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Neuroscience

T cells targeting neuromyelitis optica autoantigen aquaporin-4
cause paralysis and visual system injury
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Aquaporin-4 (AQP4)-specific antibodies are instrumental in
promoting central nervous system (CNS) tissue injury in
neuromyelitis optica (NMO), yet evidence indicates that AQP4specific T cells also have a pivotal role in NMO pathogenesis.
Although considerable effort has been devoted to creation of
animal models to study how AQP4-specific T cells and
antibodies may cooperate in development of both clinical and
histologic opticospinal inflammatory disease, the initial
attempts were unsuccessful. Recently, it was discovered that
-/T cells from AQP4-deficient (AQP4 ) mice recognize distinct
AQP4 epitopes that were not identified previously in wild-type
-/(WT) mice, and that donor Th17 cells from AQP4 mice that
target those novel epitopes could cause paralysis and visual
system injury associated with opticospinal inflammation in WT
recipient mice. These observations indicate that the
pathogenic AQP4-specific T cell repertoire is normally
controlled by negative selection. Here, we describe the
advances leading to development of an animal model for
aquaporin-targeted CNS autoimmunity (ATCA). This new
model provides a foundation to investigate immune
mechanisms that may participate in NMO pathogenesis. It
should also permit preclinical testing of agents considered for
treatment of NMO.
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targeting those epitopes did not induce clinically evident AQP4WDUJHWHG H[SHULPHQWDO 102 ³(102´ [9-11]. Zeka et al. did
detect inner retinal T cell infiltration with permanent retinal
ganglion cell (RGC) injury in Lewis rats after transfer of AQP4
p268-285-specific T cells, with or without injection of NMO-IgG,
but did not observe significant paralysis [12].
In recent work, Sagan et al. studied AQP4-specific T cell
responses in both AQP4-deficient (AQP4-/-) and WT mice [13].
Robust proliferation was observed following immunization of
AQP4íí mice with AQP4 peptide (p) 135±153 or p201±220, the
two AQP4 peptides predicted to bind MHC II (I-Ab) with highest
affinity. In contrast, these two AQP4 peptides elicited much
weaker T cell responses in WT mice. The T cell receptor (TCR)
repertoires used for recognition of AQP4 p135-153 and p201-220
in AQP4-/- mice were also unique. Collectively, these findings
indicate that development and expansion of AQP4-specific T cells
is regulated by thymic negative selection. Donor AQP4 p135153-specific or p201±220-specific T cells from AQP4íí mice
caused acute paralysis that was accompanied by opticospinal
inflammation in WT and B-cell±deficient mice. In comparison to
Th1 cells, Th17-polarized AQP4-specific cells caused more
severe clinical and histologic disease than AQP4-specific Th1
cells, providing further support for a Th17-mediated etiology in
AQP4-targeted CNS autoimmunity (ATCA). Fluorescent-labeled
AQP4-specific T cells were identified in infiltrates within the
spinal cord and optic nerves, demonstrating that those pathogenic
T cells had indeed penetrated the CNS. Optical coherence
tomography (OCT) was used to monitor changes in the thickness
of the inner retinal layers and revealed dynamic changes after
induction of disease. Interestingly, although AQP4 is expressed in
other organs (e.g., kidney and muscle) [14], AQP4-targeted T
cell-mediated inflammation was detected in the CNS only.
Whereas AQP4 is the principal autoantigen in NMO, myelin
oligodendrocyte glycoprotein (MOG), which itself is highly
expressed on the surface of the outer lamellae of CNS myelin in
the optic nerves and spinal cord [15], is a candidate autoantigen in
multiple sclerosis (MS) [16-18]. Of interest, a subset of AQP4IgG seronegative patients that have been diagnosed with NMO
produce anti-MOG IgG [19]. While AQP4- and MOG-specific
antibodies target different cell components of the CNS, relapsing
optic neuritis is frequent in both groups of patients [20].
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Neuromyelitis optica (NMO) is a CNS autoimmune inflammatory
demyelinating disease that can cause severe, disabling paralysis
and visual loss [1]. Unlike multiple sclerosis (MS), a more
common CNS inflammatory disease that is considered to
primarily target myelin proteins produced by oligodendrocytes,
the target in NMO is aquaporin-4 (AQP4), a water channel
expressed abundantly on astrocyte end-foot membranes in areas
contacting the blood-brain barrier [2]. Pathogenic antibodies to
AQP4 are found in the serum of approximately 75% of NMO
patients [3]. NMO is therefore considered a humoral autoimmune
disease. However, there is increasing evidence linking T cells to
the pathophysiology of NMO. AQP4-specific antibodies are
IgG1, a T-cell dependent Ig subclass [4] and their entry to the
CNS requires inflammation [5, 6]. NMO patients have a higher
frequency of AQP4-reactive T cells than healthy controls, and
those T cells produce IL-17, providing evidence for a role of
Th17 cells in NMO pathogenesis [7]. Yet, the precise contribution
of T cells to opticospinal inflammation and neuronal damage in
NMO has not been clarified. Animal models, which may elucidate
how AQP4-specific T cells and antibodies cooperate in CNS
autoimmunity are sorely needed.
Although multiple AQP4 T cell epitopes have been identified
in WT mice and rats [8-10], development of a model with clinical
and histologic manifestations of opticospinal autoimmune disease
that targets AQP4 has proven challenging. Immunization with
those identified peptide determinants or transfer of donor T cells
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In their report, Sagan et al. studied the differential features of
MOG- and AQP4-targeted T cell-mediated CNS autoimmunity.
They compared the disease course, retinal dynamics, histological
and immunohistochemical findings in WT mice receiving either
Th17-polarized AQP4 p201-220-specific or MOG p35-55specific T cells. MOG-specific Th17 cells induced classic EAE,
with persistent paralysis associated with axonal loss in the spinal
cord as well as initial inner retinal swelling that led to atrophy and
reduction of retinal ganglion cells (RGCs). In contrast, both
paralysis and retinal swelling induced by AQP4-specific Th17
cells were self-limited and there was no loss of spinal cord axons
or RGCs. These findings highlighted distinct roles for T cells
targeting cell surface astrocyte- and oligodendrocyte-specific
proteins in CNS autoimmunity, which should provide insight
regarding their respective roles in NMO and MS.
It is recognized that AQP4-specific IgG1 can have a key role
in the effector stage of NMO. In this regard, Felix et al. [21]
found that intravitreal delivery of anti-AQP4 IgG reduced AQP4
expression and increased glial fibrillary acidic protein with retinal
inflammation and loss of ganglion cells in the retinas of adult rats
and, surprisingly, this primary retinal pathology was complementindependent. After Sagan et al. [13] first demonstrated that AQP4
contains two pathogenic T cell epitopes, p135-153 and p201-220,
in mice, Vogel et al. [22] reported that T cell- and B cell-deficient
(Rag1-/-) mice reconstituted with naive peripheral CD4+ T cells
from AQP4-/- mice were susceptible to induction of CNS
autoimmunity by immunization with AQP4 p201-220. They also
identified an NMO lesion-like pattern only upon concomitant
administration of anti-AQP4 antibodies.

It took more than five years from the discovery of AQP4specific T cell epitopes in mice [8] before investigators first
succeeded in creating a model of clinical and histologically
evident ATCA [13, 22, 23]. This advance was made by the
discovery that pathogenic AQP4 T cell epitopes are concealed by
the normal immune system. T cells that recognize the unique
pathogenic AQP4 T cell determinants, identified by studying
AQP4-/- mice, utilize both unique T cell and TCR repertoires,
findings that indicate AQP4-specific T cells are normally
sensitive to mechanisms of central tolerance. In future
investigations, it will be important to examine whether specific
gene products known to control thymic negative selection shape
the AQP4-specific T cell repertoire in ATCA. One can speculate
that a defect(s) in thymic negative selection might also participate
in NMO pathogenesis. It is clear that the identification of multiple
pathogenic AQP4 T cell epitopes should accelerate research to
understand how pathogenic AQP4-specific T cells develop in
NMO and how they may direct differentiation of AQP4-specific
B cells and antibody-secreting plasma cells.

1. Wingerchuk, D.M. et al. (2007) The spectrum of neuromyelitis optica.
Lancet Neurol 6 (9), 805-15.
2. Hubbard, J.A. et al. (2015) Expression of the Astrocyte Water Channel
Aquaporin-4 in the Mouse Brain. ASN Neuro 7 (5).
3. Waters, P.J. et al. (2012) Serologic diagnosis of NMO: a multicenter
comparison of aquaporin-4-IgG assays. Neurology 78 (9), 665-71;
discussion 669.
4. Nurieva, R.I. and Chung, Y. (2010) Understanding the development
and function of T follicular helper cells. Cell Mol Immunol 7 (3), 1907.
5. Bradl, M. et al. (2009) Neuromyelitis optica: pathogenicity of patient
immunoglobulin in vivo. Ann Neurol 66 (5), 630-43.
6. Bennett, J.L. et al. (2009) Intrathecal pathogenic anti-aquaporin-4
antibodies in early neuromyelitis optica. Ann Neurol 66 (5), 617-29.
7. Varrin-Doyer, M. et al. (2012) Aquaporin 4-specific T cells in
neuromyelitis optica exhibit a Th17 bias and recognize Clostridium
ABC transporter. Ann Neurol 72 (1), 53-64.
8. Nelson, P.A. et al. (2010) Immunodominant T cell determinants of
aquaporin-4, the autoantigen associated with neuromyelitis optica.
PLoS One 5 (11), e15050.
9. Kalluri, S.R. et al. (2011) Functional characterization of aquaporin-4
specific T cells: towards a model for neuromyelitis optica. PLoS One
6 (1), e16083.
10. Pohl, M. et al. (2011) Pathogenic T cell responses against aquaporin 4.
Acta Neuropathol 122 (1), 21-34.
11. Zeka, B. et al. (2015) Highly encephalitogenic aquaporin 4-specific T
cells and NMO-IgG jointly orchestrate lesion location and tissue
damage in the CNS. Acta Neuropathol 130 (6), 783-98.
12. Zeka, B. et al. (2016) Aquaporin 4-specific T cells and NMO-IgG
cause primary retinal damage in experimental NMO/SD. Acta
Neuropathol Commun 4 (1), 82.
13. Sagan, S.A. et al. (2016) Tolerance checkpoint bypass permits
emergence of pathogenic T cells to neuromyelitis optica autoantigen
aquaporin-4. Proc Natl Acad Sci U S A 113 (51), 14781-14786.

14. Mobasheri, A. et al. (2007) Distribution of the AQP4 water channel in
normal human tissues: protein and tissue microarrays reveal
expression in several new anatomical locations, including the prostate
gland and seminal vesicles. Channels (Austin) 1 (1), 29-38.
15. Berger, T. et al. (1997) Experimental autoimmune encephalomyelitis:
the antigen specificity of T lymphocytes determines the topography of
lesions in the central and peripheral nervous system. Lab Invest 76
(3), 355-64.
16. Genain, C.P. et al. (1999) Identification of autoantibodies associated
with myelin damage in multiple sclerosis. Nat Med 5 (2), 170-5.
17. Kerlero de Rosbo, N. et al. (1993) Reactivity to myelin antigens in
multiple sclerosis. Peripheral blood lymphocytes respond
predominantly to myelin oligodendrocyte glycoprotein. J Clin Invest
92 (6), 2602-8.
18. Varrin-Doyer, M. et al. (2014) MOG transmembrane and cytoplasmic
domains contain highly stimulatory T-cell epitopes in MS. Neurol
Neuroimmunol Neuroinflamm 1 (2), e20.
19. Zamvil, S.S. and Slavin, A.J. (2015) Does MOG Ig-positive AQP4seronegative opticospinal inflammatory disease justify a diagnosis of
NMO spectrum disorder? Neurol Neuroimmunol Neuroinflamm 2 (1),
e62.
20. Hoftberger, R. et al. (2015) Antibodies to MOG and AQP4 in adults
with neuromyelitis optica and suspected limited forms of the disease.
Mult Scler 21 (7), 866-74.
21. Felix, C.M. et al. (2016) Complement-independent retinal pathology
produced by intravitreal injection of neuromyelitis optica
immunoglobulin G. J Neuroinflammation 13 (1), 275.
22. Vogel, A.L. et al. (2017) Deletional tolerance prevents AQP4 directed
autoimmunity in mice. Eur J Immunol.
23. Jones, M.V. et al. (2015) Pathogenic aquaporin-4 reactive T cells are
sufficient to induce mouse model of neuromyelitis optica. Acta
Neuropathol Commun 3, 28.

ISSN 2377-2700 | www.jnsci.org/content/358

Acknowledgements
A. C.-H. is a fellow of the National Multiple Sclerosis Society
(NMSS) (FG-20102-A-1). This work was supported by grants to
S.S.Z. from the National Institutes of Health (1 RO1 NS09283501 and 1 RO1 NS0630008-01) and the NMSS (RG 5180A11/1)
and to A.J.G. by the NMSS (RG-1701-26783).

2

J Nat Sci, Vol.3, No.5, e358, May 2017

