
The Journal of Clinical Investigation   R e v i e w

1 3 7 1jci.org   Volume 125   Number 4   April 2015

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 α4 integrin, thereby impeding the migration of T and B cells 
and macrophages into the CNS. Preclinical studies first confirmed 
how blockade of α4 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-γ and IL-17, which play 
fundamental roles in disease pathophysiology. Transcriptomic 
analysis and immunohistochemical staining of MS lesion material 
showed that IFN-γ and IL-17 are prominent (41–43), and clas-
sic studies performed a quarter century ago demonstrated that 
administration of IFN-γ 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.

No quiet surrender: molecular guardians in multiple 
sclerosis brain
Lawrence Steinman

Department of Neurology and Neurological Sciences, Stanford University, Stanford, California, USA.

Conflict of interest: The author receives consulting income from Teva Pharmaceu-
tical Industries Ltd., Raptor Pharmaceuticals, Atreca Inc., and Tolerion Inc. Research 
support was provided by Biogen Idec, Pfizer, and Japan Tobacco Central Pharmaceutical 
Research Institute.
Reference information: J Clin Invest. 2015;125(4):1371–1378. doi:10.1172/JCI74255.



The Journal of Clinical Investigation   R e v i e w

1 3 7 2 jci.org   Volume 125   Number 4   April 2015

injury (20, 21, 52). Approved drugs for RRMS, such as glatiramer 
acetate, induce BDNF, which may account for their therapeutic 
action. Mice with BDNF-deficient astrocytes or immune cells 
have worsened paralysis in EAE, with greater pathology in axons 
compared with that seen in WT mice (52). Certain polymor-
phisms in BDNF, including Val66Met, are protective in individ-
uals with MS and are associated with a slower decrease in brain 
volume as disease progresses (53, 54).

NGF may also have a beneficial role in MS. NGF can be 
detected in active MS lesions with mass spectroscopy (6) and by 
immunohistochemical techniques (55). The NGF receptor was 
present in active lesions on astrocytes and microglia, as well as on 
infiltrating lymphocytes (55). NGF administered directly into the 
ventricles of the brain attenuated T cell–mediated inflammation in 
a model of MS in the marmoset, changing cytokine production in 
the CNS from a proinflammatory Th1 response, characterized by 
IFN-γ, to an antiinflammatory Th2 response, typified by IL-10 pro-
duction (56). Neurotrophins are not always beneficial, as activation 
of TRKB in astrocytes enhances neurodegeneration in EAE (57).

A pattern appears again in these dual properties of neu-
rotrophin molecules, which exert both antiinflammatory and 
growth-promoting effects on neurons. Molecules imbued with 
these properties act to both inhibit inflammation and promote 
regrowth in the nervous system. The inescapable “molecular 
logic” is that unless inflammation is attenuated, growth and 
regeneration are likely to be impaired. Neurotrophins therefore 
act as a remarkable molecular “solution” to both problems at 
the site of disease. These observations also emphasize that the 
injured brain fights back to restore itself after injury.

Neurotransmitters: GABA
GABA is best known as the main inhibitory neurotransmitter in 
the CNS. Surprisingly, the cells of the immune system have the 
capacity to synthesize and degrade GABA and to express enzymes 
involved in GABA uptake and the receptors that mediate GABA 

and IL-27, two cytokines with suppressive properties that attenu-
ate inflammation (5, 47). Protective cytokines like IL-10 are also 
produced by resident glia or neurons in response to injury. Acti-
vated microglia produce IL-10, which in turn suppresses neuroin-
flammation. Astrocytes also produce TGF-β in response to IL-10, 
which further dampens inflammation in the brain (48).

The infiltrating lymphoid cells themselves can be modulated 
via therapeutics like IFN-β to produce cytokines that suppress 
inflammation. The infiltrating lymphocytes then carry these sup-
pressive cytokines to the locus of disease within the CNS. For 
example, IFN-β induces the production of IL-10 and IL-27 and is 
widely used to treat RRMS (5, 47). Moreover, the intrinsic ability of 
a patient to produce IL-10 and IL-27 is associated with a beneficial 
clinical response to IFN-β, which is characterized by a reduction 
in the relapse rate and decreased inflammation in the brain (5, 47, 
49, 50). IFN-β induces Th1 cells to produce IL-10 and IL-27 (5), 
though it also acts to silence Th17 cells, thereby reducing levels 
of IL-17 (2–4). This is an example of how secretion of guardian 
molecules from cells that are not normally in the CNS may be an 
unexpected beneficial consequence of the migration of lympho-
cytes, particularly since this migration includes immune cells that 
induce disease in the first place.

Neurotrophins: brain-derived neurotrophic factor 
and nerve growth factor
Neurotrophins, including brain-derived neurotrophic factor (BDNF) 
and nerve growth factor (NGF), have long been regarded as mol-
ecules that promote neural outgrowth, but they are also imbued 
with antiinflammatory properties. Neurotrophins are produced in 
the brain at the site of disease as well as by the lymphoid cells that 
migrate into the brain in MS (20, 21, 51), where they contribute to 
resolution of neuroinflammation.

BDNF was found in MS lesions, where it is produced in 
infiltrating immune cells. BDNF in the lesion acts on neurons 
via the neuronal BDNF receptor TRKB to rescue neurons after 

Figure 1. Natalizumab blocks lymphocyte homing in MS. (A) α4 integrin binds to vascular cell adhesion molecule 1 (VCAM1) on inflamed brain endothelium. 
This interaction gives lymphocytes access to the CNS. The presence of immune cells in the brain is a prominent feature of MS. (B) Natalizumab, a human-
ized antibody against α4 integrin, blocks binding of lymphocytes to VCAM on inflamed brain endothelium, thereby preventing lymphocyte entry into the 
CNS. Reproduced with permission from ref. 36 (Used with permission: © 2012 Steinman. Journal of Cell Biology. 199:413–416. doi: 10.1083/jcb.201207175).
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The drug dimethylfumarate, which targets the NRF2 path-
way, is approved for treatment of RRMS (62, 63) and is under 
investigation in clinical trials in progressive forms of MS. Dimeth-
ylfumarate has pleiotropic mechanisms of action, but activation 
of NRF2 accounts for some of its antiinflammatory activity (16, 
17, 64). When KEAP1 undergoes sulfhydration of cysteine 151 via 
binding of fumarate, it becomes unable to interact with NRF2, 
which accumulates in the nucleus and induces the expression of 
NRF2-dependent antioxidant and cytoprotective genes. The anti-
oxidant activities may support its use in neurodegenerative pro-
cesses associated with progressive forms of MS. It is remarkable 
that a small molecule like dimethylfumarate can lead to activa-
tion of a single transcription factor with such potent activity on 
the inflammatory component of MS. But activation of multiple 
beneficial pathways with a single small molecule is seen repeat-
edly in biology and medicine.

Small molecules, including glutathione, cysteine, the neu-
roprotectant cystathionine, and the gaseous neurotransmitter 
H2S, play a key role in attenuating neurological injury. In experi-
mental models of MS, elevation of cysteine via administration of 
cystamine or N-acetylcysteine ameliorates paralysis in the EAE 
model (18, 19). This protective mechanism may also be applica-
ble to other neurodegenerative processes including Huntington’s 
disease (HD), spinocerebellar ataxia type 1, and dentatorubral- 
pallidoluysian atrophy (13, 65–69). Recent reports show that there 
may be clinical benefit of cysteamine in treating HD (70, 71). A 
defect in cystathionine γ-lyase (CSE) may in fact underlie neu-
rodegeneration in HD and other disorders including Parkinson’s 
and perhaps progressive MS, providing a rationale for why small 
molecules like cysteamine are effective (13, 61). Cysteamine also 
induces production of BDNF, which has both antiinflammatory 
and neurotrophic properties, as discussed above (68, 69).

signaling. Antigen-presenting cells (APCs) express functional 
GABA receptors and respond to GABA, as demonstrated by patch-
clamp electrophysiology. GABA itself and GABA agonists act 
directly on APCs, decreasing MAPK signaling and diminishing 
subsequent adaptive inflammatory responses to myelin proteins, 
including a reduction of Th1 and Th17 production (12).

Pharmacologic agents that activate GABA are able to modu-
late T cell function (12, 58) and reduce ongoing paralytic disease 
and brain inflammation in various animal models of EAE (12). 
The effect of GABA and drugs that increase GABA activity also 
show efficacy in models of other inflammatory diseases includ-
ing inflammatory bowel disease (59), and in type 1 diabetes (60). 
Thus, GABA serves not only as an inhibitory neurotransmitter, but 
also exerts a parallel inhibitory effect on inflammation in the brain 
as well as on other organ systems. Clinical trials with pharmaco-
logical agents that affect GABA are planned.

Antioxidants: glutathione and cystathionine
Redox is implicated in the inflammatory pathology in general, and 
glutathione metabolites involved in glutathione metabolism, includ-
ing glutathione synthase and various glutathione transferases, are 
expressed in active and chronic MS lesions (6). Molecules associated 
with maintaining a physiological redox state, including cystathione 
and glutathione, which are present in the brain, serve as regulators 
of the inflammatory response. A coordinated antioxidant response in 
MS is in part controlled by the transcription factor nuclear factor (ery-
throid-derived 2)–like 2 (NRF2). Activation of NRF2 leads to increased 
production of a spectrum of antioxidants, including glutathione and 
cystathionine (61). NRF2 is activated upon its translocation to the 
nucleus, which is dependent on the modification of free cysteine resi-
dues, a process known as sulfhydration, in the NRF2-binding adaptor 
protein kelch-like ECH-associated protein (KEAP1).

Figure 2. Mechanism of action of dimethylfu-
marate in the NRF2 pathway. Inflammation and 
oxidative stress are thought to promote tissue 
damage and MS, and recent data point to a pro-
tective role for antioxidant pathways, including 
the transcription factor NRF2, in MS. The drug 
dimethylfumarate, which targets the NRF2 path-
way, is approved for treatment of RRMS and is 
under investigation in clinical trials for progres-
sive forms of MS. Dimethylfumarate has pleio-
tropic mechanisms of action, but activation of 
NRF2 accounts for some of its antiinflammatory 
activity. (A) KEAP1, which is part of a cullin family 
E3 ubiquitin ligase complex, normally mediates 
ubiquitination and proteasomal degradation of 
NRF2. (B) When KEAP1 undergoes sulfhydra-
tion of cysteine 151 via binding of fumarate, it 
becomes unable to interact with NRF2, which 
accumulates in the nucleus and induces the 
expression of NRF2-dependent antioxidant and 
cytoprotective genes. Activation of NRF2 leads to 
increased production of a spectrum of antioxi-
dants, including glutathione and cystathionine.
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ing some of the factors controlling this dimorphism in susceptibil-
ity, we have encountered a potent brake on the immune system 
that may play an import role in neuroinflammation and neurode-
generation. The PPARs are a family of nuclear hormone–activated 
receptors that act as transcription factors. These receptors are acti-
vated by sex hormones, lipids, and fatty acids (22–24).

In the EAE model, PPARα is expressed on T cells at a higher 
level in males than in females. Females are far more susceptible 
to disease (82). Lovett-Racke and we showed independently that 
PPARα agonists attenuate paralysis and inflammation in EAE (23, 
83). Castration of males also lowers PPARα expression and ren-
ders males more susceptible to EAE (82). Conversely, higher levels 
of PPARα are expressed when females are given testosterone (22). 
Dunn showed that in EAE, females had a stronger Th1 response 
driven by IFN-γ than did males (82) and that this sexual dimor-
phism in the Th1 response was regulated by PPARα (22, 82).

In 2012, Dunn and we translated these studies to humans 
(22). Female humans exhibit much stronger Th1 responses than 
do males, while males exhibit stronger Th17 responses than do 
females. In concordance with the studies in mice, androgens 
enhanced PPARα expression in humans. Additionally, we demon-
strated that PPARγ regulates Th17 responses in humans. PPARγ 
was shown to regulate and attenuate inflammatory reactions 
between myeloid cells and resident cells in the brain in neuroin-
flammation (83). One of the major implications of these studies is 
that androgen-driven transcription factors serve as a major brak-
ing system on both Th1 and Th17 T cell responses (22, 82). This 
braking system is operative in the peripheral immune system, but 
controls the expression of inflammation in the brain in EAE.

Amyloid-forming molecules
One of the most surprising developments in deciphering which 
molecules may serve as guardians in MS arose from an analy-
sis of molecules found in MS lesions (84, 85). In 2002, we pub-
lished a report on the transcriptome of acute and chronic lesions 
in MS (41, 86). Two years later, working with the same blocks 
of tissue, we performed proteomic analysis of laser-captured, 
microdissected lesions (6). We found molecules in MS lesions 
that included some of the more infamous amyloid molecules 
associated with pathology in Alzheimer’s disease(AD) (Aβ and 
tau), as well as the prion protein PrPc. Abundant amounts of αB 
crystallin (CRYAB), another amyloid molecule, were also found 
in MS lesions, as we had already seen by transcriptional profil-
ing (41, 86) as well as by immunohistochemical studies (35, 87). 
We noted that several amyloid-forming molecules, including 
CRYAB, amyloid precursor protein (APP), major prion protein, 
and tau, were all found in lesions that were laser captured, micro-
dissected, and subjected to mass spectral analysis (6).

Most of us continue to think of amyloid-forming molecules 
as harmful. In the community of scientists studying AD, the amy-
loid-forming molecules tau and Aβ are considered central play-
ers in its pathophysiology (88). A large body of literature exists 
describing the proinflammatory properties of amyloid-forming 
proteins, particularly Aβ; yet, the pathology of AD shows little 
evidence of inflammation and no evidence of classic innate or 
adaptive immunity and inflammation in lesions (74, 89), a situa-
tion that is vastly different from that seen in MS. In MS, there is a 

These small molecules also catalyze sulfhydration (64, 65, 71). 
As described above, the interplay of sulfhydrates on KEAP1 has 
remarkable similarities to the mechanism of action of dimethyl-
fumarate (Figure 2) in allowing the nuclear translocation of NRF2. 
Proteomic platforms allow us to analyze the various molecules 
that bind small-molecule mediators like dimethylfumarate and 
cysteamine (72). Such analysis will elucidate the parallel bio-
chemical pathways that might be mediated in attenuating not only 
inflammation in the CNS, but the degenerative processes (73, 74).

Protective gasotransmitters
Gaseous neurotransmitters, also known as gasotransmitters (13, 14), 
like H2S (involved in sulfhydration) and NO (involved in nitrosy-
lation), are not the only gaseous protectants from neuroinflamma-
tion. Administration of CO reverses paralysis in EAE. The effect of 
CO is mediated by heme oxygenase-1 (HMOX1). HMOX1 dampens 
inflammatory reactions via the catabolism of heme into CO, iron, 
and biliverdin in the brain, liver, spleen, and endothelium (75, 76). 
The protective effect of HMOX1 is associated with inhibition of MHC 
class II expression by APCs and inhibition of CD4+ Th and CD8+  
T cell accumulation. Activation of myelin-reactive T cells is mediated 
via HMOX1 lymphocyte proliferation and effector function within 
the CNS. Of interest, the NRF2 pathway is linked to HMOX1. The 
BACH1/MAFK transcriptional repressor complex blocks expression 
of HMOX1. Binding of heme to BACH1 releases the complex from 
DNA, allowing NRF2-mediated transcription (77–80).

Enhancing levels of gaseous neurotransmitters is under seri-
ous consideration as a neuroprotective therapy for MS on the basis 
of its success in animal models, in which delivery of CO via inha-
lation of CO, compared with room air, arrested EAE progression 
and paralysis (75).

Fatty acids
Naturally occurring lipids that comprise more than 70% of the mye-
lin sheath are targeted by the adaptive immune system (15). Anti-
body and T cell responses to lipids are detected in both relapsing- 
remitting and progressive forms of MS (15). We used lipid antigen 
microarrays and lipid mass spectrometry to identify the lipid targets 
that react with antimyelin antibodies in MS brain. We reported that 
autoantibodies in MS target a phosphate group in phosphatidylser-
ine and oxidized phosphatidylcholine derivatives. Remarkably, 
when administered systemically, these same lipids that are targeted 
via antibodies actually ameliorated experimental autoimmune 
encephalomyelitis. The mechanism of action was via suppression of 
activation of autoreactive T cells as well as induction of apoptosis of 
autoreactive T cells (15). These effects were mediated by the lipids’ 
saturated fatty acid side chains and did not require the entire phos-
pholipid backbone. Thus, substituents of naturally occurring phos-
pholipids represent a natural antiinflammatory class of compounds 
that have potential as therapeutics for MS (15). Other naturally 
occurring lipids are proinflammatory. Lactosylceramide activates 
microglia and astrocytes and contributes to neurodegenerative pro-
cesses in experimental neuroinflammation (81).

Nuclear hormone receptors
Females are far more susceptible to MS than are males, and this 
ratio has been increasing over the past 50 years (1). In investigat-



The Journal of Clinical Investigation   R e v i e w

1 3 7 5jci.org   Volume 125   Number 4   April 2015

Taken together, the gain-of-function and loss-of-function 
experiments indicate that amyloid molecules forming self-assem-
bling, zippered nanostructures are potent mediators of protection 
and repair. This is a stunning reversal of the conventional perspec-
tive for these molecules. The conclusion of these experiments to 
date is that CRYAB, as well as other amyloid-forming molecules, 
may play a guardian role in MS.

Having observed the guardian properties of CRYAB in various 
models of neuroinflammation as well as inflammation outside the 
brain and in various ischemic models, we asked whether there 
was a core structure common to CRYAB and other amyloid-form-
ing molecules. Eisenberg (88) identified a common hexapeptide 
core motif found in many amyloids, including Aβ A4, tau, amylin, 
prion proteins, serum amyloid protein P, and CRYAB. We explored 
whether these hexapeptides with a propensity to form self-assem-
bling zippered β sheets might be therapeutic.

The core hexapeptide structure is highly immunosuppressive 
and can reverse paralysis in EAE when administered system-
ically. The hexapeptides bind a set of proinflammatory media-
tors in plasma, including acute-phase reactants and complement 
components. Administration of this amyloid-forming hexa-
peptide quickly lowers inflammatory cytokines in plasma such 
as IL-2 and IL-6, which are highly expressed in both acute and 
chronic MS lesions (31, 41, 86). The beneficial properties of amy-
loid-forming hexapeptides provide a potential new therapeutic 
direction. These experiments indicate that amyloid-forming 
molecules have Janus faces, providing unexpected benefit for 
neuroinflammatory conditions.

Serpins and other inhibitory proteins
A number of inhibitory proteins were detected at the site of MS 
lesions using transcriptional gene profiling and proteomics (6, 44). 
Notably, the complement mediators C1R and C3 are found in MS 
lesions; complement damage plays a major role in demyelination. 
A soluble inhibitor of complement activation, sCRRY, reverses 
EAE (26). It is therefore noteworthy that the inflamed brain in MS 
produces its own endogenous inhibitor of complement, CD59, also 
known as protectin or membrane attack complex inhibitory protein 
(25, 44). Membrane attack complexes are also found in the spinal 
fluid of MS patients (97). Other inhibitors of proteases associated 
with inflammation have been detected in MS brain, including serpins 
like α1 antichymotrypsin (41). Sustained expression of α1 antichy-
motrypsin ameliorated EAE and enhanced expression of Tregs (98).

A study of laser-captured, microdissected MS lesions pro-
vided evidence of activation of the coagulation cascade, including 
tissue factor and protein C inhibitor, particularly in chronic MS 
lesions. Administration of activated protein C ameliorated EAE 
and suppressed Th1 and Th17 cytokines in astrocytes and immune 
cells (6). Activated protein C signals through protease-activated 
receptor 1 (PAR-1) and endothelial protein C receptor (EPCR). 
This again emphasizes that control of chronic degenerative pro-
cesses may be regulated at the blood-brain barrier interface. It 
may not be strictly necessary to develop compounds that actually 
penetrate the blood-brain barrier. An activated protein C analog 
stimulated neuron production from human neural progenitor cells 
via modulation of a pathway involving PAR/PAR-3/sphingosine-1-
phosphate receptor 1/AKT (99). Other components of the coagu-

significant imprint of inflammation with perivascular infiltrates, 
with evidence of both innate immunity and adaptive immunity 
at the T and B cell levels (89). To refer to neuroinflammation in 
AD is perhaps to give new meaning to the word inflammation. 
We make these transformations in language all the time, and this 
may be an example in the realm of biomedical science. Consider 
that in the realm of finance, when we use the word “credit,” we 
mean that we are assuming “debt” (90). Are we fooling ourselves 
when we apply the word “inflammation” to the pathology in AD, 
in which the hallmarks of inflammation are largely absent? To 
develop novel therapies for AD, the pharmaceutical industry has 
made huge investments in an attempt to lower Aβ by inhibiting 
the secretase enzymes involved in Aβ formation, or by adminis-
tering vaccines or monoclonal antibodies to somehow remove 
these molecules from the brain. Numerous phase 3 trials using 
these strategies have failed (90, 91). Could amyloid molecules 
have a different role in MS (30, 31)? Research on MS and its ani-
mal models point in this direction.

CRYAB is a classic example of an amyloid-forming molecule 
that forms β zippers, incorporates thioflavin T, and aggregates 
into fibrils. A role for CRYAB in the pathogenesis of MS was first 
discovered in 1995 (87), when Van Noort and colleagues observed 
that CRYAB was the most immunogenic component of the myelin 
sheath for the T cells in MS patients (87). In 2001, we noted that 
CRYAB was the most abundant transcript found in MS lesions, but 
not in healthy brains (84).

In a series of experiments testing the administration of 
CRYAB in several preclinical models of disease, including EAE, 
we discovered that i.v. administration of recombinant CRYAB 
reversed paralysis and attenuated inflammation. The effects 
were robust in several versions of EAE, including in models of 
progressive disease and relapsing-remitting disease. CRYAB was 
also efficacious in models of stroke, myocardial infarction, optic 
nerve ischemia, and rheumatoid arthritis (92–96). Investigations 
in optic nerve ischemia showed that administration of CRYAB 
after disease onset induced complete rescue of the optic nerve 
oligodendrocytes from the ischemic insult (93). These exper-
imental results suggest that amyloid-forming proteins, which 
are found in actual lesions in MS, may serve to contain ongoing 
inflammation and initiate repair. Among the various amyloid-
forming molecules, the case is strongest for CRYAB in protect-
ing and reversing neuroinflammation and in protecting myelin-
forming oligodendrocytes.

While we have shown in gain-of-function experiments that 
administration of amyloid-forming proteins such as CRYAB 
improves function in EAE, stroke, myocardial infarction, and 
optic nerve ischemia (92–96), loss-of-function experiments with 
genetic deletion of amyloid-forming proteins provide further sup-
port for the notion that amyloid proteins and peptides are benefi-
cial. It is noteworthy that clinical signs and inflammation in EAE 
are exacerbated in mice lacking CRYAB (35), APP (30), the major 
prion protein PRP (33), serum amyloid P (34), and tau (32) com-
pared with what is seen in WT animals. As mentioned, APP, tau, 
and CRYAB are all found in MS lesions (6), indicating that their 
presence may indeed attenuate, rather than exacerbate, inflam-
mation in MS. Mice lacking APP also have more severe functional 
disturbances following blunt brain trauma (30).
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lation cascade are upregulated in acute MS (6). Inhibition of the 
thrombin pathway, which is activated in acute MS lesions, is also 
effective in ameliorating paralytic disease. Treatment with the 
anticoagulant hirudin induced dramatic improvement in disease 
severity, with suppression of the cytokines IL-6, TNF, and IL-17 
(6). Our understanding of guardian molecules must now expand 
to include components of the complement and clotting cascades, 
elements of which protect against neuropathology.

Coda
There is a vast array of molecules that have protective properties 
in MS lesions. Identification of these molecules and their targets 
may lead us to new therapies for protection and repair in MS. 
Repair and protection may not be independent of the suppression 
of unwanted inflammation, and some targets may help to amelio-
rate the entire constellation of pathology, inhibiting autoimmu-
nity and promoting protection and regeneration simultaneously. 
As we teach medical science and as we continue to learn about 
new developments, it is increasingly clear that the segregation of 

physiologic systems is actually untenable. As we can see, mole-
cules like CO that have famously been associated with death from 
asphyxia can be harnessed to reverse paralysis and neuroinflam-
mation. Molecules associated with the coagulation cascade play 
important roles in attenuation of inflammation. Molecules not 
only have their good face and their bad face — the Janus concept —  
but are likely to defy convenient characterization. Surprises 
abound as we come to understand the role of molecules in differ-
ent pathological contexts.
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