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SUMMARY

Pro-inflammatory autoantigen-specific CD4* T helper (auto-Th) cells are central orchestrators of autoimmune
diseases (AIDs). We aimed to characterize these cells in human AlDs with defined autoantigens by combining
human leukocyte antigen (HLA)-tetramer-based and activation-based multidimensional ex vivo analyses. In
aquaporin4-antibody-positive neuromyelitis optica spectrum disorder (AQP4-NMOSD) patients, auto-Th
cells expressed CD154, but proliferative capacity and pro-inflammatory cytokines were strongly reduced.
Instead, exhaustion-associated co-inhibitory receptors were expressed together with FOXP3, the canonical
regulatory T cell (Treg) transcription factor. Auto-Th cells responded in vitro to checkpoint inhibition and pro-
vided potent B cell help. Cells with the same exhaustion-like (ThEx) phenotype were identified in soluble liver
antigen (SLA)-antibody-autoimmune hepatitis and BP180-antibody-positive bullous pemphigoid, AlDs of the
liver and skin, respectively. While originally described in cancer and chronic infection, our data pointto T cell
exhaustion as a common mechanism of adaptation to chronic (self-)stimulation across AID types and link ex-
hausted CD4" T cells to humoral autoimmune responses, with implications for therapeutic targeting.

2416 Immunity 57, 2416-2432, October 8, 2024 © 2024 The Authors. Published by Elsevier Inc.
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INTRODUCTION

Autoimmune diseases (AIDs) result from the breakdown of
self-tolerance mechanisms, leading to a chronic inflammatory
autoimmune reaction and to tissue destruction. This process
is orchestrated by autoantigen-specific CD4* T helper (auto-
Th) cells via pro-inflammatory cytokines and B cell help, re-
sulting in autoantibody production,’™ as demonstrated in
multiple animal models of AIDs. In humans, the extremely
low frequency (10~% to 107% CD4* T cells®) of autoantigen-
specific T cells and technical restrictions regarding their iden-
tification have generated considerable variability.”~” Autoreac-
tive T cells are detected in both, healthy donors (HDs) and AID
patients,® but displayed increased proliferation and pro-in-
flammatory cytokine production in AID."° These findings
largely rely on functional assays, involving prolonged in vitro
antigen activation, which modulate the cellular phenotype
and restrict the analysis to T cell subsets with measurable
antigen reactivity. Only a few direct ex vivo analyses using
peptide/HLA tetramers are available. In these, autoantigen-
specific effector and regulatory T cells (Tregs) are seen in
HDs'%"'? and AID patients,'®'® with either reduced numbers
of Tregs'®'*'® or with a distinctive peripheral T helper (Tph)
cell phenotype in AID patients, including pro-inflammatory
cytokine production.'®"” Indeed, pro-inflammatory auto-Th
cells play a central role by initiating pathogenic autoantibody
production and supporting tissue inflammation in animal
models.'®?® Auto-Th cells with a pro-inflammatory or B cell
helper profile are seen in AID patients, 2! but comprehen-
sive ex vivo analyses are missing.

How such pro-inflammatory auto-Th cells cope with chronic
stimulation in human AID is not clear. Other situations of
chronic antigen stimulation, such as cancer or chronic viral in-
fections, result in T cell exhaustion, characterized by the
progressive loss of cytokine expression, proliferative poten-
tial, and upregulation of inhibitory receptors (immune check-
points). Exhaustion can be partially reversed by immune
checkpoint inhibitors, providing the basis for successful
therapies against cancer.>>*® T cell exhaustion may play a
role in AlDs,**™®° and exhausted autoantigen-specific CD8*

T cells were detected in murine and human type 1 diabetes
(T1D).®>*5 However, exhausted auto-Th cells may escape
standard detection techniques,*” and it is currently unclear
whether auto-Th cell exhaustion occurs in human AlDs.*’

Here, we have addressed these questions by characterizing
directly ex vivo auto-Th cells in four different antigen-specific
AlDs, targeting the brain, optic nerve and spinal cord*®*° (aqua-
porind-antibody-positive neuromyelitis optica spectrum disorder
[AQP4-NMOSD] and myelin oligodendrocyte glycoproteinanti-
body-associated disease [MOGAD]), the liver (autoimmune
hepatitis [AIH]), and the skin (bullous pemphigoid [BP]), respec-
tively. All four AIDs are characterized by highly disease-specific
autoantibodies targeting the astroglial water channel AQP4,%°
the oligodendroglial outer-myelin sheath glycoprotein MOG, the
soluble liver antigen (SLA),"®?%*" and collagen XVII (BP180),%**’
respectively. Primarily, we studied patients with the prototypic,
highly chronic and relapse-prone disease AQP4-NMOSD, allow-
ing us to apply two complementary technologies for direct
ex vivo auto-Th analysis, antigen-reactive T cell enrichment
(ARTE),**~** and AQP4-peptide/HLA class Il tetramers, devel-
oped herein. High-affinity auto-Th cells were increased in
patients and indeed displayed an exhaustion-like (ThEx)
phenotype according to molecular, phenotypic, and functional
analyses. However, they retained potent B cell helper activity,
illustrated by ex vivo expression of CD40 ligand (CD154) and
functional assays in vitro. The same phenotype was prevalent
in auto-Th cells from patients with AIH or BP but not in pa-
tients with MOGAD, an AID targeting the same organ as
AQP4-NMOSD but considerably less chronic and more prone
to monophasic courses. Thus, our results identify exhaustion-
like inactivation as a common pathway of autoantigen-specific
T cells in chronic AIDs, which has important implications for
their therapeutic targeting.

RESULTS

Increased frequencies of AQP4-specific effector
memory CD4* T cells in AQP4-NMOSD patients

To provide an unbiased ex vivo characterization of rare
autoreactive T cells, we used ARTE. ARTE allowed the
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Figure 1. Increased frequencies of AQP4-reactive CD4* T cells in NMOSD patients
(A) Dot plot examples of the ex vivo detection of AQP4-reactive CD4* T cells by ARTE. Cell counts after magnetic enrichment from 4 x 10" PBMCs are indicated.
(B) Frequencies of AQP4-reactive CD154+CD45RA— memory CD4* T cells (Tmem) in healthy donors (HDs, n = 48) and NMOSD patients, n = 38 (AQP4, n = 20;

MOGAD, n=7; SN, n =11).

(C) Dot plot examples of AQP4-reactive CD154" cells from HD and an AQP4-NMOSD patient (AQP4). Percentages of cells within CD154* are indicated.
(D) Proportion of naive, central memory, and effector memory T cells within AQP4-reactive CD154* T cells in HD (n = 48) and AQP4-NMOSD patients (AQP4,

n = 20).

(E-G) AQP4-reactive CD154" single-cell clones from HD and AQP4-NMOSD patients were restimulated with AQP4 and graded antigen doses.

(E) Dot plot example after single-cell clone restimulation with AQP4 or without antigen. Percentages of reactive CD154+TNFa+ cells are indicated.

(F) Proportion of AQP4-reactive T cell clones from HD and AQP4-NMOSD patients (signal-to-noise ratio (SNR) >3% and reactivity > 5%).

(G) ECs values were calculated from dose-response curves from HD (HD, n = 54) and AQP4-NMOSD patients (AQP4, n = 49).

Each symbol in (B) and (D) represents one donor, each symbol in (G) represents one T cell clone, and horizontal lines indicate mean in (B), (D), and (G). Statistical
differences: two-tailed Mann-Whitney test in (B), (D), and (G). Significance was set at p < 0.05.

characterization of foreign antigen-specific*”** and autoanti-

gen-specific T cells*>*>“® with high sensitivity and precision
(Figures S1A and S1B). AQP4-NMOSD"" patients were pro-
spectively recruited independent of whether in stable remis-
sion (n = 22, 79%) or during active disease flares (n = 6,
21%). Control cohorts were also prospectively recruited:
MOGAD*®*° (n = 25) is a distinct central nervous system
and glial autoantigen-specific demyelinating disease that is
less chronic and relapse-prone, compared with AQP4-
NMOSD, autoantibody double-seronegative (SN-)NMOSD
(n = 11), a heterogeneous group of patients without detection
of glial autoantibodies,*” and HDs (n = 65) (clinical information
is provided in Tables S1 and S2). Peripheral blood mononu-
clear cells (PBMCs) from patients (AQP4-NMOSD, n = 19;
MOGAD, n = 10; and SN-NMOSD, n = 11) and HDs (n = 48)
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were stimulated with AQP4 peptide pools for 7 h, and reactive
T cells were detected according to upregulation of CD154
(CD40L). CD154" cells were magnetically enriched from 25
to 50 million PBMCs to detect T cells at low frequencies
(detection limit = 1 in 106).%%? AQP4-reactive T cells were
identified in patients and HDs at frequencies between 1076
and 10~ (Figures 1A and 1B). Significantly increased fre-
quencies of AQP4-specific T cells were detected in AQP4-
NMOSD patients versus controls (Figure 1B). Furthermore,
AQP4-reactive T cells from AQP4-NMOSD patients had
mainly an effector memory phenotype (CD45RA CCR77),
whereas naive and central memory phenotypes were reduced,
compared with HDs (Figures 1C and 1D). To confirm their an-
tigen-specificity, ex vivo antigen-reactive T cell-enriched
AQP4-reactive memory T cells were cloned from individual
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fluorescence-activated cell sorting (FACS)-sorted cells from
14 AQP4-NMOSD patients (n = 263) and 12 HDs (n = 570), us-
ing optimized protocols (see STAR Methods section). Of these
clones, 52.5% and 38.4%, respectively, reacted against
AQP4 (Figures 1E and 1F). We also measured T cell antigen
avidity of these clones via graded AQP4 peptide restimulation.
Increased functional avidity was observed from AQP4-
NMOSD patient-derived versus HD-derived T cell clones (Fig-
ure 1G). In conclusion, AQP4-NMOSD patients displayed an
increased abundance of AQP4-reactive CD4* T cells, which

maximum of 96 sorted cells per sample.

For comparison, FACS-purified CD154*

C. albicans MP65-specific (T-CAND),

influenza HA-specific (T-FLU), and poly-

clonally activated CD137*CD25*CD127~ Tregs (n = 2 each)

were used, resembling prototypic effector T cells (Th1, Th17)

and Tregs, respectively.”>*>>" Principle-component analysis

(PCA) revealed a clear difference between AQP4-NMOSD pa-

tients and HDs and identified a distinct cluster for T-AQP4, clearly

separated from both pathogen-specific effector T cells, T-CAND,

and T-FLU (Figure 2A). These data indicate that autoreactive
CD4* T cells have a distinct molecular profile in this AID.

Interestingly, ingenuity pathway analysis (IPA) between

T-AQP4 and T-HD revealed that several pathways related to
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cytokine signaling and AID signaling were negatively associated
with T-AQP4. In contrast, pathways related to exhaustion
and T cell receptor (TCR) signaling were instead activated within
T-AQP4 (Figure 2B). Gene expression profile comparison
confirmed these associations (Figure 2C; top 50 differentially ex-
pressed genes in Figure S2A). Gene signature analysis sug-
gested an enrichment of Tfh as well as Treg but a reduction
of effector T cell marker genes in T-AQP4 (Figure S3D).
T-AQP4 displayed a lower expression of inflammatory mediators
(including IFNG, IL17A, TNF, IL2, CSF2, FASLG, LTA, and LTB)
and a downregulation of Th1, Th2, Th17 as well as T follicular
helper (Tfh) lineage-defining transcription factors (TBX21,
GATAS3, and RORC). In particular, the Tfh signature genes
(CXCR5, BCL6, and IL21) were reduced or absent. The only cyto-
kine strongly expressed in T-AQP4 was macrophage migration
inhibitory factor (MIF), which has been reported previously to
contribute to AQP4-NMOSD disease severity.” In addition,
ITGA4 (coding for integrin-a4) was upregulated exclusively in
T-AQP4. Integrin-a4 is a key adhesion molecule for memory
T cells required for crossing the blood-brain barrier, suggesting
that T-AQP4 has enhanced capacity to migrate to the brain tis-
sue. However, genes characteristic for T cell exhaustion were
upregulated in T-AQP4, including inhibitory receptor genes
such as TIGIT and CTLA4, but also ENTPD1, BTLA, LAYN,
and MAGEHT1, as well as transcription factors such as TOX,
FOS, HIF1A, and HIF3A. Of note, the Treg signature genes
FOXP3 and IKZF2 were also upregulated in T-AQP4. However,
T-AQP4 differed from natural Tregs, as both FOXP3 and IKZF2
were expressed at a much lower level compared with Tregs,
and several other Treg signature genes such as IL2RA,
LRRC32, IL1R2, RTKN2, or FANK1 were decreased or absent.
In contrast, key Th cell molecules such as CD40L or IL7R—which
are suppressed in Tregs—were expressed by T-AQP4.

Importantly, genes indicating ongoing T cell activation in vivo,
such as MKI67, MYC, CD38, or HLA-DRB1,%***% were not ex-
pressed at a higher level in T-AQP4. This observation, together
with the high expression of inhibitory receptors and low cytokine
expression in these cells, suggests that autoreactive CD4*
T cells are functionally exhausted in AQP4-NMOSD.

To investigate the potential developmental origin of the
T-AQP4 cells, we performed a pseudotime trajectory analysis us-
ing the single-cell transcriptome data, which revealed an evolu-
tionary path from classical effector T cells (T-FLU and T-CAND)
to T-AQP4, associated with the progressive downregulation of
pro-inflammatory cytokines (CSF2, IFNG, IL17A, IL21, IL2, TNF,
LTA, LTB, and FASLG) and the acquisition of exhaustion and
Treg genes (ENTPD1, TOX, TIGIT, CTLA4, IKZF2, and FOXP3)
(Figure 2D). The same trajectory was also identified within the
T-AQP4 cells (Figure 2E). To identify potential regulatory modules
within this transcriptional profile, we performed an undirected
bioinformatic protein network analysis based on all differentially
expressed genes between T-HD and T-AQP4 (Figure S3). This
identified FOXP3 as the central node tightly connected with all
downregulated cytokines, FOS and MYC. Upregulated exhaus-
tion markers were also part of this network but were less closely
connected to FOXP3, as compared with the cytokines. To
confirm this, we analyzed the single-cell RNA expression data
when grouping the cells into high, intermediate, or low expression
of FOXP3 (Figure S3A). This demonstrated a strong negative cor-
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relation of FOXP3 with MYC and the majority of inflammatory
cytokine genes (IFNG, IL21, IL17A, IL2, CSF2, FASL, LTA, and
LTB), whereas a positive correlation was seen for MIF and
ITGA4 as well as for some (e.g., CTLA4, BTLA, and MAGEH1)
but not for all (e.g., TIGIT, TOX, PDCD1, ENTPD1, and HIF1A/
3A) exhaustion/T-AQP4 markers. Overall, this suggested at least
a partial FOXP3-dependent regulation of the ThEx signature, in
particular the downregulation of cytokines. Next, scRNA-seq-
derived TCR sequences were used to relate T cell clonality to
the transcriptional profile. Clonally expanded (clone fre-
quency > 1) and non-expanded (clone frequency = 1) T cells dis-
played a similar expression of the selected T cell-related genes
(Figure S4B), suggesting that most of the identified T-AQP4 cells
share hallmarks of the ThEx profile. Since only a subset of ThEx
cells expressed FOXP3, we tested whether those may represent
a separate, clonally distinct lineage. However, one-third of the
TCRs were shared by FOXP3* and FOXP3™~ T cells (Figure S3C).
Thus, FOXP3 expression is not clonally restricted, supporting the
hypothesis of a continuous developmental progression of ThEx
cells, including the acquisition of FOXP3 by a subset of cells.
Overall, the scRNA-seq data identified an ThEx phenotype of
autoreactive CD4" T cells from AQP4-NMOSD patients, charac-
terized by stepwise loss of pro-inflammatory T cell cytokine
expression and acquisition of co-inhibitory receptors (CIRs), as
well as the expression of the canonical Treg signature genes
FOXP3 and HELIOS, but not other key Treg signature molecules.

Cytometric protein profiling confirmed the ThEx
phenotype of AQP4-reactive T cells

To confirm these gene expression patterns at the protein
level, we used multicolor flow cytometry of antigen-specific
T cells after ARTE, combining key cytokines, immune check-
points, and transcription factors characteristic for exhausted
and Tregs. Indeed, all analyzed inhibitory receptors (TIGIT,
PD1, CTLA-4, and CD39) as well as FOXP3 and HELIOS
(Figures 3A and S4A) were upregulated in T-AQP4 cells,
whereas the major inflammatory cytokines (tumor necrosis fac-
tor alpha [TNF-¢], interleukin [IL]-2, interferon [IFN]-y, IL-17A,
and granulocyte-macrophage colony-stimulating factor [GM-
CSF]) were reduced (Figures 3B and S4B). Of note, Tth markers
CXCR5 and IL-21 were also low and comparable to HDs
(Figures 3B and S4D). Most of the AQP4-specific T cells ex-
pressed TOX, a transcription factor associated with T cell
exhaustion, even though a similar frequency was observed in
HDs (Figures S4C and S4D). Chronic (CD38, ICOS) T cell acti-
vation markers were either not differentially expressed between
AQP4-NMOSD patients and HDs or were rather reduced in
AQP4-NMOSD patients (Figures S4C and S4D). Importantly,
all the identified exhaustion and Treg markers were restricted
to memory type cells and not found on the small fraction of
patient-derived naive AQP4-specific T cells (Figures S4E and
S4F). We also analyzed the co-expression of inhibitory recep-
tors and found that in AQP4-NMOSD patients, T cells express-
ing two or more checkpoint molecules simultaneously are
strongly enriched (Figure 3C). Also, FOXP3 expression was
the highest within T-AQP4 cells expressing more than one
inhibitory receptor (Figure 3D). Conversely, loss of cytokine
expression (Figure 3E) as well as the acquisition of single
(CTLA-4 and TIGIT) or multiple inhibitory receptors and the



Immunity ¢ CelPress
OPEN ACCESS
A B C D e
10000317 00004 00012 100500001 <0.0001 3 100 <0.0001
£ £ 00007 00018 Is € 00075 0,0002 £ <0.0001
£ £ g 80 4 800 T
= ~ [ ['o)
- A - © 60
< ~ < o
o = L © 40
() [m)] [a)] -
° Q o g 20
e & B o
X
PD-1/CTLA-4/TIGIT PD-1/CTLA-4/TIGIT
@ HD @ AQP4
F G H
N <0.0001 4%]  26% 0.0029 <0.0001
£ < ¢ 83 100, = og0zs T 1o
g o <+ a2 I FOXP3- |
= CQTOQ ° o. 000 0 f‘r-)
& g° 8 o Q138 32% 3
2 ¢ & % Q OB 1% o
&) & ° ° o 3 R
3 $ g, FOXP3+
B 5"
L x S l9s% 4%
QO &\C7\ PI; 1 (@] 1030 103 107 1?1
CTLA4 L, CoR7-PE-Vio770
© FOXP3- ® FOXP3+ © FOXP3- ® FOXP3+ TG
| J K L
CD154+Tmem / CD4+ CD154+FOXP3+Tmem / CD4+ + g 104 ns
10-4 104 S £
(@] ~
= & 4 100
109 105 5 2%
2 53 e
=
+ T~ 106
106 10-6 8 !
a 2
(@) 8 10-7
o & SR
month N\ © 9,08 N @@ aPdh \\ 0 N9 OB A PP NP && Q}{\\e
c'§\® K

Figure 3. AQP4-reactive T cells from NMOSD patients show an exhausted FOXP3+ phenotype (ThEx)

Ex vivo cytometric characterization of AQP4-reactive CD154" Tmem cells following ARTE.

(A and B) (A) Ex vivo proportion of indicated markers from healthy donors (HDs, n = 6-47) and AQP4-NMOSD patients (AQP4, n = 10-20) and (B) cytokine
expression in healthy donors (HDs, n = 7-47) and AQP4-NMOSD patients (AQP4, n = 7-20).

(C) Ex vivo proportion of cells co-expressing the indicated number of co-inhibitory receptors within AQP4-reactive CD154* Tmem (HD, n = 11; AQP4, n = 11).
(D) Proportion of FOXP3* AQP4-reactive CD154* Tmem from AQP4-NMOSD patients expressing none, single, or >1 co-inhibitory receptor (n = 11).

(E) Cytokine production of AQP4-reactive Foxp3™~ and Foxp3*CD154* Tmem in AQP4-NMOSD patients (AQP4, n = 6-14).

(F) Proportion of AQP4-reactive FOXP3~ and FOXP3*CD154* Tmem from AQP4-NMOSD patients (AQP4, n = 9-14) expressing one or >1 co-inhibitory receptor.
(G) Dot plot examples of AQP4-reactive CD154* T cells from an AQP4-NMOSD patient; FOXP3* (orange dots) and FOXP3™ cells (blue dots).

(H) Proportion of naive, central memory, and effector memory T cells and TEMRA cells within FOXP3* and FOXP3~ AQP4-reactive CD154* T cells from AQP4-
NMOSD patients (n = 15).

(I and J) Kinetics of AQP4-reactive CD154" Tmem and (J) CD154*FOXP3* Tmem frequencies in AQP4-NMOSD patients (n = 10, different colored dots).

(K and L) Frequencies of CD154" Tmem and (L) CD154"FOXP3* Tmem in healthy donors (HDs, n = 48) and AQP4-NMOSD patients grouped according to their
clinical status: active disease (n = 7, new onset, or relapse, <3 months since last disease flare, one patient measured twice [purple dots], and stable remission
[n=15]).

Each symbol in (A)—(F) and (H)—(L) represents one donor; horizontal lines indicate mean. Truncated violin plots with quartiles and range are shown in (D), (K), and
(L). Statistical differences: two-tailed Mann-Whitney test or unpaired t test in (A)—(F), (H), (K), and (L). Decision was based on an upstream normal distribution test.
ns = not significant; significance was set at p < 0.05.

Treg marker HELIOS (Figure 3F) were increased within the
FOXP3* subset. FOXP3* T-AQP4 was almost completely
confined to the effector memory subset (>70%) (Figures 3G
and 3H). Similar to the transcriptional level (Figure 2), the
ThEx cells also showed their Th cell origin and their clear
phenotypic differences to Tregs at the protein level. They ex-
pressed CD127 and CD154 but not CD137, a marker for anti-
gen-activated Tregs, while Treg signature proteins were absent

(CD25) or reduced (FOXP3, HELIOS, CTLA-4, TIGIT, and CD39)
(Figures S41 and S4J). ThEx cells also expressed low levels of
cytokines, which were completely absent in CD137" Tregs.
We also determined the frequency of T cells with a ThEx
phenotype within the total memory CD4* T cell pool (total
ThEx; Figures S5A-S5D). Total ThEx cells as defined by co-
expression of >1 CIR are common in HDs, and their frequencies
were reduced in AQP4-NMOSD (Figures S5B and S5C).
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However, only about 1%-2% of all CD154*CD137~ memory
T cells expressed FOXP3 (Figure S5B), and these were enriched
to up to 7% within the >1 CIR-positive subset (Figure S5D).
These data show that ThEx development contributes to physio-
logical immune regulation, but the induction of FOXP3 co-
expression is restricted to a very small CD4* T cell subset, pre-
sent in both HDs and AID patients.

Together, these data confirmed that T-AQP4 was character-
ized by simultaneous upregulation of various immune check-
points, FOXP3, and HELIOS and by the loss of cytokine expres-
sion. Furthermore, FOXP3 expression marks a particularly
pronounced ThEx phenotype of effector memory T cells. Indeed,
as an individual marker, the frequency of FOXP3* cells within
AQP4-reactive CD4" T cells alone was sufficient to discriminate
AQP4-NMOSD patients from HDs as well as from MOGAD and
SN-NMOSD patients at cellular level (Figure S4G).

We also had the opportunity to perform longitudinal measure-
ments in patients over a period of up to 4 years. Within
this period, the frequency of total AQP4-specific and FOXP3*
AQP4-specific T cells did not show major alterations (Figures 3l
and 3J). Next, we correlated ThEx frequencies and phenotype
with the patients’ clinical status. At the time of analysis, the major-
ity of our AQP4-NMOSD cohort (Table S2) was on continuous
therapy, whereas a small group was in the active disease phase
(n = 7, new onset, or relapse, <3 months since last disease
flare, one patient was analyzed twice during active disease). The
frequency of total AQP4-specific and FOXP3* AQP4-specific
T cells did not differ significantly between groups (Figures 3K
and 3L), but patients in remission displayed an increased propor-
tion of auto-Th cells expressing FOXP3 (Figure S5H).

Overall, cytometric plus transcriptional profiing and bio-
informatic analysis suggest the stepwise acquisition of a ThEx
phenotype (co-expression of multiple inhibitory receptors and
loss of cytokines) and expression of FOXP3 as a novel marker
for ThEx effector Th cells. Auto-ThEx cells have the capacity to
persist long term in patients including in those who are in stable
remission. Thus, we identified a novel phenotype of auto-Th
cells, which may contribute to their persistence despite the
chronic presence of antigen and/or immunosuppression.

Checkpoint inhibition releases proliferation blockade

ThEXx cells maintain the capacity to express CD154, representing
the most important co-stimulatory molecule for B cells, essential
for pathogenic antibody generation. However, the accumulation
of inhibitory receptors on AQP4-reactive T cells suggested that
ThEXx cells may have reduced effector functions and proliferative
capacity, as suggested by the absence of Ki67 expression (Fig-
ure 2C). Conversely, reduced proliferation of ThEx cells in vivo
may prevent their deletion due to chronic antigen presentation
and may reduce their sensitivity to anti-inflammatory therapies
targeting actively dividing cells such as azathioprine or metho-
trexate, frequently used for AID treatment. To determine the func-
tional potential of AQP4-specific ThEx, we tried to expand FACS-
purified CD154*CD45RO* T cells in vitro. Consistent with the
ThEx phenotype, we observed an extremely low cloning effi-
ciency (mean 10.8%, n = 14) of patient-derived AQP4-specific
memory T cells, as compared with memory T cells from HDs
(mean 41.9%, n = 12) (Figure 4A). However, antibody blockade
of CTLA-4 and PD-1 ligand interaction increased the cloning effi-
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ciency of patient-derived memory T cells from approximately
11% (mean, range 0%-33.3%) to up to 35% (mean, range
20.8%-66.6%, n = 5). In contrast, this checkpoint inhibition (Cl)
had no significant effect on the cloning efficiency of AQP4-spe-
cific memory T cells derived from HDs (Figure 4A). This indicates
that CTLA-4 and PD-1 restrict the proliferation and expansion of
AQP4-specific ThEx cells from AQP4-NMOSD patients and that
this growth inhibition is at least partially reversible.

Patient-derived AQP4-specific ThEx cell clones retain
memory B cell helper activity

To further investigate their functionality, ThEx cell clones ob-
tained by in vitro CTLA-4 and PD-1 blockade, as indicated
above, were tested for in vitro B cell helper activity, as a key path-
ogenic function of autoantibody-mediated diseases. Heterolo-
gous HLA-matched naive and memory B cells were co-cultured
with AQP4-specific T cell clones (n = 7) derived from two
NMOSD patients for 5 days in the presence of the AQP4 peptide
pool. The majority of patient-derived AQP4-reactive CD4*
T cell clones induced strong plasmablast formation (up to
82%; Figures 4B and 4C). In contrast, AQP4-specific memory
T cell clones (n = 10) derived from two HDs did not induce plas-
mablast formation (Figure 4C). No plasmablast formation was
induced in naive B cells (Figure 4C), in accordance with the
lack of the key Tfh signature genes BCL-6 and CXCR5
(Figures S5E and S5F). Thus, in vitro expanded AQP4-specific
T cells represent Tph-like rather than Tth-like features, as identi-
fied in AID patients before.'®"'"°* Plasmablast formation was
strongly suppressed by the combined blockade of CD154 and
IL-21 (from about 70-80% to 14%-40%) and was critically
dependent on the presence of AQP4 peptides (Figures 4C,
S5G, and S5H). Remarkably, most reactivated ThEx clones re-
tained FOXP3 expression, albeit at reduced levels (Figures 4D
and 4E). In addition, there was a clear trend, although not statis-
tically significant because of the variability of replicates, toward
higher expression of TIGIT and PD-1—two signature molecules
of Tfh and Tph cells—on patient-derived memory T cell clones,
compared with that of AQP4-specific clones from HDs, whereas
CTLA-4 expression was similar (Figures 4D and 4E). Further-
more, patient-derived T cell clones also regained the ability to
produce cytokines (Figures 4D and 4F compared with Figure 3B).
Although IL-21 was undetectable intracellularly, in vitro blocking
of IL-21 inhibited plasmablast formation (Figure 4C), suggesting
that it is also produced at functionally relevant quantities. Finally,
all analyzed AQP4-specific T cell clones were highly methylated
at the Treg-specific demethylated region (TSDR) in the FOXP3
locus, similar to CD154* conventional T cells (Tcon) sorted
ex vivo (Figure 4G). For comparison, the TSDR was highly deme-
thylated in CD137" Tregs sorted ex vivo as well as Tregs after
prolonged in vitro expansion, which is the molecular fingerprint
of stable thymic derived Tregs. Thus, ThEx cells represent a ther-
apy-resistant T cell subset with the capacity to persist in patients
and to induce pathogenic B cell responses upon reactivation.

Auto-ThEXx cells are common in chronic organ-

specific AlDs

Having observed the long-term persistence of ThEx cells in the
highly chronic disease AQP4-NMOSD, we next wondered
whether patients suffering from a related —albeit considerably
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Figure 4. In vitro AQP4-reactive CD4" T cell
single-cell cloning and B cell helper assay

AQP4-reactive CD154* T cells were single-cell
FACS sorted into 96-well plates, expanded with
CD3/CD28 and autologous APC in the presence
or absence of checkpoint blockade (Cl).

(A) Cloning efficiency without (HD, n = 12; AQP4,
n = 14) or with CI (HD, n = 4; AQP4, n = 5).

(B and C) HLA-matched naive B cells (NBCs, n = 6)
or memory B cells (MBCs) were co-cultured with or
without (Ctrl, n = 3) expanded AQP4-reactive T cell
clones (HD, n = 10; AQP4, n = 7) in the presence of
the AQP4 peptide pool for 5 days. Plasmablast
formation was defined as CD27"9"CD38"" in-
HD AQP4 duction. Blocking anti-CD40L and soluble IL-21
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less chronic and often monophasic —glial autoantibody-specific
demyelinating AID (MOGAD) showed less prominent presence of
ThEXx cells in their blood (Figures 5A-5F, S6A, and S6B). The clin-
ical information on the cohort is provided in Table S2. Indeed,
MOG-reactive T cells were neither increased in MOGAD patients
as reported before®® nor displayed TEM enrichment or any
increased expression of CIRs or reduced cytokine expression
as compared with memory T cells from HDs (Figures 5A-5D,
S6A, and S6B). Instead, they contained a large fraction of naive
T cells suggesting limited contact to MOG in vivo. In line with this,
Cl had no effect on cloning efficiency of MOG-reactive memory
T cells (Figure 5E) and patient-derived MOG-specific T cell
clones displayed low functional avidity to antigen (Figure 5F).
Altogether, blood-derived MOG-specific T cells are minimally
affected by MOG antigen in vivo, suggesting fundamentally
different T cell responses in MOGAD versus AQP4-NMOSD.

If the presence of ThEXx cells is associated with chronicity, we
next sought to determine whether the ThEx phenotype is a
common phenotype in highly chronic AIDs affecting other or-
gans. We further analyzed patients with AIH and BP (clinical
information provided in Tables S3 and S4), characterized by spe-

0% 0 10% 10% 10

L GM-CSF-PE-Vio770

2% e 03 11? oﬁs AQP4-reactive T cell clones from healthy donors

(HDs) and AQP4-NMOSD patients (AQP4) after
antigen restimulation stained for (E) co-inhibitory
receptors (HD, n = 18; AQP4, n = 29-39) and
(F) cytokines (HD, n = 9-18; AQP4, n = 13-29).
(G) TSDR methylation of expanded AQP4-reactive
T cell clones from AQP4-NMOSD patients (AQP4,
n = 15), expanded Treg lines (n = 2), and ex vivo
PMA- and ionomycin-activated CD154* and
CD137* T cells from AQP4-NMOSD patients (n = 2).
Each symbol in (A) and (G) represents one donor.
Each symbol in (C), (E), (F), and (G) represents one
T cell clone. Horizontal lines indicate mean. Trun-
cated violin plots with quartiles and range are
shown in (A) and (G). Statistical differences: two-
tailed Mann-Whitney test in (A), (C), (E), and (F). ns =
not significant; significance was set at p < 0.05.

cific autoantibodies against SLA and

BP180, respectively. SLA-specific Th

cells were increased in autoantibody-

positive AlH patients. While frequency of

BP180-specific Th cells was not signifi-
cantly increased in BP patients (Figures S6C and S6D), a strong
expression of cutaneous lymphocyte-associated antigen (CLA)
suggested skin-associated priming selectively in BP patients
(Figure S6G). Similar to AQP4-NMOSD, effector memory auto-
Th cells expressing more than one CIR were significantly
increased in AIH and BP patients. This subset also showed
maximal expression of FOXP3, albeit with higher variability, as
compared with NMOSD (Figures 5G-5J). Furthermore, auto-Th
cells expressed less cytokines in both AIDs than in healthy con-
trols (Figures S6F and S6H).

In summary, ThEx cell formation appears to be common in
chronic human AIDs targeting distinct antigens and organs,
including AQP4-NMOSD, AlH, and BP. However, some AID —spe-
cifically MOGAD —appear to be T cell immunological different.

TCRs identified via scRNA-seq recognize AQP4 peptides

We also wanted to confirm the antigen-specificity of the TCRs
identified by ex vivo scRNA-seq and to define their peptide/HLA
targets, using NMOSD as a model. Within the 96 cells analyzed
per sample, T-AQP4 exhibited significant clonal expansions (Fig-
ure 6A). Of the 234 AQP4-T cell TCRs analyzed, 54.3% were

Immunity 57, 2416-2432, October 8, 2024 2423




¢? CellPress

OPEN ACCESS

Immunity

A wio antigen MOG B c G H
104 41 131 + 100 UﬂJZ <0£01 g
° - : 3 £ 00164 <0.0001 £
9 + E el
o £ 3 = i
e @ ~ + a
= € Q 3 [8)
Lo 18 139 e o = 2
o 107 - < < 5] ™
8 i i. |MOGAD ° L
O T F— [ 3— Q ® o)
of 3 [3) 3 2
=2 x
050 103 104 10° 403 0 10° 10% 10°
TNF-a-AF700 PD-1/CTLA-4/TIGIT
D E F Functional avidity I J
100 0.0115 0.0080 0.0093 GEJ
100 100 ns _— E100 — — £ 100
> — — ns 0.0035 =
§ 80 S go| __ms = % goes — = 1 80
€ 3 S £ 3
60 2 60 210! % 5 60
< o =
B 40 o 40 3 = 2 40
Q = o
O 20 S 20 W02 o & 20
< S R e}
3 0 X 0 w 0
.00 =
b 6 X X
PD-1/CTLA-4/TIGIT \fb(\ \{b(\ PD-1/CTLA-4/TIGIT PD-1/CTLA-4/TIGIT
@ HD @ MOGAD 979 eHD @BP

Figure 5. Auto-ThEXx cells are present in various AlDs

(A) Dot plot examples for the ex vivo detection of MOG-reactive CD4* T cells by ARTE from 3 x 107 PBMCs, cell counts are indicated.
(B) Frequencies of MOG-reactive CD154*CD45RA™ memory CD4™* T cells (Tmem), (HD, n = 26 and patients, n = 28) (AQP4, n = 10; MOG antibody-associated

disease [MOGAD], n = 10; seronegative [SN], n = 8).

(C) Proportion of naive, central memory, and effector memory T cells within MOG-reactive CD154* T cells (HD, n = 6; MOGAD, n = 10).
(D) Ex vivo proportion of MOG-reactive CD154* Tmem co-expressing the indicated number of co-inhibitory receptors (HD, n = 6; MOGAD, n = 10).
(E) Cloning efficiency of MOG-reactive CD154* T cells from healthy donors and MOGAD patients without (HD, n = 5; MOGAD, n = 5) or with (HD, n = 5; MOGAD,

n = 5) checkpoint inhibitors.

(F) ECs0 values were determined from dose-response curves after antigen restimulation (AQP4, n = 49 and MOGAD patients [MOGAD], n = 11).
(G) Ex vivo proportion of SLA-reactive CD154* Tmem cells co-expressing the indicated number of co-inhibitory receptors from healthy donors (HDs, n = 9) and

AlH patients (AIH, n = 7).

(H) Proportion of FOXP3* SLA-reactive CD154* Tmem from AIH patients expressing none, single, or >1 co-inhibitory receptor (n = 7).

() Ex vivo proportion of cells co-expressing the indicated number of co-inhibitory receptors within BP180-reactive CD154* Tmem (HD, n = 17; BP, n = 12).

(J) Proportion of FOXP3* BP180-reactive CD154* Tmem from BP patients expressing none, single, or >1 co-inhibitory receptor.

Each symbol in (B)—(D) and (G)—(J) represents one donor, each symbol in (E) and (F) represents one T cell clone, and horizontal lines indicate mean in (B)—~(D), (G),
and (l). Truncated violin plots with quartiles and range are shown in (E), (H), and (J). Statistical differences: two-tailed Mann-Whitney test or unpaired t test in
(B)—(J). Decision was based on an upstream normal distribution test. ns = not significant; significance was set at p < 0.05.

detected more than once (clone size 2.4%-9.9%). Overall, these
expanded clones accounted for 41%-72% of the total sequenced
AQP4-specific TCR repertoire from the three AQP4-NMOSD pa-
tients analyzed, suggesting an oligoclonal T cell response, which
was similar to T-CAND cells (58%—-67% of total TCR repertoire)
and T-FLU cells (30% of total TCR repertoire) (Figure 6A). To
confirm their epitope specificity, TCRs were re-expressed via or-
thotopic TCR replacement using CRISPR-Cas9 knockin into the
TCR alpha constant (TRAC) locus of primary human CD4*
T cells. Simultaneously, the TCR beta constant (TRBC) locus
was knocked out to ensure correct TCR-o/p pairing®®°®
(Figures S7TAand S7B). A total of 20 TCRs were re-expressed (Fig-
ure S7C), derived from expanded clonotypes from three AQP4-
NMOSD patients, representing 28%—-60% of the sequenced
AQP4-specific TCR repertoire of each patient. Of these re-ex-
pressed TCRs, 85% (17 of 20) reacted against the AQP4 peptide
pool, confirming their specific ex vivo detection (Figures 6B
and 6C).

Next, we performed epitope mapping of the re-expressed
AQP4 TCRs via single-peptide stimulation. Each TCR repertoire

2424 Immunity 57, 2416-2432, October 8, 2024

derived from one individual patient recognized one major
epitope (>60% of tested clones). However, the epitopes did
not overlap between the patients. In one patient, six out of seven
re-expressed TCRs (representing about 44% of the AQP4-spe-
cific TCR repertoire) recognized one single peptide (p26, amino
acid [aa] 101-115) and one TCR recognized another peptide
(P32, aa 125-139) (Figure S7D). All seven TCRs were restricted
to HLA-DQ6.2 (DQA1*01:02, DQB1*06:02) as shown by use of
specific HLA-DR, -DP, -DQ blocking antibodies (Figure S7E),
HLA typing of the patients (Table S5) and restimulation of
AQP4-specific T cell clones with a mono-allelic HLA-DQ6.2-ex-
pressing cell line (Figure S7F). Interestingly, HLA-DQ6 was over-
represented within our small NMOSD cohort (9 out of 22 typed
samples [41%] versus 15%-20% in Europe®’°®; Table S5).
T cells from three HLA-DQ6.2" patients also strongly reacted
against a pool of selected immunodominant peptides (p25-27,
aa 97-119 and p30-32, aa 117-139) in the ARTE assay
(Figures S7G and S7H). Overall, this suggested that peptide
AQP4491_115 mMay represent a major T cell epitope in HLA-
DQ6.2* NMOSD patients.
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Figure 6. TCR re-expression and peptide/
HLA tetramer staining of AQP4-specific
T cells

(A) Pie charts of T cell receptor (TCR) repertoire of
antigen-reactive T cells from NMOSD patients
(AQP4, T-AQP4, n = 3; C. albicans, T-CAND, n = 2;
and influenza, T-FLU, n = 2). Percentage of clon-
ally expanded TCRs (>1) are indicated.

(B and C) TCRs were re-expressed via orthotopic
TCR replacement. (B) Contour plot example with
and without restimulation. (C) Proportion of reac-
tive TCRs (signal-to-noise ratio [SNR] >3% and
>5% reactivity).

(D-H) Peptide26/HLA-DQ6.2 tetramer (PE + APC)
staining of PBMCs from HLA-DQ6.2* healthy
donors (HDs, n = 3) and AQP4-NMOSD patients
(AQP4,n=17).

(D) Contour plot examples after magnetic enrich-
ment from 3 x 107 PBMCs (cell counts indicated).
(E-H) Comparison of antigen-specific CD4*
T cells detected by ARTE or by tetramer enrich-
ment. (E) Frequencies in healthy donors (HD
ARTE, n = 48; HD tetramer, n = 3) and AQP4-
NMOSD patients (AQP4 ARTE, n = 19; AQP4
tetramer, n = 7) and (F) phenotype (AQP4 ARTE,
n = 22; AQP4 tetramer, n = 6). (G) Phenotype of
tetramer-positive CD4* T cells (dot plot exam-
ples).

(H) ARTE versus tetramer enrichment: compari-
son of indicated marker expression (AQP4 ARTE,
n = 9-20; AQP4 tetramer, n = 5-6). For CD25 and
CD127, no ARTE data are available (NA).

Each symbol in (E), (F), and (H) represents one
donor. Each symbol in (C) represents one trans-
genic TCR. Horizontal lines indicate mean. Sta-
tistical differences: two-tailed Mann-Whitney test
in (E), (F), and (H). ns = not significant; significance
was set at p < 0.05.

(Figure S7l) and analyzed HLA-DQ6.2*
NMOSD patients (n = 7) and HDs (n =
3), using combined tetramer staining
and magnetic enrichment. As shown in

<0.0001 00344 0,0002 Figures 6D and 6E, tetramer-positive
g 1007 g L o 0.0002 = 1 o T cells were exclusively detected in
) |e e 8 ® | PBMCs from patients (6 out of 7) but
E L2 80 ': H ¢ e ° not in HLA-DQ6* HDs. Their frequency
S 860 d B b4 7 ranged from 107° to 107%, similar to
52 60 H s & °
e b o o ° the frequencies detected via the ARTE
o E 40 A! o © @ ° - ° 7 assay. AQP4-specific tetramer-positive
20 ] ‘ ® e @ i CD4" T cells were almost exclusively
<™~ 20 & & ry
; H g - Feo e effector memory cells (Figures 6F
° 0-— T ° &.—v‘—hl\ e ~ and S7J) and displayed a high expres-
43“-’ \O% ®<\ F & 3 0’13’ ,{i\ sion of FOXP3, HELIOS, and TIGIT
(<O ‘2@/ < é © O QO (Figures 6G and 6H). Tetramer-positive

® AQP4 ARTE @ AQP4 Tetramer

CD4* T cells did not express CD25
but instead expressed low levels of
CD127 (Figures 6G and 6H), further

Peptide-HLA-DQ6 tetramer staining confirms the ex vivo
FOXP3* ThEx phenotype

To test the relevance of peptide AQP4491_115 restricted
by HLA-DQ6.2 and to independently confirm the T-AQP4
phenotype, we generated AQP4441_115/HLA-DQ6.2 tetramers

supporting their effector T cell origin. Tetramer-positive
CD4* T cells also lacked Ki67, CD38, and ICOS
(Figures S7K and S7L). Interestingly, the expression of
exhaustion markers such as PD-1, CTLA-4, and CD39 was
reduced on cells identified by the tetramer, compared with
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Figure 7. FOXP3 regulates the ThEx phenotype induced by chronic stimulation in vitro
Naive CD4* T cells plus autologous APCs were stimulated with staphylococcal enterotoxin b (SEB) once (acute) or daily (chronic) for 7 days.

(A) Dot plot examples of CD4* T cells.

(B) Proportion of FOXP3, co-inhibitory receptor, and cytokine expressing cells (n = 10).

(C) Proportion of cells expressing the indicated number of co-inhibitory receptors (n = 10).

(D) Proportion of chronically stimulated FOXP3* CD154* T cells expressing none, single, or >1 co-inhibitory receptor (n = 10).

(E-H) Before the start of chronic stimulation, FOXP3 was deleted using CRISPR-Cas9. (E) Dot plot examples comparing the pulse control and the FOXP3~/~.
(F) Proportion of cells expressing FOXP3 within once (acute) or chronically stimulated cells with or without FOXP3 deletion (n = 5) and efficiency of FOXP3 deletion.
(G and H) Proportion of cells expressing co-inhibitory receptors and cytokines within CD154" T cells with or without FOXP3 deletion after (G) chronic stimulation

(n = 5) and (H) acute stimulation (n = 5).

Each symbol in (B)—(D) and (F)—(H) represents one donor. Truncated violin plots with quartiles and range are shown in (B)-(D) and (F)—(H). Statistical differences:
two-tailed Mann-Whitney test or unpaired t test in (B)-(D) and (F). Wilcoxon matched-pairs signed rank test or two-tailed paired t test in (G) and (H). Decision was
based on an upstream normal distribution test. ns = not significant; significance was set at p < 0.05.

AQP4-reactive T cells detected via ARTE (Figure G6H).
This suggests that ThEx cells are poised in vivo to rapidly up-
regulate these markers during the 7-h activation period per-
formed prior to the ARTE assay. In summary, these analyses
confirmed that AQP4-reactive effector/memory CD4* T cells
have reached an ThEx stage in AQP4-NMOSD patients,
marked by the constitutive expression of FOXP3, HELIOS,
and TIGIT, as well as by the rapid (<7 h) upregulation of
CTLA-4 and PD-1 upon antigen stimulation.
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FOXP3 regulates the ThEx phenotype induced by
chronic in vitro stimulation

To test the possibility that chronic stimulation is indeed driving
the ThEx phenotype, we developed an in vitro protocol with
daily polyclonal stimulation of purified CD4 T cells in vitro and
compared it with single stimulation (Figure 7). After a 7-day
chronic stimulation—but not after a single stimulation—a
ThEx phenotype was induced, including strong upregulation of
FOXP3, TIGIT, PD-1, and CTLA-4 as well as decreased
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expression of cytokines such as IL-2 and TNF-«, while IFN-y was
not affected (Figures 7A and 7B). Similar to the ex vivo ThEx
phenotype, cells co-expressing multiple CIRs were increased
and also expressed FOXP3 (Figures 7C and 7D). Next, we per-
formed a FOXP3~/~ using CRISPR-Cas9 before the start of
chronic stimulation (Figures 7E-7H). The FOXP3~'~ reduced
FOXP3 expression by 80%-90% (Figures 7E and 7F). At the
same time, expression of TIGIT and CTLA-4 was significantly
reduced, and the expression of IL-2, TNF-a, and IFN-y
increased. In contrast, FOXP3~'~ prior to a single stimulation
had no significant effect on CIR and cytokine expression
(Figures 7G and 7H). These data demonstrate that chronic stim-
ulation can be sufficient to drive key aspects of the ThEx pheno-
type and further suggest that FOXP3 is functionally involved in
this process and inversely regulates expression of signature
CIRs and inflammatory cytokines.

DISCUSSION

We identified auto-Th cells in AQP4-NMOSD patients character-
ized by a ThEx phenotype and expression of the canonical Treg
master transcription factor FOXP3. The same ThEx phenotype
was prominent in auto-Th cells of two additional chronic or-
gan-specific AlDs of the liver and the skin, suggesting a common
exhaustion-like pathway in chronic antigen-specific autoimmu-
nity. Interestingly, MOG-specific T cells were minimally affected
by antigen in patients with the more often monophasic and less
chronic/relapse-prone MOGAD. This could indicate either T cell
ignorance due to the sequestration of MOG in the central ner-
vous system (in contrast to systemically present autoantigens
in the other AIDs) or a tissue-restricted T cell response. These
different response patterns, how they correlate with chronicity,
and how they classify other AIDs need to be investigated in future
experiments. Indeed, auto-ThEx cells maintained the capacity to
express CD154, persisted during immunotherapy-induced AID
remission, and could be reactivated in vitro. All these identify
auto-ThEx cells as therapy-resistant, reactivatable, and poten-
tially pathogenic T cell memory, which may thus contribute to
disease chronicity and propensity to relapse. Moreover, we pro-
vide proof of concept for the role of exhaustion-like program-
ming among autoantigen-specific CD4" T cells in prototypic
antigen-specific AIDs, suggesting that T cells rely on similar
mechanisms to adapt to chronic antigen stimulation in AlDs,
cancer, and chronic infections. This reveals novel cellular targets
and pathways for therapeutic intervention and disease
monitoring.

A dominant role for exhausted autoantigen-specific T cells in
AID patients is at odds with the current view of pro-inflammatory
activated T cells driving chronic autoimmunity.®” Previous studies
in AIDs, including NMOSD, mainly identify T cells with pro-inflam-
matory or B cell helper function.'®?*' However, the current stan-
dard readouts for auto-Th cell identification (proliferation, pro-in-
flammatory cytokines) may selectively miss exhausted, non-
proliferative ThEx cells, as identified herein. In fact, T cell exhaus-
tion in AIDs may even be expected given the chronic presence of
(auto)antigens, similar to tumors or chronic infections. Consis-
tently, a CD8™" T cell transcriptional profile of exhaustion correlates
with beneficial outcome in AID***°° and response to immunother-
apies.®® Inhibitory receptor deficiencies or checkpoint therapies
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can cause or exacerbate AlDs,®”®" and exhausted CD8 and
CD4 T cells are present in inflamed tissues of T1D*%? and sys-
temic lupus erythematosus (SLE)°® models. Here, we demon-
strated exhaustion on the level of autoantigen-specific T cells in
AID patients. ThEx cells were independent of the type of immuno-
therapy, disease duration, or severity, suggesting that these path-
ogenic memory cells persist long term and escape immunosup-
pressive therapies used in our patient cohorts (Table S2).
Although auto-Th frequencies did not significantly vary over
time, a balance between exhaustion and pro-inflammatory Th
cells would be in line with previous studies linking elevated cyto-
kines to disease severity.”>?” In AQP4-NMOSD, the proportion
of FOXP3* auto-ThEx was slightly increased during therapy-
induced remission, and ThEx was less pronounced in BP patients,
who on average have a shorter time from onset of disease to blood
sampling (Table S4). However, this needs to be confirmed in larger
patient cohorts with different AID types and time points.
In any case, the long-term persistence of (re-)activatable autoan-
tigen-specific ThEx cells in patients in remission may well explain
the less-than-perfect treatment efficacy of steroid-sparing
agents,® " depletion of CD19/CD20 memory B cells,?®®° as
well as exacerbation of disease by B-IFN.?”"° Expanded popula-
tions of auto-Th cells as well as the ThEx cell phenotype were
virtually absent in HDs, further suggesting that exhaustion actively
modulates the pathogenic T cell response in patients rather than
restricts autoreactivity development in HDs.®'

An intriguing molecular change that we observed was the in-
duction of FOXP3 in exhausted autoreactive T-AQP4 cells.
ThEx cells resembled conventional T cells rather than Tregs,
based on TCR clonal heterogeneity, phenotypic and transcrip-
tional profiling, FOXP3 TSDR methylation, and reactivation po-
tential. FOXP3* AQP4-specific ThEx cells were absent in HDs,
indicating that they are not derived from an unstable thymic
Treg precursor, as described in various AlDs”""? including
NMOSD.”®~"® FOXP3 expression in conventional human CD4*
T cells negatively regulates cytokine production and prolifera-
tion”” and prevents apoptosis upon repetitive TCR stimulation,”®
which may improve ThEx cell survival. Of interest, recent data
identify FOXP3* acquisition by conventional naive T cell-derived
Tfh cells in late murine”® as well as in human germinal centers.®°
These cells acquire suppressive function but maintained B
helper cell function.?® Similarly, gluten-tetramer-positive T cells
in celiac disease patients display an “unconventional” FOXP3*
CD25™ phenotype, despite otherwise exhibiting a Tph pheno-
type, including expression of IL-21 and inhibitory receptors but
absence of CXCR5. A similar Tph phenotype is present in rheu-
matoid arthritis®* and in autoantigen-specific T cells isolated via
ARTE from patients with AIH. These cells express IL-21 and IFN-
v but not FOXP3."® These phenotypes at least partially overlap
with the ThEx signature described here, with the exception of
reduced cytokine expression in the FOXP3* subset. Considering
the importance of AQP4-specific antibodies in NMOSD and in
view of the common clonal origin of FOXP3* and FOXP3~
ThEx cells, we speculate that ThEx cells are indeed related to
Tfh/Tph cells induced by chronic antigen-stimulation. However,
an alternative Treg origin cannot be excluded, which remains to
be analyzed in the future.

In conclusion, our findings suggest a central role of auto-Th
cell exhaustion in chronicity and propensity to relapse in chronic
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AlDs and a novel role of the canonical transcription factor FOXP3
in CD4 T cell exhaustion. The specific elimination of ThEx cells or
profound suppression of their reactivation represents a novel
and previously underappreciated target for therapeutic interven-
tion in AID.

Limitations of the study

The study cohort is small, limiting the validity of HLA-DQ6 asso-
ciations or correlations between T cell status and clinical status
(remission versus active disease/relapse) or treatment status.
The study is restricted to blood, and the presence and pheno-
types of autoreactive T cells in tissues or CSF needs to be
clarified. We cannot exclude a role of Tregs, e.g., targeting
different epitopes, since we focused on CD154* Tcon and
AQP4441_115/HLA-DQ6. Future studies need to broadly analyze
the peptide/HLA targets of Tcon and Treg in all AIDs analyzed
here. Ultimately, several questions remain open: how is the ex-
hausted phenotype induced in vivo and where and how is
exhaustion reversed; and can the induction or stabilization of
the exhausted state or the elimination of exhausted T cells be ex-
ploited therapeutically, such as via antigen-specific immune
therapy?
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Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Alexander Scheffold
(Alexander.Scheffold@uksh.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The raw paired-end scRNASeq fastq files, as well as processed gene expres-
sion and clonotype tables, respectively, are deposited at GEO (accession
number is GSE242232) and are publicly available as of the date of publication.
Flow cytometry and genotyping data (Infinium Global Screening Array-24
(GSA)) will be available from the lead contact upon request.
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Biolegend

Miltenyi Biotec
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Biolegend

Miltenyi Biotec
Biolegend

Miltenyi Biotec
Biolegend

Miltenyi Biotec
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Miltenyi Biotec
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Miltenyi Biotec
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Cat#130-113-251; RRID: AB_2726053
Cat#130-114-534; RRID: AB_2726691
Cat#130-114-585; RRID: AB_2726703
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Cat#130-113-160; RRID: AB_2725988
Cat#130-110-525; RRID: AB_2655057
Cat#130-113-150; RRID: AB_2725978
Cat#130-113-379; RRID: AB_2726147
Cat#130-113-376; RRID: AB_2726144
Cat#363022; RRID: AB_2564231
Cat#356418; RRID: AB_2562599
Cat#130-113-369; RRID: AB_2726139
Cat#130-113-556; RRID: AB_2733381
Cat#130-112-613; RRID: AB_2659065
Cat#310906; RRID: AB_314841
Cat#130-113-612; RRID: AB_2751146
Cat#130-113-610; RRID: AB_2733342
Cat#309822; RRID: AB_2565997
Cat#130-110-763; RRID: AB_2654986
Cat#130-120-492; RRID: AB_2784483
Cat#130-118-350; RRID: AB_2733213
Cat#353230; RRID: AB_2563630
Cat#130-117-700; RRID: AB_2751410
Cat#130-113-286; RRID: AB_2733792
Cat#302634; RRID: AB_2563807
Cat#130-113-413; RRID: AB_2726161
Cat#351307; RRID: AB_10900064
Cat#130-117-421; RRID: AB_2727941
Cat#397124; N/A

Cat#130-123-420; RRID: AB_2811516
Cat#130-123-422; RRID: AB_2811517
Cat#130-123-419; RRID: AB_2811515
Cat#130-113-560; RRID: AB_2751129
Cat#304208; RRID: AB_314424
Cat#130-092-658; N/A
Cat#130-050-201; RRID: AB_2665482
Cat#130-105-639; RRID: AB_3101796
130-090-855; RRID: AB_244367
Cat#130-128-928; RRID: AB_2893087
Cat#130-113-557; RRID: AB_2733130
Cat#130-093-375; RRID: AB_1036134

Cat#130-094-133; RRID: AB_10839704
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CD8 pure - functional grade, human
(clone: OKT3)

CD4-BV421 (clone: OKT4)
CD45RA-PE-Cys5 (clone: HI100)
Helios-PE-Cy7 (clone: 22F6)
Helios-FITC (clone: REA829)
IL-2-BV605 (clone: MQ1-17H12)
IL-2-BV650 (clone: MQ1-17H12)
IL-2-APC-Vio770 (clone: N7.48A)
IFN-y-BV570 (clone: 4S.B3)
IFN-y-PerCP-Cy5.5 (clone: 4S.B3)
TNF-a-AF700 (clone: Mab11)
Foxp3-AF647 (clone: 206D)
Foxp3-PE-Cy7 (clone: 236A/E7)
IL-17A-BV650 (clone: N49-653)
BCL-6-PE (clone: K112-91)
TOX-PE (clone: REA473)

Miltenyi Biotec

BioLegend
BioLegend
BioLegend
Miltenyi Biotec
BioLegend
Biolegend
Miltenyi Biotec
BioLegend
BioLegend
BioLegend
BioLegend
Invitrogen

BD Biosciences
BD Biosciences

Miltenyi Biotec

Cat#130-093-387; RRID: AB_1036144

Cat#317434; RRID: AB_2562134
Cat#304110; RRID: AB_314414
Cat#137236; RRID: AB_2565990
Cat#130-112-629; RRID: AB_2651978
Cat#500332; RRID: AB_2563877
Cat#500334; RRID: AB_2563878
Cat#130-120-249; RRID: AB_2784380
Cat#502534; RRID: AB_2563880
Cat#502526; RRID: AB_961355
Cat#502928; RRID: AB_2561315
Cat#320114; RRID: AB_439754
Cat#25-4777-42; RRID: AB_2573450
Cat#563746; RRID: AB_2738402
Cat#561522; RRID: AB_10717126
Cat#130-120-716; RRID: AB_2801780

PD-1-BV711 (clone: EH12.2H7) Biolegend Cat#329928; RRID: AB_2562911
PD-1-FITC (clone: EH12.2H7) Biolegend Cat#329904; RRID: AB_940479
PD-1-PE-Dazzle-594 (clone: EH12.2H7) Biolegend Cat#329940; RRID: AB_2563659
TIGIT-PE-Dazzle-594 (clone: A15153G) Biolegend Cat#372716; RRID: AB_2632931
CTLA-4-BV785 (clone: BNI3) Biolegend Cat#369624; RRID: AB_2810582
CTLA-4-BV605 (clone: BNI3) Biolegend Cat#369610; RRID: AB_2632779
ICOS-BV750 (clone: C398.4A) Biolegend Cat#313558; N/A
CXCR5-PE-Fire700 (clone: J252D4) Biolegend Cat#356954; N/A
CXCR5-PE-Dazzle-594 (clone: J252D4) Biolegend Cat#356928; RRID: AB_2563689
Ki-67-BV480 (clone: B56) BD Biosciences Cat#566172; RRID: AB_2739569
IL-22-PerCP-eFluor710 (clone: 1L22JOP) Invitrogen Cat#46-7222-82; RRID: AB_2573839
IgD-APC-Cy7 (clone: 1A6-2) Biolegend Cat#348218; RRID: AB_11203722
Mouse TCRb-APC (clone: H57-597) Biolegend Cat#109212; RRID: AB_313435
Human TCRab-FITC (clone: IP26) Biolegend Cat#306706; RRID: AB_314644
CD4-AF700 (clone: 63D3) Self-made N/A

CD14-PacBlue (clone: 63D3) Self-made N/A

CD38-AF647 (clone: OKT10) Self-made N/A

CD45RA-FITC (clone: 4G11) Self-made N/A

CD45RO-FITC (clone: UCHL1) Self-made N/A

Tetramer-PE Miltenyi Biotec N/A

Tetramer-APC Miltenyi Biotec N/A

Peptide Pools

AQP-4 Peptides & Elephants N/A

MOG JPT N/A

Influenza A HIN1 (HA)
Candida albicans MP65

Miltenyi Biotec
Miltenyi Biotec

Cat#130-099-803
Cat#130-096-776

SLA Peptides & Elephants N/A
BP180 Peptides & Elephant N/A
Chemicals, Peptides, and Recombinant Proteins

Human AB Serum Merck N/A

RPMI-1640 medium
TexMACS medium

GIBCO, Life Technologies
Miltenyi Biotec
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X-Vivo15 medium Lonza Cat#BE02-060F

Human IL-2 (Proleukin) Novartis N/A

Human IL-4
Human GM-CSF
Brefeldin A

Miltenyi Biotec
Miltenyi Biotec
Sigma Aldrich

Cat#130-093-922
Cat#130-093-866
Cat#B6542

Critical Commercial Assays

MS Columns

LS Columns

Viobility 405/520 Fixable Dye
FoxP3 Staining Buffer Set

Amaxa P3 Primary Cell 4-D Nucleofector X
Kit S

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Lonza

Cat#130-042-201
Cat#130-042-401
Cat#130-130-404
Cat#130-093-142
Cat#VPXP-3032

Software and Algorithms

FlowJo

MACSQuantify
GraphPad Prism 9.5.1.
GSNAP (v2019-06-10)

FeatureCounts (v2.0.1)

R

TraCeR (v0.5)

Seurat R package (v4.3.0)
Harmony R package (v0.1.1)

Monocle3 R package (v1.3.7)

Ingenuity Pathway Analysis (IPA,
v45868156)

BD Biosciences
Miltenyi Biotec
GraphPad

https://doi.org/10.1093/bioinformatics/
btq057

https://doi.org/10.1093/bioinformatics/
btt656

R development Core Team
https://doi.org/10.1038/nmeth.3800
https://doi.org/10.1016/j.cell.2021.04.048

https://doi.org/10.1038/s41592-019-
0619-0

https://doi.org/10.1038/nbt.2859

QIAGEN

RRID:SCR_008520
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

NMOSD and MOGAD patient peripheral EDTA blood samples (50-75ml) were obtained from the Department of Neurology, UKSH Kiel
and Lubeck, Germany, the Department of Neurology, Charité Berlin, Germany and the Clinic and Polyclinic for Neurology, University
Medical Center Hamburg-Eppendorf, Germany. Buffy coats or EDTA blood samples of all healthy controls were obtained from blood
bank donors of the Institute for Transfusion Medicine, UKSH Kiel, Germany, the Charité blood bank, Charité Berlin, Germany or from
in-house volunteers (approval by the local ethics committee: NMOSD/MOGAD patients Kiel/Lubeck: 498/19, B300/19; NMOSD pa-
tients Berlin: EA1/041/14, EA1/362/20; healthy controls D578/18). AIH patient peripheral EDTA blood samples (50-75ml) were ob-
tained from the Department of Medicine, University Medical Center Hamburg-Eppendorf, Germany (approval by the local ethics
committee: PV4081). BP patient peripheral EDTA blood samples (50-75ml) were obtained from the Department of Dermatology,
UKSH Kiel and Lubeck, Germany (approval by the local ethics committee: Kiel B323/21, Liibeck 21-368). Peripheral blood mononu-
clear cells (PBMCs) were freshly isolated from EDTA blood on the day of blood donation by density gradient centrifugation (Biocoll;
Biochrom, Berlin, Germany). Demographic data about the study participants is provided in Table S1. All patients and blood donors
gave written informed consent.

METHOD DETAILS
Cell lines

Bare lymphocyte syndrome (BLS) cell line stably expressing DQA1*01:02/DQB1*06:02 (DQw6) were provided by Reza Naghavian
and Roland Martin (Neuroimmunology and MS Research Section, University Hospital Zurich, Switzerland) (originally gifted by
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W.W. Kwok (Benaroya Research Institute, Seattle)). Cells were expanded in RPMI-1640 medium (GIBCO) supplemented with 10%
heat-inactivated fetal bovine serum (FCS (Gibco)), 2mM L-glutamine (BIOWEST), 100 IU/mL penicillin/streptomycin (AppliChem
GmbH) on 6-well culture plates. During expansion, medium was replenished, and cells were split as required.

Antigens

AQP-4 and MOG peptide pools of lyophilized 15-mer peptides with 11-amino acid overlap, covering the complete protein sequence
were purchased from JPT (Berlin, Germany) and peptides & elephants (Hennigsdorf, Germany). SLA- and BP180 peptide pools of
lyophilized 15-mer peptides with 11-amino acid overlap, covering the immunogenic parts of the protein were purchased from pep-
tides & elephants (Hennigsdorf, Germany). Influenza A H1N1 (HA) and C.albicans MP65 peptide pools were purchased from Miltenyi
Biotec (Bergisch Gladbach, Germany). Peptides were resuspended according to manufacturers’ instructions and T cells were stim-
ulated at a concentration of 1 pg/peptide/ml until otherwise indicated.

Antigen-reactive T cell enrichment

Antigen-reactive T cell enrichment was performed as previously described with slight modifications. 2.5-5x10” PBMCs were plated in
2 ml RPMI-1640 medium (GIBCO), supplemented with 5% (v/v) human AB-serum (Sigma Aldrich, Schnelldorf, Germany) in 6-well cell
culture plates and stimulated for 7 h in presence of 1 ug/ml CD40 pure antibody (Miltenyi Biotec, Bergisch Gladbach, Germany). 1 ug/
ml Brefeldin A (Sigma Aldrich) was added for the last 1.5 h. To multiplex several specificities, the differential stimulated cells were
labeled with different concentrations of two CD4-antibody clones (CD4-BV421, clone OKT4, titer 1:20 and 1:200; CD4-APC-
Vio770, clone MT-466, titer 1:50 and 1:500). For lower concentrations the respective unconjugated CD4 pure antibody was added
at a concentration of 1 ug/ml to block intermixing of the barcode label. Barcoded populations were pooled and labeled with CD154-
Biotin followed by anti-Biotin MicroBeads (CD154 MicroBead Kit, Miltenyi Biotec) and magnetically enriched by two sequential MS
columns (Miltenyi Biotec). Surface staining was performed on the first column, followed by fixation and intracellular staining on the
second column. Frequencies of antigen-specific T cells were determined based on the cell count of CD154+ T cells after enrichment,
normalized to the total number of CD4+ T cells applied on the column. For each stimulation, CD154* background cells enriched from
the non-stimulated control were subtracted.

Flow cytometry

Live/dead discrimination was performed by using Viobility 405/520 Fixable Dye (Miltenyi Biotec). For intracellular staining cells were
fixed and permeabilized with the FOXP3 staining buffer set (Miltenyi Biotec). Data were acquired on a MACSQuant Analyzer 16 (Mil-
tenyi Biotec), LRS Fortessa (BD Bioscience, San Jose, CA, USA), Northern Lights 3000 (Cytek Biosciences) or Aurora (Cytek Biosci-
ences). Expanded T cell clones were screened on 384-well plates on a MACSQuantX Analyzer (Miltenyi Biotec). FlowJo software
(Treestar, Ashland, OR, USA) was used for analysis.

Expansion and re-stimulation of antigen-reactive T cells

For expansion of antigen-specific memory T cell clones, PBMCs were stimulated for 6 h. CD154+ cells were isolated by magnetic
enrichment and further purified by FACS sorting on a FACS Aria Fusion (BD Bioscience, San Jose, CA, USA) based on dual
expression of CD154 and CD69 and expression of CD45R0O. Purified CD154+ memory T cell clones were expanded in presence
of 1x10° autologous antigen-loaded irradiated feeder cells in TexMACS medium (Miltenyi Biotec), supplemented with 5% (v/v) hu-
man AB-serum (GemCell), 200 U/ml IL-2 (Proleukin; Novartis, Nurnberg, Germany), 100 IU/mL penicillin, 100 mg/mL streptomycin,
0.25 mg/mL amphotericin B (Antibiotic Antimycotic Solution, Sigma Aldrich), 1% Non-essential Amino Acid Solution (Sigma Al-
drich), 30 ng/mL anti-CD3 (OKT3, Miltenyi Biotec) and 0.5 pg/mL anti-CD28 pure (Miltenyi Biotec). For some experiments
25 pg/mL Abatacept and 5 pg/mL Nivolumab (both provided by the UKSH, Kiel, Germany) were added into the medium in the
beginning of the cultures. During expansion for 2-3 weeks, medium was replenished, and cells were split as required. For re-stim-
ulation, fastDCs were generated from autologous CD14+ MACS isolated monocytes (CD14 MicroBeads; Miltenyi Biotec) by culti-
vation in X-Vivo15 medium (BioWhittaker/Lonza), supplemented with 1000 IU/mL GM-CSF and 400 IU/mL IL-4 (both Miltenyi Bio-
tec). Before re-stimulation expanded T cells were rested in RPMI-1640 supplemented with 5% human AB-serum without IL-2 for
2 days. 0.3-1x10° expanded T cells were plated with fastDCs in a 1:1 ratio in 384-well flat bottom plates and re-stimulated for 6 h,
with 1 ng/mL Brefeldin A (Sigma Aldrich) added for the last 4 h. To determine the MHC-restriction, in some experiments 20 ng/mL
pure HLA-DR (Miltenyi Biotec), HLA-DQ (Biolegend) or HLA-DP (ichor.bio) antibodies were added and pre-incubated for
30 minutes.

Analysis of functional avidity

For determining the functional avidity, in vitro expanded AQP-4-specific T cell clones were re-challenged with decreasing antigen
concentrations (1, 0.25, 0.1, 0.025, 0.0025, 0.00025 pg/ peptide/ mL) and analyzed for re-expression of CD154 and cytokines. An-
tigen concentrations required for half-maximal response (ECsq values) were calculated from dose-response curves using GraphPad
PRISM. These curves were plotted as a semi-logarithmic plot, where the amount of antigen is plotted (on the X axis) as the log of
antigen concentration and the response is plotted (on the Y axis) using a linear scale. To compare the ECsq values of different donors,
the bottom and top of the curve were defined as 0 and 100%, respectively.
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Peptide Screening

For identifying immunodominant peptides, AQP-4-specific T cells clones were pooled and re-challenged not only with the AQP-4
peptide pool, but also with the single 15-mer peptides with 11-amino acid overlap, covering the complete protein sequence (78 pep-
tides in total, peptides&elephants).

HDR Template Design

DNA templates were designed in silico based on the previously published method®® and were synthesized by Twist Biosciences (San
Francisco, California, USA) in pTwist Amp vectors. Briefly, the constructs comprise the full length of the o and B chains of the inserting
TCRs flanked by left and right homology arms (LHA and RHA) and contain self-cleaving peptides (P2A and T2A) to provide separation,
as well as a poly-A tail (0GHpA). The B-chain consists of the human variable region and the murine constant region, which is used as
tracking marker.

Orthotopic T cell receptor replacement in primary human CD4+ T cells

T cell receptor replacement was performed as previously described.®” In brief, PBMCs were freshly isolated from EDTA blood by
density gradient centrifugation, and CD4+ T cells were magnetically isolated by using the CD4+ T Cell Isolation Kit (Miltenyi Biotec)
according to the manufacturer’s instruction. 4x10” cells were plated on 6-well cell culture plates in TexMACS medium (Miltenyi Bio-
tec), supplemented with 5% (v/v) human AB-serum (GemCell), 200 U/mL IL-2 (Proleukin; Novartis, Nurnberg, Germany), and 100 IU/
mL penicillin, 100 mg/mL streptomycin, 0.25 mg/mL amphotericin B (Antibiotic Antimycotic Solution, Sigma Aldrich). CD4+ T cells
were subsequently activated for 2 days using the T Cell Activation/Expansion Kit (Miltenyi Biotec) according to the manufacturer’s
instruction. After 48 h, the activated CD4+ T cells were harvested, and the activation beads were removed by placing the cell sus-
pension in the magnetic field of the MACSIMAG Seperator (Miltenyi Biotec). For each nucleofection, 1x10° cells were used and mixed
with 20 uM ribonucleoprotein (RNP) mixtures (Integrated DNA Technologies, Coralville, IA, USA) and an HDR template (1 pg) (Twist
Biosciences, San Francisco, California, USA). The RNPs (all components Integrated DNA Technologies, Coralville, IA, USA) were
generated in 2 sequential steps: First, the guide RNAs were prepared by mixing equal volumes of tracrRNA (80 uM stock) with hTRAC
crRNA (80 uM stock) (TRACguidel: TGGATTTAGAGTCTCTCAGC, TRACguide2: ACAAAACTGTGCTAGACATG, TRACguide3:
AGAGTCTCTCAGCTGGTACA) and heating at 95°C for 5 minutes, followed by cooling to RT. In the second step, guide RNAs
were assembled with Cas9 nuclease by mixing equal volumes of Cas9 nuclease (6 uM) and gRNA (40 uM) and incubated at RT
for 15 minutes. An electroporation enhancer was added to the RNP mixtures. The P3 Primary Cell 4D-Nucleofector X Kit S (Lonza)
and a 4D nucleofector X unit (Lonza) with the EH100 electroporation program were used for electroporation. Electroporated cells
were immediately transferred to 96-well cell culture plates in TexMACS medium (Miltenyi Biotec), supplemented with 5% (v/v) human
AB-serum (GemCell), 200 U/mL IL-2 (Proleukin; Novartis, Nurnberg, Germany), and 100 IU/mL penicillin, 100 mg/mL streptomycin,
0.25 mg/mL amphotericin B (Antibiotic Antimycotic Solution, Sigma Aldrich) and were incubated for 5 days at 37°C, 5% CO,. After
5 days, TCR-transgenic CD4+ T cells were FACS sorted on a FACS Aria Fusion (BD Bioscience, San Jose, CA, USA) based on their
mouse TCRp expression and were further expanded for 2-3 weeks in presence of 2x10° irradiated allogeneic feeder cells until sub-
sequent functional assays were performed. For FACS sorting, cells were stained with fluorochrome-conjugated antibodies to CD4-
Vioblue, CD3-PE, CD8-PerCP, CD14-PerCP, CD20-PerCP (all Miltenyi Biotec) and mouse TCR B chain-APC, as well as human TCR
a/B chain-FITC (both Biolegend). During expansion medium was replenished, and cells were split as required.

HLA class Il tetramer enrichment

HLA-DQ6:AQP-4(Peptide26: TVAMVCTRKISIAKS; AQP441-115) tetramers were customized by Miltenyi Biotec (Bergisch Gladbach,
Germany) conjugated to two different fluorochromes (PE and APC). 2-4x107 freshly isolated PBMCs were stained for 1h at 37°C in
200 pl TexMACS medium (Miltenyi Biotec) under constant rotation. The tetramers were each used in a 1:11 ratio (2 pg/mL). The cells
were washed, labeled with anti-PE and anti-APC Microbeads (Miltenyi Biotec) and magnetically enriched by two sequential MS col-
umns (Miltenyi Biotec). Surface staining was performed on the column, followed by fixation and intracellular staining on the second
column. Frequencies of antigen-specific T cells were determined based on the cell count of tetramer APC/PE double positive T cells
after enrichment, normalized to the total number of CD4+ T cells applied on the column.

T cell/B cell cooperation assay

AQP-4-reactive T cell clones from NMOSD patients and healthy donors were co-cultured for 5 days with heterologous memory or
naive B cells at a 1:4 ratio in the presence of the AQP-4 peptide pool. CD19+ B cells were isolated from PBMC by magnetic enrich-
ment and further purified by FACS sorting on a FACS Aria Fusion (BD Bioscience, San Jose, CA, USA) as DAPI-CD4-CD19+CD38-
IgD- memory B cells and either IgD+ naive or IgD- memory B cells. To block T cell help, an antibody against CD40L (clone 24-31;
10 ug/ml) and/or recombinant soluble IL-21 receptor (Biolegend; 10 pg/ml) were added. After 5 days, plasmablast formation was
assessed by staining of single-cell suspensions on ice and samples were acquired on an LSRFortessa cell analyzer (BD Bioscience).
Live/dead discrimination was performed by staining with DAPI. Plasmablasts were identified as CD27M9" CD3gMsh,

Chronic stimulation assay
PBMCs were freshly isolated from EDTA blood by density gradient centrifugation, and naive CD4+ T cells were magnetically isolated
using the Naive CD4+ T Cell Isolation Kit Il (Miltenyi Biotec) according to the manufacturer’s instructions and further purified by FACS
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sorting based on dual expression of CD4 and CD127 and lack of expression of CD25 and CD45R0. 1x10° cells were plated in a 1:1
ratio with autologous irradiated APCs on 96-well cell culture plates in TexMACS medium (Miltenyi Biotec) supplemented with 5% (v/v)
human AB-serum (GemCell), 200 U/mL IL-2 (Proleukin; Novartis, Nurnberg, Germany), 100 IU/mL penicillin, 100 mg/mL strepto-
mycin, 0.25 mg/mL amphotericin B (Antibiotic Antimycotic Solution, Sigma Aldrich) and 0.5 ng/mL anti-CD28 pure (Miltenyi Biotec).
CD4+ T cells were subsequently activated once or daily with 1 pg/mL staphylococcus enterotoxin b (SEB) over a period of 7 days.
During the expansion, the medium was replenished every day. After 7 days, CD4+ T cells were re-stimulated with SEB. For re-stim-
ulation, APCs were generated from autologous CD14+ MACS isolated monocytes (CD14 MicroBeads; Miltenyi Biotec). Prior to re-
stimulation expanded T cells were rested for 2 days in RPMI-1640 supplemented with 5% human AB-serum without IL-2. 5x10*
expanded T cells were plated with APCs at a 1:1 ratio in 384-well flat bottom plates and re-stimulated for 6 h, with 1 ug/mL Brefeldin
A (Sigma Aldrich) added for the last 4 h.

FOXP3" via CRISPR/Cas9

PBMCs were freshly isolated from EDTA blood by density gradient centrifugation, and CD4+ T cells were magnetically isolated by
using the Naive CD4+ T Cell Isolation Kit Il (Miltenyi Biotec) according to the manufacturer’s instruction. 2x107 cells were plated on
12-well cell culture plates in TexMACS medium (Miltenyi Biotec), supplemented with 5% (v/v) human AB-serum (GemCell), 200 U/
mL IL-2 (Proleukin; Novartis, Nurnberg, Germany), and 100 IU/mL penicillin, 100 mg/mL streptomycin, 0.25 mg/mL amphotericin B
(Antibiotic Antimycotic Solution, Sigma Aldrich). CD4+ T cells were subsequently activated for 2 days using the T Cell Activation/
Expansion Kit (Miltenyi Biotec) according to the manufacturer’s instructions. After 48 h, the activated CD4+ T cells were harvested,
and the activation beads were removed by placing the cell suspension in the magnetic field of the MACSIMAG Seperator (Miltenyi
Biotec). For each nucleofection, 2x10%-1x10° cells were used and mixed with ribonucleoprotein (RNP) mixtures (Integrated DNA
Technologies, Coralville, IA, USA). The RNPs (all components Integrated DNA Technologies, Coralville, IA, USA) were prepared in
2 sequential steps: First, the guide RNAs were prepared by mixing equal volumes of tracrRNA (100 uM stock) with crRNA (100 pM
stock) (FOXP3guide1: AGGACCCGATGCCCAACCCC, FOXP3guide2: GCAGCTGCGATGGTGGCATG, FOXP3guide3: CCCACCC
ACAGGGATCAACG) and heating at 95°C for 5 minutes, followed by cooling to RT and pooling all three tracrRNA-crRNA mixtures.
In the second step, guide RNAs were assembled with Cas9 nuclease by mixing 2 pL of Cas9 nuclease (60 pmol) and 3 uL. gRNA
and incubated at RT for 10 minutes. An electroporation enhancer was added to the RNP mixtures. The P3 Primary Cell 4D-Nu-
cleofector X Kit S (Lonza) and a 4D nucleofector X unit (Lonza) with the EH100 electroporation program were used for electropo-
ration. A pulse-only control was processed equally. Electroporated cells were immediately transferred to 96-well cell culture plates
in TexMACS medium (Miltenyi Biotec), supplemented with 5% (v/v) human AB-serum (GemCell), 200 U/mL IL-2 (Proleukin; Novar-
tis, Nurnberg, Germany), and 100 IU/mL penicillin, 100 mg/mL streptomycin, 0.25 mg/mL amphotericin B (Antibiotic Antimycotic
Solution, Sigma Aldrich) and were incubated overnight at 37°C, 5% CO.,. The next day, samples were divided equally between two
wells and irradiated autologous APCs were added in equal proportions, followed by the chronic stimulation assay (see sec-
tion above).

Bisulfite Treatment and Methylation Analysis

The DNA methylation degree of CpG sites in the FOXP3-TSDR region was determined by NGS-based high-resolution bisulfite am-
plicon sequencing (BAS, similar to®) or bisulfite hairpin amplicon sequencing (BHAS).%*%® Briefly, DNA was isolated from AQP4-
reactive T cell clones. For BAS, DNA was isolated using the QIAmp DNA Mini Kit (QIAGEN) according to manufacturer’s instructions.
For BHAS, cells were lysed in 10mM TrisHCI (Carl Roth), 5mM EDTA (Carl Roth) and 3 pg Proteinase K (Sigma-Aldrich)) and incubated
for 3-4 h at 65 °C. For BHAS, inactivation of Proteinase K was done by adding 1 mM Pefabloc ®SC (Sigma-Aldrich) for 1 h at room
temperature. DNA was digested using 10 U Nlalll (NEB) in 1x CutSmart buffer (NEB) over night at 37 °C. Reaction was heat-inacti-
vated for 20 min at 80 °C. Nlalll-specific hairpin-linker (50 pmol) was ligated (T4 DNA Ligase, NEB) over night at 16 °C. Subsequently,
bisulfite treatment was performed on both, BAS and BHAS samples, using ZYMO RESEARCH “EZ DNA Methylation-Gold Kit” ac-
cording to manufacturer’s instructions. Bisulfite-treated DNA was eluted and FOXP3-TSDR bisulfite amplicons were generated by
PCR. PCR Amplicons were purified (for BAS: QIAquick PCR Purification Kit (Qiagen Germany, 28106); for BHAS: Excision of prod-
uct-specific bands from an agarose gel and purification using Gel/PCR DNA Fragments Extraction Kit (Avegene)). Amplicons were
subjected to next-generation sequencing (paired-end; 2x300bp). Reads of BAS samples were aligned and evaluated using the bis-
mark package.?* For BHAS, methylation information was extracted using BiQ Analyzer HT.%°

Array-based genotyping and HLA imputation

DNA was extracted by the DNA laboratory of the Institute of Clinical Molecular Biology (Kiel University, Kiel, Germany)
from whole blood or PBMCs. Genotyping was performed using the Infinium Global Screening Array-24 (GSA), version 3.0
(Mlumina). Imputation of alleles in the HLA region was performed for the classical HLA class | loci HLA- A, -B, -C and the class Il
loci HLA-DQA1, -DQB1, -DPA1, -DPB1, -DRB1 at 2-field full context resolution from quality-controlled SNP genotype data. Pre-
imputation SNP genotypes from the extended HLA region (chromosome 6: 29-34Mb) were extracted and used as input for HLA ge-
notype prediction with the random-forest based machine learning tool HIBAG (version 1.20.0) using the multi-ethnic reference model
published by Degenhardt et al.,®® which was modified to include the variants available on the GSA. Classical HLA alleles with a mar-
ginal posterior probability from imputation <0.3 were excluded.
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Single-cell RNA-seq assay (Smart-seq2)

For single-cell RNA-seq, PBMCs were stimulated for 6 h, CD154+ memory cells were isolated by MACS and further purified by FACS
sorting on a FACS Aria Fusion (BD Bioscience, San Jose, CA, USA) based on dual expression of CD154 and CD69 and expression of
CD45R0. Cells were directly sorted into skirted 96-well PCR plates which were equipped with 2 ul lysis buffer (nuclease-free water
with 0.2% Triton-X 100 solution (Roche Diagnostics GmbH, Mannheim, Germany) with 4 U/uL RNase Inhibitor (New England Biolabs))
in advance. After FACS sorting, plates were shortly centrifuged (30 sec, 200xg) and immediately frozen at -80°C until shipment. Li-
brary preparation and sequencing was performed at the DRESDEN-concept Genome Center (DcGC, TU Dresden, Germany). The
workflow was based on the previously described SMARTseq2 protocol.?” After thawing the samples, 2 ul of a primer mix was added
(5 mM dNTP (Invitrogen), 0.5 uM dT-primer*, 4 U RNase Inhibitor (NEB)). RNA was denatured for 3 minutes at 72°C and the reverse
transcription was performed at 42°C for 90 min after filling up to 10 ul with RT buffer mix for a final concentration of 1X superscript Il
buffer (Invitrogen), 1 M betaine, 5 mM DTT, 6 mM MgCl,, 1 uM TSO-primer*, 9 U RNase Inhibitor and 90 U Superscript Il. After syn-
thesis, the reverse transcriptase was inactivated at 70°C for 15 min. The cDNA was amplified using 2X Kapa HiFi HotStart Readymix
(Roche) at a final 1X concentration and 0.1 uM UP-primer* under following cycling conditions: initial denaturation at 98°C for 3 min, 22
cycles [98°C 20 sec, 67°C 15 sec, 72°C 6 min] and final elongation at 72°C for 5 min. The amplified cDNA is purified using 0.6X volume
of hydrophobic Sera-Mag Beads (Cytvia: GE24152105050250,) and DNA was eluted in 12 ul nuclease free water. The cDNA quality
and concentration of a few representative samples was determined with the Fragment Analyzer (Agilent).

For library preparation, 2 pul amplified cDNA was tagmented in 1X Tagmentation Buffer using 0.8 pl bead-linked transposome (lllu-
mina DNA Prep, (M) Tagmentation, lllumina) at 55°C for 15 min in a total volume of 4 uL. The reaction was stopped by adding 1 ul of 0.1
% SDS (37°C, 15 min). Magnetic beads were bound to a magnet, the supernatant was removed, beads were resuspended in 4 pl
indexing PCR Mix containing 1x KAPA Hifi HotStart Ready Mix (Roche). After adding 700 nM unique dual indexing primers (i5 and
i7) using Echo Acoustic Liquid Handler (Echo 525, Beckman Coulter), the reaction mixture was subjected to a PCR (72°C 3 min,
98°C 30 sec, 12 cycles [98°C 10 sec, 63°C 20 sec, 72°C 1 min], 72°C 5 min). After PCR, libraries are quantified with a Tecan plate
reader Infinite 200 pro in 384 well black flat bottom low volume plates (Corning) using AccuBlue Broad range chemistry (Biotium)
and equimolarly pooled using Echo Acoustic Liquid Handler (Echo 525, Beckman Coulter GmbH).

The pooled libraries were then purified with 0.9x volume Sera-Mag SpeedBeads, followed by a double size selection with 0.6x and
0.9x volume of beads. Re-double size selection with 0.6x and 0.9x volume of beads was performed if needed. Sequencing was per-
formed after quantification using a Fragment Analyzer on an lllumina Novaseq 6000 aiming at an average sequencing depth of 0.5 mio
100 bp paired-end fragments per cell.

dT-primer: C6-aminolinker-AAGCAGTGGTATCAACGCAGAGTCGAC TTTTTTTTTTTTITTITTITTITTITTITTITTITTITTVN, where N repre-
sents a random base and V any base beside thymidine;

TSO-primer: AAGCAGTGGTATCAACGCAGAGTGCAGTGCT CGTGATrGrGrG, where rG stands for ribo-guanosine;

UP-primer: x-AAGCAGTGGTATCAACGCAGAG*T where x stands for C6-Amino-link and * for PTO-Binding

Single-cell transcriptome and TCR repertoire data analysis

Fragments were aligned to the human reference genome hg38 with support of Ensembl 98 splice sites using the aligner gsnap
(v2019-06-10).%% Counts per gene and cell were obtained based on the overlap of the uniquely mapped fragments with the same
Ensembl annotation using featureCounts (v2.0.1).2°T cell receptor sequences were assembled per cell using TraCeR (v0.5).°

Based on the raw counts, the main analyses were performed with the R package Seurat v4.3.0.°" Exclusively features detected in
at least 1% of the cells and cells with less than 10% mitochondrial gene expression, at least 500 covered features, and 10,000 reads
were considered for further analyses. After normalizing and scaling the data with the R functions NormalizeData and ScaleData,
dimensionality reduction was performed with RunPCA based on the top 5% of the most variable genes. To control for the technical
bias caused by different sequencing runs, the R package harmony v0.1.1°° was applied. Ribosomal genes were excluded from all
analyses.

The principal component analysis (PCA) was performed using the R function prcomp. Differentially expressed genes were deter-
mined using the FindMarkers function from the Seurat package with the option MAST based on all genes that were detected in a
fraction of at least 0.1 cells in either of the two conditions. The differentially expressed genes (adjusted p values < 0.05) were uploaded
in the IPA (Ingenuity Pathway Analysis version 45868156) software.”® A selected subset of the top enriched canonical pathways was
plotted using ggplot2 R package® (Figure 2B). Normalized expression values were scaled to z-scores using the R function scale and
visualized in bubble plots. The cells with a normalized count >0.01 were considered positive. The protein-protein interaction network
was created with the R package igraph v1.4.1 using the Fruchterman-Reingold layout algorithm. Single nodes were removed from the
figure. The lines indicate a connection between genes based on the STRING database v10° using medium confidence. The trajec-
tory analysis was performed with the R package monocle3 v1.3.1°>°" using selected immunological genes as shown in Figure 2E.
The starting point was chosen with the R function order_cells and is the cell in the main trajectory path with the largest distance to the
Treg group. In the heatmap showing the gene expression values in relation to the pseudotime, a sliding window approach was
applied with a window size equal to 10. The genes were ordered by hierarchical clustering. Metasignature analyses were based
on the sum of rank normalized expression values for each investigated gene group.

The TCR network plots were created using igraph v1.4.1. package (one edge per TCR clone). The size of the nodes shows the TCR
clonality (number of cells with the same VDJ sequence for both alpha and beta strands). The shared clone sizes are the sum of the
clonality of both groups.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data were analyzed with FlowJo software version 10.7.1. (Treestar, Ashland, OR, USA). For statistical analysis
GraphPad PRISM software version 9.5.1. (GraphPad Software, La Jolla, CA, USA) was used. Statistical parameters including the
exact value of n, the definition of center, dispersion and precision measure, and statistical significance are reported in the
Figures and the Figure Legends. Statistical tests were selected based on appropriate assumptions regarding data distribution
and variance characteristics. Significance was set at p < 0.05.
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Supplemental Figure 1: Antigen-reactive T cell enrichment (ARTE), related to Figures
1-6. (A) Schematic of ARTE: PBMCs were stimulated with or without AQP4 or MOG peptide
pools for 7 hours and reactive T cells were detected according to upregulation of CD154
(CD40L). CD154+ cells were magnetically enriched from 25-50 million PBMCs. Dotplot
example shows AQP4-reactive CD154+ cells after magnetic enrichment. Absolute cell count
of CD154+ isolated from 50 million PBMCs is indicated. Figure created with Biorender.com.
(B) Gating strategy of AQP4-reactive T cells detected by ARTE including multiplexing of
differently stimulated samples (w/o antigen, MOG, AQP4). For Multiplexing cells were labeled
with different CD4-antibodies and mixed.
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Supplemental Figure 2: Top50 differentially expressed genes between T-AQP4 and T-
HD and protein network interaction analysis, related to Figure 2. (A) Bubble plot showing
the normalized expression of the Top50 differentially expressed genes of AQP4-reactive
CD154+ T cells between healthy donors (T-HD; n=3) and AQP4-NMOSD patients (T-AQP4;
n=3) according to fold change (adjusted p-values <0.05). Normalized expression of the same
genes of Influenza- (T-FLU; n=2) and C. albicans-specific T cells (T-CAND; n=2) as well as
polyclonally activated Tregs (Treg; n=2) were plotted as control. The size of the bubble shows
the proportion of cells expressing the respective gene, and the colors show the relative
average expression of the genes in all the cells belonging to each group. (B) Undirected
bioinformatic protein network analysis based on all differentially expressed genes between
healthy donors (T-HD) and AQP4-NMOSD patients (T-AQP4).



A oo B Expression C T-AQP4
11211 G o 0 2 4 6 8 .0°.0
IL17A e o - |G MIF crlvaS
NFlo @ @S 78 scerllor e
12/00@2
[ FASLG uniques -
a q Foxp3-_° - "
LL%:S?"’ CSF2 72 cells” « L OXPFo 1,
MIF @O @ L2 cet
ST 0 @0 TNF.
°
o m LA shared
Al@ % 21 . 84 cells
(<) o) IFNG unique
3 3 PDCD1 74 cells,
® = MAGEH1
4 =] LAYN
DCD1 ]S HIF3A
vC e HIF1A
ok
HLA-DRB1| o o Tox
BCLE | o 3 BTLA
TBX21 | H ENTPD1
ORC | o =
GATA3 | CTLA4
ITGA4 {0 TIGIT
FoxP3[_ Q@] ITGA4
T+ GATA3|L.
+ RORC{I™ **
FOXP3 BX21{F .
0% L BT BCL6{f: ==
8 ::; g: HLA-DRB1{E ==
S e s MKie7|\ -
O 100% I -1.0 CD38 |
" MyYC{E=—
Relative  Expression level i
Abundance (%)  (z-score) FOXP3{k=".
# non-expanded
# expande
20.0]
B 30.0
8.2e-23
%g = 39e—19e 25.0
© - |
E> 7.40-23 s
25 15.0 = — U
e}
x® 20.0
Cg . 1
c®
o8
£X 125 15.00 .
S50
7] + .
e 10.0 + i i
°
3¢
%2100 20.0
= ——
oc fre 1
] =
JCC§ = s
o5 10.0
= o . —
£Z 50 : ; +
5 .
0 i $ *

<&
X

LR SRR
ch &)2\ '\'Q&'O?“e

S > Q
&
<& &XYéz PR



Supplemental Figure 3: Developmental trajectory of ThEx cells supported by TCR
clonality data, related to Figure 2. (A) Bubble plot showing the normalized expression of
selected marker genes in AQP4-reactive CD154+ T cells of AQP4-NMOSD patients (T-AQP4;
n=3) according to their normalized expression of FOXP3 (FOXP3- (-), FOXP3 intermediate
(+) FOXP3 high (++). The size of the bubble shows the proportion of cells expressing the
respective gene, and the colors show the relative average expression of the genes in all the
cells belonging to each group. (B) Box plots showing the normalized expression of selected
marker genes comparing clonally expanded (clone frequency>1) and non-expanded (clone
frequency=1) T cell receptors within T-AQP4 cells. (C) T cell receptor (TCR) network plot of
AQP4-reactive CD154+ T cells from AQP4-NMOSD patients (T-AQP4; n=3) comparing the
TCRs of FOXP3+ and FOXP3- AQP4-reactive T cells. Each node indicates one TCR clone.
The size of the node shows the TCR clonality. Blue color indicates uniquely FOXP3- TCRs,
pink color indicates uniquely FOXP3+ TCRs and purple color indicates TCRs shared between
FOXP3+ and FOXP3-. (D) Gene signature analysis: boxplots comparing AQP4-reactive
CD154+ T cells from NMOSD patients (T-AQP4; n=3) and healthy donors (T-HD; n=3) with C.
albicans-reactive T cells (T-CAND; n=2), Influenza-reactive T cells (T-Flu; n=2) and
polyclonally activated CD137+ Tregs (Treg; n=2). Shown is the sum of rank normalized
expression values based on 4 selected gene groups representing the different Th subset
signatures (Tfh, Treg, Th1, Th17).
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Supplemental Figure 4: Flow cytometric analysis of AQP4-reactive CD4+ T cells
following ARTE, related to Figure 3. Dotplot examples of (A) ex vivo co-inhibitory receptor
(CTLA-4, PD-1, TIGIT), FOXP3, HELIOS and CD39 or (B) ex vivo cytokine expression by
AQP4-reactive CD154+ Tmem in healthy donors (HD) and AQP4-NMOSD patients (AQP4)
detected by ARTE. Percentages of cells within all CD154+Tmem (black) and within
CD154+FOXP3+ Tmem (orange) are indicated. (C) Dotplot examples of ex vivo expression of
chronic activation markers CD38 and ICOS and transcription factor TOX by AQP4-reactive
CD154+ Tmem in healthy donors (HD) and AQP4-NMOSD patients (AQP4) detected by
ARTE. (D) Proportion of ICOS, CXCR5, CD38 and TOX expression within AQP4-reactive
CD154+ Tmem in healthy donors (HD; n=6-17) and AQP4-NMOSD patients (AQP4; n=5-12).
(E) Dotplot examples of ex vivo expression of HELIOS, CD39, CTLA-4 and PD-1 of AQP4-
reactive naive CD154+ T cells detected by ARTE. Percentage within naive CD154+ T cells is
indicated. (F) Comparison between CD45RA+ naive (Tnaive; n=10) and CD45RA- memory
(Tmem; n=11-20) CD154+ T cells in AQP4-NMOSD patients (AQP4). (G) Frequencies of
AQP4-reactive CD154+FOXP3+CD45RA- memory (Tmem) CD4+ T cells in healthy donors
(HD; n=48) and NMOSD patients n=39 (AQP4; n=20, MOG antibody-associated disease
(MOGAD); n=8, seronegative (SN); n=11). (H) Proportion of FOXP3 expression within AQP4-
reactive CD154+ Tmem from AQP4-NMOSD patients according to their clinical status, active
disease (n=7, new onset, or relapse, <3 month since last disease flare, one patient was
measured twice during active disease indicated by purple color of the dots) and stable
remission (n=15). (I) Dotplot examples of ex vivo CD25, CD127, CTLA-4, FOXP3, IL-2 and
TNF-o expression by AQP4-reactive CD154+ Tmem (Tcon) and CD137+ Tmem (Tregs) in
AQP4-NMOSD patients detected by ARTE. Percentages of cells within all CD154+ Tcon and
CD137+ Tregs are indicated. (J) Ex vivo proportion of CD25, CD127, FOXP3, HELIOS, co-
inhibitory receptor (CTLA-4, PD-1, TIGIT) and CD39 as well as cytokine (TNF-a, IL-2, IFN-y,
IL-17A, IL-21) expressing cells within AQP4-reactive CD154+ Tmem and CD137+ Tmem in
AQP4-NMOSD patients (Tcon; n=7-20, Treg; n=7). Each symbol in (D, F, G, H, J) represents
one donor, horizontal lines indicate mean. Truncated violin plots with quartiles and range are
shown in (H). Statistical differences: Two-tailed Mann-Whitney test or unpaired t test in (D, F,
G, H, J). Decision was based on an upstream normal distribution test.
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Supplemental Figure 5: Low frequencies of ThEx cells can be found upon polyclonal
stimulation of CD4 memory T cells in healthy donors and NMOSD patients and T cell/B
cell cooperation assay, related to Figure 4. (A) Gating strategy of PMA and lonomycin
activated CD4 memory T cells. (B) Ex vivo proportion of FOXP3, HELIOS, co-inhibitory
receptor (CTLA-4, PD-1, TIGIT) and CD39 expressing cells within polyclonally activated
CD154+ Tmem from healthy donors (HD; n=10) and AQP4-NMOSD patients (AQP4; n=9).
(C) Ex vivo proportion of cells expressing none, single, double, or triple co-inhibitory receptors
(CTLA-4, PD-1 or TIGIT) within polyclonally activated CD154+ Tmem in healthy donors (HD;
n=10) and AQP4-NMOSD patients (AQP4; n=9) (D) Proportion of FOXP3 positive polyclonally
activated CD154+ Tmem from healthy donors (HD; n=10) and AQP4-NMOSD patients (AQP4;
n=9) expressing none, single or >1 co-inhibitory receptor (PD-1, CTLA-4 or TIGIT). (E)
Contour plot examples of TfH marker (PD-1, CXCR5, BCL-6) expression of expanded AQP4-
reactive T cell clones. Percentages within CD4+ T cells are indicated. (F) Proportion of TfH
marker (BCL-6, CXCR5, PD-1) expression within CD4+ T cells of expanded AQP4-reactive T
cell clones (n=7). (G) Contour plot example of CD27 and CD38 staining showing the co-
culture of one AQP4-reactive T cell clone with heterologous memory B cells in absence of the
antigen (AQP4). Percentage of CD27"¢"CD38"¢" plasmablasts is indicated. (H) Proportion of
CD27""CD38"9" memory B cells co-cultured with AQP4-reactive T cells clones in absence of
the antigen (AQP4) (n=3). Each symbol in (B, D) represents one T cell clone. Truncated violin
plots with quartiles and range are shown in (B). Each symbol in (B-D) represents one donor,
horizontal lines indicate mean. Statistical differences: Two-tailed Mann-Whitney test or
unpaired t test in (B-D). Decision was based on an upstream normal distribution test. Each
symbol in (F, H) represents one T cell clone. Truncated violin plots with quartiles and range
are shown in (F).
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Supplemental Figure 6: Flow cytometric analysis of SLA-, BP180- and MOG-reactive
CD4+ T cells following ARTE, related to Figure 5. Ex vivo cytometric characterization of
SLA-, BP180- and MOG-reactive CD154+ T cells following ARTE. (A) Ex vivo proportion of
FOXP3, HELIOS, co-inhibitory receptor (CTLA-4, PD-1, TIGIT) and CD39 expressing cells
within MOG-reactive CD154+ Tmem from healthy donors (HD; n=) and MOGAD patients
(MOGAD; n=). (B) Ex vivo Cytokine expression (TNF-a, IL-2, IFN-y, IL-17A, IL-21) of MOG-
reactive CD154+ Tmem in healthy donors (HD; n=6) and MOGAD patients (MOGAD; n=10).
(C) Frequencies of SLA-reactive CD154+CD45RA- memory CD4+ T cells (Tmem) in healthy
donors (HD; n=17) and AIH patients (n=7). (D) Frequencies of BP180-reactive
CD154+CD45RA- memory CD4+ T cells (Tmem) in healthy donors (HD; n=21) and BP
patients (n=12). (E) Ex vivo proportion of FOXP3, HELIOS, co-inhibitory receptor (CTLA-4,
PD-1, TIGIT) and CD39 expressing cells within SLA-reactive CD154+ Tmem from healthy
donors (HD; n=14-17) and AlH patients (AlH; n=7). (F) Ex vivo Cytokine expression (TNF-a,
IL-2, IFN-y, IL-17A, IL-21) of SLA-reactive CD154+ Tmem in healthy donors (HD; n=4-17) and
AlH patients (AlIH; n=7). (G) Ex vivo proportion of FOXP3, CLA, co-inhibitory receptor (CTLA-
4, PD-1, TIGIT) and CD39 expressing cells within BP180-reactive CD154+ Tmem from healthy
donors (HD; n=21) and BP patients (BP; n=12). (H) Ex vivo Cytokine expression (TNF-a, IFN-
v, IL-17A) of BP180-reactive CD154+ Tmem in healthy donors (HD; n=21) and BP patients
(BP; n=12). Each symbol in (A-H) represents one donor, horizontal lines indicate mean.
Statistical differences: Two-tailed Mann-Whitney test or unpaired t test in (A-H). Decision was
based on an upstream normal distribution test.
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Supplemental Figure 7: Identification of immunodominant AQP4 epitopes in NMOSD
patients via orthotopic T cell receptor (TCR) replacement, related to Figure 6.

(A) Schematic of the TCR replacement including the homology-directed repair (HDR) template
design: The HDR template comprises the full length of the a- and B-chains of the inserting
TCRs flanked by left and right homology arms (LHA and RHA) and contains self-cleaving
peptides (P2A and T2A), as well as a poly-A tail (0GHpA). The B-chain consists of the human
variable region and the murine constant region, which is used as tracking marker. Clonally
expanded TCRs from three AQP4-NMOSD patients were re-expressed via orthotopic TCR
replacement using CRISPR/Cas9 knock-in into the TCRA-locus of primary CD4+ T cells, and
simultaneous TCRB-locus™ leading to exclusive expression of the transgenic TCR. Figure
created with Biorender.com. (B) Dotplot examples of human and mouse TCR staining in TCR-
transgenic cells of the pulse control, the TCRB” only control of the endogenous TCR and the
simultaneous TCRB” of the endogenous TCR and Knock-in (Kl) of the AQP4-specific
transgenic TCR. The transgenic TCRs consist of the human variable region and the murine
constant region. (C) Proportion of mouse TRBC+CD4+ T cells after TCR replacement via
CRISPR/Cas9 shown for all TCRs replaced from 3 AQP4-NMOSD patients (n=20). (D)
Identification of two immunodominant peptides (AQP4101-115 and AQP4125.139) in one AQP4-
NMOSD patient by restimulation of TCR-transgenic T cells (n=7) with the AQP4 peptide pool
and single peptides covering the complete protein sequence. (E) Proportion of CD154+ T cells
of expanded AQP4-specific TCR-transgenic cells (n=6) of one AQP4-NMOSD patient
restimulated with the whole AQP4 peptide pool or the identified immunodominant peptide
(AQP4101-115) with and without HLA blocking antibodies. (F) Dotplot examples of the
restimulation of AQP4-reactive T cell clones in presence of autologous monocytes or DQw6
BLS cells. Percentages of CD154+TNF-a+ T cells are indicated. (G) Dotplot examples of the
ex vivo detection of AQP4-reactive CD4+ T cells by ARTE. Absolute cell counts after magnetic
enrichment from 2.5x10” PBMCs stimulated with the whole AQP4 peptide pool or a selection
of six peptides are indicated. (H) Comparison of frequencies of AQP4-reactive CD154+ Tmem
and CD154+FOXP3+ Tmem in HLA-DQ6+ AQP4-NMOSD patients (n=4) stimulated with the
whole AQP4 peptide pool versus six selected peptides (AQP497.139). (I) Dotplot examples of
tetramer staining of TCR-transgenic CD4+ T cells. Percentage of tetramer+ cells within CD4+
and CD4- T cells is indicated. (J) Contour plot example of CD45RA and CCR7 staining of
antigen-specific CD4+ T cells detected via tetramer enrichment overlaid with two different
colors representing tetramer APC/PE double positive cells (blue) and tetramer- cells (grey).
(K) Dotplot examples of antigen-specific CD4+ T cells in AQP4-NMOSD patients detected by
tetramer enrichment. Percentages of cells within tetramer APC/PE double positive cells are
indicated. (L) Comparison of the proportion of ICOS, CD38 and Ki-67 expression within
antigen-specific CD4+ T cells detected by ARTE or tetramer enrichment in AQP4-NMOSD
patients (AQP4 ARTE; n=5-10, AQP4 tetramer; n=6). For Ki-67 no ARTE data is available.
Each symbol in (H, L) represents one donor. Each symbol in (C, D, E) represents one replaced
TCR. Horizontal lines indicate mean. Truncated violin plots with quartiles and range are shown
in (H). Statistical differences: Two-tailed Mann-Whitney test in (E, H, L).



	IMMUNI5391_proof_v57i10.pdf
	Autoantigen-specific CD4+ T cells acquire an exhausted phenotype and persist in human antigen-specific autoimmune diseases
	Introduction
	Results
	Increased frequencies of AQP4-specific effector memory CD4+ T cells in AQP4-NMOSD patients
	AQP4-specific CD4+ T cells from NMOSD patients display a unique ThEx phenotype
	Cytometric protein profiling confirmed the ThEx phenotype of AQP4-reactive T cells
	Checkpoint inhibition releases proliferation blockade
	Patient-derived AQP4-specific ThEx cell clones retain memory B cell helper activity
	Auto-ThEx cells are common in chronic organ-specific AIDs
	TCRs identified via scRNA-seq recognize AQP4 peptides
	Peptide-HLA-DQ6 tetramer staining confirms the ex vivo FOXP3+ ThEx phenotype
	FOXP3 regulates the ThEx phenotype induced by chronic in vitro stimulation

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental Model and study participant details
	Method Details
	Cell lines
	Antigens
	Antigen-reactive T cell enrichment
	Flow cytometry
	Expansion and re-stimulation of antigen-reactive T cells
	Analysis of functional avidity
	Peptide Screening
	HDR Template Design
	Orthotopic T cell receptor replacement in primary human CD4+ T cells
	HLA class II tetramer enrichment
	T cell/B cell cooperation assay
	Chronic stimulation assay
	FOXP3-/- via CRISPR/Cas9
	Bisulfite Treatment and Methylation Analysis
	Array-based genotyping and HLA imputation
	Single-cell RNA-seq assay (Smart-seq2)
	Single-cell transcriptome and TCR repertoire data analysis

	Quantification and statistical analysis



	IMMUNI5391_illustmmc.pdf
	 Figure S1_Immunity_final
	Supplemental Figure 1
	 Figure S2_Immunity_final
	Supplemental Figure 2
	 Figure S3_Immunity_final
	Supplemental Figure 3
	 Figure S4_Immunity_final
	Supplemental Figure 4
	Figure S5_Immunity_final
	Supplemental Figure 5
	 Figure S6_Immunity_final
	Supplemental Figure 6
	Figure S7_Immunity_final
	Supplemental Figure 7


