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Foxp3-expressing regulatory T (T,.,) cells protect against systemic
autoimmunity. However, little is known about the significance of T,
cellsininflammation-experienced tissues. Here, we use an experimental
autoimmune encephalomyelitis model and show that T, cellsaccumulate
and persist in the central nervous system (CNS) long after the resolution
of the bulk of the inflammatory infiltrate. CNS-specific depletion of

postinflammatory T, cells, but not systemic depletion of T, cells, results
inautoimmune inflammatory flares in the CNS by residual local effector

T cells. Expression of the NAD-consuming ectoenzyme CD38 is crucial for
the functional adaptation of postinflammatory CNS T, cells to a stressful
microenvironment, in which access to interleukin-2 (IL-2) is limited. CD38
counteracts ADP-ribosylation of the IL-2 receptor and thus maintains its high
sensitivity to IL-2. This fully functional high-affinity IL-2 receptor prevents
theloss of tissue-resident antigen-specific T, cells. These ‘stress-tolerant’
CNS T, cellsimpede the collapse of immune homeostasis in the CNS once

acute inflammationis controlled.

Foxp3'regulatory T (T,,) cells have regained attention due to their
ability to adapt to tissue niches and exert noncanonical functions in
tissue homeostasis and regeneration'?. Although the developmental
trajectory of tissue-resident T, cells is consistent with a thymic ori-
ginof these cellsin most tissues, peripherally induced T,, cells might
be prevalent in some barrier-associated tissues with a high load of
commensal microbiota’. A widely accepted model of tissue T, cell
development suggests a multistep process, involving the imprinting
of atissue T, cell precursor subset in secondary lymphoid tissue and
the terminalinstructionto tissue T, cells by the specific milieu in the
target tissue**. The dwell time of T, cells in nonlymphoid tissues may

vary depending on the tissue context®, and egress of T, cells from these
tissues, rejoining the circulation, may occur’. However, the description
of T,z cell population dynamics and functional phenotype has mostly
beenperformed inthe steady state®’. It isunclear how T, cells behave
in nonlymphoid tissues with low-grade chronic inflammation, as is
observed in most autoimmune diseases, including multiple sclerosis.

Itis well established that T, cells are essential in re-establishing
immune homeostasis in any adaptive immune response, where
IL-2-driven feedforward loops lead to the expansion of effector T cells™.
Once autoimmune inflammation in the central nervous system (CNS)
hasbeeninitiated, thymus-derived T, cellsare recruited tothe CNS". In
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the target tissue, they adopt an effector phenotype, whichis steered by
anetwork of transcription factors, including BLIMP1and BATF"* . This
transcriptional network also secures the preservation of T, celliden-
tityinthe face ofinflammation. Because highly activated effector T cells
are resilient to T, cell-mediated control”, it has been suggested that
conventional T cell-intrinsic down-modulatory mechanisms must be
initiated before efficient T, cell-mediated suppression can take effect.

T, cellsthataccumulate inthe CNSinautoimmune inflammatory
diseases (but also after stroke, in traumatic brain injury and perhaps
even neurodegenerative diseases) were suggested to be involved in
tissue repair and regulation of organ function by a series of different
mechanisms°. The relevance of Foxp3* T, cells for these processes
has been demonstrated in loss- and gain-of-function approaches.
However, whether T, cells that accumulate in the CNS after the peak
of experimental autoimmune encephalomyelitis (EAE; a paradig-
matic model for autoimmune CNS disease) actually contribute to the
re-establishment and subsequent maintenance of immune homeo-
stasisin the CNS is not known. The postinflammatory CNS is a hostile
environment for T, cells, as it is low in interleukin-2 (IL-2) due to the
contraction of the conventional T (T,,,) cell compartment and simul-
taneously holds high levels of nicotinamide adenine dinucleotide
(NAD")?. Highlevels of extracellular NAD" have been shown toinduce
apoptosisin T, cells, in part by facilitating the ADP-ribosylation of the
ATP-gatedion channel P2RX; (ref. 22), whichinduces a gain-of-function
of this molecule with a downstream increase in intracellular Ca**
(ref.23). Nevertheless, Foxp3' T, cells constitute a stable population
inthe postinflammatory CNS.

Here, we show that the NAD* consuming enzyme CD38
controls stress resilience of CNS-resident T, cells by prevent-
ing ADP-ribosylation and subsequent loss of function of the IL-2
receptor a-subunit (IL-2Ra;; CD25). This function enables CNS T,
cells to survive despite a limited amount of IL-2 in the microenvi-
ronment and to exert compartmentalized immune control in the
inflammation-experienced CNS.

Results

T, cells persist in the CNS after recovery froman autoimmune
response

Toinvestigate the populationdynamics and function of T, cellsin the
CNS during recovery from autoimmune inflammation, we used the
MOG;;_ss-induced EAE modelin Foxp3(green fluorescent protein (GFP))
reporter mice?*. After an acute monophasic inflammatory episode,
MOG;,_ss-induced EAE is characterized by a prolonged period of recov-
ery, during which clinical symptomsimprove and stabilize but usually
never fully resolve (Fig. 1a). Although the neurological sequelaein this

model are due to incomplete recovery from axonal damage caused
during the acute phase of the disease, the inflammatory infiltrate in the
CNSintherecoveryphaseislargely reduced. Here, we focused on this
‘re-established” homeostatic condition in recovery and interrogated
the CNS T, cell compartment.

Although T, cell numbers declined significantly between the
peak and early recovery phase (Fig. 1b,c), T, cell numbers remained
largely stable during this time frame in both the brain and spinal cord
(Fig. 1b,d). Consequently, the local frequency of T, cells within the
CNS CD4' T cell compartment increased significantly in the postin-
flammatory CNS (Fig. 1d). Notably, T, cells persisting in the postin-
flammatory CNS were not evenly distributed but were located in
certain niches around the third ventricle and in the meningeal space
(Extended DataFig.1).

To gauge the contribution of the systemicimmune compartment
tothe CNS T, cell pool, we labeled mitoDendra2-expressing T cellsin
the draining lymphnodes of MOG-immunized mice at the peak of EAE
and during recovery (day 30) and tracked photoconverted T cellsto the
spleenand CNS (Fig. 1e). Although CD4" T cells still trafficked to the CNS
during peak disease, therecruitment of T cells from the initial priming
site to the CNSsignificantly dropped during recovery (Fig. 1f) and was
negligible for T, cells (Fig. 1g). Conversely, the fraction of proliferating
CNS T, cellswasabout10% at the peak of EAEand dropped to 3% inthe
postinflammatory CNS (Fig. 1h,i). Together, these data suggest that the
T,z cellpoolinthe postinflammatory CNS was essentially disconnected
from its priming site in the systemic immune compartment and, to
some extent, had self-renewing capacity.

Toinvestigate the stability of postinflammatory T, cells in their
CNS environment, we used Foxp3°® 82 x Rosa26-S-4Tm° mice to per-
form fate mapping of Foxp3® T, cells. Tamoxifen was administered
at EAE recovery (Fig. 1j). This allowed us to categorize T, cells into
stable (Foxp3 (GFP)"tdTomato*) and unstable (Foxp3 (GFP) tdTomato")
populations. We termed those T, cells that persisted as stable Foxp3
expressors in inflammation-experienced tissues ‘stress-tolerant’ T,.,
cells. Notably, most CNS T, cells maintained stable Foxp3 expression
intherecovery phase, withonly 15t020% of CNS T, cells losing Foxp3
expression (Fig.1k). Toidentify potential drivers of instability in recov-
ery CNS T, cells, RNA-sequencing (RNA-seq) analysis was performed
instableand unstable T, cell populationsisolated during the recovery
phase (Extended Data Fig. 2a,b and Supplementary Tables 1 and 2).
Stress-tolerant T, cells expressed key immunosuppressive molecules,
including /[2rb, Ctla4 and Areg. Conversely, unstable T, cells exhibited
increased expression of Bach2, atranscription factor known toreduce
Foxp3 expression®, and Tcf7, which suppresses the transcription of
genes co-bound by Foxp3 (ref. 26). These findings suggest that the

Fig.1| T, cells persist in the CNS in chronic EAE. a, Mean EAE scores +s.e.m.
(sample sizes asin ¢ and d) in Foxp3 (GFP) mice following immunization. Naive
(withoutimmunization), preonset (day 8 afterimmunization), peak (day 15 after
immunization) and recovery (day 29 afterimmunization). b, Cytograms with
percentages of T,,, (CD3'CD4Foxp3~) and T, (CD3'CD4Foxp3") cells among
total CD4" T cells in the brain and spinal cord. ¢,d, Fractions and absolute (Abs.)
counts of T,,, (¢) and T, cells (d) in the brain. Open symbols represent individual
mice. Data are shown as mean +s.d. Pvalues in cand d are from a two-way analysis
of variance (ANOVA) with a Tukey’s honestly significant difference (HSD) test
(naiven =5, preonset n=4, peak n =3, recovery n =3 biological replicates). e, EAE
was induced in Cd4°" x Rosa26S- ™Pendra2 mice, and inguinal lymph nodes (iLNs)
were photoconverted at peak or during recovery. Two days later, photoconverted
mitoDendra2®t® (mDR®) CD4" T cells were analyzed in the spleen (SPL) and CNS.

f, Cytograms of the CD4" T cell compartment with the fraction of photoconverted
cells (%). Inthe bar graphs, each symbol represents an individual mouse. Data
areshown as mean +s.d. Pvalues are from an unpaired two-tailed Student’s t-test
(peak n= 6, recovery n =10 biological replicates). g, Photoconverted CNS T,
(CD4'CD25 GITR mD®*®"*) and T, (CD4"CD25'GITR'mD"™") cells were quantified.
Each symbol represents anindividual mouse. Data are shown as mean +s.d.

Pvalues are from an unpaired two-tailed Student’s ¢-test (n = 3 biological
replicates). h, Invivo EdU incorporation was measured in C57BL/6 wild-type

EAE mice at peak and during recovery. i, Gating was performed on extravascular
(CD45.27) near-IR dead CD4" T cells. The percentages of EdU* T,,,,, (Foxp3~) and
T, (Foxp3’) cells were quantified. Symbols represent individual mice. Dataare
shownas mean +s.d. Pvalues are from a two-way ANOVA with a Tukey’s HSD test
(peakn=4, recovery n=3biological replicates).j, In vivo Foxp3 fate mapping was
conducted in Foxp3° ™ x Rosa26"-*™°ma EAE mice. Mice were injected with
tamoxifen (i.p.) for 5 days at the EAE recovery stage, and CNS cells were analyzed
14 days after the last injection. k, Representative cytogram with percentages of
stable (Foxp3 (GFP)"tdTomato") and unstable (Foxp3 (GFP) tdTomato") T, cells
within the CNS CD4" T cell gate during EAE recovery. I, Stable and unstable CNS
T..; cells were sorted and analyzed by bulk RNA-seq (n = 5 biological replicates). An
enrichment plot for ‘IL-2-STATS5 signaling’ derived from GSEA comparing stable
and unstable CNS T, cellsis shown; FDR, false discovery rate; NES, normalized
enrichment score. m, CD25 expression of stable and unstable CNS T, cells at the
recovery phase. Each symbol represents an individual mouse. Data are shown as
mean +s.d. Pare values from a paired two-tailed Student’s ¢-test (n = 3 biological
replicates); MFI, mean fluorescence intensity.
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downregulation of Foxp3 in unstable T, cells is linked to the activity
of Bach2 and Tcf7. By contrast, the dominant pathway associated with
CNS T, cellstability in the postinflammatory CNS was the ‘IL-2-STAT5
signaling’ pathway (Fig. 11 and Extended Data Fig. 2¢). To confirm our
RNA-seq findingsinstress-tolerant T, cells, we analyzed the expression

of IL-2Ra (CD25) in stable and unstable T, cells using flow cytometry.
Consistent with the transcriptomic data, IL-2Ra expression was signifi-
cantly lower in unstable than in stable CNS T, cells (Fig. 1m), further
highlighting the strong association between IL-2 signaling and Foxp3
stability in stress-tolerant T, cells.
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Fig.2| T, cells maintainimmune homeostasis in the postinflammatory CNS.
a, EAEwasinduced in Foxp3 (GFP) and Foxp3-DTR mice. DTx was administered
i.c.v. (15 ng) ori.p. (500 ng) during the recovery phase of EAE. Mice were killed

2 and 3 days after DTx injection, and spleen and CNS cells were isolated and
analyzed by flow cytometry. b,c, The efficiency of T, cell depletion 2 days after
DTxinjectionis shown in the spleenand CNS by the T, cell percentage (b) and
the CNS T, cell count (c). Each symbolinb and crepresents an individual mouse.
Data are shown as mean + s.d. Pvalues were calculated using aone-way ANOVA
witha Tukey’s HSD test (DTx i.c.v. control n =6, DTxi.p.n=7,DTxi.cv.n=8).

d, EAE scores after DTx administration are shown as mean + s.e.m. (only including
scores of mice followed up until the day 3 endpoint). Pvalues were calculated

Time after DTx (days)

CD69-Alexa Fluor647 —

using a two-way ANOVA with a Tukey’s post hoc test (DTx i.c.v. control n =4, DTx
i.p.n=35,DTxi.c.v.n="7biological replicates). e, CD4" T cell countsin the CNS

at different time points after DTx administration. Each symbol represents an
individual mouse. Data are shown as mean +s.d. Pvalues were calculated using
atwo-way ANOVA with a Tukey’s HSD test (day 2: DTx i.c.v. controln = 6, DTxi.p.
n=7,DTxi.c.v.n=8;day3:DTxi.c.v.controln=4,DTxi.p.n=5,DTxi.cv.n=5
biological replicates). f, CD69 expression (MFI) on CNS CD4" T, cells on day

3 after DTx treatment. Symbols represent individual mice. Data are shown as
mean +s.d. Pvalues were calculated using a one-way ANOVA with a Tukey’s HSD
test (DTxi.c.v.controln =4, DTxi.p.n =5, DTxi.c.v.n=5biological replicates).

Stress-tolerant T, cells control compartmentalized CNS
inflammation

To study the functional relevance of CNS-residing stress-tolerant
T..c cells after resolution of acute inflammation (>day 35), we used
Foxp3-DTR mice, which harbor a knock-in of the diphtheria toxin
(DTx) receptor (DTR) gene expressed under the control of the endog-
enous Foxp3locus, for transient ablation of Foxp3-expressing cells
viaadministration of DTx”. Because a complete depletion of T . cells
fromthe CNS at late stages of EAE is challenging to achieve using the
conventional systemic (intraperitoneal (i.p.) or intravenous (i.v.))
routes of DTx injection, we chose to administer low doses of DTx
(15 ng) directly into the CNS using stereotactic intracerebroventricu-
lar (i.c.v.) injection (Fig. 2a). Local DTx delivery resulted in almost com-
plete removal of CNS T, cells, while the systemic compartment was
only transiently (and partially) depleted of Foxp3* T, cells (Fig. 2b,c).
Depletion of CNS T, cells was accompanied by arapid worsening of
EAE symptoms (Fig.2d and Extended Data Fig. 3), thatis, the return of
complete hind limb paralysis. Although some relapses were controlled
again after 5 days, most DTx-treated mice succumbed to their relapses
(Extended Data Fig. 3b,c). The disease relapses of'i.c.v. DTx-injected
Foxp3-DTR mice were not due to DTx-mediated CNS toxicity because
i.c.v. DTx-injected wild-type control mice did not show any exacerba-
tion of clinical symptoms. By contrast, efficient systemic depletion
of T,z cellsinrecovered EAE mice by i.p. DTx injection, which largely
spared the CNS T, cell compartment, failed to trigger an EAE relapse
(Fig.2d).

Only the near-complete (i.c.v. DTx), but not the partial (i.p. DTx),
depletion of CNS T, cells led to a marked increase in the amount of
activated CD4'CD69* T cells in the CNS of Foxp3-DTR mice by day 3
after DTx administration (Fig. 2e,f). In histologic analyses, T cells and
myeloid cells primarily expanded at the sites of pre-existing inflam-
matory infiltrates afteri.c.v.injection of DTx into post-EAE Foxp3-DTR
mice (Fig.3a,b). Although some effector cells were recruited fromthe
systemic compartment (Fig. 3c), FTY720 did not prevent the massive
activation of those T, cells already residing in the CNS (Fig. 3d).
Their activation status was similar to the activation of CNS T, cells
innon-FTY720-treated i.c.v. DTx-injected mice (Fig. 3d). Accordingly,
FTY720 treatment failed to prevent EAE relapse following complete
local depletion of recovery CNS T, cells (Fig. 3e), suggesting that
residual CNS T, cells are sufficient to drive arelapse following removal
oflocal T, cells.

In summary, stress-tolerant CNS T, cells, but not systemic T,.,
cells, are essential for maintainingimmune homeostasis in postinflam-
matory EAE mice.

Stress-tolerant CNS T, cells have a tissue-type transcriptome
To determine whether the changing inflammatory milieu within the
CNSbetweenthe peak and the remission phase of EAE would shape the
transcriptional profile of stress-tolerant CNS T, cells, we performed
RNA-seq of bulk CD4Foxp3 (GFP)" T,., cellsand CD4"Foxp3 (GFP)™ T,
cells sorted by fluorescence-activated cell sorting (FACS) from the
spleen and CNS on days 15 and 40 after EAE induction.
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Fig.3|Loss of T, cells in the postinflammatory CNS rekindles inflammation.
a, EAE was induced in Foxp3 (GFP) and Foxp3-DTR mice. DTx was administered
i.c.v.ori.p.duringthe recovery phase of EAE. Mice were killed 3 days after DTx
injection. Brains were collected forimmunohistochemistry staining. Arrows and
squares indicate immune cell niches. Representative stainings for CD45, CD4 and
IBA-1are shown; scale bars, top row: 800 pm, bottom three rows: 50 pm.

b, Quantification of CD45" and CD4" cells as percentages and absolute counts per
mm?Z Symbols represent individual mice. Data are shown as mean +s.d. Pvalues
were calculated using aone-way ANOVA with a Tukey’s HSD test (DTx .c.v. control
n=3,DTxi.p.n=5,DTxi.c.v.n=9biological replicates). c,d, EAE was induced
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in Foxp3-DTR mice, and DTx was administeredi.c.v. during the recovery phase.
FTY720 (FTY;1pg per gram per day) or PBS was administered i.p. from24 h
before to 72 h after DTxi.c.v. injection. CD4" T cell counts in the CNS (c) and MFI
of CD69 on CNS CD4" T, cells (d) as determined by flow cytometry are shown.
Symbols represent individual mice. Data are shown as mean +s.d. The Pvalue in
cwas determined by a two-tailed unpaired Student’s ¢-test (DTx i.c.v. plus PBS
n=4,DTxi.c.v. plus FTY n=3biological replicates). e, EAE scores afteri.c.v. DTx
administration shown as mean +s.e.m. (DTxi.c.v. plus PBS n =4, DTxi.c.v. plus
FTY n=4biological replicates).

RNA-seq analysis revealed a total of 311 differentially expressed
genes (DEGs; >1.5-fold, adjusted P < 0.05) between CNS T, cells
derived from EAE recovery and EAE peak, with 159 genes upregulatedin
recovery CNS T, cellsand 152 genes upregulated in peak CNS T, cells
(Extended Data Fig. 4a), consistent with a distinct positioning of CNS
T, cells along principal component 2 (PC2) according to the disease
phase (Fig. 4a). The number of disease-phase conditional DEGs was

smaller within splenic T, cells, with only 15 upregulated and 6 down-
regulated genes in recovery splenic T, cells versus peak splenic T,
cells. Compared to their disease-phase-specific splenic counterparts,
bothrecovery and peak CNS T, cellsshowed an upregulation of several
genes that have previously been associated with anonlymphoid tissue
T, cellphenotype, including Areg, Nfil3, Prdm1, Rora, Itgae, Icos, 110,
Il1rl1 and I2ra (Extended Data Fig. 4b,c). Although most of the tissue
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T, cell-associated genes did not undergo disease-phase-dependent
changes in expression, the ‘TNF signaling via NF-kB’ and ‘IL-2-STAT5
signaling’ pathways were the two top upregulated pathwaysinrecovery
CNST,,cellscompared to peak CNS T, cells (Extended DataFig. 4a-h),
suggesting that the optimal exploitation of limited amounts of IL-2 after
the contraction of the IL-2-producing effector T cell population (see
Fig.1c) might become the most crucial determinant of their ‘resilience
tostress’in CNS recovery T, cells.

To identify upstream and downstream determinants of the
stress-tolerant CNS T, cell functional phenotype, we first analyzed
genes differentially expressed in recovery CNS versus peak CNS T,
cells, whichencoded cell surface proteins or DNA-binding proteins with
transcription factor activity (Fig. 4b,c). We then performed functional
enrichment analyses, only selecting those DEGs that were not at the
same time significantly regulated in recovery versus peak T, cells
todefinea CNS T, cell-exclusive signature of up- and downregulated
transcriptsintherecovery phase (Fig.4d and Supplementary Table 3).
Functional enrichment analyses with the upregulated genes revealed
afewsignificantly regulated cellular processes, including ‘response to
stress’ (Fig.4e). Notably, the genes that were exclusively upregulatedin
recovery CNS T, cells and at the same time intersected the GO terms
‘response to stress’ and ‘cell surface’ comprised Nrpl, Cxcré, Cxcr4,
Sdc4, H2-Aa, H2-Ab, Lag3, Fasl and Cd38 (Fig. 4f). Those recovery CNS
T, cell DEGs that intersected the GO terms ‘response to stress’ and
‘transcription factor activity’ comprised Rbpj, Nr4al, Nr4a2, Nfatcl,
KIf10, Zeb2 and Irf4 (Fig. 4g). Together, these data suggest that T cell
antigenreceptor (TCR) signaling and IL-2 signaling are defining features
of the functional phenotype of stress-tolerant T, cells residing in the
chronically inflamed CNS. Interestingly, CD38 was strongly linked to
this T, cell phenotype.

Stress-tolerant T, cells and tissue T, cells share features

Totest whether stress-tolerant T, cells in the postinflammatory CNS
are distinct from bona fide tissue T, cells, we compared their tran-
scriptome with the transcriptomes of T, cells isolated from the CNS
of unmanipulated naive mice and prototypic tissue T, cells isolated
fromthevisceraladipose tissue (VAT). Due to the scarcity of Foxp3* T,e,
cellsinthe CNS of naive mice, the cellinput had to be adjusted to alower
number in this RNA-seq analysis, resulting in alower overall sequencing
depthacrossall samples. Nevertheless, PC analysis of the 500 top most
variable genes revealed a clear separation along PC1 of the transcrip-
tome of CNS-derived T, cell populations from the transcriptome of
steady-state VAT T, cells, in part driven by the considerably higher
expression of tissue T,.,-associated genes such as Areg, Kirgl, Gata3
and /lIrl1in VAT T, cells (Fig. 5a). However, stress-tolerant T ., cells also
showed a clear overlap with VAT T,, cells for the expression of other
tissue T,,-associated genes (Extended Data Fig. 5a), suggesting that
stress-tolerant T, cells adopt key features of bonafide tissue T, cells.

Notably, within the CNS T, cell compartment, the transcriptome of

stress-tolerant T, cellsresembled that of naive CNS T, cells,and both
separated along PC2 from the transcriptome of T, cells isolated dur-
ingthe peak of disease (Fig. 5a), indicating that the stress-tolerant CNS
T, celltranscriptional profile reverts back to amore steady-state-like
gene expression. However, despite the similarities to the transcrip-
tome of homeostatic CNS T, cells, gene set enrichment analysis
(GSEA) again confirmed an enrichment in the IL-2 signaling pathway
in stress-tolerant CNS T, cells versus naive CNS T, cells (Fig. 5b and
Extended Data Fig. 5b-d), whereas naive CNS T, cells were character-
ized by more prominent oxidative phosphorylationthanstress-tolerant
postinflammatory CNS T, cells (Fig. 5cand Extended Data Fig. 5b-d).
Aselection of T, cell-associated surface markers, including CD69,
CXCR4 and CD38, was markedly expressed in stress-tolerant CNS T,
cells and to alesser extent in naive CNS T, cells, whereas KLRG1 and
ST2were highly upregulated in VAT T, cells (Fig. 5d,e). Together, these
dataindicate that postinflammatory stress-tolerant CNS T,., cellsadopt
aCNS-specifictissue signature®® with a particular dependence on IL-2.

Lack of CD38 impairs the regulatory capacity of CNS Foxp3*
T, cells

CD38wasupregulatedin T, cellsintheinflamed CNS, whereas we did
not observe disease-phase-dependent upregulation of CD38in T,
cells (Fig. 6a). CD38is the major NAD" hydrolyzing ectoenzyme®. In fact,
CD38isindispensable for maintaining the concentration of NAD* inthe
microenvironment atlow levels. High levels of NAD', inturn, drive the
ADP-ribosylation of cell surface molecules by ADP-ribosyltransferase
2b (ARTC2.2), a toxin-related, GPI-anchored ADP-ribosyltransferase
expressed in T cells. ARTC2.2 has multiple target molecules that can
gain or lose activity through ADP-ribosylation®.

To test whether CD38 expression by T, cells is relevant in auto-
immune CNS inflammation, we developed an experimental model
in which we adoptively transferred T, cell populations enriched for
MOG-reactive T, cells that were either sufficient or deficientin CD38
into MOG-immunized host mice whose T, cell compartment was
acutely depleted immediately before T, cell transfer (Fig. 6b). The
transfer of MOG-activated wild-type T,  cells attenuated the EAE sever-
ity of recipient mice compared to control EAE mice that were T, cell
depleted but did not receive asubsequent T, cell transfer (Fig. 6¢). By
contrast, the adoptive transfer of MOG-activated CD38-deficient T,
cells failed to control EAE symptoms of recipient mice that became as
sick as control animals without transfer of T, cells (Fig. 6¢), suggesting
that Cd38 " T, cellshad a T, cell-intrinsic deficiency to regulate EAE.
Because CD38-deficient T, cells were equally recruited to the CNS as
wild-type T, cells (Fig. 6d-f), we speculated that CD38 was directly or
indirectly involved in the formation and maintenance of a productive
effector T, cell population in the CNS.

To gauge the particular significance of CD38 expression for
the functional phenotype of stress-tolerant postinflammatory T,
cells in nonlymphoid tissues (especially in the CNS), we generated a

Fig. 4| Transcriptome analysis of CNS T,, cells during different phases of
EAE. EAE was induced in Foxp3 (GFP) reporter mice. T,,, and T, cells were
sorted from the spleen and CNS during peak EAE or the recovery phase (rec)
and were subjected to bulk RNA-seq. a, PC analysis. Each symbol represents
anindividual mouse. b,c, Volcano plots showing genes with annotation to the
Gene Ontology (GO) terms ‘GO:0009986 cell surface’ (b) and ‘GO:0003700
DNA binding transcription factor activity’ (c) with differential expression
(21.5-fold, adjusted P< 0.05) between recovery phase and peak CNS T, cells.
DEGs are highlighted in orange. Adjusted P values were derived from DESeq2
using a two-tailed Wald’s test with correction for multiple testing using the
Benjaminiand Hochberg method (CNS T, peak n=4, CNS T, recovery phase
n=>5biological replicates); TF, transcription factor. d, Heat map with hierarchical
clustering of DEGs between CNS recovery phase and peak T, cells. DEGs with
the same phase-dependent regulation in CNS T, cellsasin CNS T, cells were
subtracted toyield a CNS T, private gene signature. e, Upregulated DEGs

from the recovery phase CNS T, private signature were used to perform GO
enrichment analysis (gprofiler 2g:GOSt). Pvalues are derived from Fisher’s one-
tailed test, and adjusted Pvalues were determined by the g:GOSt implemented
g:SCS method for multiple testing correction. The top five enriched terms are
marked and summarized in the table on the right; MF, molecular function; CC,
cellular component; BP, biological process; KEGG, Kyoto Encyclopedia of Genes
and Genomes; REAC, Reactome; WP, WikiPathways; Reg., regulation; multicell.,
multicellular; org., organismal; proc., process; Pos., positive; biol., biological.
f,g, Volcano plots displaying only genes that are part of both the GO terms
‘response to stress’ (GO:0006950) and ‘cell surface’ (GO:0009986; f) or ‘DNA-
binding transcription factor activity’ (GO:0003700; g) between CNS recovery
phase and peak T, cells. DEGs (21.5-fold, adjusted P < 0.05) from the recovery
phase CNS T, private ‘up’ signature are highlighted in purple. Adjusted Pvalues
are derived from DESeq2 using a two-tailed Wald’s test with correction for
multiple testing using the Benjamini and Hochberg method.
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mixed bone marrow chimera (MBMC) model by transplanting a 1:1
mixture of wild-type Foxp3-DTR" (CD45.1/CD45.2) and ‘nondeplet-
able’ Foxp3-DTR™ (CD45.2) donor cells of either wild-type or Cd387"
origin into Ragl™ recipient mice (Fig. 6g). CNS-specific depletion

of DTR-expressing

wild-type T,

cells in these MBMCs by local DTx

injection during stable post-peak EAE allowed us to follow disease
progressioninascenarioinwhich the remaining CNS-residing T, cells
were either wild-type or CD38 deficient (Fig. 6g-i). Notably, the T,
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Fig.5|Recovery CNS T, cells resemble steady-state CNS T, cells. Foxp3
(GFP)" T, cells were isolated from VAT and the CNS of naive mice and EAE mice
atthe peak (n=3) and recovery stages and were subjected to bulk RNA-seq

(VAT naive n =3, CNS naive n =4, CNS peak n =3, CNS recovery n = 4 biological
replicates). a, PC analysis. b,c, Enrichment plots for ‘IL-2-STAT5 signaling’ (b) and
‘Oxidative phosphorylation’ (c) derived from GSEAs comparing CNS recovery
and CNS naive T, cells.d, CD4 Foxp3' T, cells from the naive CNS, VAT and

the EAE CNS (peak and recovery) were analyzed by flow cytometry. Flow data
were pooled (CNS naive n =3, CNS peak n =4, CNSrecovery n =3, VAT naiven=3
biological replicates) and downsampled to 300 T, cells per group. T, cells were
clustered by FlowSOM and visualized using uniform manifold approximation
and projection (UMAP). e, Heat map displaying marker expressionin T, cell
metaclusters.

cell compartment was composed of either only wild-type cells (Cd38"*
MBMC) or al:1 mixture of wild-type and Cd38™ T cells (Cd38'~MBM(Cs;
Fig. 6h). Consistent with our observation that the severity of EAE was
reducedinagene dose-dependent manner in globally CD38-deficient
mice (Extended Data Fig. 6a), Cd38”’~ MBMCs experienced a milder
disease course than Cd38”* MBMCs (Extended Data Fig. 6b). Neverthe-
less, following local depletion of Foxp3-DTR T,, cells, the remaining
nondepletable wild-type T,..cellsin Cd38"* MBMCs were sufficient to
maintain a stable EAE score (Fig. 6j and Extended Data Fig. 6b), even
when faced with a fully CD38-competent CNS-resident T, cell com-
partment. By contrast, Cd387~MBMCs, withonly Cd38”" CNS T ., cells
remainingafterlocal depletion of the wild-type T, cell fraction, rapidly
deteriorated and experienced an EAE relapse with similar kinetics and
intensity as we had observed after the complete depletion of CNS T,
cells (Fig. 6j and Extended Data Fig. 6b; see also Fig. 2d). These data
highlight that cell-autonomous expression of CD38 in CNS-resident
T, cellsisindispensable foradequate control of localimmune homeo-
stasisin the chronically inflamed CNS in vivo.

CD38 is crucial for maintenance of antigen-specificCNS T,
cells

Foxp3' T, cells need to be activated in an antigen-specific manner to
efficiently control effector T cells in EAE*. Therefore, the most direct
link to the failure of CD38-deficient T, cells to control EAE would be
the lack of MOG-specific T, cells within the population of Cd38~ CNS

T, cells.Indeed, inthe CNS, MOG;;_ss—I-Ab tetramer-binding T, cells
werevirtually entirely comprised in the CD38" compartment, remark-
ably during EAE recovery (Fig. 7a-c).

To test whether CD38 status determined the fraction of
MOG-specific T,y and T, cells, we induced EAE in MBMCs, whose
hematopoietic compartment consisted of wild-type (CD45.1)
and Cd387 (CD45.2) cells, and read out the fraction of MOG;5_s5
-I-Ab-binding cells in T,,, and T, cells in each cellular compartment
that were present side-by-side in the same chronically inflamed CNS
(day 20 after immunization; Fig. 7d). Notably, although CD38 expres-
sionwasirrelevant for the fraction of MOG-specific T, cellsin the CNS,
the fraction of MOG-specific CNS T, cells was significantly lower in
CD38-deficient cells thanin CD38-sufficient T cells (Fig. 7e,f). Together,
these data indicate that the presence of antigen-specific Foxp3* T,
cells, but not antigen-specific T, cells, in the inflamed CNS is depend-
ent on the cell-intrinsic expression of CD38. This may be particularly
relevant for high-affinity antigen-specific T, cells because MOG-1-Ab
tetramer staining identifies high-affinity MOG-specific T, cells™.

Stress-tolerant CNS T, cells are dependent on CD38 for
sensingIL-2

To dissect the mechanism by which CD38 contributes to the mainte-
nance of antigen-specific T, cells in the postinflammatory CNS, we
referred to its known function as an NAD"-consuming enzyme and
speculated that T,., cells might be more susceptible to NAD"-induced
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cell death than T, cells in the chronically inflamed CNS. To directly
test this hypothesis, we induced EAE in Foxp3 (GFP) reporter mice and,
intherecovery stage, challenged the mice byi.c.v.injection of NAD"in
the absence or presence of aninhibitor of ARTC2.2 (Fig. 8a). Although
NAD"injection directly resulted in the apoptosis of around 90% of all
CNS T, cells, CNS T, cells were spared from apoptosis (Fig. 8b-d).
Interestingly, i.c.v.injection of NAD* did not affect T, cells or T, cells
in the systemic immune compartment (Extended Data Fig. 7a-c). In
the CNS of recovery EAE mice, NAD*-induced apoptosis was entirely
rescued by the co-injection of a blocking nanobody to ARTC2.2
together with NAD" (Fig. 8b-d), suggesting that ADP-ribosylation
by ARTC2.2 was the key downstream mediator of NAD"-induced cell
death invivo. Also, these data were consistent with an in vivo effect
of NAD" and not an artificial release of NAD* from cells during the
preparation procedure®. Although the gain-of-function of P2RX,
through ADP-ribosylation has previously been shown to drive cell
death”, the expression of P2RX; was not different between T, cells
and T, cells in the postinflammatory CNS. Yet, T, cells were rela-
tively resistant to NAD"-induced apoptosis, whereas T, cells were not.
Therefore, we explored alternative T, cell-specific ADP-ribosylation
targets. Because IL-2 signaling had turned out to be a major determi-
nant of stress-tolerant CNS T, cells, we first focused on the IL-2Ra
subunit, which is highly expressed in antigen-specific T, cells
(Extended Data Fig. 8a—c). Here, we made use of the prior observation
that the R178 ADP-ribosylated hypofunctional form of IL-2Ra is not
recognized by the 7D4 clone of anti-CD25, whereas the PC61.5 clone
of anti-CD25 detects both the native and the ADP-ribosylated form of
IL-2Ra*. To investigate IL-2Ra ADP-ribosylation status, wild-type or
CD38-deficient T, cells were exposed to NAD" in vitro in the absence
or presence of ARTC2.2-inhibiting nanobodies. Although IL-2Ra was
mostly not ADP-ribosylated in wild-type T, cells, 80% of IL-2Ra was
ADP-ribosylated in CD38-deficient T, cells. Notably, wild-type T,
cells were essentially resistant to further ADP-ribosylation induced
by NAD* exposure. By contrast, IL-2Ra became fully ADP-ribosylated
through NAD"in CD38-deficient T, cells, a process that was prevented
by ablocking nanobody to ARTC2.2 (Fig. 8e,f).Inline withtheideathat
ADP-ribosylation of IL-2Ra leads to deficient IL-2 signaling through
the high-affinity IL-2R expressed in T, cells (Fig. 8g), NAD" exposure
reduced STATS5 phosphorylation significantly more in CD38-deficient
T, cellsthaninwild-type T, cells inan ARTC2.2-dependent manner
(Fig. 8h,i). Finally, IL-2Ra ADP-ribosylation was significantly more
pronounced in CD38-deficient T, cells than in their wild-type coun-
terparts, even when T, cells of both genotypes were cocultured
together in the same dish during NAD* exposure (Fig. 8j), suggest-
ing that cell-intrinsic expression of CD38 was crucial to achieve low
levels of NAD" in the proximal vicinity of the cell and, thus, prevent
ADP-ribosylation of its surface molecules. Together, these dataillus-
trate that T, cell-autonomous expression of CD38 is essential for their

perception of restricted amounts of IL-2, as would occur in ‘stressful’
nonlymphoid environments.

Discussion

Inthe present study, we show that Foxp3* T, cells persistin the CNS for
extended periods of time after the contraction of pathogenic effector
Tcells. These CNS-resident T, cells are indispensable for maintaining
the re-established immune homeostasis in the CNS after an autoim-
mune inflammatory episode, as their site-specific depletion immedi-
ately triggers a relapse. The long-term persistence of T, cells in the
postinflammatory CNS is dependent on the efficient exploitation of
limited amounts of IL-2, which selects for antigen-specific T,., cells with
high expression of the high-affinity IL-2R CD25. These stress-tolerant
T4 cells, at the same time, must express CD38 to cope with enhanced
levels of extracellular NAD", which otherwise dampen T, cell-intrinsic
IL-2 signaling due to ADP-ribosylation of IL-2Ra. Therefore, the expres-
sion ofthe NAD" hydrolase CD38 critically determines the resilience of
CNS T, cellsto the hostile environment of the postinflammatory CNS
and, thus, is a hallmark feature of stress-tolerant T, cells.

CD38 is a multifunctional molecule with diverse roles in various
cellular processes. It acts as an NAD* consuming enzyme, thereby
regulating both intracellular and extracellular NAD" levels®*¢. Addi-
tionally, CD38 functions asareceptor of PECAM-1(CD31), influencing
leukocyte migration®. Although PECAM-1/CD38 interactions might
affect T, cell migration into nonlymphoid tissues, our data indicate
that T, cells can migrate to the inflamed CNS without CD38.CD38" T,,
cells possess asurvival advantage in nonlymphoid tissues. Conversely,
CD38-deficient T, cells fail to reduce extracellular NAD* concentra-
tionsintheir micromilieu and, asaconsequence, are more susceptible
to ARTC2.2/P2X,-mediated apoptosis, whichis dependent on extensive
Ca®' influx through the ATP-gated P2X, receptor ion channel due to
ARTC2.2-mediated ADP-ribosylation of P2RX, (refs. 38-40). However,
although P2RX; is similarly expressed in T, and T, cells, the exag-
gerated susceptibility of T, (but not T,,,,) cells to NAD™-induced cell
deathin the CNSis likely due to further targets of ADP-ribosylation®,
suchasIL-2Ra, whichis orders of magnitude more highly expressedin
T, cellsthanin T, cells. Here, ARTC2.2-mediated ADP-ribosylation
leads to a loss-of-function of high-affinity IL-2Ra with reduced STAT5
activation. CD38 quenches ADP-ribosylation of IL-2Ra through remov-
ing membrane-proximal extracellular NAD" (ina cell-autonomous man-
ner) as a substrate of ARTC2.2. Additionally, CD38 also competes for
intracellular NAD', thereby influencing intracellular NAD*-dependent
pathways. Intracellular NAD" is an essential cofactor for sirtuins, which
actasdeacetylases of histones and, thus, play arole in gene silencing.
Intracellular NAD" is also a cofactor for poly(ADP-ribosyl) polymer-
ases, which are involved in DNA damage repair. These functions of
NAD'-dependent enzymes have been linked to cellular aging*.. In the
context of T cells, SIRT1 has been demonstrated to negatively regulate

Fig. 6 | CD38 signaling controls the functional phenotype of CNS T, cells. a,
EAE was induced in Foxp3 (GFP) mice, and CNS cells were collected and analyzed
by flow cytometry to assess CD38 expression on T,,, (CD4"Foxp3~) and T, cells
(CD4'Foxp3*) across EAE stages. Symbols represent individual mice. Data are
shownas mean +s.d. Pvalues were calculated using a two-way ANOVA witha
Tukey’s HSD test (naive n =10, peak n =10, recovery n = 6 biological replicates).
b, EAE wasinduced inrecipient DEREG mice (CD45.1) and donor Cd38"* or Cd38™"
mice (CD45.2). T, cellsin recipient mice were depleted by i.p. DTx injection
atdays 9 and 10 after EAE induction. In total, 10° sorted splenic donor T, cells
(CD4°CD25'GITR"CD45.2") were transferred into CD45.1" DEREG recipients. T,
protector S+16a nanobody was i.p. administered to donor mice 30 min before
euthanasia; d.p.i., days postimmunization. ¢, Mean EAE scores + s.e.m. of
recipient mice. Pvalues were determined using a two-way ANOVA with a Tukey’s
post hoc test (without T, cell transfer (wo) n =5, Cd38"* T,  cell transfer n =4,
Cd38 " T, cell transfer n = 5biological replicates). d-f, Donor CD4'CD45.2" cells
were analyzed and quantified in recipient lymph nodes (d and e) and CNS tissue

(dandf).Eachsymbolineand frepresents anindividual mouse, and the data
areshownas mean +s.d.; Transf., transfer. g, BM from Foxp3-DTR mice (CD45.1/
CD45.2) mixed 1:1 with either wild-type Cd38"* (CD45.2) or Cd387~BM (CD45.2)
was transferred into sublethally irradiated RagI ™ recipients, and EAE was
induced in BM-reconstituted mice. DTx was administered i.c.v. (15 ng) in stable
EAE mice on day 28 after MOG;;_ssimmunization, and CNS cells were collected

3 days after DTxi.c.v.injection. h, Proportions of T, cells (TCRB*CD4*Foxp3*)
were analyzed in the Foxp3-DTR compartment (CD45.1") and in the CD38-
sufficient or CD38-deficient compartment (CD45.2") within the CNS of MBMCs.
i, Fraction of CD38"* cells among total CNS T, cells 3 days after DTx injection.
Symbols represent individual mice. Data are shown as mean +s.d. Pvalues were
calculated using an unpaired two-tailed Student’s t-test (Cd387*MBMCs n =4,
Cd387~MBMCs n = 5 biological replicates).j, Changes in EAE scores (AEAE scores)
after DTx injection shown as mean +s.e.m. (Cd38"* MBMCs n =4, Cd38”~ MBMCs
n=>5biological replicates).
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T, cell function by decreasing the expression of Foxp3 and CTLA-4,
while simultaneously increasing DNMT3a expression*’. The absence
of CD38 could lead to excess NAD* availability, which may enhance
SIRT1activity and dismantle T, cell stability. However, here, we did
not observe a difference in Foxp3 expression in CD38-deficient T,.,

cells compared towild-type T, cellsin the same environment. Further-
more, CD38regulatesintracellular Ca* levels viathe cyclicadenosine
5’-diphosphate ribose (cCADPR) signaling pathway, which may influ-
ence T cell differentiation®. Proper Ca2* influx is critical for T, cell
functionality, and impaired Ca2* signaling has been associated with
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Fig.7| CD38is essential for persistence of antigen-specific T, cellsin the
inflamed CNS. EAE was induced in wild-type C57BL/6 mice. a,b, Percentages
of MOG-I-Ab tetramer-binding T,,, and T, cellsin the CNS at different stages
of EAE. ¢, CD38 expressionin MOG-I-Ab~ versus MOG-I-Ab" T,,, and T, cells
across EAE stages. Each symbolinb and c represents an individual mouse.
Dataare shown as mean +s.d. Pvalues were calculated using a two-way ANOVA
with a Tukey’s HSD test (n = 5biological replicates). d, Mixed BM from Cd38"*

CD38-PerCP-eFluor710

(CD45.1) and Cd38™~ (CD45.2) mice was transferred into sublethally irradiated
RagI”" recipients. EAE was induced in BM-reconstituted mice, and CNS cells
were collected 20 days after MOG;;_ssimmunization. Percentages of MOG-I-
Ab-binding Cd38"* CD45.1' and Cd38”~ CD45.2" T,,,, (TCRB'CD4Foxp3°; ) and
T,eg cells (TCRB'CD4 Foxp3'; f). Each symbolin e and frepresents an individual
mouse. Data are shown as mean +s.d. The Pvalue was calculated using a paired
two-tailed Student’s ¢-test (n = 6 biological replicates).

the defective immunosuppressive function of T, cells in individuals
with multiple sclerosis*. Finally, T cells require CD38 for adenosine
synthesis via the CD38/CD203a/CD73 ectoenzymatic pathway*. Yet,
we observed a physical loss of antigen-specific T, cells in the CNS
when they lacked CD38 expression. Therefore, we suggest that CD38
is primarily necessary for the very maintenance of CNS T, cellsin the
chronically inflamed CNS because it enables them to exploit limited
sources of IL-2. Prior studies are consistent with the idea that the avail-
ability of IL-2 defines the physical and functional niche of T, cells in
nonlymphoid tissues'®.

The chronically inflamed CNS is characterized by a high load of
extracellular NAD™., Therefore, we propose that CD38 expression by
T, cells is a key feature that determines their resilience to the ‘envi-
ronmental’ stress of this niche. In addition, CNS T, cells share much
ofwhat hasbeen described as the tissue-resident T,., cell signature™*°.
Itis unresolved whether a universal tissue T, cell signature can be
defined or whether each tissue has its own unique T, cell population,
bothin terms of TCR repertoire and functional phenotype. Although
other investigators have found a comparable T, cell TCR repertoire
diversity in various tissue sites®, these data need to be interpreted
with caution as it is virtually impossible to reach the saturation limit
insingle-cell sequencing of afully polyclonal repertoire with currently

available technologies. Our data would argue in favor of the require-
ment for a cognate engagement of postinflammatory CNS-resident
T, cellsbecause the ablation of CD38 induces amore profound loss of
MOG-specific T, cells than of T, cells that do not bind MOG;;_ss—1-Ab
tetramers. Therefore, the availability of tissue-specific private antigens
may require antigen-specific T, cells, whose resilience to the local
environment then depends on a universal tissue-type transcriptional
program, including CD38.

Finally, local depletion of postinflammatory CNS T, cells was suf-
ficient to provoke an EAE relapse, whereas systemic T, cell depletion
was not. Postinflammatory T, cells are, thus, not only adapted to their
tissue niche, where they may fulfillnonimmune functions***’, but also
stillabsolutely essential to prevent the recurrence of inflammationina
metastable environment. In fact, CNSinflammationis rekindled from
niches of persistentimmune cells in the inflammation-experienced
CNS when T, cells are ablated. These findings establish a paradigm
that could explain the increasing disconnect of immunopathology
from the systemic immune compartment in chronic CNS autoim-
munity. Defining their local interaction partners and growth, as well
as maintenance, factors will open new avenues for manipulating CNS
T, cells as auditors of compartmentalized inflammatory processes
that may driveimmunopathology in progressive CNS autoimmunity.
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inhibiting the ADP-ribosylation (ADPR) of CD25: CD38 on T, cells metabolizes
extracellular NAD*, competitively inhibiting ADP-ribosyltransferase (ART)
activity, thereby preserving the high-affinity IL-2R conformation and sustaining
STATS5 phosphorylation; NAM, nicotinamide. h, As in e, following preincubation,
cells were stimulated with mouse IL-2 (1.25 ng mI™) and analyzed for STAT5 Y694
phosphorylation (pSTAT5Y694) in T, cells by flow cytometry. i, Percentage of
pSTAT5Y694"CD4Foxp3' T, cells. Each symbol represents anindividual mouse.
Data are shown as mean +s.d. Pvalues were calculated by a two-way ANOVA with
aTukey’s HSD test (n =3 biological replicates). j, Cd38"* and Cd38™~ splenocytes
were labeled with different anti-CD4 fluorochromes, mixed 1:1(2.5 x 10° each)

in the same well and incubated with a twofold serial titration of NAD* with or
without anti-ARTC2.2 (1 pg ml™). The percentages of 7D4" cells within the PC61.5"
T, cell populationare shown as mean + s.d. for the wild-type and CD38-deficient
compartments (n =4 biological replicates); WT, wild-type.
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Methods

Mice

Foxp3°CFPCretRT2 (Foxp3CTeERT2 IMSR JAX:016961)*, Foxp3°™® (Foxp3-DTR,
IMSR_JAX:016958)*°, CD45.1 congenic (IMSR_JAX:002014)*° and
B6.129S7-RagI™ ™™ (Ragl™",IMSR_JAX:002216)°' mice were obtained
from TheJackson Laboratory. C57BL/6) (wild-type, IMSR_JAX:000664)
mice were from Charles River Laboratories. Foxp3 (GFP) reporter mice**
were provided by V. Kuchroo (Harvard Medical School and Brigham
and Women'’s Hospital). Cd38™1" (Cd38™", IMSR_JAX:003727) mice®
were provided by H.-W. Mittriicker (Medical Center Hamburg Eppen-
dorf). Foxp3°*2 mice and Rosa-CAG-LSL-tdTomato-WPRE::ANeo
mice (Rosa26"-19™m© IMSR JAX:007914)> were mated to generate
Foxp3° T2 x Rosa26'S-t9Toma mice. Pham” reporter mice (Cd4<™ x Ros
a26'Stmicbendra2 thatis, IMSR_JAX:022071 mated with IMSR JAX:018385)
were generated in-house™. DEREG mice (MMRRC_032049-JAX)” were
provided by T. Sparwasser (University Medical Center Mainz). We used
8- to 20-week-old disease score-matched male and female C57BL/6
mice in all experiments (see Hiltensperger et al.**), except for VAT,
where we only used 20-week-old male mice*. Mice were housed in a
specific pathogen-free facility with normal rodent chow at the Techni-
cal University of Munich. Protocols were approved by the Bavarian state
authorities and conducted according to the relevant guidelines (ROB-
55.2-2532.Vet_02-17-69, ROB-55.2-2532.Vet_02-17-234, ROB-55.2-2532.
Vet_03-18-53,ROB-55.2-2532.Vet_02-20-1, ROB-55.2-2532.Vet_02-20-23,
ROB-55.2-2532.Vet_02-20-187, ROB-55.2-2532.Vet_02-23-71, ROB-55.2-
2532.Vet_02-23-118 and ROB-55.2-2532.Vet_02-25-68).

EAE model

Mice were immunized with MOG;,_ss (200 pg, Auspep) emulsified in
complete Freund’s adjuvant (500 mg Mycobacterium tuberculosis H37Ra,
BD Difco). Micereceived 200 ng or asuboptimal dose of 50 ng pertussis
toxin (Sigma-Aldrich) i.v. on days 0 and 2 after immunization. Clinical
scoreswererecorded as O (nodisease), 1(tail toneloss), 2 (hind limb pare-
sis), 3 (hind limb paralysis), 4 (tetraplegia) and 5 (moribund). Peak disease
occurred on days 12-15, with recovery starting around days 30-35.

BM chimeras

Six- to 8-week-old Ragl”~ mice were sublethally irradiated (7 Gy; two
doses of 3.5 Gy, 3 hapart) andi.v.injected with1x 107 CD90.2-depleted
donorBM cells. Mice received enrofloxacin (0.1 mg ml™) in their drink-
ing water for 2 weeks after BM transplantation. Hematopoietic reconsti-
tutionwas assessed using peripheralblood at 6 weeks, and the chimeras
were immunized for EAE induction 8 weeks after BM grafting.

Tissue and cell isolation

Mice were killed and perfused with 20-30 ml of cold PBS via the left
heart ventricle. Spleen tissue and lymph nodes were homogenized
and filtered (70-pum strainers, Falcon), and red blood cells were lysed
with 2 ml of FACS Lysing Solution (BD Biosciences) for 5 min. Cells were
washed and resuspended in FACS buffer (2% fetal calf serum (FCS) in
PBS). For CNS cell isolation, brains were dissected, and spinal cords
were flushed out with PBS. CNS tissues were digested in 4 ml of diges-
tion buffer (2.5 mg ml™ collagenase D (Roche Diagnostics), 1 mg ml™
DNaseI(Roche Diagnostics) and 1 pg ml™ S+16aanti-ARTC2.2 nanobody
(BioLegend) in 10% FCS DMEM) at 37 °C for 45 min with shaking at
120 rpm, filtered and separated via Percoll gradient (70-37%, GE Health-
care). Cells were collected, washed and resuspended in cold FACS
buffer. VAT from male mice was collected, digested in 3 ml of digestion
bufferat37 °Cfor 45 min, washed with30 ml of FACS buffer and treated
with 1 mlof FACS lysing solution for 5 min. Cells were washed, pelleted
andresuspendedin cold FACS buffer. BM was isolated from the femur
and tibia. The bones were cut out from each end and flushed out with
cold 10% FCS DMEM with a 21-gauge needle. The cells were collected,
and red blood cells were lysed with 1 ml of FACS lysing solution for
5min. The cellswere then washed and resuspended in cold FACS buffer.

Cell sorting

Splenocytes and lymph nodes were pooled toisolate T, cells. Briefly,
CD4"T cells were enriched from single-cell suspensions using a nega-
tive selection kit (Miltenyi Biotec). Cells were stained with antibodies
for15minat4 °Cinthe dark, washed and resuspended in FACS buffer.
Sorting was conducted using a FACSArialll Cell Sorter (BD Biosciences),
achieving >95% purity.

Flow cytometry

Cellsuspensions were stained with Live/Dead Aqua, Live/Dead violet or
Near-IR dyes (Thermo Fisher) for 15 min at4 °Cin PBS and washed with
FACS buffer. Cells were incubated with an antibody cocktail targeting
surface antigen and CD16/CD32 Fc block in FACS buffer for 15 min at
4°Cinthe dark, washed twice and resuspended in FACS buffer. For
Annexin V staining, cells were stained with an antibody cocktail in
Annexin Vbinding buffer (BioLegend). For intracellular staining, cells
were stained with antibodies to surface antigens, fixed with 4% para-
formaldehyde (PFA) for 15 min at room temperature (protected from
light) and washed with FACS buffer. Fixation and permeabilization were
performed using a eBioscience Intracellular Fixation and Permeabili-
zation Buffer Set (Invitrogen). Cells were incubated overnight at 4 °C
withanintracellular antibody cocktail and Fc block in permeabilization
buffer, washed and resuspended in FACS buffer.

For pSTATS Y694 staining, fixation and permeabilization were
performed using a Transcription Factor Phospho Buffer Set (TFP, BD
Pharmingen), following the manufacturer’s protocol. In short, after
fixation and permeabilization, cells were incubated with anti-pSTAT5
Y694, anti-Foxp3 and anti-surface antigen with Fc block in TFP Perm/
Wash Buffer for 50 min at 4 °C. Cells were washed twice with TFP
Perm/Wash buffer and resuspended in FACS buffer for flow cytometry
analysis. A list of the applied antibodies and resources is provided in
Supplementary Table 4. Antibody dilutions are detailed inthe Report-
ing Summary. Data were collected using CytoFLEX (Beckman Coulter),
FACSArialll (BD Biosciences) or Aurora (Cytek Biosciences) and ana-
lyzed using FlowJo software (version10.8.1, BD Biosciences).

T, cell cluster visualizations were based on the data acquired
on the Aurora system. T, cells were identified as Aqua Foxp3"CD4"
through primary gating in each sample in FlowJo. To standardize cell
numbers across tissues, downsampling was conducted by pooling
and selecting 300 T, cells, which were then subjected to secondary
FlowSOM (v3.0.18) clustering. Further subclustering of T, cells was
achieved using ClusterExplorer (v1.6.5). The clusters were visualized
with uniform manifold approximation and projection through R and
the FlowJo plugin packages.

I-Ab tetramer staining

CNS and spleen cells were treated with neuraminidase (0.35U ml™?,
Sigma-Aldrich) and dasatinib (100 nM, Selleckchem) in serum-free
DMEM at 37 °C with 5% CO, for 25 min. Cells were then washed twice
with FACS buffer, blocked with anti-mouse CD16/CD32 Fcblock onice
for15 minand stained with T-Select I-A* MOG;_ss Tetramer-PE (Medical
and Biological Laboratories, TS-M704-1) or the control T-Select I-A®
OVA,,;_330 Tetramer-PE (TS-M710-1) at room temperature for 2 h, with
gentle resuspension every 30 min. After tetramer staining, cells were
centrifuged (430g, 4 °C, 5 min), washed twice with FACS buffer and incu-
bated with anti-phycoerythrin MicroBeads (MiltenyiBiotec) ona4 °C
shaker for 30 minto stabilize tetramer binding. The cells were washed
with FACS buffer and subjected to surface and intracellular staining for
flow cytometry analysis. The tetramer” population was identified by
gatingonNIR", Lin (CD19, CD8a, F4/80, Ly6G)” and MOG;;_ss tetramer—
PE’ cells, with the OVA,,, ;, tetramer as a negative control.

Bulk RNA-seq
Approximately 2,000 or 250 T, or T, cells (viability > 90%) were
sorted directly into TCL buffer (Qiagen) plus 1% 2-mercaptoethanol
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(Merk) and stored at =80 °C. RNA was extracted and purified using
an RNeasy Plus Micro kit (Qiagen). RNA quality was assessed using an
Agilent 2100 Bioanalyzer (Agilent Technologies). Library preparation
followed a previously described protocol*®. Barcode-specific cDNA
was synthesized via reverse transcription with Maxima RT polymer-
ase (Thermo Fisher) using an oligo(dT) primer containing barcodes,
unique molecular identifiers (UMIs) and adaptor sequences. The 5
end of the cDNA was then extended using primers complementary to
the template switch oligonucleotide site, followed by amplification
of full-length cDNA. The cDNA was fragmented using a Nextera XT
kit (Ilumina), and the 3’-end fragments were amplified with primers
incorporating lllumina P5 and P7 overhangs. The P5 and P7 sites were
modified to optimize cluster recognition during sequencing, allowing
forsequencing of the cDNAinread 1and the barcodes/UMIsinread 2.

Sequencing was performed on an lllumina NextSeq 500 platform
with 75 cycles for read 1and 16 for read 2. The sequencing data were
processed using the Drop-seq pipeline® to generate UMl tables organ-
ized by sample and gene. The GRCm38 reference genome was aligned
withtranscript and gene annotations derived from ENSEMBL release 75.

Differential gene expression analysis was conductedinR (v4.5.0)
using the DESeq2 package (v1.48.1)°%. Significant DEGs were defined
as genes with a Benjamini-Hochberg-adjusted P value of <0.05 (in
some cases 0.1asindicated) and anabsolute fold change in expression
of >1.5. Alog, (fold shrinkage) estimation was performed using the R
package glmGamPoi (v1.20.0)*. GO term annotations were derived
from the R package org.Mm.eg.db (v3.21.0). For visualization, count
data were transformed using the variance stabilizing transformation
(‘vst’) functionin DESeq2. GSEA was performed on DESeq2 normalized
counts using the Broad Institute GSEA Desktop Application (v4.3.2) in
conjunction with the Molecular Signatures Database (v2024.1.Mm),
withpermutation type ‘gene_set’and an FDR threshold of 0.25 applied.
GO enrichmentanalysis of adjusted Pvalue ranked DEGs was performed
using the gprofiler2 R package®.

Invivo cell proliferation assay

EAE was induced in C57BL/6 wild-type mice. At various time points
during EAE progression, EdU (0.05 pg mg (body weight), Click-iT
EdU, Sigma-Aldrich) was administered i.p. 18 h before euthanasia.
Circulating cells were labeled with anti-CD45.2 BV650 (3 ng, BioLe-
gend) viai.v. injection 3-5 min before euthanasia. EQU staining was
performed according to the manufacturer’s protocol. Cells from the
CNS and spleen were stained with surface antigens and fixed with 4%
PFA (Thermo Fisher) atroom temperature for 15 minin the dark. After
two washes with FACS buffer, cells were incubated in a saponin-based
fixation-permeabilization buffer at room temperature for 20 min, fol-
lowed by centrifugation. A fresh EdU detection cocktail was prepared,
and cells were incubated at room temperature for 30 min. After two
washes with the saponin-based fixation-permeabilization buffer, cells
were stained with anti-Foxp3 in the same buffer overnightat 4 °C. Cells
were washed twice again, resuspended in FACS buffer and analyzed by
flow cytometry.

Invivo T cell trafficking assay

Mice were anesthetized with a cocktail of medetomidine, midazolam
and fentanyl, and the fur was removed using depilatory cream (Veet).
For photolabeling, theinguinal lymph node ontheimmunization side
was irradiated for 20 min using a 405-nm diode laser (LuxX 405-60,
Soliton) as previously described**. Two days after photoconversion,
the mice werekilled, and cells from the CNS and spleen were collected
to assess the migration of photolabelled lymphocytes.

Invivo Foxp3 fate mapping

For tamoxifen preparation, tamoxifen (Sigma-Aldrich) was dissolved in
100% ethanol (Merck) ataconcentration of 1g ml™, vortexed at 37 °C for
15 minand mixed with Miglyol (Caelo) to achieve afinal concentration of

10 mg ml™. The solution was incubated and vortexed at 37 °C for 30 min
to ensure complete dissolution. We followed the protocol by Jahn et al.*!
for tamoxifen treatment. Foxp3“ "2 x Rosa26'S-47ma° mice were given
dailyi.p.injections of1mg 100 ul™ tamoxifen for 5 days. Fourteen days
after the last injection, the mice were killed, and their spleen and CNS
cellswere collected for either flow cytometry or RNA-seq analysis.

Invivo T, celldepletion

EAE was induced in Foxp3-DTR and control Foxp3 (GFP) mice. During
the EAE recovery phase (between 32 and 35 days after immunization,
with a clinical score of less than 2), DTx (from Corynebacterium diph-
theriae, Sigma-Aldrich) or PBS was administered either i.c.v. (15 ng)
ori.p. (500 ng). Thei.c.v. injection was performed according to the
protocol described by Taylor et al.?, modified to administer 3 pl of DTx
atarate of 1 pl min™. Buprenorphine (0.1 pg per mg (body weight)) was
given before, after and 1 day after surgery for pain management. T,
cell depletion efficiency was confirmed by flow cytometry, and clinical
scores were monitored daily from day O to day 3 after DTx injection. For
FTY720treatment, FTY720 (1 pg per mg (body weight), Sigma-Aldrich)
or vehicle control was administered i.p. starting 1 day before the DTx
i.c.v. injection and continuing daily until 1 day after surgery. Clinical
scores were recorded from day O to day 3.

Invivo T, cell suppression

EAE was induced in both donor (either Cd38"* or Cd387~,CD45.2) and
recipient DEREG (CD45.1) mice. DTx (1 pg, 50 pg per kg (body weight))
was administered i.p. on days 9 and 10 after induction to deplete T,.,
cellsinrecipients. Onday 11, donors were pretreatedi.p. with 50 pg of
S+16a (anti-ARTC2.2 nanobody, BioLegend) 30 min before euthanasia
to prevent cell apoptosis. Donor splenic T, cells (LIVE/DEAD Aqua~
CD4*CD25 (clone 7D4)*GITR*CD45.2*) were sorted, and 10° T, cells
were transferredi.v. into recipients.

InvivoNAD"i.c.v. injection

EAEwasinducedin Foxp3 (GFP) mice. During the recovery phase, mice
received ani.c.v. injection of either freshly prepared NAD* (Thermo
Fisher; 100 pg in 3 pl of cold PBS) or vehicle control (3 pl of PBS).
Buprenorphine (0.1 pg per mg (body weight)) was administered before
and after surgery. Mice were killed 24 h after injection.

Invitro NAD" incubation and IL-2 stimulation

Splenocytes (5 x 10¢) from Cd38"* or Cd38" mice wereincubated with
or without NAD* (concentrations are specified in the figure legends)
and anti-ARTC2.2 (1 ug ml™) in serum-free DMEM at 4 °C for 15 min.
Cells were washed with cold FACS buffer, stained with antibodies and
analyzed by flow cytometry. For the pSTAT5 Y694 assay, following the
initialincubation, cells were stimulated with mouse IL-2 (Miltenyi Bio-
tec, 1.25 ng ml™) in DMEM containing 2% BSA at 37 °C for 10 min. Cells
wereimmediately fixed and stained for anti-pSTAT5 Y694.

Histological analysis
Mice were killed and perfused with 20-30 ml of cold PBS via the left
ventricle. Brains were dissected and fixed in 4% PFA at 4 °C for 48 h,
washed with PBS and paraffinembedded. Representative 2-pm sections
were cut with a rotary microtome, and immunohistochemistry was
conducted using a Leica Bond Rxm autostainer with a Bond Polymer
Refine Detection kit (DS9800, Leica Biosystems). Heat-induced epitope
retrieval was performed by using citrate-based pH 6 Bond Epitope
Retrieval Solution 1(AR9961, Leica Biosystems). Antibody details are
listedinSupplementary Table 4. Slides were thenscanned with a Leica
Aperio AT2 system and analyzed in QuPath (v0.6.0) using automated
positive cell detection.

To generate multiplex immunostainings, 2-pum sections were
deparaffinized and subjected to antigen retrieval (citrate buffer pH
6.0). To prevent myelin autofluorescence, slides were treated with
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4.5% H,0, and 20 mM NaOH in PBS under a light-emitting diode for
45 min twice at room temperature. Nonspecific binding was blocked
with 2.5% goat serum in PBS, and samples were incubated overnight
with rabbit anti-CD4 (Cell Signaling). Signals were detected with
anti-rabbit horseradish peroxidase (Dako, K4003) with amplification
(TSAvivid 520, Tocris, 7534). Following denaturation (Discovery Roche,
CC2),slides were blocked with Fab fragment anti-mouse IgG (Jackson
Immunoresearch) and 2.5% goat serum in PBS and incubated with
rat anti-Foxp3 (eBioscience) overnight. Signals were detected with
anti-rat horseradish peroxidase (Vectorlab) with amplification (TSA
vivid 570, Tocris, 7535). Nuclei were stained with DAPI (Invitrogen),
and slides were mounted in Fluoromount aqueous mounting medium
(Sigma-Aldrich, F4680). Immunostained sections were scanned using
an Akoya Phenolmager HT 2.0 (Akoya Biosciences).

For cryosections, brains were fixed in 4% PFA at 4 °C for 48 hand
subjected to a30% sucrose gradient for 48 h. Ten-micron cryosections
(CM3050S, Leica) were subjected to immunofluorescence stainings.
Theantibody details are listed in Supplementary Table 4. Images were
acquired on an SP8 confocal microscope (Leica) and analyzed using
LAS X software (v.3.5.6.21594, Leica).

Statistical analysis

Statistical analyses were performed using Prism 10 (GraphPad) or R
(v4.4.0). No statistical methods were used to predetermine sample
sizes, but our sample sizes were similar to those reported in previous
publications®*. Data distribution was assumed to be normal, but this
was not always formally tested. In any case, individual data points are
provided in the figures. Significance of the differences between two
groups was evaluated using two-tailed Student’s t-tests. Differences
among three or more groups were analyzed using aone-way or two-way
ANOVA with a Tukey’s HSD post hoc test, and results are presented as
mean values +s.d. Adjusted P values from DEGs were derived from
DESeq2 using atwo-tailed Wald’s test with correction for multiple test-
ing using the Benjaminiand Hochberg method. Unless stated otherwise
in the figure legend, animals were assigned to experimental groups
in an age- and sex-matched manner. Scoring of EAE was performed in
amanner blinded to the experimental conditions. Unless otherwise
stated in the figure legends, all animals were included in the analy-
sis. The significance of differences in clinical scores was determined
using two-way ANOVA with a Tukey’s post hoc test, and the results are
presented as mean values + s.e.m. The significance of the survival rate
was analyzed with aMantel-Cox test. The individual sample sizes and
statistical methods are provided in the figure legends. The individual
Poradjusted Pvalues are indicated in the figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing data have been deposited in the Gene Expression Omnibus
database underaccession code GSE311963. All other dataare presentin
thearticleand Supplementary Information. Source dataare provided
with this paper.
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Extended Data Fig. 1| Stress-tolerant Treg cells populate distinct niches
inthe chronically inflamed CNS. EAE was induced in Foxp3 (GFP) mice, and
on day 45 after MOGs;; ;s immunization, CNS tissue was collected, and serial
sections of the brain were analyzed for the presence of CD4 Foxp3* T cells (a).
Representative coronal section, scale bar, overview 500 pm; scale bars, high
power magnifications 50 um. (b, ¢) Absolute number of Treg cells per coronal
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(b) or the meningeal space (c). (d) Visualization of the Treg cell hotspot in the
third ventricle area in coronal mouse brain atlas schemes (according to Paxinos
and Franklin, The mouse brain in stereotaxic coordinates). (e) Quantification of
Foxp3' Treg cells asafraction of all CD4" T cells in the third ventricle area and the
meningeal space. (b, ¢, e) Sample size: n = 3 biological replicates.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Transcriptomic analysis of stable and unstable CNS
Treg cellsin chronic EAE. In vivo Foxp3 fate mapping was conducted in
Foxp3“et12x Rosa26'S-™°m mice with MOG-induced EAE. Mice were injected
with tamoxifen (i.p.) for 5 days at the EAE recovery stage. 14 days after the last

tamoxifeninjection, CNS cells were harvested and analyzed by flow cytometry.

(a) Stable Treg cells (Foxp3 (GFP)*'tdTomato*) and unstable Treg cells (Foxp3
(GFP) tdTomato*) were sorted and analyzed by bulk RNA sequencing (n=5
biological replicates). Volcano plots showing only genes with annotations
to the GO terms ‘GO:0009986 cell surface’and ‘GO:0003700 DNA binding

transcription factor activity’ that exhibit differential expression (>1.5-fold,
adjusted Pvalue < 0.05) between stable and unstable Treg cells. DEGs are
highlighted in orange. (b) Heatmap showing the top 50 DEGs (>1.5-fold, adjusted
Pvalue < 0.05) between stable and unstable Treg cells. Adjusted Pvalues are
derived from DESeq2 with a two-tailed Wald'’s test and correction for multiple
testing using the Benjamini and Hochberg method. (c) Gene set enrichment
analysis of MSigDB Hallmark gene sets comparing stable and unstable CNS
Tregcells.
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Extended DataFig. 3 | Treg cells maintainimmune homeostasis in the
chronically inflamed CNS. (a) EAE was induced in Foxp3 (GFP) and Foxp3-DTR
mice. Diphtheria toxin (DTx) was administered intracerebroventricularly (i.c.,
15 ng) or intraperitoneally (i.p., 500 ng) during the recovery phase of EAE.
Mean EAE scores + SEM (DTxi.c.ctrln=3, DTxi.p.n=5,DTxi.c.n = 6 biological

Time post-DTx (d) Time post-DTx (d)

replicates). (b) Survival of mice over 10 days following DTx injection. Survival
curves were analyzed using the Mantel-Cox test (DTxi.c. ctrln=6,DTxi.p.n=3,
DTxi.c.n=10 biological replicates), and corresponding individual EAE scores of
mice are plotted in (c).
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Extended Data Fig. 4 | Transcriptomic analysis of spleen and CNS Treg cellsin
EAE peak and recovery stages. Volcano plots displaying differentially expressed
genes (21.5-fold, adjusted P value < 0.05) between recovery (Rec) and peak CNS
Treg cells (a), peak CNS and peak spleen (SPL) Treg cells (b), and recovery CNS
and SPL Treg cells (c). Adjusted Pvaluesin (a-c) are derived from DESeq2 using
atwo-tailed Wald’s test with correction for multiple testing using the Benjamini
and Hochberg method (peak n =4, recovery n = 5biological replicates).

Labeled genes comprise a selection of genes commonly associated with non-
nonlymphoid tissue Treg cells (black: not significantly regulated, orange: DEG,

light grey: not significant and not part of the selection of tissue Treg cell genes).
(d) Summary of gene set enrichment analyses comparing recovery and peak CNS
Treg cells using the MSigDb Hallmark gene set collection. (e, f) Enrichment plot
of genes part of the ‘TNFa-signaling via NFkB’ (e) and the ‘IL-2 STAT-5 signaling’
signature (FDR, false discovery rate; NES, normalized enrichment score) (f). (g-h)
Heatmap and hierarchical clustering of significantly upregulated genes (>1.5-
fold, adjusted Pvalue < 0.05) that contribute to the leading-edge genes for the
gene sets ‘TNFa-signaling via NFkB’ (g) and ‘IL-2 STAT-5 signaling’ (h) in recovery
(Rec) vs. peak CNS Treg cells.
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Extended Data Fig. 5| See next page for caption.

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-025-02416-z

Extended Data Fig. 5| Transcriptomic analysis of VAT and naive CNS Treg
cells. (a) Volcano plot of differentially expressed genes (>1.5-fold, adjusted P
value < 0.1) of recovery (Rec) CNS Treg cells vs. VAT Treg cells. Labeled genes
comprise a selection of genes commonly associated with a non-nonlymphoid
tissue Treg cell phenotype (black: not significantly regulated, orange: selected
DEG. Adjusted Pvalues are derived from DESeq2 using a two-tailed Wald’s test
with correction for multiple testing using the Benjamini and Hochberg method

(VAT Treg cells n =3, recovery CNS Treg cells n = 4 biological replicates) (b)
Summary of gene set enrichment analyses comparing recovery (Rec) CNS Treg
cells from EAE mice and naive CNS Treg cells using the MSigDb Hallmark gene set
collection (n =4 biological replicates). (c, d) Heatmap and hierarchical clustering
of genes that contribute to the leading-edge genes for the gene sets ‘IL-2 STATS
signaling’ (c) and ‘Oxidative phosphorylation’ (d) in Rec vs. naive CNS Treg cells.
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Extended DataFig. 6 | EAE in CD38-deficient mice and MBMC mice. (a) EAE was
induced in wild-type (Cd38"*), Cd38"", and Cd38" mice. Mean EAE scores + SEM.
Pvalues were calculated using a two-way ANOVA with Tukey’s post-test (Cd38"*
n=6,Cd38" n=4,Cd38" n=5biological replicates). (b) Bone marrow from
Foxp3-DTR mice (CD45.1/2) mixed 1:1with either Cd38** (CD45.2) or Cd38” bone
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marrow (CD45.2) was transferred into sublethally irradiated Ragl ™ recipients.
EAE was induced in bone marrow-reconstituted mice. Diphtheria toxin (DTx)
was administered intracerebroventricularly (i.c., 15 ng) in stable EAE mice on 28
days post MOG;;.ss-immunization. Mean EAE scores + SEM (Cd38"* MBMCn = 4,
Cd38MBMC n =5biological replicates).
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Extended Data Fig. 7 | Systemic Tconv and Treg cells are not affected by the
injection of NAD" into the lateral ventricle. EAE was induced in Foxp3 (GFP)
mice. NAD" or PBS was administered intracerebroventricularly (i.c., 100 pg) with
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AnnexinVand LD violet staining were performed on Tconv (CD4‘Foxp3°) and
Treg cells (CD4'Foxp3*), followed by flow cytometric analysis (a). (b) Percentage
of Annexin V*and (c) total counts of viable (Annexin V'LD violet") splenic Tconv
and Treg cells. Symbols in (b, ¢) represent individual mice (n = 4 biological
replicates).
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Extended Data Fig. 8| Antigen-specific Tconv and Treg cells express higher
levels of CD25. EAE was induced in Foxp3 (GFP) mice, and CNS cells were
collected during the EAE recovery stage. (a) The percentage of CD25 expression
was determined in MOG-I-Ab tetramer-binding Tconv and Treg cells. An OVA;,; 330
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-I-Ab tetramer was used as a control tetramer. CD25 expression (MFI) in MOG-
I-Ab” vs. MOG-1-Ab* Tconv (b) and Treg cells (c). Symbolsin (b, ¢) represent
individual mice. Data are means +s.d. P values were calculated using a paired
two-tailed Student’s t-test (n = 8 biological replicates).
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RNA-seq Data processing: The GRCm38 reference genome was aligned with transcript and gene annotations derived from ENSEMBL release 75. Differential gene
expression analysis was conducted in R (v4.4.0) using the DESeq?2 package (v1.44.0). Significant differentially expressed genes (DEG) were defined as genes with a
Benjamini-Hochberg (BH)-adjusted p-value < 0.05 or 0.1, labeled in the legends, and an absolute fold change in expression of >1.5. Log2 fold shrinkage estimation
was performed using the R package glmGamPoi (v1.16.0). Gene ontology (GO) term annotations were derived from the R package org.Mm.eg.db (v3.19.1).
RNA-seq Data visualization: Count data were transformed using the variance stabilizing transformation (“vst”) function in DESeq2. Gene Set Enrichment Analysis
(GSEA) was performed on DESeq2 normalized counts using the Broad Institute GSEA Desktop Application (v4.3.2) in conjunction with the Molecular Signatures
Database (v2024.1.Mm), with permutation type “gene_set” and a false discovery rate (FDR) threshold of 0.25 applied.

Flow result visualizations: An analysis was performed to identify Treg cells through primary gating in FlowJo, defining each sample's Treg cell (Aqua—Foxp3+CD4+)
population. To standardize cell numbers across tissues, downsampling was conducted by pooling and selecting 300 Treg cells, which were then subjected to
secondary FlowSOM (v3.0.18) clustering. Further sub-clustering of Treg cells was achieved using ClusterExplorer (v1.6.5). The clusters were visualized with UMAP
through R and the FlowJo Plugin packages.
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Randomization  Randomization was not applicable in this study. Mice were matched for age and disease stages before undergoing the procedure to evaluate
treatment effects.

Blinding Whenever possible, EAE scoring was performed by more than two experienced staff members (in a blinded manner). Furthermore, the data
analysis in this study was quantitative rather than subjective.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used Antibodies
IHC:
Peroxidase labeled polymer conjugated to goat anti-rabbit IgG,Agilent Cat# K4003, RRID:AB_2630375, (1:500)
ImmPRESS Anti-Rat Ig (Mouse Adsorbed) Reagent, Vector Laboratories Cat# MP-7444, RRID:AB_2336530, (1:500)
FOXP3 Monoclonal Antibody (FJK-16s), PE-Cyanine5, eBioscience, Thermo Fisher Scientific Cat# 15-5773-82, RRID:AB_468806, (1:50)
CD4 (D7D2Z) Rabbit mAb, Cell Signaling Technology Cat# 25229, RRID:AB_2798898, (1:100)
Goat Anti-Rabbit IgG H&L (Alexa Fluor 647) preadsorbed, Abcam Cat# ab150087, RRID:AB_ 3095880, (1:500)
CD4 [EPR6855], Abcam Cat# ab133616, RRID:AB_ 2750883, (1:500)
Anti Ibal, Monoclonal Antibody (NCNP24), FUJIFILM Wako Pure Chemical Corporation Cat# 016-26721, RRID:AB_2811160, (1:500)
CD4 Monoclonal Antibody (4SM95) eBioscience, Thermo Fisher Scientific Cat# 14-9766-80, RRID:AB_2573007, (1:500)
Rat Anti-Mouse CD45 (30-F11) Monoclonal, Unconjugated, Clone 30-f11, Santa Cruz Biotechnology Cat# sc-53665, RRID:AB_629093.
(1:200)
Flow cytometry analysis:
APC/Fire 750 anti-mouse CD62L, BioLegend Cat# 104450, RRID:AB_2629772, (1:400)
CD103, BD Biosciences Cat# 565529, RRID:AB_2739282, (1:250)
Alexa Fluor 647 anti-mouse CD186 (CXCR6), BioLegend Cat# 151115, RRID:AB 2721358, (1:250)
APC anti-mouse CD184 (CXCR4), BioLegend Cat# 146508, RRID:AB 2562785, (1:250)
PE/Dazzle 594 anti-mouse TIGIT (Vstm3), BioLegend Cat# 142109, RRID:AB_2566572, (1:250)
IL-33R (ST2) Monoclonal Antibody (RMST2-2) PE, eBioscience, Thermo Fisher Scientific Cat# 12-9335-82, RRID:AB_2572708, (1:250)
CD4 Monoclonal Antibody (RM4-5), Alexa Fluor 532, eBioscience, Thermo Fisher Scientific Cat# 58-0042-82, RRID:AB_11218891,
(1:500)
Brilliant Violet 785 anti-mouse/human KLRG1 (MAFA), BioLegend Cat# 138429, RRID:AB_2629749, (1:250)
CD27, BD Biosciences Cat# 740699, RRID:AB_2740383CD44, BD Biosciences Cat# 563058, RRID:AB_2737979, (1:250)
Brilliant Violet 650 anti-mouse/human CD44, BioLegend Cat# 103049, RRID:AB_2562600, (1:400)
FR4 (Folate Receptor 4), BD Biosciences Cat# 746345, RRID:AB_2743664, (1:400)
CD25 Monoclonal Antibody (PC61.5), eFluor 450, eBioscience, Thermo Fisher Scientific Cat# 48-0251-82, RRID:AB_10671550, (1:250)
Brilliant Violet 421 anti-mouse CD304 (Neuropilin-1), BioLegend Cat# 145209, RRID:AB_2562358, (1:250)
Treg-Protector (anti-ARTC2 Nanobody), BioLegend Cat# 149802, RRID:AB_2565494, (1:1000)
Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fe Blocker) Clone 2.4G2, BD Biosciences Cat# 553141, RRID:AB_394656, (1:250)
CD4 Monoclonal Antibody (GK1.5), APC-eFluor 780, eBioscience, Thermo Fisher Scientific Cat# 47-0041-82, RRID:AB_11218896,
(1:500)
Anti-Mouse F4/80 Antigen APC-eFluor 780, Thermo Fisher Scientific Cat# 47-4801, RRID:AB_1548745, (1:500)
APC/Cyanine7 anti-mouse Ly-6G, BioLegend Cat# 127624, RRID:AB 10640819, (1:500)
APC/Cyanine7 anti-mouse CD8a, BioLegend Cat# 100713, RRID:AB_312752, (1:500)
CD19,BD Biosciences Cat# 561737, RRID:AB_10896279, (1:500)
Alexa Fluor 700 anti-mouse CD4, BiolLegend Cat# 100536, RRID:AB_493701, (1:500)
Alexa Fluor 647 anti-mouse CD69, BioLegend Cat# 104518, RRID:AB 492847, (1:250)
Annexin V Recom APC, BD Biosciences Cat# 550475, RRID:AB_2868885, (1:250)
Phospho-STATS (Tyr694) Monoclonal Antibody (SRBCZX), APC, eBioscience, Thermo Fisher Scientific Cat# 17-9010-42,
RRID:AB_2573272, (1:200)
APC anti-mouse CD357 (GITR), BioLegend Cat# 126312, RRID:AB_2271858, (1:250)
CD45.2 Monoclonal Antibody (104), APC, eBioscience, Thermo Fisher Scientific Cat# 17-0454-82, RRID:AB_469400, (1:400)
FOXP3 Monoclonal Antibody (FIK-16s), PE-Cyanine7, eBioscience, Thermo Fisher Scientific Cat# 25-5773-82, RRID:AB_891552,(1:200)
Rat Anti-Mouse CD25 Monoclonal Antibody, PE Conjugated, Clone 7D4, BD Biosciences Cat# 558642, RRID:AB_1645250, (1:250)
CD38 Monoclonal Antibody (90), PerCP-eFluor 710, eBioscience, Thermo Fisher Scientific Cat# 46-0381-82, RRID:AB_10853677,
(1:250)
CD4 Monoclonal Antibody (RM4-5), PerCP-eFluor 710, eBioscience, Thermo Fisher Scientific Cat# 46-0042-82, RRID:AB_1834431,
(1:500)
Armenian Hamster Anti-CD69 Monoclonal Antibody, PerCP-Cy5.5 Conjugated, Clone H1.2F3, BD Biosciences Cat# 551113,
RRID:AB_394051, (1:200)
CD4 Monoclonal Antibody (RM4-5), Alexa Fluor 532, eBioscience, Thermo Fisher Scientific Cat# 58-0042-80, RRID:AB_11219484,
(1:500)
CD25, BD Biosciences Cat# 553071, RRID:AB_394603, (1:250)
FOXP3 Monoclonal Antibody (FIK-16s), Alexa Fluor 488, eBioscience, Thermo Fisher Scientific Cat# 53-5773-82, RRID:AB_763537,
(1:250)
Alexa Fluor 488 anti-mouse CD38, BioLegend Cat# 102714, RRID:AB_528796, (1:250)
Brilliant Violet 711 anti-mouse TCR beta chain, BioLegend Cat# 109243, RRID:AB_2629564, (1:400)
Brilliant Violet 650 anti-mouse CD45.2, BioLegend Cat# 109836, RRID:AB_2563065, (1:400)




Validation

Brilliant Violet 650 anti-mouse CD45.1, BioLegend Cat# 110736, RRID:AB_2562564, (1:400)

CD38 Monoclonal Antibody (90), eFluor 450, eBioscience, Thermo Fisher Scientific Cat# 48-0381-82, RRID:AB_11218302, (1:250)
CD25 Monoclonal Antibody (PC61.5), eFluor 450, eBioscience, Thermo Fisher Scientific Cat# 48-0251-80, RRID:AB_10698312
P2X7, BD Biosciences Cat# 744779, RRID:AB_2742477, (1:250)

Brilliant Violet 421 anti-mouse CD45.1, BioLegend Cat# 110732, RRID:AB_ 2562563, (1:400)

Tetramer:

T-Select I-Ab MOG35-55 Tetramer-PE (Medical & Biological Laboratories Cat# TS-M704-1), (1:60)

T-Select I-Ab OVA323-339 Tetramer-PE (Medical & Biological Laboratories Cat# TS-M710-1), (1:60)

All antibodies used in this study are commercially available and have been widely validated by either the suppliers or other
researchers. In addition, biological controls were performed using cells known to lack the relevant antigens.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Foxp3eGFP-Cre-ERT2 (Foxp3ERT2-Cre, IMSR_JAX:016961), Foxp3DTR (Fxop3DTR, IMSR_JAX:016958), Ragl-/- (IMSR_JAX:002216),
CD45.1 (IMSR_JAX:002014) mice were obtained from Jackson Laboratory. C57BL/6J (WT, IMSR_JAX:000664) mice were from Charles
River Laboratories. Foxp3 (GFP) reporter mice were provided by Vijay Kuchroo (Harvard Medical School and Brigham and Women's
Hospital, USA). Cd38tm1Lnd (CD38—/—, IMSR_JAX:003727) mice were provided by Hans-Willi Mittricker (Medical Center Hamburg-
Eppendorf, Germany).Foxp3eGFP-Cre-ERT2 (from Jackson Laboratory) and Rosa-CAG-LSL-tdTomato-WPRE::ANeo (Rosa26LSL-
tdTomato, IMSR_JAX:007914) mice, provided by Marc Schmidt-Supprian (Technical University of Munich, Germany), were mated to
generate Foxp3eGFP-Cre-ERT2-Cre Rosa26-LSL-tdTomato mice.CD4-Cre Phamfloxed (CD4-Cre-mitoDendra2, IMSR_JAX:022071
mated with IMSR_JAX:018385) reporter mice were generated in-house. DEREG (MMRRC_032049-JAX) mice were provided by Tim
Sparwasser (University Medical Center Mainz, Germany).

All mice were in C57BL/6 background, and 8-20-age old mice. They all housed with normal chow in a specific pathogen-free facility at
the Technical University of Munich.

No wild animal is used in this study.

We did not observe any impact of sex on disease progression, and previous evidence indicates that sex does not affect disease
development in this animal model. Therefore, both male and female mice were included in the study, except for the visceral adipose
tissue which was exclusively derived from male mice.

No field-collected sample is used in this study.

The animal protocols were approved by the Bavarian state authorities and conducted in accordance with relevant guidelines
(ROB-55.2-2532.Vet_02-17-69, ROB-55.2-2532.Vet_02-17-234, ROB-55.2-2532.Vet_03-18-53, ROB-55.2-2532.Vet_02-20-1,
ROB-55.2-2532.Vet_02-20-23, ROB-55.2-2532.Vet_02-20-187, ROB-55.2-2532.Vet_02-23-71, ROB-55.2-2532.Vet_02-23-118,
ROB-55.2-2532.Vet_02-25-68).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

No plant sample used in this study.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

wdas applied. . . . .
Describe-any-atthentication-procedures foreach seed stock- tised-ornovel-genotype-generated.Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Cell suspensions were stained with Live/Dead Aqua, Live/Dead violet, or Near-IR dyes (Thermo Fisher) for 15 minutes at 4°C
in PBS and washed with FACS buffer. Cells were incubated with an antibody cocktail targeting surface antigen and CD16/
CD32 Fec-block in FACS buffer for 15 minutes at 4°C in the dark, washed twice, and resuspended in FACS buffer. For Annexin V
staining, cells were stained with an antibody cocktail in the Annexin V binding buffer (BioLegend). For intracellular staining,
cells were stained with antibodies against surface antigens, then fixed with 4% PFA for 15 minutes at room temperature,
protected from light, and washed with FACS buffer. Fixation and permeabilization were performed using the eBioscience
Intracellular Fixation & Permeabilization Buffer Set (Invitrogen). Cells were incubated overnight at 4 °C with an intracellular
antibody cocktail and Fc-block in permeabilization buffer, washed, and resuspended in FACS buffer. For phosphorylated
Stat5Y694 (pStat5Y694) staining, fixation and permeabilization were performed using Transcription Factor Phospho Buffer
Set (TFP, BD Pharmingen™) following the manufacturer's protocol. In short, after the fixation and permeabilization, the cells
were incubated with anti-pStat5 Y694, anti-Foxp3, and anti-surface antigen antibody cocktail with Fc-block in TFP Perm/Wash
Buffer for 50 min at 4 °C. Wash cells twice with TFP Perm/Wash Buffer and resuspend in FACS buffer for flow cytometry
analysis.

CytoFLEX (Beckman Coulter), FACSAria™ III (BD Biosciences), Aurora (Cytek Biosciences)

CytExpert (v.2.4), BD FACSDIVA (v.9.0), SpectroFlo CS (v.1.4.1), Flowlo software (v10.8.1, BD Biosciences)

Cell sorting was performed with FACSAria™ Il and used 4-way purity to ensure purity >95%.

The detailed gating strategies are provided in the individual figure legends, according to the specific analytical purpose. In
general, debris and dead cells were excluded using live/dead staining and SSC/FSC gating. Conventional T cells (Tconv;

CD4*Foxp3~ or CD4*CD25°GITR") and regulatory T cells (Treg; CD4*Foxp3* or CD4*CD25*GITR*) were then gated for further
analysis.

g Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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