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The discovery of natalizumab, a potent therapeutic

for multiple sclerosis

Lawrence Steinman'+?

'Department of Pediatrics and “Department of Neurology and Neurological Sciences, Interdepartmental Program in Immunology, Stanford University, Stanford, CA 94305

Multiple sclerosis (MS) is the major inflammatory demye-
linating disease of the central nervous system. There is
strong evidence that an immune response in the brain is
a critical component of the disease. In 1992, in a collab-
oration between academia and biotechnology, my col-
leagues and | showed that a4 integrin was the critical
molecule involved in the homing of immune cells into the
inflamed brain. Was it sheer luck that these results led to
the development of a drug for MS?

Multiple sclerosis (MS) is the most prevalent inflammatory dis-
ease of the brain and spinal cord in Europe and North Amer-
ica. More than one million are affected worldwide, including
400,000 in the US. Symptoms often commence in young adult-
hood and include motor paralysis, visual disturbances and
blindness, bowel and bladder incontinence, sensory loss, and
incoordination and ataxia. Neurological deficits depend on the
location of inflammation in the central nervous system. More-
over, the disease has the propensity to relapse and remit. Until
the past 20 years, there was only one approved treatment for
MS, the use of adrenocorticotropic hormone (ACTH) or ste-
roids (Frohman et al., 2006). In the past 20 years, eight drugs
have been approved for MS, with natalizumab (also known as
Tysabri) regarded as the most potent (Rudick et al., 2012).

In MS, there is strong evidence supporting the idea that an
immune response targets molecules in the central nervous sys-
tem, including some of the proteins and lipids of the myelin
sheath. We now know from genomic, transcriptomic, proteomic,
and even lipidomic studies that there is a major adaptive im-
mune response involving T cells and B cells targeting various
molecules in the white matter and in the gray matter of the brain
(Han et al., 2008; International Multiple Sclerosis Genetics
Consortium, 2011; Lucchinetti et al., 2011; Ho et al., 2012;
Srivastava et al., 2012). This inflammatory immune response,
which may be “autoimmune,” involves various key proinflam-
matory cytokines, including interferon-y, IL-6, and IL-17, and
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related cytokines (Lock et al., 2002; International Multiple
Sclerosis Genetics Consortium, 2011). Experiments in the early
1990’s were aimed at elucidating how the key cellular compo-
nents of the adaptive immune system, the T cells and B cells,
breached the blood-brain barrier and migrated into the central
nervous system.

At that time, while investigating the molecules involved
in lymphocyte homing to the inflamed brain we found that a4
integrin was critical for the adhesion of lymphocytes to the in-
flamed endothelium in brain (Yednock et al., 1992). Within
12 years, rather fast for drug development, a humanized anti-
body to a4 integrin, natalizumab, was approved for the treat-
ment of relapsing remitting MS. The successful translation of
cell biology was based on an adaptation in an experimental sys-
tem that was widely used to study the molecular interactions
between lymphocytes and venules in lymphoid tissue. I focus
here on the pivotal experiment, published in 1992, that enabled
identification of a4 integrin as the key adhesion molecule in
homing to the brain and to many other organs, including the
intestines and pancreas (Yednock et al., 1992; Yang et al., 1993,
1994; Steinman, 2005).

The historical context

Gowans and Knight demonstrated in 1964 that lymphocytes,
though not other leukocytes, enter lymph nodes through
specialized blood vessels called high endothelial venules
(Gowans and Knight, 1964). This experiment focused atten-
tion on the molecular interactions between the endothelium
and lymphocytes (Rosen, 2006). A key experimental system
for analyzing these interactions, the frozen-section binding
assay, was developed in the mid-1970s by Stamper and
Woodruff (1976). In this assay, tissue sections are prepared
from suitably frozen histological sections. Lymphocytes are
layered onto these sections and adhere to their ligands on the
exposed tissue. The assay proved useful in the mapping of
molecules involved in the adherence of lymphocytes within
lymphoid follicles. It was applied in this case to the study of
interactions between lymphocytes and endothelium in remote
lymph nodes in the intestines called Peyer’s Patches. Experi-
ments by Butcher, Gallatin, and Weissman used the Stamper
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Figure 1. Natalizumab blocks lymphocyte homing in MS. (A) a4 integrin binds to vascular cell adhesion molecule 1 (VCAMT1) and to osteopontin (not
depicted) on inflamed brain endothelium. This interaction gives lymphocytes access fo the central nervous system (CNS). The presence of immune cells in
the brain is a prominent feature of MS. (B) Natalizumab, a humanized antibody to a4 integrin, blocks binding of lymphocytes to VCAM and osteopontin

on inflamed brain endothelium, thereby preventing lymphocyte entry into the CNS.

Woodruff assay to study the binding of a B cell lymphoma
to high endothelial venules (Gallatin et al., 1983). This lym-
phoma was used to produce MEL-14, an antibody that was
shown by Yednock and Rosen to bind to a carbohydrate
receptor on high endothelial venules (Yednock et al., 1987),
which was cloned in 1989 (Lasky et al., 1989) and termed
L-selectin (Lasky et al., 1989; Rosen, 2006). These experi-
ments and techniques set the stage for the critical experiment
that led to the development of natalizumab.

The team assembled for this experiment included Ted
Yednock, a scientist at Athena Neuroscience, a biotechnol-
ogy company in South San Francisco, who was familiar with
the Stamper Woodruff assay and participated in the identifi-
cation of L-selectin (Yednock et al., 1987; Lasky et al., 1989).
The Stanford team included Nati Karin, a member of my
group who was skilled in producing T cell lines and clones
that homed to the central nervous system (Zamvil et al.,
1985; Lohse et al., 1989; Zamvil and Steinman, 1990). We
had studied radiolabeled T cell clones to assess their homing
properties to brain and spinal cord (Steinman et al., 1983),
and we were interested in studying the properties of these
clones, especially which molecules they used in homing from
the periphery through inflamed brain venules into the central
nervous system (Steinman et al., 1983; Zamvil et al., 1985;
Zamvil and Steinman, 1990). An attractive idea that was in
vogue at the time was that specific molecules might guide
lymphocytes to recognize regions of inflammation in a spe-
cific organ. The concept was likened to the delivery of mail
to a specific postal address and came to be known as the “zip
code hypothesis.” The critical experiment might therefore be
considered as a search for the “zip code” for immunological
homing to the brain (Steinman, 2005).

The two major components of the experiment involved
the use of T cell clones in the animal model known as experi-
mental autoimmune encephalomyelitis (EAE), which induces
brain inflammation, and the use of the Stamper Woodruff
assay. In rats, injection of a single T cell clone, made from a
CD4" T cell reactive to myelin basic protein, caused EAE and
paralysis. In the critical experiment, we examined the binding

JCB « VOLUME 199 « NUMBER 3 « 2012

of lymphocytes to the inflamed endothelium in this animal
model. The T cells infiltrate the central nervous system in
4-12 h, where they initiate inflammation and subsequent
paralysis within 4 d. We showed that either human monocytes,
or rat or mouse lymphocytes, but not human blood neutro-
phils, could bind to the inflamed venular endothelium in
brains with EAE (Fig. 1). We then asked whether various
monoclonal antibodies to adhesion receptors might interfere
with the binding of human monocytes, or rat or mouse lym-
phocytes. Our “war chest” included various monoclonal anti-
bodies to a3, a4, a5, and a6 integrin; to 31 and B2 integrin;
to LFA-1 (CD18 and CD11a) and Mac-1 (CD18 and CD11b);
to L-selectin; to CD2, CD4, and CD45; to OX44; and to Thy 1.1
(Yednock et al., 1992).

Remarkably, lymphocyte attachment to the lumen of
inflamed vessels was almost entirely blocked by antibodies
to B1 integrin. The integrin molecule’s 3 chain binds to 1 of
6 unique « chains. Antibodies specific for the a chains were
applied to the frozen section assay; an antibody to a4 inte-
grin inhibited lymphocyte binding to the frozen brain sec-
tions. Thus, binding was inhibited with antibodies to a4 or to
B1 integrin. Surprisingly, other integrins and L-selectin had
no effect on binding to inflamed brain endothelium (Yednock
et al., 1992).

Next, we asked whether an antibody to o4 integrin would
inhibit the progression of paralysis and inflammation in EAE.
We administered the a4 integrin antibody 2 d after injection
of the highly pathogenic clones, which can home to the brain
within 4-12 h. Remarkably, treatment with this antibody pre-
vented paralysis in 75% of animals. Even in those animals
with paralysis, the signs were weaker and appeared later than
those who received a control antibody. Thus, importantly, we
could have a clinical impact long after some cells had reached
the brain. We found that the a4 integrin antibody blocked the
appearance of inflammatory cells in the brain (Yednock et al.,
1992). We stated audaciously in the final sentence of the paper
“that therapy based on inhibiting a4 31 integrin may prove ef-
fective in treating inflammatory diseases of the central nervous
system” (Yednock et al., 1992).



Translation from experimental cell biology
to pivotal clinical trials

In 2004, a humanized antibody to o4 integrin was approved by
the Food and Drug Administration (FDA) for treatment of re-
lapsing remitting MS after succeeding in phase 1, 2, and 3 clini-
cal trials (Steinman, 2005; Rudick et al., 2012). On the basis of
year 1 results from two phase 3 trials, the FDA conducted an
accelerated review and approved natalizumab for the treatment
of relapsing forms of MS in November 2004, 12 years after
discovery of the target molecule and 7 years after the start of
clinical testing. Approval based on accelerated review indicated
that the FDA felt that natalizumab offered significant advan-
tages over existing drugs in an area of high unmet medical need
(Rudick et al., 2012).

Natalizumab, though powerful in reducing relapses and
halting progression of disease, produced a major vulnerability:
after blockade of this integrin for two years, more than 1 in 500
individuals developed a devastating opportunistic infection of
the brain, progressive multifocal leukoencephalopathy (PML;
U.S. Food and Drug Administration, 2005; Gorelik et al., 2010;
U.S. Food and Drug Administration, 2012; Bloomgren et al.,
2012). The drug was withdrawn from the commercial market
in 2005, and was then reinstated by regulatory authorities
with strict monitoring (Steinman, 2005; U.S. Food and Drug
Administration, 2005; Gorelik et al., 2010; Bloomgren et al.,
2012; U.S. Food and Drug Administration, 2012; Rudick et al.,
2012). Over the past seven years, a biomarker, antibodies to
John Cunningham (JC) Virus, the causative agent of PML, has
emerged that enables clinicians to know who is at risk, and who
is essentially risk-free. More than 90,000 patients have now
taken natalizumab (Rudick et al., 2012).

The keys to the success of natalizumab

In my opinion, there were four important lessons to be
learned from the pivotal experiment that led to the develop-
ment of natalizumab:

“Off the shelf” technologies and reagents. We
used techniques that were already tried and well tested, “off the
shelf” if you will, in our experiments in the early 1990s. These
included the Stamper Woodruff assay, this time applied to the
inflamed brain, rather than being used to study homing to lymph
nodes. The repertoire of techniques applied here also included
the use of T cell clones that trigger EAE.

A collaborative team with highly complementary
skill sets. T. Yednock was an authority on the Stamper
Woodruff assay and was a key player in the biochemical char-
acterization and subsequent cloning of L-selectin (Yednock
et al., 1987; Lasky et al., 1989). Karin and I were experts on the
use of T cell clones that cause EAE (Steinman et al., 1983; Zamvil
et al., 1985; Lohse et al., 1989; Zamvil and Steinman, 1990).
We used the T cell clones both to induce brain inflammation
and then to test the therapeutic efficacy of anti—a4 integrin anti-
bodies after we saw that they were critical in the homing pro-
cess (Yednock et al., 1992).

Connection of animal models to human cell
biology. We used a human cell line in the very first experi-
ment, which connected the work from a study in an animal

model all the way to an important insight on human mono-
cytes (Yednock et al., 1992).

Test of a direct question with a potentially
answerable outcome. Probably most importantly, we asked
which molecules were involved in lymphocyte homing to in-
flamed brain. We did have luck with a small set of reagents
available at the time, and got the surprisingly clear answer of
o4 integrin.

Broader biological implications of

the findings

Subsequently, we learned that that a4 integrin is critical in
homing to other organs, and that the biology of lymphocyte
homing to inflamed brain and to other organs has many biologi-
cal features that are shared with other migratory processes
across blood vessels, including the extravasation of tumor me-
tastases to distant organs.

The identification of a4 integrin as the critical molecule in
lymphocyte adhesion to the blood-brain barrier in brain inflam-
mation exemplified its wider biological role in other contexts:
o4 integrin is critical for homing to the intestines, to the (3 cells
in the islets of Langerhans in the pancreas (Yang et al., 1993,
1994; Steinman, 2005). These findings were taken forward and
led to approval for MS; natalizumab was also approved for
Crohn’s Disease (Steinman, 2005; Rudick et al., 2012). We now
know that the interactions between integrins and small integrin
binding proteins (SIBLING proteins) are critical in a variety of
processes ranging from tumor metastasis to the triggering of
relapses in MS and inflammatory bowel disease (Steinman,
2005; Bellahcene et al., 2008).

The physiology of lymphocyte homing to inflamed organs
in MS and Crohn’s disease is connected to another story in-
volving a family of small integrin-binding proteins. In 2007,
we showed that osteopontin was critical for inducing relapses
in EAE, that osteopontin promotes proliferation and survival of
autoreactive T cells, and that this SIBLING protein binds to a4
integrin (Fig. 1; Hur et al., 2007). Earlier work had described
elevated levels of osteopontin around the time of relapse in MS
(Vogt et al., 2004; Comabella et al., 2005; Hur et al., 2007,
Steinman, 2009; Bornsen et al., 2011; Wen et al., 2012). Osteo-
pontin promotes proliferation and survival of tumor cells, which
then can circulate and bind to integrins on endothelium and thus
enter tissues as metastases (Bellahcene et al., 2008). The par-
allels between how autoimmune monocytes home to inflamed
brain and how tumor cells metastasize to specific anatomical
locations are rather striking (Bellahcene et al., 2008).

Concluding remarks

In many ways, this work on lymphocyte homing used state-
of-the-art cell biology, and the translation of the work from 1992
to 2004 led to a new drug. This epitomizes what is desired in
so-called “bench-to-bedside” translation. The tale is filled with
high points as well as a devastating low point, when clinicians
first learned that the approach could lead to fatalities with PML
(Steinman, 2005; Rudick et al., 2012). For now, it appears that
“All’s well that ends well,” thanks to the biomarker test to largely
mitigate risk (Gorelik et al., 2010; Bloomgren et al., 2012).

Discovery of natalizumab for multiple sclerosis * Steinman
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Early on, a very successful application of the Stamper Wood-
ruff technique was used, melded with T cell cloning technology
and enabling the discovery of a4 integrin as the key homing
molecule to inflamed brain. This breakthrough led to the
development of a powerful drug, natalizumab, for the treat-
ment of MS.

lllustrations were provided by Neil Smith, www.neilsmithillustration.co.uk.

Submitted: 23 July 2012
Accepted: 4 October 2012

References

Bellahcene, A., V. Castronovo, K.U. Ogbureke, L.W. Fisher, and N.S. Fedarko.
2008. Small integrin-binding ligand N-linked glycoproteins (SIBLINGs):
multifunctional proteins in cancer. Nat. Rev. Cancer. 8:212-226. http://
dx.doi.org/10.1038/nrc2345

Bloomgren, G., S. Richman, C. Hotermans, M. Subramanyam, S. Goelz, A.
Natarajan, S. Lee, T. Plavina, J.V. Scanlon, A. Sandrock, and C. Bozic.
2012. Risk of natalizumab-associated progressive multifocal leuko-
encephalopathy. N. Engl. J. Med. 366:1870-1880. http://dx.doi.org/
10.1056/NEJMoal 107829

Bornsen, L., M. Khademi, T. Olsson, P.S. Sgrensen, and F. Sellebjerg. 2011.
Osteopontin concentrations are increased in cerebrospinal fluid during
attacks of multiple sclerosis. Mult. Scler. 17:32-42. http://dx.doi.org/
10.1177/1352458510382247

Comabella, M., 1. Pericot, R. Goertsches, C. Nos, M. Castillo, J. Blas Navarro,
J. Rio, and X. Montalban. 2005. Plasma osteopontin levels in multiple
sclerosis. J. Neuroimmunol. 158:231-239. http://dx.doi.org/10.1016/
j.jneuroim.2004.09.004

Frohman, E.M., M.K. Racke, and C.S. Raine. 2006. Multiple sclerosis—the
plaque and its pathogenesis. N. Engl. J. Med. 354:942-955. http://dx.doi
.org/10.1056/NEJMra052130

Gallatin, W.M., L.L. Weissman, and E.C. Butcher. 1983. A cell-surface molecule
involved in organ-specific homing of lymphocytes. Nature. 304:30-34.
http://dx.doi.org/10.1038/304030a0

Gorelik, L., M. Lerner, S. Bixler, M. Crossman, B. Schlain, K. Simon, A. Pace,
A. Cheung, L.L. Chen, M. Berman, et al. 2010. Anti-JC virus antibodies:
implications for PML risk stratification. Ann. Neurol. 68:295-303. http://
dx.doi.org/10.1002/ana.22128

Gowans, J.L., and E.J. Knight. 1964. The route of re-circulation of lymphocytes
in the rat. Proc. R. Soc. Lond. B Biol. Sci. 159:257-282. http://dx.doi
.org/10.1098/rspb.1964.0001

Han, M.H., S.I. Hwang, D.B. Roy, D.H. Lundgren, J.V. Price, S.S. Ousman,
G.H. Fernald, B. Gerlitz, W.H. Robinson, S.E. Baranzini, et al. 2008.
Proteomic analysis of active multiple sclerosis lesions reveals therapeutic
targets. Nature. 451:1076-1081. http://dx.doi.org/10.1038/nature06559

Ho, P.P.,, J.L. Kanter, A.M. Johnson, H.K. Srinagesh, E.J. Chang, T.M.
Purdy, K. van Haren, W.R. Wikoff, T. Kind, M. Khademi, et al. 2012.
Identification of naturally occurring fatty acids of the myelin sheath that
resolve neuroinflammation. Sci. Transl. Med. 4:137ra73. http://dx.doi
.org/10.1126/scitranslmed.3003831

Hur, EM., S. Youssef, M.E. Haws, S.Y. Zhang, R.A. Sobel, and L. Steinman.
2007. Osteopontin-induced relapse and progression of autoimmune brain
disease through enhanced survival of activated T cells. Nat. Immunol.
8:74-83. http://dx.doi.org/10.1038/ni1415

International Multiple Sclerosis Genetics Consortium, Wellcome Trust Case
Control Consortium 2, S. Sawcer, G. Hellenthal, M. Pirinen, C.C.
Spencer, N.A. Patsopoulos, L. Moutsianas, A. Dilthey, Z. Su, C. Freeman,
S.E. Hunt, et al. 2011. Genetic risk and a primary role for cell-mediated
immune mechanisms in multiple sclerosis. Nature. 476:214-219. http://
dx.doi.org/10.1038/nature 10251

Lasky, L.A.,M.S. Singer, T.A. Yednock, D. Dowbenko, C. Fennie, H. Rodriguez,
T. Nguyen, S. Stachel, and S.D. Rosen. 1989. Cloning of a lymphocyte
homing receptor reveals a lectin domain. Cell. 56:1045-1055. http://
dx.doi.org/10.1016/0092-8674(89)90637-5

Lock, C., G. Hermans, R. Pedotti, A. Brendolan, E. Schadt, H. Garren, A.
Langer-Gould, S. Strober, B. Cannella, J. Allard, et al. 2002. Gene-
microarray analysis of multiple sclerosis lesions yields new targets vali-
dated in autoimmune encephalomyelitis. Nat. Med. 8:500-508. http://
dx.doi.org/10.1038/nm0502-500

Lohse, A.W., F. Mor, N. Karin, and I.R. Cohen. 1989. Control of experimental

autoimmune encephalomyelitis by T cells responding to activated T cells.
Science. 244:820-822. http://dx.doi.org/10.1126/science.2471264

JCB « VOLUME 199 « NUMBER 3 « 2012

Lucchinetti, C.F., B.F. Popescu, R.F. Bunyan, N.M. Moll, S.F. Roemer, H.
Lassmann, W. Briick, J.E. Parisi, B.W. Scheithauer, C. Giannini, etal. 2011.
Inflammatory cortical demyelination in early multiple sclerosis. N. Engl.
J. Med. 365:2188-2197. http://dx.doi.org/10.1056/NEJMoal 100648

Rosen, S.D. 2006. Homing in on L-selectin. J. Immunol. 177:3—4.

Rudick, R., C. Polman, D. Clifford, D. Miller, and L. Steinman. 2012. Nata-
lizumab: Bench to bedside and beyond. Arch. Neurol. In press.

Srivastava, R., M. Aslam, S.R. Kalluri, L. Schirmer, D. Buck, B. Tackenberg, V.
Rothhammer, A. Chan, R. Gold, A. Berthele, et al. 2012. Potassium chan-
nel KIR4.1 as an immune target in multiple sclerosis. N. Engl. J. Med.
367:115-123. http://dx.doi.org/10.1056/NEJMoal 110740

Stamper, H.B. Jr., and J.J. Woodruff. 1976. Lymphocyte homing into lymph
nodes: in vitro demonstration of the selective affinity of recirculating
lymphocytes for high-endothelial venules. J. Exp. Med. 144:828-833.
http://dx.doi.org/10.1084/jem.144.3.828

Steinman, L. 2005. Blocking adhesion molecules as therapy for multiple scle-
rosis: natalizumab. Nat. Rev. Drug Discov. 4:510-518. http://dx.doi.org/
10.1038/nrd1752

Steinman, L. 2009. A molecular trio in relapse and remission in multiple sclero-
sis. Nat. Rev. Immunol. 9:440-447. http://dx.doi.org/10.1038/nri2548

Steinman, L., D. Solomon, M. Lim, S. Zamvil, and S. Sriram. 1983. Prevention
of experimental allergic encephalitis with in vivo administration of anti
I-A antibody. Decreased accumulation of radiolabelled lymph node cells
in the central nervous system. J. Neuroimmunol. 5:91-97. http://dx.doi
.org/10.1016/0165-5728(83)90029-2

U.S. Food and Drug Administration. 2005. Public Health Advisory: Suspended
Marketing of Tysabri (natalizumab). http://www.fda.gov/Drugs/DrugSafety/
PostmarketDrugSafetyInformationforPatientsandProviders/DrugSafetyInfo
rmationforHeathcareProfessionals/PublicHealthAdvisories/ucm051761.htm
(accessed October 9, 2012).

U.S. Food and Drug Administration. 2012. FDA Drug Safety Communication:
New risk factor for Progressive Multifocal Leukoencephalopathy (PML)
associated with Tysabri (natalizumab). http://www.fda.gov/Drugs/
DrugSafety/ucm288186.htm (accessed October 9, 2012).

Vogt, M.H., S. Floris, J. Killestein, D.L. Knol, M. Smits, F. Barkhof,
C.H. Polman, and L. Nagelkerken. 2004. Osteopontin levels and
increased disease activity in relapsing-remitting multiple sclerosis
patients. J. Neuroimmunol. 155:155-160. http://dx.doi.org/10.1016/j
.jneuroim.2004.06.007

Wen, S.R., GJ. Liu, R.N. Feng, F.C. Gong, H. Zhong, S.R. Duan, and S. Bi.
2012. Increased levels of IL-23 and osteopontin in serum and cerebro-
spinal fluid of multiple sclerosis patients. J. Neuroimmunol. 244:94-96.
http://dx.doi.org/10.1016/j.jneuroim.2011.12.004

Yang, X.D., N. Karin, R. Tisch, L. Steinman, and H.O. McDevitt. 1993.
Inhibition of insulitis and prevention of diabetes in nonobese diabetic
mice by blocking L-selectin and very late antigen 4 adhesion recep-
tors. Proc. Natl. Acad. Sci. USA. 90:10494-10498. http://dx.doi.org/10
.1073/pnas.90.22.10494

Yang, X.D., S.A. Michie, R. Tisch, N. Karin, L. Steinman, and H.O. McDevitt.
1994. A predominant role of integrin alpha 4 in the spontaneous de-
velopment of autoimmune diabetes in nonobese diabetic mice. Proc.
Natl. Acad. Sci. USA. 91:12604—12608. http://dx.doi.org/10.1073/pnas
.91.26.12604

Yednock, T.A., E.C. Butcher, L.M. Stoolman, and S.D. Rosen. 1987. Receptors
involved in lymphocyte homing: relationship between a carbohydrate-
binding receptor and the MEL-14 antigen. J. Cell Biol. 104:725-731.
http://dx.doi.org/10.1083/jcb.104.3.725

Yednock, T.A., C. Cannon, L.C. Fritz, F. Sanchez-Madrid, L. Steinman, and N.
Karin. 1992. Prevention of experimental autoimmune encephalomyelitis
by antibodies against alpha 4 beta 1 integrin. Nature. 356:63—66. http://
dx.doi.org/10.1038/356063a0

Zamvil, S.S., and L. Steinman. 1990. The T lymphocyte in experimental al-
lergic encephalomyelitis. Annu. Rev. Immunol. 8:579-621. http://dx.doi
.org/10.1146/annurev.iy.08.040190.003051

Zamvil, S., P. Nelson, J. Trotter, D. Mitchell, R. Knobler, R. Fritz, and L.
Steinman. 1985. T-cell clones specific for myelin basic protein induce

chronic relapsing paralysis and demyelination. Nature. 317:355-358.
http://dx.doi.org/10.1038/317355a0


http://dx.doi.org/10.1056/NEJMoa1100648
http://dx.doi.org/10.1056/NEJMoa1110740
http://dx.doi.org/10.1084/jem.144.3.828
http://dx.doi.org/10.1038/nrd1752
http://dx.doi.org/10.1038/nrd1752
http://dx.doi.org/10.1038/nri2548
http://dx.doi.org/10.1016/0165-5728(83)90029-2
http://dx.doi.org/10.1016/0165-5728(83)90029-2
http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/DrugSafetyInformationforHeathcareProfessionals/PublicHealthAdvisories/ucm051761.htm
http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/DrugSafetyInformationforHeathcareProfessionals/PublicHealthAdvisories/ucm051761.htm
http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/DrugSafetyInformationforHeathcareProfessionals/PublicHealthAdvisories/ucm051761.htm
http://dx.doi.org/10.1016/j.jneuroim.2004.06.007
http://dx.doi.org/10.1016/j.jneuroim.2004.06.007
http://dx.doi.org/10.1016/j.jneuroim.2011.12.004
http://dx.doi.org/10.1073/pnas.90.22.10494
http://dx.doi.org/10.1073/pnas.90.22.10494
http://dx.doi.org/10.1073/pnas.91.26.12604
http://dx.doi.org/10.1073/pnas.91.26.12604
http://dx.doi.org/10.1083/jcb.104.3.725
http://dx.doi.org/10.1038/356063a0
http://dx.doi.org/10.1038/356063a0
http://dx.doi.org/10.1146/annurev.iy.08.040190.003051
http://dx.doi.org/10.1146/annurev.iy.08.040190.003051
http://dx.doi.org/10.1038/317355a0
http://dx.doi.org/10.1038/nrc2345
http://dx.doi.org/10.1038/nrc2345
http://dx.doi.org/10.1056/NEJMoa1107829
http://dx.doi.org/10.1056/NEJMoa1107829
http://dx.doi.org/10.1177/1352458510382247
http://dx.doi.org/10.1177/1352458510382247
http://dx.doi.org/10.1016/j.jneuroim.2004.09.004
http://dx.doi.org/10.1016/j.jneuroim.2004.09.004
http://dx.doi.org/10.1056/NEJMra052130
http://dx.doi.org/10.1056/NEJMra052130
http://dx.doi.org/10.1038/304030a0
http://dx.doi.org/10.1002/ana.22128
http://dx.doi.org/10.1002/ana.22128
http://dx.doi.org/10.1098/rspb.1964.0001
http://dx.doi.org/10.1098/rspb.1964.0001
http://dx.doi.org/10.1038/nature06559
http://dx.doi.org/10.1126/scitranslmed.3003831
http://dx.doi.org/10.1126/scitranslmed.3003831
http://dx.doi.org/10.1038/ni1415
http://dx.doi.org/10.1038/nature10251
http://dx.doi.org/10.1038/nature10251
http://dx.doi.org/10.1016/0092-8674(89)90637-5
http://dx.doi.org/10.1016/0092-8674(89)90637-5
http://dx.doi.org/10.1038/nm0502-500
http://dx.doi.org/10.1038/nm0502-500
http://dx.doi.org/10.1126/science.2471264

