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Significance

Aquaporin- 4 (AQP4), the 
autoantigen in neuromyelitis 
optica (NMO), is expressed in 
central nervous system (CNS) and 
other tissues. Myelin 
oligodendrocyte glycoprotein 
(MOG), the target in MOG 
antibody–associated disease, is 
restricted to the CNS. Wild- type 
mice resist AQP4- induced, but 
not MOG- induced, autoimmunity. 
Unlike MOG, tolerance to AQP4 
in WT mice is protected by 
peripheral T cell–dependent 
apoptotic depletion of 
pathogenic AQP4- specific T cells. 
Pathogenic AQP4 epitopes 
identified bind MHC II with high 
affinity and share homology with 
distinct aquaporins. We postulate 
that there is cross- tolerance, and 
conversely, a break in AQP4 
tolerance may permit T cell 
reactivity to other aquaporins. 
“Self- antigen mimicry” could 
contribute to development of 
autoimmune conditions 
associated with NMO, including 
Sjögren’s syndrome, possibly 
representing “autoimmune 
aquaporinopathy.”
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Aquaporin- 4 (AQP4)- specific Th17 cells are thought to have a central role in neuromy-
elitis optica (NMO) pathogenesis. When modeling NMO, only AQP4- reactive Th17 
cells from AQP4- deficient (AQP4−/−), but not wild- type (WT) mice, caused CNS auto-
immunity in recipient WT mice, indicating that a tightly regulated mechanism normally 
ensures tolerance to AQP4. Here, we found that pathogenic AQP4 T cell epitopes bind 
MHC II with exceptionally high affinity. Examination of T cell receptor (TCR) α/β 
usage revealed that AQP4- specific T cells from AQP4−/− mice employed a distinct TCR 
repertoire and exhibited clonal expansion. Selective thymic AQP4 deficiency did not 
fully restore AQP4- reactive T cells, demonstrating that thymic negative selection alone 
did not account for AQP4- specific tolerance in WT mice. Indeed, AQP4- specific Th17 
cells caused paralysis in recipient WT or B cell- deficient mice, which was followed by 
complete recovery that was associated with apoptosis of donor T cells. However, donor 
AQP4- reactive T cells survived and caused persistent paralysis in recipient mice deficient 
in both T and B cells or mice lacking T cells only. Thus, AQP4 CNS autoimmunity 
was limited by T cell–dependent deletion of AQP4- reactive T cells. In contrast, myelin 
oligodendrocyte glycoprotein (MOG)- specific T cells survived and caused sustained 
disease in WT mice. These findings underscore the importance of peripheral T cell 
deletional tolerance to AQP4, which may be relevant to understanding the balance of 
AQP4- reactive T cells in health and in NMO. T cell tolerance to AQP4, expressed in 
multiple tissues, is distinct from tolerance to MOG, an autoantigen restricted in its 
expression.

molecular mimicry | aquaporin- 4 | T cell tolerance | neuromyelitis optica  | Sjögren’s syndrome

Aquaporin- 4 (AQP4), a member of the ubiquitous family of water channels (1), is the 
principal autoantigen target for pathogenic antibodies in neuromyelitis optica spectrum 
disorder (NMO/NMOSD), a central nervous system (CNS) autoimmune disease that 
may cause paralysis and blindness (2). AQP4 is expressed abundantly on astrocyte end- foot 
processes at the blood–brain barrier (3), the site of CNS damage in NMO, but it is also 
expressed in kidney, muscle, lung, and heart (1, 4, 5) tissues that are characteristically 
unaffected in NMO. Evidence suggests T cells may have an important role in NMO 
pathogenesis (2, 6). AQP4- specific antibodies in NMO serum are IgG1, a T cell–depend-
ent IgG subclass (7). T cells can be identified in NMO lesions, and it has been established 
that CNS inflammation induced by T cells permits CNS entry of AQP4- specific antibodies 
(8, 9). NMO susceptibility is also associated with allelic MHC II genes, in particular 
HLA- DR17 (DRB1*0301) (10), and AQP4- specific HLA- DR- restricted CD4+ Th17 
cells can be identified in the peripheral blood of NMO patients (11, 12). While these 
observations indicate that AQP4- specific T cells contribute to NMO pathogenesis, they 
do not address mechanisms responsible for the generation and regulation of those T cells.

Substantial effort has been devoted to development of NMO animal models in order 
to investigate how AQP4- specific T cells and antibodies participate in cellular and humoral 
CNS autoimmune responses in vivo. Those efforts have met with limited success (13–19). 
Unlike experimental autoimmune encephalomyelitis (EAE), which is induced either by 
direct immunization of wild- type (WT) mice with myelin proteins or by adoptive transfer 
of WT myelin- specific T cells, attempts to create an AQP4- targeted NMO model in WT 
mice or rats by either direct immunization of AQP4 or its peptides or by adoptive transfer 
of WT AQP4- specific T cells were unsuccessful. However, two AQP4 determinants that 
were predicted to bind MHC II (I- Ab) avidly elicited robust proliferative T cell responses 
in AQP4- deficient (AQP4−/−) mice but not in WT mice (18). When used as donor T cells, 
Th17- polarized AQP4 peptide- specific cells from AQP4−/− mice, but not from WT mice, 
induced paralysis and CNS inflammation in WT mice lasting several days (Fig. 1)  
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(18, 20). Thus, mechanisms of tolerance that control T cell reac-
tivity to AQP4 and myelin autoantigens may be distinct.

Thymic negative selection and peripheral regulation are two 
distinct processes that safeguard against T cell reactivity to 
tissue- specific antigens. The inability to generate pathogenic 
AQP4- reactive T cells from WT mice suggested that development 
of AQP4- reactive T cells may be prevented by thymic negative 
selection. Here, we examined how both central and peripheral 
mechanisms may contribute to T cell tolerance to AQP4 in WT 
mice. By examining peptide binding to purified MHC II mole-
cules biochemically, we observed that the two pathogenic AQP4 
T cell determinants bind I- Ab with higher affinity than nonpath-
ogenic AQP4 T cell epitopes or the immunodominant encepha-
litogenic MOG p35–55. Single- cell T cell receptor sequencing 
(scTCR- Seq) was performed to examine AQP4- specific TCR α/β 
usage in combination with use of MHC II (I- Ab):AQP4 peptide 
tetramers to identify TCR- bearing cells that recognized the path-
ogenic AQP4 T cell epitopes. T cells from AQP4−/− mice selected 
an AQP4- specific TCR repertoire that was distinct from WT mice 
and exhibited clonal expansion. Collectively, these findings sug-
gested that thymic negative selection may contribute to 
AQP4- specific T cell tolerance. Medullary thymic epithelial cells 
(mTECs), a cell type capable of expressing tissue- specific antigens 
(TSAs), including AQP4, are thought to direct negative selection 
by presenting those antigens in association with MHC molecules 
to CD4+ and CD8+ T cells, eliminating high- affinity TCR- bearing 
self- antigen- specific T cells. Therefore, we created mice that were 
selectively deficient in mTEC expression of AQP4 and compared 
generation of AQP4- specific TCR- bearing (tetramer- positive, tet+) 
cells by AQP4 immunization in these mice, AQP4−/− mice and 
WT mice. The frequency of peripheral tet+ T cells generated in 
AQP4−/− mice was 10- fold higher than in WT mice. In compar-
ison to WT mice, tet+ T cells were significantly elevated in mice 
selectively deficient in thymic AQP4 expression but not to the 
level observed in AQP4−/− mice. The autoimmune regulator, Aire 
and Fezf2, two transcription factors expressed by mTECs that 
direct negative T cell selection to many autoantigens, did not 
impact the frequency of tet+ T cells generated in comparison to 

WT mice. These findings suggest that thymic negative selection 
alone may not be the predominant mechanism of AQP4- specific 
T cell tolerance.

Expression of T cell- polarizing cytokines by pathogenic 
AQP4−/− and nonpathogenic WT AQP4- specific T cells was sim-
ilar, suggesting that resistance to CNS autoimmunity in WT mice 
was not due to an intrinsic inability to generate proinflammatory 
AQP4- reactive T cells or expansion of regulatory AQP4- specific 
T cells (18, 19). Thus, we questioned whether another process 
contributed to tolerance to AQP4. Donor AQP4- reactive Th17 
cells were tested for their capability to induce clinical and histo-
logic disease in recipient WT mice, in mice deficient in both  
T and B cells, and in mice lacking either T cells or B cells only. 
Recipient WT mice and mice containing T cells, but not B cells, 
developed clinical disease and CNS inflammation but then recov-
ered. In contrast, recipient mice deficient in both T and B cells, 
or mice lacking T cells only, developed persistent paralysis, sug-
gesting that peripheral host T cells promoted recovery. Donor 
AQP4- specific T cells, like MOG- specific T cells, persisted in 
secondary lymphoid tissue and in the CNS of T cell- deficient 
mice. While donor AQP4- specific T cells were detected initially 
in recipient WT mice, there was a dramatic reduction during CNS 
disease and recovery, which was associated with an increased fre-
quency of apoptotic cells among residual AQP4- reactive donor 
cells. By comparison, MOG- reactive T cells caused persistent 
paralysis in recipient WT mice and were detected in all compart-
ments at each time evaluated. Our results indicate that peripheral 
T cell deletion has a prominent role in tolerance to AQP4, a 
member of the ubiquitous water channel family.

Results

Pathogenic AQP4 T Cell Epitopes Bind MHC II with High Affinity. 
Pathogenic AQP4 T cell determinants located within amino acids 
133–153 and 201–220 were identified when studying immune 
responses in AQP4−/− mice (17, 18). Peptides p133–149 and  
p202–218 induce robust proliferative responses in AQP4−/−, but 
not WT, mice (Fig. 2A), and Th17 cells specific for these AQP4 

Fig. 1. AQP4- specific Th17 cells from AQP4- deficient, but not from WT, mice induce CNS autoimmune disease. (A) WT mice are resistant to AQP4 CNS autoimmune 
disease by direct immunization with AQP4 (13, 14, 17, 18). Donor WT AQP4- specific T cells do not induce CNS autoimmune disease in WT recipient mice. In 
contrast, donor AQP4- specific T cells from AQP4- deficient mice induce short- lived clinical and histologic CNS autoimmune disease in recipient WT mice. (B) WT 
mice are susceptible to MOG CNS autoimmune disease (i.e., EAE) induced by immunization with MOG or by adoptive transfer donor WT MOG- specific T cells. 
Graphics created using BioRender.com.
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Fig. 2. Pathogenic AQP4 determinants bind I- Ab with high affinity and elicit proliferation of AQP4:I- Ab- specific TCR- bearing T cells in AQP4- deficient mice.  
(A) WT or AQP4−/− mice were immunized s.c. with peptides indicated. Peptide- specific proliferation of draining lymph node cells was measured by 3H- thymidine 
incorporation (mean ± SEM, representative of five experiments). (B) Lymph node cells from AQP4 immunized WT or AQP4−/− mice were cultured for 3 d with 
cognate antigen under Th17 polarizing conditions. AQP4 p133–149-  and p202–218- specific Th17 cells from AQP4−/− donors induce paralysis in WT recipient mice. 
(C) IEDB, an in silico method for predicting determinants within proteins that bind MHC alleles, was used to identify AQP4 amino acid sequences anticipated 
to bind I- Ab for recognition by AQP4- specific/I- Ab- restricted CD4+ T cells. 1/IC50 is plotted against the first amino acid for each overlapping AQP4 15 mer. Peaks 
correspond to increased predicted binding affinity. (D) Purified I- Ab molecules were tested biochemically for peptide binding affinity using a competitive binding 
assay between a radiolabeled high- affinity competitor peptide and unlabeled peptides (21). Lower IC50 values indicate higher binding affinity. Boxed amino 
acids designate the core binding regions. (E) Lymph node T cells isolated from WT or AQP4−/− mice immunized with AQP4 p133–149 or p202–218 were stained 
with I- Ab:p133–149 and I- Ab:p220–218 tetramers, bead- enriched, and analyzed by flow cytometry. Upper panels show representative tetramer staining of bead- 
enriched lymph node cell samples. Lower panels show frequency of tetramer- binding T cells among CD4+ T cells, calculated from enriched and unenriched 
fractions using counting beads for quantification. Each data point represents one mouse. ****P < 0.0001 (Mann–Whitney U test).
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peptides are capable of inducing paralysis and CNS inflammation 
in WT mice (Fig.  2B). Discordance in proliferation between 
AQP4−/− and WT mice was not observed for nonpathogenic AQP4 
T cell epitopes (e.g., AQP4 p24–35) (13) or encephalitogenic 
MOG p35–55.

Both AQP4 p133–149 and p202–218 are predicted to bind 
MHC II (I- Ab) with high affinity according to the Immune 
Epitope Database (IEDB) (Fig. 2C), an in silico method for pre-
dicting determinants within proteins that bind allele- specific 
MHC molecules for presentation to T cells (22). We have now 
examined AQP4 peptide affinity for I- Ab biochemically. I- Ab mol-
ecules that were purified by affinity chromatography were tested 
in a competitive binding assay between a radiolabeled high- affinity 
competitor peptide and unlabeled peptides (21). Indeed, peptides 
containing the two pathogenic AQP4 T cell determinants bound 
I- Ab with higher affinity than the nonpathogenic AQP4 p24–35 T 
cell epitope or MOG p35–55 (Fig. 2D). In fact, AQP4 p202–218 
bound I- Ab with more than ten times greater affinity than MOG 
p35–55.

MHC II:peptide tetramers, I- Ab:AQP4 p133–149 and 
I- Ab:p202–218, were created in order to detect CD4+ T cells 
bearing TCRs specific for the two pathogenic AQP4 determi-
nants. Analysis of primary lymph node CD4+ T cells from AQP4 
peptide- immunized WT and AQP4- deficient mice identified a 
10- fold higher frequency of proliferative tetramer- positive (tet+) 
T cells in AQP4- deficient mice (Fig. 2E). I- Ab:AQP4 p133–149 
tet+- sorted T cells from p133–149- immunized AQP4−/− mice 
transferred CNS autoimmunity to WT mice, although it was 
possible to expand tet− pathogenic T cells (SI Appendix, Fig. S1). 
Thus, tet+ status did not identify pathogenic T cells exclusively. 
Collectively, our observations that AQP4 p133–149 and  
p202–218 bound I- Ab avidly and that AQP4−/−, but not WT, 
T cells for these determinants transferred CNS autoimmune 
disease to WT recipient mice suggested that generation of the 
pathogenic AQP4- specific T cell repertoire is prevented by neg-
ative selection.

AQP4- Specific TCR Repertoire Selection in WT and AQP4−/− Mice 
Is Distinct. If loss of thymic negative selection permits expansion 
of pathogenic AQP4- specific T  cells, one might predict that 
TCRs selected by AQP4- reactive T  cells in AQP4- deficient 
and WT mice would differ. We evaluated this possibility by 
examining rearranged TCR α/β genes within individual AQP4- 
reactive T cells from AQP4 p133–149- primed AQP4- deficient 
and WT mice by scTCR- Seq using the 10X Genomics platform. 
Here, we focused on p133–149- specific T cells as those cells 
bound their corresponding tetramers more efficiently. Only a 
small fraction (0.3%) of AQP4- specific TCR α/β clonotypes 
examined were shared between WT and AQP4−/− mice (Fig. 3A). 
AQP4- specific tet+ T  cells from AQP4−/−  mice had minimal 
overlap between WT and AQP4- deficient T cells (Fig. 3B). The 
tet+ T cells from AQP4−/− mice contained many expanded TCR 
clonotypes that were shared amongst multiple AQP4−/− mice 
(“public” indicated in red) (Fig. 3C). In contrast, the AQP4- 
reactive tet− T cells contained very few public TCR sequences, 
where overlap was primarily with WT T cells. Although this 
sampling represents a small proportion of the entire TCR 
repertoire, our results indicate that thymic negative selection is 
one mechanism that restricts development of pathogenic AQP4- 
reactive T cells in WT mice.

Absence of Thymic Negative Selection Alone Does Not Permit 
Expansion of AQP4- Reactive T cells. mTECs express peripheral TSAs 
for the purpose of presenting them and deleting self- antigen- reactive 

thymic T cells, a process known as negative selection (23). Aire and 
Fezf2 are two distinct transcription factors expressed by mTECs that 
control deletion of T cells reactive to a majority of TSAs (24, 25). 
Data suggest that mTEC AQP4 expression may be Aire- dependent 
(26) or Fezf2- dependent (25). To examine our hypothesis that 
thymic deletion constrains development of peripheral AQP4- reactive 
T cells, we created mice that were selectively deficient in mTEC 
AQP4 (Foxn1cre- AQP4fl/fl) expression (SI  Appendix, Fig.  S2). 
We compared priming to the pathogenic T cell epitopes in those 
mice with WT and AQP4−/− mice, as well as Aire−/− mice and mice 
selectively deficient in mTEC Fezf2 (Foxn1cre- Fezf2fl/fl) expression. 
AQP4 p133–149 induced robust proliferative T cell responses in 
AQP4−/− mice and also induced proliferation in Foxn1cre- AQP4fl/fl 
mice but not to the same level as in AQP4−/− mice (Fig. 4A). AQP4 
p133–149 induced little or no proliferation in WT mice, Foxn1cre- 
Fezf2fl/fl mice, or Aire−/− mice. Like AQP4 p133–149, p202–218 
induced strong proliferation in AQP4−/− mice but only marginal 
responses in Foxn1cre- AQP4fl/fl mice and no significant responses 
in WT or Aire−/− mice.

The frequencies of AQP4 p133–149- specific and p202–218-  
specific CD4+ tet+ T cells in individual AQP4 p133–149-  and 
p202–218- primed mice were examined with I- Ab:p133–149 and 
I- Ab:p202–218 tetramers, respectively (Fig. 4B). I- Ab:p133–149 
tet+ T cells were significantly elevated in AQP4−/− mice in 
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Fig. 3. AQP4- specific TCR repertoire selection differs in AQP4- deficient and 
WT mice. Draining lymph node cells from AQP4 p133–149- immunized AQP4−/− 
and WT mice were cultured with p133–149 for 10 d and then restimulated with 
irradiated splenic APC and p133–149 every 10 d for two stimulations. CD4+ 
T cells were isolated and subjected to scRNA- seq for TCR V(D)J α/β repertoire 
analysis (3,000 to 6,000 clonotypes/group/experiment). (A) The pie chart shows 
the number of individual clonotypes per 10,000 detected in AQP4−/− mice only 
(black, 54.8%), WT mice only (gray, 44.9%) and those that were common (white, 
0.3%) to AQP4−/− and WT mice. (B) A higher frequency of tet+ (19.3%) than 
tet− (2.3%) TCR α/β clonotypes were shared (red, “public”) by separate AQP4−/− 
mice. Data represent a total of 16,000 tet+ and tet− clonotypes analyzed in two 
experiments (2 mice/group/experiment). (C) A majority of expanded AQP4− tet− 
TCR clonotypes and all amplified tet+ TCR α/β clonotypes analyzed were not 
detected among WT AQP4- specific TCR clonotypes. The tet+ AQP4− population 
contained several public TCR clonotypes. A total of 9,700 tet− T cells (3,500 
clonotypes) and 6,300 tet+ T cells (1,033 clonotypes) are represented.
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comparison to WT, Foxn1cre- AQP4fl/fl, Aire−/−, and Foxn1cre-  
Fezf2fl/fl mice, results that were compatible with the proliferative 
T cell responses in these mice. Similarly, I- Ab:p202–218 tet+ 
T cells were elevated in AQP4−/− mice in comparison to other 
strains. Interphotoreceptor retinoid- binding protein (IRBP), a 
self- antigen known to contain a T cell determinant, p277–289, 
which is Aire- dependent (27), was tested in parallel and, as antic-
ipated, p277–289 immunization promoted expansion of CD4+ 
I- Ab:IRBP p277–289 tet+ CD4+ T cells in Aire−/− mice. Thus, 
Fezf2 and Aire do not participate in negative selection to these 
AQP4- specific T cell epitopes in WT mice.

While frequencies of I- Ab:p133–149 tet+ T cells in Foxn1cre-  
AQP4fl/fl mice were significantly lower than in AQP4−/− mice, their 
frequencies were significantly elevated in comparison to AQP4 
p133–149- specific T cells in WT mice, which was consistent with 
proliferative responses to this determinant in these mice (Fig. 4A). 
These two observations, along with TCR repertoire analysis, indi-
cate that thymic negative selection does influence formation of 
the T cell repertoire to AQP4 p133–149. Of particular interest, 
Foxn1cre- AQP4fl/fl mice were resistant to CNS autoimmunity by 
immunization with p133–149 (SI Appendix, Table S1). Our 
results clearly demonstrate that central tolerance alone does not 
restrain development of pathogenic AQP4- reactive T cells in WT 
mice.

Peripheral T Cell Deletion Restricts AQP4- Targeted CNS 
Autoimmune Disease. Previously, it was observed that pathogenic 
and nonpathogenic AQP4- specific T cells could not be distinguished 
based on potential differences in production of proinflammatory 
or regulatory cytokines. Therefore, we questioned whether another 
mechanism of peripheral tolerance prevented AQP4- targeted 
disease induction in WT mice. Pathogenic AQP4- specific p133–
149-specific Th17 cells from AQP4−/− mice were transferred to 
WT, T and B cell–deficient (RAG1−/−), T cell–deficient (TCRα−/−), 
or B cell–deficient (JHT) mice. Recipient WT and JHT mice 
developed paralysis beginning around day 7 after transfer but then 
recovered completely 4 to 5 d later (Fig. 5A). CNS inflammation 
accompanied clinical disease (day 9) and was no longer evident after 
recovery (day 21) (Fig. 5B and SI Appendix, Table S2). In contrast, 
recipient RAG1−/− and TCRα−/− mice developed persistent paralysis 
and CNS inflammation similar to WT mice that received donor 
MOG p35–55- specific Th17 cells.

Our findings suggested that a peripheral T cell–dependent 
mechanism restricts AQP4- targeted CNS autoimmunity. In order 
to evaluate whether this process limited survival of AQP4- reactive 
T cells, we examined recovery of donor green fluorescent protein 
(GFP)+ pathogenic AQP4- specific T cells in TCRα−/− and WT 
mice. There was a 2 to 3 log- fold reduction in recovery of donor 
T cells in WT recipient mice in comparison compared to 
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http://www.pnas.org/lookup/doi/10.1073/pnas.2306572120#supplementary-materials
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TCRα−/− mice (Fig. 6A). Donor GFP+ MOG- specific T cells were 
evaluated in parallel. Both donor AQP4- specific and MOG- specific 
T cells were detected in the CNS and secondary lymphoid tissues 
at multiple timepoints in TCRα−/− mice that developed persistent 
CNS autoimmune disease. Donor MOG- specific T cells were also 
detected in the CNS and secondary lymphoid tissues of WT recip-
ient mice at all time points tested (Fig. 6B). In comparison, there 
was a 2 to 3 log- fold relative reduction in the number of donor 
AQP4- specific T cells in the CNS of WT mice during acute dis-
ease and recovery and a similar reduction of AQP4- specific donor 
T cells in secondary lymphoid tissues during recovery. Thus, in 
contrast to MOG- specific T cells, AQP4- specific T cells do not 
persist in WT hosts.

Annexin V staining was performed to determine whether loss 
of donor AQP4- specific T cells in WT mice reflected increased 
apoptotic cell death in vivo (Fig. 7A). In contrast to donor 
MOG- specific T cells, there was a marked increased frequency of 
apoptotic AQP4- specific T cells in the CNS during disease and 
after recovery (Fig. 7B). The frequency of Annexin V+ donor 
MOG- specific and AQP4- specific T cells in recipient TCRα−/− 
mice that developed persistent disease was low in both the spleen 
and the CNS and did not differ between groups. These findings 
indicate that AQP4- reactive T cells are more susceptible to periph-
eral deletion.

Discussion

NMO and MOG antibody–associated disease (MOGAD) are two 
distinct CNS autoimmune inflammatory demyelinating diseases 
(30). Antibodies specific for APQ4 in NMO or MOG in MOGAD 
are IgG1, a T cell–dependent antibody isotype. The importance 
of humoral autoimmunity in NMO is underscored by the remark-
able success of the complement inhibitor, eculizumab (31). 
However, only limited data support a pathogenic role for MOG- 
specific antibodies in MOGAD (32, 33). MOG was identified as 
an autoantigen in EAE (34) more than a decade before anti- MOG 
antibodies were identified in acute disseminated encephalomyelitis 
(ADEM) (35) and nearly two decades before they were associated 
with optic neuritis and transverse myelitis (36, 37). Important 
lessons from MOG EAE can be applied to MOGAD (38–42). 
MOG EAE is a T cell–mediated disease, and while anti- MOG 
antibodies can exacerbate EAE and CNS demyelination, those 
antibodies are neither necessary nor sufficient to cause EAE in the 
absence of MOG- specific T cells (32, 34, 41). Similarly, AQP4- 
specific antibodies are not pathogenic in the absence of CNS 
inflammation (8, 9). As for MOGAD, identifying mechanisms 
regulating T cell recognition of AQP4 in a model system may 
provide important conceptual advances for understanding the role 
of AQP4- specific T cells in NMO.

Recognition that WT mice were resistant to AQP4- induced 
CNS autoimmune disease and that pathogenic AQP4- specific 
T cells could be generated in AQP4−/− but not in WT mice created 
a conundrum. Are AQP4- specific T cells restricted by central or 
peripheral tolerance? In this report, our findings that the 
AQP4- specific TCR repertoire selected in AQP4−/− and WT mice 
were not the same and that there was a significant increase in 
AQP4 p133–149 tet+ T cells in thymic AQP4- deficient mice in 
comparison to WT mice supported operation of a central toler-
ance mechanism. However, the numbers of p133–149 tet+ T cells 
in thymic AQP4- deficient mice were significantly lower than in 
AQP4−/− mice, and thymic AQP4 deficiency did not permit sig-
nificant restoration of AQP4 p202–218 tet+ T cells. Thus, a central 
mechanism alone did not shape the peripheral repertoire of 
AQP4- specific T cells. Demonstration that CNS autoimmunity 
in WT mice was self- limited and associated with reduced survival 
of AQP4- reactive T cells indicates that there is a dominant periph-
eral deletional mechanism distinct from MOG- targeted disease, 
which provides an additional layer of protection from AQP4 T 
cell autoimmunity.

Our observations that AQP4- targeted CNS autoimmunity was 
constrained by peripheral deletion of AQP4- reactive T cells and 
that this process was T cell–dependent are unique. However, 
peripheral apoptotic (e.g., FasL- induced) T cell deletion as may 
occur by repetitive stimulation with cognate antigen is well rec-
ognized (43, 44). We have not yet identified which T cells may 
be responsible for apoptosis of pathogenic AQP4- reactive T cells. 
Recent studies have demonstrated that self- peptide- specific CD8+ 
T cells (45), including the Kir+CD8+ subset in humans and 
Ly49+CD8+ in mice, can suppress CD4+ antigen- specific T cell 
autoimmune responses (46, 47). Thus, in future studies, we will 
investigate whether CD8+ T cells or another individual T cell sub-
set may be responsible for deletion of pathogenic AQP4- reactive 
T cells.

IEDB, which was used as a resource for the initial characteri-
zation of the two pathogenic AQP4 T cell determinants, predicted 
that they bind MHC II I- Ab molecules with high affinity (18). 
Those predictions were validated biochemically in this report. It 
is important to recognize that the binary interaction of peptide 
with MHC II, a prerequisite for antigen presentation, does not 
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necessarily translate to high avidity TCR engagement of MHC 
II:peptide complexes. We did not directly assess avidity of 
AQP4- specific TCRs for I- Ab:AQP4 peptide, although it has been 
observed that high- affinity self- antigen- reactive T cells are prefer-
entially detected by MHC II:peptide tetramers (48). However, we 
have identified AQP4 p133–149- specific tet+ T cells that escaped 
negative selection in AQP4−/− and Foxn1cre- AQP4fl/fl mice but 
not in WT mice. Thus, it should now be possible to determine 
whether AQP4- specific T cells subject to negative selection in the 
normal host express TCRs with high affinity for I- Ab:AQP4 
p133–149 (49).

One potential limitation of this study is that we examined only 
a finite number of T cells by scTCR- Seq, yet the naive repertoire 
of potential TCR α/β clonotypes is immense (50). However, our 
goal was to focus on AQP4- specific T cells that were expanded by 
AQP4 priming in vivo. Further, our use of I- Ab:AQP4 tetramers 
in combination with scTCR- Seq permitted us to capture a large 
proportion of the polyclonal tet+ T cells. Although it is recognized 
that AQP4 is expressed most abundantly in the CNS, kidney, 

muscle, and lung, it is not clear whether AQP4 is expressed in 
peripheral T cells. In previous work, we did not detect AQP4 
protein or mRNA in WT murine peripheral T cells (51). However, 
one group reported that T cell AQP4 deficiency reduced 
TCR- mediated signaling, although they did not detect any change 
in thymocyte subsets (52). It should be recognized that it was the 
AQP4- specific T cells from AQP4−/− but not WT mice that 
induced CNS autoimmune disease. Donor T cells from AQP4−/− 
and WT mice did not differ in production of proinflammatory- 
 polarizing and anti- inflammatory cytokines or frequency of 
Foxp3+ regulatory T cells (18). Last, both donor AQP4- reactive 
and MOG- reactive T cells used in studies evaluating T cell survival 
in WT and TCRα−/− mice were isolated from AQP4−/− mice. Thus, 
any potential change in TCR signaling would have been common 
to donor AQP4- specific and MOG- specific T cells.

AQP4 is expressed in multiple tissues, yet why is tissue damage 
in NMO considered primarily restricted to the CNS? Antibodies in 
NMO target membrane tetramers of AQP4 assembled into orthog-
onal arrays of particles (OAPs) that are expressed abundantly in 
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astrocyte end- foot processes (53–55). OAPs provide an ideal sub-
strate for binding of AQP4- specific antibodies, permitting 
cross- linking via C1q and activation of complement (56). NMO is 

a humoral OAP autoimmune disease. In contrast, AQP4- specific 
T cells recognize linear fragments of AQP4 in association with MHC 
molecules on APC, and not conformational determinants of AQP4 
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apoptosis. (A) GFP+  T  cells were examined for 
viability and apoptosis by staining with Annexin V 
and 7- AAD followed by flow cytometry  (28, 29)). 
Viable cells are negative for Annexin V and 7- AAD. 
Apoptotic cells are Annexin V positive, which are 
further distinguished by early stage (7- AAD negative) 
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flow staining pattern is shown. The total apoptotic 
donor populations for CD4+GFP+ AQP4- specific and 
MOG- specific T cells are shown (magenta box) with 
the percentages indicated above. Percentages of 
late- stage and total apoptotic donor GFP+AQP4- 
specific T cells were higher than donor GFP+MOG- 
specific T cells in recipient WT mice at day 9 and day 
21. (B) Apoptotic GFP+CD4+ T cells from recipient 
mice were examined in the spleen and CNS, and 
counting beads were used for quantification. The 
data shown represent a composite from three 
experiments, n = 6 per condition (mean ± SEM). 
Statistical analysis for comparison of surviving 
numbers of GFP+ donor cells was performed using 
a t test with the Holm–Sidak correction for multiple 
comparisons (**P < 0.01 and ***P < 0.001).

Table 1. Homology of pathogenic AQP4 T cell epitopes with other aquaporins
Identity‡

Protein Position* Sequence*,†
Sequence 

(%)
Core 
(%) Organs§

AQP4 133–149 LYLVTPPSVVGGLGVT CNS, kidney, salivary gland, heart, GI tract, muscle, and lung

AQP6 115–131 LYGVTPGGIRETLGVN 50 44 Brain and kidney

AQP4 202–218 LFAINYTGASMNPARSF

AQP1 181–197 LLAIDYTGCSINPARSF 77 78 CNS, kidney, heart, lung, GI tract, ovary, testis, liver, muscle, and spleen

AQP4 202–218 LFAINYTGASMNPARSF

AQP2 173–189 LLGIYFTGCSMNPARSL 65 78 Kidney, ear, and ductus deferens

AQP4 202–218 LFAINYTGASMNPARSF

AQP5 174–190 LVGIYFTGCSMNPARSF 71 78 Salivary gland, eye, trachea, lung, GI tract, ovary, and kidney

AQP4 202–218 LFAINYTGASMNPARSF

AQP6 182–198 LIGIYFTGCSMNPARSF 71 78 Brain and kidney
*Each mouse aquaporin was aligned individually to AQP4 using the Clustal Omega Multiple Sequence Alignment Tool (Clustal Omega < Multiple Sequence Alignment < EMBL- EBI), and 
homologous regions were identified.
†Identical residues are identified in bolded black, and core binding regions are underlined.
‡The % homology for the sequence listed and the binding region is listed.
§Ref. (5).
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or OAPs. While AQP4- specific antibodies target astrocyte OAPs and 
account for the tissue specificity in NMO, T cells may be exposed 
to AQP4 in several tissues. We hypothesize that peripheral 
AQP4- specific T cell deletion provides a layer of protection against 
formation of AQP4- specific antibodies by B cells and the develop-
ment of NMO. High- affinity MHC peptide binding may not only 
promote presentation but also deletion. It may not be coincidence 
that the encephalitogenic AQP4 p202–218, which binds MHC II 
with the highest affinity among peptides examined in this report, is 
remarkably homologous to amino acid sequences in aquaporins 1, 
2, 5, and 6 (Table 1), aquaporins that are expressed ubiquitously. 
Thus, via “self- antigen mimicry,” peripheral T cell deletion of 
AQP4- reactive T cells may provide tolerance to aquaporins, collec-
tively. Conversely, a break in tolerance that permits T cell activation 
to an AQP4 epitope in one tissue may promote a proinflammatory 
response to AQP4, or a closely related sequence of another aqua-
porin, in a different organ. Both AQP4 and AQP5 are expressed in 
salivary glands (5). Thus, one can speculate that the Sjögren’s syn-
drome–like salivary gland inflammation that is often associated with 
seropositive NMO (57–61) may be representative of an “autoim-
mune aquaporinopathy” (30), and sometimes even serve as a forme 
fruste forewarning the onset of NMO (62).

We have not created NMO in mice. However, we have provided 
a foundation to evaluate the regulation of AQP4- specific T cells in 
CNS autoimmunity, which may advance our understanding of 
aquaporin- specific T cells in NMO and in other autoimmune 
diseases.

Materials and Methods

Mice. C57BL/6 (H- 2b), mice, B cell–deficient (JHT), T cell–deficient (TCRα−/−), T 
and B cell–deficient (RAG1−/−), and Foxn1cre mice were purchased from the 
Jackson Laboratories (Bar Harbor, ME). C57BL/6 AQP4−/− mice were provided by  
A. Verkman (UCSF), AQP4fl/fl mice (63) were a gift from Ole Petter  Ottersen 
(University of Oslo), Fezf2fl/fl mice (64) were from Nenad Sestan (Yale University), 
and Aire−/− were provided by M. Anderson (UCSF). Foxn1cre- AQP4fl/fl and 
Foxn1cre- Fezf2fl/fl mice were generated by breeding female Foxn1cre mice with 
male AQP4fl/fl or Fezf2fl/fl mice, respectively. Mice were housed under specific 
pathogen- free conditions at UCSF Laboratory Animal Research Center. All studies 
were approved by the UCSF Institutional Animal Care and Use Committee.

Ethics Statement. The experimental protocol adheres to guidelines for animal 
use in research set by the NIH and was approved by the Office of Research, UCSF 
Institutional Animal Care and Use Committee (IACUC Approval).

Antigens. AQP4 peptides p133–149, p202–218, p24–35, MOG p35–55, and 
IRBP p277–289 were synthesized by Genemed Synthesis.

I- Ab Affinity Assay. Purification of MHC class II I- Ab molecules by affinity chro-
matography and the performance of assays based on the inhibition of binding 
of a high- affinity radiolabeled peptide to quantitatively measure peptide binding 
were performed as described (21). Lower IC50 values indicate higher binding 
affinity. Excellent binders have affinities less than 100 nM, and good binders 
have affinities less than 1,000 nM.

Proliferation Assays. Mice were immunized subcutaneously (s.c.) with 100 μg 
of AQP4, MOG, or IRBP peptide in CFA containing 400 μg M. tuberculosis H37Ra 
(Difco Laboratories). Lymph nodes were harvested on days 10 to 12 and cultured 
at 2 × 105/well with various concentrations of peptide in triplicate wells for 72 h. 
One μci/well of 3H- thymidine was added 18 h prior to cell harvest, and data are 
presented as counts per minute (CPM). The stimulation index was calculated by 
dividing CPM in wells with Ag by CPM in wells with no antigen controls of each 
assay test group.

Flow Cytometry. For analysis of tetramer binding, AQP4 p133–149, p202–218, 
IRBP p277–289, and hCLIP p87–101 IAb tetramers conjugated to PE or APC were 
provided by the National Institute of Allergy and Infectious Diseases Tetramer Core 
Facility at Emory University. Lymphocytes were coincubated with 1 μg/mL tetramer 

conjugated to PE or APC for 2 h at room temperature, washed, and enriched using 
anti- PE magnetic microbeads (Miltenyi) over a magnetic column. Binding to hCLIP 
tetramer was used as a negative control. Dead cells were excluded using the Live/
Dead fixable Aqua Dead Cell Stain Kit (Invitrogen), lineage- negative cells were 
excluded using antibodies to CD11b (M1/70), B220 (RA3- 6B2), and CD8 (53–6.7), 
and positive cells were selected using antibodies to CD3 (145- 2C11) and CD4 
(RM4.5). 123count eBeads (Invitrogen) were used with unenriched and enriched 
samples for quantification of the frequency of tet+ CD4+ T cells (total number of 
tet+ CD4+ T cells divided by total CD4+ T cells per mouse). For figures showing 
tetramer staining, flow cytometry of the enriched cells is shown. For analysis of 
GFP+ T cells, mice were perfused with PBS, and the CNS was dissected, minced, 
digested with collagenase and DNase I (Roche), and isolated over a Ficoll gradient 
as described previously (41). Live CD4+ cells were analyzed with a viability stain 
(near- IR) and antibodies to CD11b, B220, CD8, and CD4. Apoptosis was analyzed 
separately using the same antibody staining, followed by Annexin V and 7- AAD 
staining in Annexin V binding buffer (BioLegend) per the manufacturer’s instruc-
tions. Cells were quantified using 123count eBeads.

Single- Cell TCR Sequencing. AQP4−/− and WT mice were immunized with 
AQP4 p133–149. T cells were harvested from draining lymph nodes and cul-
tured with cognate antigen, receiving fresh antigen and irradiated splenocytes 
every 10 d for two stimulations. CD4+ p133–149- specific AQP4−/− T cells were 
sorted into tetramer positive or negative cells by flow cytometry. A single- cell 
library of the T- cell V(D)J regions targeting 10,000 cells from each group was 
constructed using the 10× Genomics Chromium Single Cell 5′ Library and Gel 
Bead Kit and sequenced using the Illumina NovaSeq. Data shown represent 
two experiments.

Bioinformatic Analysis. All datasets were analyzed using the Cell Ranger 
(v3.1.0) variable diversity joining (VDJ) function, which aligned reads to the 
GRCm38 Alts Ensembl reference (v3.1.0) using STAR (v2.5.1). Reads present 
in more than one sample that shared the same cell barcode and UMI were 
omitted using the SingleCellVDJdecontamination computational pipeline 
(https://github.com/UCSF- Wilson- Lab/SingleCellVDJdecontamination). TCR α 
and β chain contigs per cell, outputted from CellRanger, were further analyzed 
using custom bioinformatic programming scripts written in R and perl. For 
each cell, only one TCR α and one TCR β chain were kept by filtering for contigs 
assembled with the largest number of UMIs and raw reads. Cells were assigned 
to the same TCR clonotype if they share identical V genes, J genes, and CDR3 
amino acid sequences for both the TCR α and β chains. Cells with sequences 
that contained only a single chain or more than one TCR α and β chain were 
omitted, leaving 3,000 to 6,000 T cells per group. A clonotype was defined as 
clonally expanded if contained within two or more T cells (65, 66). The datasets 
are available as an NCBI BioProject, Accession PRJNA989238, (https://www.
ncbi.nlm.nih.gov/bioproject/989238) (67).

CNS Autoimmune Disease Induction and Analysis. For adoptive induction 
of CNS disease with primary lymphocytes, mice were immunized s.c. with 
100  µg AQP4 or MOG peptides in CFA containing 400  µg  Mycobacterium 
tuberculosis H37Ra (Difco Laboratories). After 10 to 12 d, lymph node cells 
were cultured with 15 μg/mL antigen for 3 d with 20 ng/mL IL- 23 and 10 ng/mL 
IL- 6, under Th17 polarizing conditions. A total of 2 × 107 cells were injected i.v. 
into naïve recipients, which then received 200 ng B. pertussis toxin (Ptx) (List 
Biological) i.p. on days 0 and 2. Clinical scores: 0 = no disease, 1 = tail tone 
loss, 2 = impaired righting, 3 = severe paraparesis or paraplegia, 4 = quad-
raparesis, and 5 = moribund or death.

For induction of CNS disease by I- Ab:AQP4 tet- sorted cells targeted cells, pri-
mary lymph node cells from AQP4−/− or WT mice were restimulated with 15 μg/
mL antigen and irradiated splenocytes every 10 d. Percent tetramer binding was 
monitored by flow cytometry. In preparation for adoptive transfer, cells were 
washed and cultured with 1:10 T cell- to- irradiated splenocytes under polariz-
ing conditions for 3 d. CD4+ cells were negatively sorted using magnetic beads 
(Miltenyi). 5 × 106 were transferred to TCRα−/− recipients. Two hundred nano-
grams of Ptx was given on days 0 and 2.

Isolation of TECs. Thymi from 6- wk- old AQP4−/−, WT, and Foxn1cre- AQP4fl/fl 
mice were isolated, digested with 50 μg/mL liberase- TM (Roche) and 24 U/mL 
DNaseI (Sigma), stained with anti- CD45, anti- EpCAM, anti- Ly5.1, and anti- I- Ab, 

https://github.com/UCSF-Wilson-Lab/SingleCellVDJdecontamination
https://www.ncbi.nlm.nih.gov/bioproject/989238
https://www.ncbi.nlm.nih.gov/bioproject/989238
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and separated by FACS cell sorting into mTEChi, mTEClo, and cTEC cells. The mRNA 
was purified (Qiagen) and tested for AQP4 and GAPDH mRNA expression using 
ddPCR (Bio- Rad) per the manufacturer’s instructions.

Histopathology. Brain, spinal cord, optic nerve, kidney, and muscle tissue 
samples were fixed in 10% neutral- buffered formalin, paraffin- embedded, 
sectioned, and stained with H&E. Meningeal and parenchymal inflammatory 
lesions and areas of demyelination were assessed in a blinded manner as 
described (41).

Statistical Analysis. Data are presented as mean ± SEM. Statistics for the 
frequency of T cell binding to tetramer and for the recovery of GFP+ T cells after 
adoptive transfer were calculated using the Mann–Whitney nonparametric T 
test. Statistics for the frequency of apoptotic cells in recovered tissues used a 
t test with the Holm–Sidak correction for multiple comparisons. P values are 
designated as follows: *P < 0.5, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Data, Materials, and Software Availability. All study data are included 
in the article and/or SI Appendix. The data have been deposited on 29- Jun- 
2023 with links to BioProject accession number PRJNA989238 in the NCBI 
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/989238) (67).
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