injected imma-
ture rats with it intravenously and noticed
that it accumulated only in tissues known
to grow in response to the hormone—
the female reproductive tract. This now-
historic experiment provided the first step-
ping-stone to the discovery of the estrogen
receptor and subsequently to the receptors
for all the other major steroid hormones,
including testosterone and dihydrotestos-
terone, progesterone, glucocorticoids,
aldosterone and the steroidlike vitamin D.
As is typical of top-down discoveries,
Jensen’s first presentation in 1958 at a bio-
chemistry congress in Vienna did not cre-
ate much of a stir. It was attended by five
people, three of whom were other speakers.
Jensen’s session coincided with a major
symposium on steroid hormone action in
which 1,000 people came to hear how
estrogens act on target tissues by stimulat-
ing the enzymatic production of NADPH,
the prevailing concept at the time.

By 1980, after two decades of intensive
research, steroid hormone receptors came

to be viewed as ligand-dependent tran-
scription factors that activate mRNA syn-
thesis by binding to specific DNA
sequences in their target genes. The attrac-
tiveness of this receptor system for study-
ing regulated gene transcription in
eukaryotic cells caught the attention of
Ronald Evans and Pierre Chambon. They
realized that, to explore steroid hormone
action molecularly, they would need cDNA
clones for the steroid hormone receptors.
By early 1986, Evans had cloned and
sequenced the cDNA for the glucocorticoid
receptor, and Chambon had done the same
for the estrogen receptor.

With their new molecular tools,
Chambon and Evans, working independ-
ently and uninterruptedly, made a series of
remarkable and unexpected observations
over the next 6 years. First, they discovered
that the genes encoding the classic steroid
hormone receptors belong to a superfamily
consisting of 48 members that include the
receptors for thyroid hormone, retinoids
(vitamin A and its derivatives), lipids (fatty

acids, prostaglandins, oxysterols, bile
acids) and xenobiotics (drugs and foreign
chemicals). Second, they developed a novel
chimeric receptor strategy for identifying
ligands for the so-called orphan nuclear
receptors. The first to be identified was all-
trans-retinoic acid, the ligand for the
retinoic acid receptor (RAR). The discov-
ery of RAR was particularly noteworthy in
that it provided the molecular entrée to
analyzing vitamin A’s essential role in
embryonic development and to solving the
first three-dimensional structure of a
bound and unbound member of the
nuclear receptor family.

Of the numerous Evans and Chambon
experiments, perhaps the most biologically
pregnant was the discovery of the retinoid
X receptor (RXR). RXR is a promiscuous
nuclear receptor family member that forms
heterodimeric partnerships with 17 of its
47 receptor siblings, including RAR, vita-
min D receptor and thyroid hormone
receptor. These RXR liaisons are essential
for each receptor’s specific DNA-binding
and gene-activating functions. The promis-
cuous partnering property of RXR proved
to be the Rosetta stone for discovering sev-
eral hitherto-unknown nuclear receptors,
many of which have profound implications
for normal physiology, disease pathogene-
sis and drug discovery. Such receptors
include the peroxisome proliferator-
activated receptor γ, which stimulates adi-
pogenesis and is the target for the glitazone
class of drugs that are used in the treatment
of type 2 diabetes; the liver X receptors and
bile acid receptor, which regulate choles-
terol homeostasis by activating genes for
removing cholesterol from the body; and
the pregnane X receptor, which activates
the genes for P450 enzymes that detoxify
drugs and foreign chemicals that enter the
body.

In the past 45 years, many scientists have
contributed to the impressive body of
research that revealed the unimagined
superfamily of 48 nuclear receptors and
their plethora of physiological actions. Yet
the discoveries of Jensen, Chambon and
Evans stand out. Jensen, the patriarch of
the field, established the paradigm with his
pioneering work on the estrogen receptor,
the matriarch of the superfamily. Evans
and Chambon, with their superb molecular
skills and creative biological insights,
developed the grand sweep of the nuclear
receptor superfamily, revealing how it
influences virtually every developmental
and metabolic pathway in animals and
humans.

Figure 1  British sculptor Andy Goldsworthy standing next to one of his stone towers during its
installation at the Iris and B. Gerald Cantor Roof Garden on top of The Metropolitan Museum of Art in
New York City. The exhibit, “Andy Goldsworthy on the Roof,” runs through October 31, 2004 (Stone
Houses, 2004, wood and stone, courtesy of the artist and Galerie Lelong;  Andy Goldsworthy;
courtesy Galerie Lelong). Photograph by Karen L. Willis, The Metropolitan Museum of Art.
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Peroxisome	  Proliferator-‐AcNvated	  Receptors	  (PPARs)	  
transcripNon	  factors-‐	  nuclear	  hormone	  receptor	  family	  
	  
three	  family	  members	  (PPAR-‐α,	  -‐β/δ,	  -‐γ)	  

bind	  endogenous	  faXy	  acids	  (µM).	  

	  
Drugs	  for	  T2DM	  and	  Hyperlipidemia	  
	  
	  

Zoete,	  Biochim.	  Biophys.	  Acta	  1771,	  915,	  2007	  



p65	   p50	  Fos	   Jun	  

RXR	  

AGGTCA	  N	  AGGTCA	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  TGAGTCA	  	  	  	  	  	  	  GGGGACTTTCCC	  

Cytokines	  
TCR	  s@mula@on	  
TLR	  and	  CD28	  

PPRE	  
Fat	  Oxida@on	  and	  Bile	  Acids	  
Liver	  	  
	  

PPARα	  

	  
Co-‐repressors	  

RXR	   PPARα	  

Testosterone	  Via	  
Co-‐acNvators	  

RXR	   PPARα	  

Co-‐acNvators	  

	  
Fibrates,	  Dietary	  Lipids	  (linoleic	  acid)	  

Cyclooxygenases	  
Lipoxygenases	  

LTB-‐4	  
	  

cytoplasm	  

nucleus	  

Inhibits	  proinflammatory	  gene	  	  
expression	  (iNOS,	  TNF)	  

Repress	  gene	  
transcrip@on	  

transrepression	  

PPARα	  and	  other	  PPARs	  are	  AnN-‐Inflammatory	  



PPARα	  Agonist	  Gemfibrozil	  (Lopid®)	  Ameliorates	  EAE	  
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Male	  PPARα-‐/-‐	  Mice	  Develop	  Worse	  Acute	  EAE	  
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Deficiency	  of	  PPARα	  in	  T	  cells:	  	  male	  v	  female	  
Female	  Mice	  Stronger	  Th1,	  unNl	  PPARα	  knocked	  out	  

Male	  WT	

Male	  PPARα-‐/-‐	  	
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Sham	   Castrated	   Placebo	   Dihydroxy-‐	  
testosterone	  

Surgical	  castra@on	  decreases	  PPARα	  	  
dihydroytestosterone	  treatment	  increases	  PPARα	  	  

Male	  SV.129	  mice	
 Female	  SV.129	  mice	


Dunn,	  S.	  E.	  et	  al.	  J.	  Exp.	  Med.	  204:321-‐330,	  2007.	  

Male	  	  
WT	  
	  

Surgical	  CastraNon	  
Sham	  Surgery	  

✄	

5α-‐dihydrotestosterone	  (60	  d	  
release,	  5	  mg)	  

Placebo	  

Female	  	  
WT	  
	  



HUMANS!	  
Females	  Produce	  More	  Th1,	  Males	  More	  Th17	  
Androgens	  Enhance	  PPAR-‐α	  and	  Inhibit	  PPAR-‐γ	




Human	  and	  Mouse	  Females	  Make	  More	  IFN-‐γ	


Does	  this	  explain	  the	  rising	  incidence	  of	  MS	  in	  Females?	  
Not	  exactly,	  but	  Dunn’s	  discoveries	  illuminate	  a	  ‘stunning’	  dimorphic	  brake	  on	  immunity	  
Dunn’s	  discoveries	  open	  the	  possibility	  of	  re-‐purposing	  drugs	  targeNng	  PPAR’s	  to	  treat	  MS	  	  



In	  the	  next	  50	  minutes	  I	  shall	  share	  with	  you	  some	  “tractable”	  
targets	  derived	  from	  various	  “omics”,	  without	  the	  aid	  of	  
“genomics”.	  	  I	  shall	  describe	  the	  following:	  
1.  The	  inhibitory	  neurotransmiXer	  GABA	  is	  immune	  suppressive	  
2.  Angiotensin	  Receptors	  are	  in	  MS	  Lesions	  	  
	  	  	  	  	  	  	  ACE	  inhibiNon	  is	  beneficial	  in	  animal	  models	  
3.  Immune	  suppressive	  lipids	  in	  the	  myelin	  sheath	  
4.  Infamous	  amyloid	  proteins	  provide	  protecNon,	  not	  harm	  in	  

neuroinflammatory	  condiNons	  
5.  PPARs	  are	  targetable	  natural	  “brakes”	  on	  neuroinflammaNon.	  	  

They	  may	  also	  help	  explain	  gender	  disparity	  in	  MS	  



No	  Quiet	  Surrender:	  	  
Molecular	  Guardians	  In	  MS	  Brain	  
Lawrence	  Steinman	  Stanford	  University	  

November	  12,	  2015	  	  
	  

Self-assembling hexapeptides form immunosuppressive 
amyloid fibrils effective in neuroinflammation
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Jan 15, 2016 
Klaus Miczek, PhD 

Tufts University 
http://ase.tufts.edu/psychology/people/miczek/  

 

Mar 10, 2016 
Scott Sternson, PhD 

HHMI- Janelia Farms 
https://www.janelia.org/lab/sternson-lab  

 

Mar 17, 2016 
Robert Miller, PhD 

George Washington University 
http://www.gwumc.edu/smhs/facultydirectory/profile.cfm?empName=Robert%20Miller&FacID=2061271365&show=1  

 

Apr 28, 2016 
Marc Tessier-Lavigne, PhD 

Rockefeller University 
http://www.rockefeller.edu/research/faculty/labheads/MarcTessier-Lavigne/  

 

May 12, 2016 
Mark Schnitzer, PhD 

Stanford University 
http://pyramidal.stanford.edu/  

Visit http://brainhealthinstitute.rutgers.edu/ for more information 


