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Blocking pyrimidine de novo synthesis by inhibiting dihydroorotate
dehydrogenase is used to treat autoimmunity and prevent expansion of
rapidly dividing cell populations including activated T cells. Here we show
memory T cell precursors are resistant to pyrimidine starvation. Although
the treatment effectively blocked effector T cells, the number, function
and transcriptional profile of memory T cells and their precursors were
unaffected. This effect occurredin a narrow time window in the early T cell
expansion phase when developing effector, but not memory precursor,

T cells are vulnerable to pyrimidine starvation. This vulnerability stems
from a higher proliferative rate of early effector T cells as well as lower
pyrimidine synthesis capacity when compared with memory precursors.
This differential sensitivity is a drug-targetable checkpoint that efficiently
diminishes effector T cells without affecting the memory compartment.
This cell fate checkpoint might therefore lead to new methods to safely
manipulate effector T cell responses.

Following an infection, pathogen-specific naive or memory CD8"
T cells transition through a proliferative phase'; acquire major gene
expression, epigenetic and metabolic changes”®; and form a clonally
expanded but phenotypically and functionally heterogeneous cell
population®™. This population is dominated by effector cells, with
limited expansion capacity, while afraction of the population matures
into memory T cells that can undergo massive secondary expansion
following pathogen reexposure'>®. Over the past two decades, our
knowledge of transcriptional networks and signaling pathways that

control the differentiation of T cells has grown steadily. We know that
memory T cell formation requires Tcf-1, Eomes, Foxol or Id3 (refs. "),
whereas T-bet, Id2, Irf4 and FoxMl1 (refs. > ¥’) are needed for the genera-
tionand proper expansion of effector T cells. Despite this progress, we
arestillinneed of approaches and new targets to effectively manipulate
T cell responses, for instance, to install larger numbers of memory
T cells after prophylactic vaccination or to increase effector T cell
numbers after therapeutic antitumor vaccination. Moreover, several
medically relevant infections are characterized by excessive effector
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T cell responses that drive immunopathology. For example, severe
cases of fulminant hepatitis A and hepatitis B and influenzavirus infec-
tions and probably also severe forms of acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infections. Currently, suchinfections are
often treated symptomatically, for example, with corticosteroids,
despite broad suppression of anti-pathogen immunity using these
drugs. Therefore, the identification of specific drug-targetable check-
pointstoreduce effector T cells numbers or fine-tune their functionis
also of high medical importance.

Thereisalonghistory of targeting nucleotide synthesis or metabo-
lism to alter T cell function. For example, immunosuppressive drugs
including 5-fluorouracil, methotrexate and azathioprine block the
survival and expansion of rapidly proliferating cells?®, but canresultin
nonspecific blockade of both effector and memory cell formation. The
pyrimidine synthesis inhibitor leflunomide and its active compound
teriflunomide®*°, which are often used to treat rheumatoid arthritis
and multiple sclerosis™, are also potent inhibitors of T cell responses.
These drugs inhibit dihydroorotate dehydrogenase (DHODH), an
essential enzymein the de novo pyrimidine synthesis pathway, thereby
causing dose-dependent pyrimidine nucleotide starvation and sub-
stantial levels of cell death of in vitro activated T cells*>. However, little
isknown about the effect of leflunomide on T cell responses in vivo.

Herewereportthatrestricting pyrimidine biosynthesisisapower-
ful strategy to specifically reduce effector T cells numbers and func-
tionality while maintaining memory T cells. We show that pyrimidine
levels constitute a previously unknown checkpoint that controls effec-
tor T cell formation. We foresee potential in this mechanism, as pyrimi-
dine synthesisinhibitors are already clinically validated for individuals
with autoimmune diseases.

Results

Leflunomide limits T cell expansion but not memory
formation

Priorstudiesand ourownobservationsindicatethatleflunomide-treated
T cells fail to expand and undergo massive death upon ex vivo activa-
tion*. We therefore reasoned that individuals under DHODH inhibitor
therapy (subsequently referred to as pyrimidine synthesis inhibition)
may have diminished pathogen-specific T cell responses. To test this, we
first explored Epstein—-Barr virus (EBV)-specific and cytomegalovirus
(CMV)-specific T cells in individuals suffering from multiple sclerosis
who were treated with or without teriflunomide. In stark contrast to
our expectations, we found similar frequencies of EBV-specific and
insignificant differences for CMV-specific T cells in treated and not
teriflunomide-treated individuals (Extended Data Fig. 1a,b). Thus,
the drug-induced pyrimidine synthesis inhibition does not blunt the
pool of frequently activated antigen-specific T cells. Nonetheless, it
induced asignificant bias toward a central memory phenotype among
CMV-specific T cells (Extended Data Fig. 1c,d).

We also took advantage of the unique opportunity to study the
impact ofleflunomide or teriflunomideinhumanT cell responsesinthe
context of SARS-CoV-2 vaccination. Here, we obtained peripheral blood
mononuclear cells (PBMCs) from fully vaccinated leflunomide-treated
individuals with multiple sclerosis and from healthy donors 2-3 weeks
after their second vaccination. The PBMCs were stimulated with two
overlapping peptide pools covering the SARS-CoV-2 spike protein. We
saw adetectableresponse of vaccine-induced CD4' T cellsinboth healthy
controls and in treated individuals. Phenotypically, we noticed a bias of
T cells specificto spike pool 2 toward development of acentral memory
phenotypeinthetreated cohort (Extended DataFig. 1e,f). That memory
Tcellsarestill detectableinleflunomide-treated or teriflunomide-treated
individuals raised ourinterest to further explore how pyrimidine synthe-
sisinhibitionimpacts the in vivo response of pathogen-specific T cells.

To explore this, we used well-defined model systems in which we
transferred alow number (10*) of CD45.1 congenic, T cell antigen recep-
tor (TCR)-transgenic OT-1T cells into CD45.2-positive C57BL/6 hosts.

As OT-1T cells are specific to the ovalbumin-derived H-2K-restricted
SIINFEKL peptide, we challenged the host mice with recombinant,
ovalbumin-expressing Listeria monocytogenes (Lm-Ova; Fig. 1a). We
consistently noted that treated mice contained about 5-10 times lower
frequencies of OT-1T cellsin spleen, blood and liver, and about 25-fold
fewer absolute OT-1T cellnumbersinthe spleen (Fig.1b). Nonetheless,
takinginto consideration our input number of10* OT-1T cells and the
typically measured 10% engraftment rate, we concluded that the OT-1
cellshad robustly expandedin treated mice, albeit not as prominently
asintheuntreated controls.

While adiminished T cell response is an expected outcome when
applying animmunosuppressive drug, we were very surprised to note
that this difference vanished with time and that memory OT-1T cells
reached comparable frequencies and absolute numbers at around
30 or 61d after infection (Fig. 1c and Extended Data Fig. 2a). In line
with this observation, the curve showing the frequency of OT-1T cells
among total CD8" T cells from leflunomide-treated mice remained
quite flat over time, indicating the treated cells lack a prominent
contraction phase (Fig. 1d). Subsequently, we transferred bona fide
memory cells generated without leflunomide treatment and observed
asimilarly curtailed effector response in treated animals compared to
control mice (Fig.1e). Again, even these cells formed similar frequen-
cies of secondary memory T cells compared to cells re-expanded in
untreated secondary host mice (Fig.1e). When we reverted the strategy
and transferred memory T cells generated with or without pyrimidine
synthesis inhibitors into untreated host mice, we saw that both types
of memory T cells had asimilar capacity to undergo secondary expan-
sion (Fig. 1f) and survived long-term as secondary memory T cells
(Extended Data Fig. 2b). Most notably, leflunomide-treated memory
cells conferred comparable protective capacity against high-dose
Lm-Ova challenge (Fig. 1g).

Similar observations were made following acute infections with
ovalbumin-expressing influenza and vesicular stomatitis virus,; and
with P14 TCR-transgenic T cellsin lymphocytic choriomeningitis virus
(LCMV) infections (Extended Data Fig. 2¢). This underlines that the
leflunomide-induced partial block of effector T cell expansion occurs
across different infections. Next, we tested how the treatment alters
the T cell response to lower-affinity ligands. For example, the altered
peptide ligand SIITFEKL (T4Ova) induces a ~tenfold reduced T cell
expansion magnitude®* compared to the wild-type SIINFEKL peptide
(N40Ova). Notably, we observed that leflunomide treatment resulted
in a similar fold reduction in OT-1 expansion compared to untreated
controls, for both high-affinity (N4Ova) and low-affinity (T4Ova) stimu-
lated T cells (Extended Data Fig. 2d). Thus, leflunomide reduces T cell
expansion independently of the strength of TCR stimulation.

Leflunomide becomes metabolized in vivo into its active com-
pound teriflunomide. While leflunomide was the first licensed DHODH
inhibitor, teriflunomideis now more frequently given to patients than
leflunomide. Therefore, we repeated our key experiments using teri-
flunomide instead of leflunomide. This revealed a similar selective
reduction of effector T cell frequenciesin mice treated with or without
teriflunomide, compared to leflunomide treatments (Extended Data
Fig.2e). Subsequently, several experiments were therefore performed
with teriflunomide instead of leflunomide. As a further control, we also
determined the plasmalevels of teriflunomide that canbe detectedin
our leflunomide-treated animals. Here we took advantage of routine
screening procedures installed to monitor druglevelsin patients. The
detected ~50 pg ml™ is within the therapeutic margin that is recom-
mended for the treatment of individuals with rheumatoid arthritis or
multiple sclerosis® (Extended Data Fig. 2f). A pharmacokinetic study
of orally applied leflunomide revealed that similar peak levels of the
active compound teriflunomide were reached following asingle-dose
injection or uponinjecting the mice for 7 d every other day (Extended
Data Fig. 2g). In both cases, the concentration substantially decayed
after reaching the peak—underlining the need for repetitive injections.
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Fig.1|Pyrimidine nucleotide starvation selectively reduces effector

but not memory T cellnumbers. a, Naive OT-1T cells were transferred into
naive host mice 1d before infection with recombinant, ovalbumin-expressing

L. monocytogenes (Lm-Ova). Hosts were treated with leflunomide (Lefl) or
carboxymethylcellulose vehicle control (Ctrl) every other day starting 3 d before
until 7 d after the infection and every third day thereafter. b, Frequency of OT-1
among total splenic CD8" T cellsin spleen, blood and liver and total OT-1 numbers
inthe spleen 7 d after infection. ¢, Frequency and absolute quantification of OT-1
inthe spleen >30 d after infection. d, Representative OT-1expansion kinetics in
control (Ctrl) or leflunomide (Lefl)-treated hosts. e, 2 x 10* splenic memory OT-1
T cells generated without leflunomide (°1 w/o) were transferred into naive host
mice, whichwere then infected with Lm-Ova. Shown are OT-1response kinetics in
hosts without (°1 w/o °2 w/0) or with (°1w/o °2 Lefl) leflunomide treatment.

f, Similarly, 2 x 10* memory OT-1 cells were obtained from mice treated with
(°1Lefl) or without (°1w/o) leflunomide and transferred into new naive hosts.
Hosts were challenged with Lm-Ova but remained free from leflunomide.

g,10° memory OT-1T cells generated without (Ctrl) or with (Lefl) leflunomide
were transferred into new host mice. Hosts were challenged with a high Lm-Ova
dose. Lm-Ova colony-forming units (CFUs) were determined in spleen and liver
4 d after infection in mice that received the two types of donor OT-1or no cell
graft. Symbols represent individual mice and the lines indicate the mean of

the group. Symbolsin d-frepresent the mean of the group and error bars

show the s.d. n=5-7 mice per group and data show one representative of
2-3individual experiments. Two-tailed, unpaired ¢-tests were performed

to calculate significance with **P < 0.01, **P < 0.001, ***P < 0.0001; NS, not
significant (P> 0.05). Supplementary Fig.1contains gating information.

Together, our observations strongly contrast with the prior view that
pyrimidine synthesis inhibition causes a global suppression of T cell
differentiation and proliferation. Instead, it induces a selective block
in effector T cell formation without impacting primary or secondary
memory T cell differentiation across different infection and stimula-
tion conditions.

Leflunomide selectively reduces the formation of effector
Tcells

Themassivereductioninthe peak numbers of pathogen-specific T cells
under leflunomide treatment prompted us to compare the T cell phe-
notype that forms with and without leflunomide treatment. We saw
amajor loss of KLRG1'CD127 terminally differentiated effector cells
onday 7 (Fig. 2a,b) and this occurs in different infections and in dif-
ferent organs (Extended Data Fig. 2h,i). In contrast, the number of
day 7 CD127'KLRG1” memory precursor cells (Fig. 2b, right plot), the
number of memory T cells found >30 d after infection (Fig. 1c and 2c,
farright), and their phenotype remained largely unchanged (Fig. 2c).

Interestingly, pyrimidine synthesis inhibition caused a significant delay
inListeriaclearanceinspleenand liver (Extended DataFig. 2j), owing to
the lack of effector cells. However, despite this pathogen persistence
and continuous antigen presentation, pyrimidine synthesis inhibi-
tion potently suppresses the generation of effector cells while sparing
memory precursor T cells. Analogous to this treatment-induced phe-
notypic bias toward memory precursor cells, histological analysis and
absolute quantification of OT-1T cells per arearevealed amajor loss of
Tcellsinthered pulp, while their numbers remained similarinthe T cell
zone of the white pulp (Extended DataFig. 3a,b). Following the kinetics
of KLRG1'CD127" T cells more closely beyond the expansion peak, we
detected that their frequencies in control and leflunomide-treated
animals became similar as early as 11 d after infection (Extended Data
Fig.4a). This suggests that leflunomide blocks terminally differentiated
KLRG1' T cells, but possibly not the type of longer-lived KLRG1" cells with
high plasticity that were described previously’. Moreover, the data also
showthatinterrupting the leflunomide treatment on day 7 after infec-
tion caused similar KLRG1 response kinetics as continuous treatment.
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Matching the pyrimidine nucleotide starvation-induced phe-
notypic bias toward a memory precursor T cell phenotype, we found
higher frequencies of OT-1 expressing Eomes, Tcf-1and CD62L (Fig.
2d-f) andlower frequencies of OT-1expressing granzyme B and T-bet
at5dor7dafterinfectionintreated mice (Fig. 2g,h). Notably, absolute
numbers of CD62L" OT-1 were similar at 7 d and >30 d after infection
(Fig. 2f,i). While the expression of effector cytokines such as tumor
necrosis factor (TNF) and interferon (IFN)-y remained very similar
at all times (Fig. 2j and Extended Data Fig. 4b,c), there was a higher
frequency of interleukin (IL)-2-producing cells upon the treatmentin
theacuteinfection phase (Fig. 2k), while both frequencies and absolute
numbers reached similar levels upon transitioninto the memory phase
(Fig. 21). Interestingly, leflunomide-treated and control mice showed
equal frequencies and absolute numbers of CXCR6°'CD69" memory
cellsintheliver (Extended DataFig.4d-f). Of note, we also investigated
the endogenous T cell responses under leflunomide treatment. Here
we compared gp33-Tetramer-positive CD8" T cells following LCMV
infection. Here we found again on day 7 a reduction of the frequency
and total numbers of Tetramer-positive CD8" T cells (Extended Data
Fig.5a) and amore than 600-fold loss of KLRG1°'CD127" cells compared
to only a 7-fold reduction in the number of CD127'°KLRG1” memory
precursor T cells (Extended Data Fig. 5b,c). In contrast, both groups
of mice contained similar numbers of Tetramer-positive T cells on day
29 afterinfection and the phenotype of the cells was similar (Extended
Data Fig. 5d-h). This highlights that the selective sensitivity of effec-
tor cells—compared to memory precursors—to pyrimidine de novo
biosynthesis inhibition also applies to endogenous T cells.

To further characterize the OT-1 compartment upon lefluno-
mide treatment, we assessed global RNA expression profiles 7 d after
infection in mice treated with a pyrimidine synthesis inhibitor. When
comparing total OT-1 population from treated and untreated mice,
we noted major differences in Prfl, Gzma, Gzmk and Fasl (Fig. 3a, b)
and reductions in the transcriptional regulators Prdm1I and Klf3 in
treated mice at the mRNA level, while L-selectin CD62L (Sell), CCR7,
IL-2 receptor subunit alpha (/2ra), the transcriptional regulator /d3,
Ezh2—encoding a histone-lysine N-methyltransferase enzyme—and
Myb were increased in the treated group. In contrast, there were only
very few differentially expressed genes when day 7 memory precursor
OT-1T cells (CD127°KLRGI; Fig. 3c) or total day 28 memory OT-1T cells
were compared (Fig. 3d).

Since memory OT-1T cells from treated and untreated mice were
phenotypically indistinguishable, we also wanted to test if this held
true for secondary effector T cells derived from these memory T cells.
We therefore transferred memory cells originating from control or
treated mice into naive host mice, which were then infected with
Lm-Ova (Extended Data Fig. 6a). We detected only minor changes in
the frequency of OT-1T cells on day 7 after infection (Extended Data
Fig.6b), and overall similar frequencies and absolute numbers of cells
expressing KLRG1 or CD127 (Extended Data Fig. 6¢, d) and identical
IFN-y and TNF cytokine secretion profiles (Extended Data Fig. 6e).

Furthermore, we also tested how leflunomide impacts T cell
responses in infections that develop into a persisting infection. Here

we used infection with LCMV clone 13 and LCMV docile—two proto-
typic models for chronic infections in mice** %, Again, we saw astrong
reduction in total P14 numbers in the spleen and liver of treated mice
(Extended Data Fig. 7a). Analogous to the other infection we tested,
this reduction correlated again with aloss of terminally differentiated
TCF-1"Tcells, while TCF-1" precursors of exhausted T cells were retained
(Extended Data Fig. 7b,c). This indicates that resistance of memory pre-
cursorstothetreatmentappliesalsoto precursors of exhausted T cells.
Interestingly, we also noted that the short treatment duration until day
5 after infection significantly reduced the magnitude of the weight
loss that occurredinresponse to theinfection (Extended DataFig. 7d).

Finally, we also tested the effect of pyrimidine de novo biosynthe-
sisinhibition onadoptively transferred CD4* SMARTAT cells following
acute LCMV infection (Extended Data Fig. 7e). We detected a clear
reduction of both frequencies and absolute numbers of SMARTAT cells
atthe peak of infection (Extended Data Fig. 7f), but this applied to both
T, land T, subsets as their relative frequencies were maintained while
their absolute numbers were reduced (Extended Data Fig. 7g,h). Most
importantly, SMARTAT cells in treated animals showed higher IL-2
production capacity compared to untreated controls at the peak of
the effector response, again suggesting that memory precursor cells
were enriched inleflunomide-treated mice (Extended Data Fig. 7i).

Altogether, we concluded from these observations that cells with
amemory precursor phenotype are resistant to leflunomide-induced
pyrimidine nucleotide starvation. Most importantly, the selective
reduction of effector cells and the unchanged number of memory cells
indicate that the memory T cell trajectory is uncoupled from the cell
trajectory that generates typical effector T cells.

Leflunomide reduces effector T cell numbers in a narrow time
window

As anextstep, we sought to identify the time point at which leflunomide
affects T cell expansion following the infection. To ensure a successful
recoveryintheearly T cell expansion phase, we adjusted the number of
naive OT-1T cells engrafted into the host mice to the harvest time point
such that day 1.5 mice received the highest and day 5 mice the lowest
number of donor OT-1T cells. This analysis revealed that pyrimidine
synthesis inhibition starts to impact the expansion of activated OT-1
T cellsatday 3 afterinfection (Fig. 4a), while aloss of KLRG1-expressing
cells is clearly detectable on day 4 after infection (Extended Data
Fig.8a).Notably, OT-1T cells started to proliferate between 36 and 60 h
after infection (Extended Data Fig. 8b).

Next, we asked what happens if we delay the treatment until day 4
afterinfection. This time pointis beyond the day 3 time point when the
treatment otherwise begins to impact cell expansion and differentia-
tion. Interestingly, we noted that delaying the treatment resulted in
similar expansion (Fig. 4b, c) and similar phenotypes without and with
the late leflunomide application (Fig. 4d). This suggests that T cells
are primarily receptive to leflunomide treatment when they begin to
proliferate and when they are undergoing their first rounds of division.
Hence, our dataindicate that there is atime window spanning the first
rounds of division, during which effector cells, or their precursors, are

Fig.2|Pyrimidine nucleotide starvation blocks formation of terminal
effector T cells. CD45.1congenic OT-1T cells were obtained from treated

and untreated mice (Fig. 1a) on days 5-7 or 41 after a Listeria infection.

a-c, Splenocytes were extracellularly stained and analyzed for CD127 and KLRG1.
Representative flow cytometry dot plots and data graphs showing the phenotype
and frequency (a) and total numbers (b) of indicated populations 7 d after
infection, and the phenotype, frequency and total number of CD127°KLRG1 OT-1
cells 41d after infection (c). d-i, Splenocytes were stained intracellularly for
Eomes, TCF-1, T-bet and GzmB and surface strained for CD62L. Representative
flow cytometry dot plots, histograms and data graphs showing the frequency

of Eomes* OT-1(d), Tcf-1" OT-1(e) and CD62L (f) allon day 7, GzmB on day 5 (g),
T-beton day 7 (h) and CD62L also on day 41 after infection (i). j-1, Splenocytes

were briefly ex vivo restimulated with ova-peptide in the presence of brefeldin
Aand thenstained intracellularly for IFN-y and IL-2. Time points indicate when
cells were harvested. Shown are scatterplots depicting the frequency of IFN-y*
OT-londay?7 (j), representative dot plots for IFN-y and IL-2 co-production and
scatterplots of the frequency and number of IL-2-producing cells at 7 d (k) and
41d (1) after infection. The scatterplots depict all mice per group in the shown
representative experiment. Symbols represent individual mice and the line is
the mean of agroup. Data are representative of 2-3 individual experiments with
n=>5-10 mice per group. Two-tailed, unpaired ¢-tests were performed to calculate
significance with *P < 0.05, ***P < 0.001, ***P < 0.0001. Supplementary Fig. 2
contains gating information.
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sensitive to pyrimidine nucleotide starvation. Beyond this checkpoint,
cells committed to become effector cells continue to develop despite

the treatment.

To rule out that leflunomide causes this block in effector T cell
formation through mechanisms other than DHODH inhibition, we

used a short hairpin RNA (shRNA) that reduces DHODH in primary
CDS8' T cells to about 30% of the normal expression level (Extended

Data Fig. 8c). Here we transduced the cells at ~30 h after ex vivo acti-

vation and transferred them immediately into infected host mice.
Expression of this shRNA in T cells resulted in a similar phenotype as

a Day 7 b Day 7
crl Lefl o s _ - KLRG1*CD127~ CD127°KLRG1™
] 72) (03 58] 0 %° L 5% /i B
B ‘ re) —
° 60| W& L 60 [S T
8 S £ = x 091
3 40 40 :
> o ~ =
= 2 20 S 9 2 5 r:
O] O = A
& 3 & a * =z
2 0 ‘VH . " 815 1 . 5510 < o] i\ﬂ 0
0 10° 10% 108 ES Ctrl Lefl Ctrl Lefl Ctrl Lefl Ctrl Lefl
CD127-APC
c Day 41 Unstained Day 7
Ctrl Lefl NI 5 ok ] — Ctrl — Lefl o e
[ 16.2 26.4]120.7 131] © N 100 = A
10¢ | 5 |
o SR W ? Se x 807 o =
S 100 | 15} fvvy £= £ 601 G 40
s S 404 44 R b “
B g0 ] = ot o 401 £ 20| 4%
o~ ~ [SXe) x S as
8 10" o 20 S 204 w
] ] 2 Q
< Al ). 533 568 G o z R 2R NA SR —
0 10° 10* 10° ES Ctrl Lefl Ctrl Lefl 0102 10° 10* 10° Ctrl Lefl
CD127-APC =——>Eomes-PE
e f
Day 7 * Day 7 o
Ctrl Lefl &' ra) 50 — —Ctrl —Lefl *kkk o NS
2 EIE 100 - 0 =P,
10° 4 5 40 ia g% 80 G 40 s P
< — _ = o
§ 100 ] : 501 L. 2304, 3 e Seof aE o . &
= 82.7 16.8 60.8 38.7 L W o 4 ~ 10 A
2 ] ] ,E,_-)zo ad, 820 —_ 2 § 20 Q A_:_A‘A
; Q O s
) = e « 10 A A
2 o] ] 510 5 Aa 20 i\gm o -
) S . — 0 S o 0 0 g ©
-10° 0 10%10%10° Ctrl Lefl = Ctrl Lefl 0 10 104 10° Ctrl Lefl =z Ctrl  Lefl
TCF-1-PE —> CD62L-PE-Cy7
g Day 5 h Day 7 i Day 41
Ctrl Lefl — Ctrl — Lefl - *hkk s NS
105 | ] ok k ok 100 - 100 - 80 A % 80 A
— 100 ' = —
10° ] 5 2heix 80 5 80 44 9_ 60 1,4 iz »6'60 R b
8) ot 60 B 60 ° "?‘ h
= 10° | o o 1 40 A X 40 A
™ 50 A 4 40 g 40 A % (8 —t
= 107 4 1 N - : Q 4
g o o A 420 20 o % O 20 "1t
[a) 3 1 3 ° 2 [S) A A
[9) R e 0 e e 0olt—— 0 )
-10° 0 10° 10* 10° crl  Lefl 010210° 10 10° Ctrl Lefl ctrl Lefl 2 ctrl Lefl
GrzB-APC ——>T-bet-APC
J Day 7 k Day 7 L Day 41
100 ,ﬂl Ctrl Lefl Ctrl Lefl
- L I 27| {57.0.] - 202
= 80 ry 10* | ]
O J —
:5 60 (i 10° | 1
o ]
UZ'_ 40 E E 10 ] 1
x 2 z ] g 10' 1
o _,_,Z: 0288 1013209 | 1.9 o - S —
ctrl Lefl 0 10% 10* 10° 0 10° 10* 10°
IL-2-APC IL-2-APC
Da'\}/slﬂ K kkk NS NS NS
1001 30 R A 25, 30 1
T g0 | Me & - S 80 - 4 O “
o 5 Lox I
5 60 N o X oo o s 4wt
+ A = - 15
z % 10 5 04 R R R
[T . — o]
= 20 = S 20 = . YW
BN . ES . s P4 . A, Ay R g s 2&3 :A
Ctrl Lefl Ctrl Lefl Ctrl Lefl Ctrl Lefl Ctrl Lefl
Nature Immunology | Volume 24 | March 2023 | 501-515 505


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-023-01436-x

b

a Total OT-1 (day 7) Total OT-1(day 7)
Upin Ctrl Upin Til Ctrl Tfl High
19 629
w0 Pdcd1
107" Esm1. . :. : *Cenpk
Klrad Kirct te | i e Shmtl
Klrel. «i.. ., B Cer7
B Plekha6. e st v .Capn3
1 . ltgals
1 Gma08: !
102 3 o Dnpht
Slpr5e ¢ . o, ***. lzumolr
° | b
=) . e -
Tg 1 Klra.9 <. .
a ] - « . Beatl
] . o
-0 4 LLy6i
10 Kirble = * ~Lpl
J * . Saa3
i . Gbp2b |
o - Low
-5 0 5
log,FC (Tfl/Ctrl)
c CD127*KLRG1” OT-1(day 7) d
Up in Ctrl Up in Tfl
32 232
0 — . Day 7
10 A ° Tnfsf8 C?r{
4 " Sell
; . St8sial 10 4
E . o e @
o Gm4208 . Capg 8
PlsT < ¢ . Capn3 2
o Kirble , o oo, .. <
= .Cx3cr1 .o . ®
S 1 Mal s . Cd200 S a7
] tVNE . *En T 0 ay
* ] cdiean * P : 9 § SH
107 3 . .
° ° Phlda3
Plekha * ¥ Serpine2
4 . s «Tox2
] Epha3 <. Bcat1 o 4
0] & T T : T T ’ T T T T T
5 0 5 -40 -20 0 20

log,FC (Tfl/Ctrl)

Fig.3|RNA expression profiles of T cells exposed to pyrimidine synthesis
inhibition. OT-1T cells were obtained on day 7 and day 28 after infection from an
experimental setup as shown in Fig. 1. OT-1T cells (or their indicated subset) were
analyzed for global gene expression profiles using next-generation sequencing.
a, Volcano plot showing log, fold change versus Pvalue for total splenic day 7 OT-1
T cells obtained from teriflunomide treated (Tfl) and untreated (Ctrl) hosts.

PC1: 75% variance

b, Corresponding heat map highlighting the expression z-scores of selected
genesinallanalyzed samples. ¢, Volcano plot comparing CD127* KLRGL OT-1T
cells that were sorted by flow cytometry from OT-1 populations obtained 7 d after
infection. d, Principal-component analysis (PCA) of OT-1T cells harvested 7 or

28 d after infection from control (Ctrl) and teriflunomide (Tfl)-treated hosts.
Pvaluesinaand c were adjusted using the Benjamini-Hochberg method.

the leflunomide or teriflunomide treatment. It reduced the numbers
of effector cellsand caused a clear bias toward memory precursor cells
atthe peak of infection (Fig. 4e-g), supporting that T cell-intrinsic and
DHODH-restricted mechanisms impair the formation of a functional
effector T cell compartment.

Having confirmed that reduced DHODH levels alter T cell differ-
entiation, we subsequently tested, if leflunomide may also interfere
with the initial T cell activation and possibly with programming the
generation of effector T cells. We therefore addressed the level of
CD69 upregulation following in vivo T cell activation under lefluno-
mide treatment and used Nur77 (Nr4al) reporter mice to monitor
TCR-induced transcriptional activity. Interestingly, both the Nur77
reporter and CD69 were similarly upregulated with and without the
treatment (Extended Data Fig. 8d,e). Alongside, CD62L downregula-
tion (Extended Data Fig. 8f) and dendritic cell maturation status were
similar in both conditions (Extended Data Fig. 8g). All this indicates
that TCR signaling and dendritic cells remain unaltered under the
leflunomide treatment.

Leflunomide selectively deprives effector-committed T cells

To better understand the impact of pyrimidine synthesis inhibition
on the diversification of recently activated naive T cells, we gener-
ated single-cell resolved RNA expression profiles for T cells isolated
from control and leflunomide-treated host mice on day 4 after
L. monocytogenesinfection. Using k-nearest-neighbor (KNN) clustering
(Seurat), we found that five clusters optimally represent the diversity
whentreated and untreated cells are jointly analyzed (Fig. 5a and Sup-
plementary Fig. 4). Percentagewise, we noted a large bias such that
clusters1and 2 were dominated by cells from treated mice and clusters
4and5fromuntreated mice, while cluster 3 contained cells from both
setups (Fig. 5a,b). The mRNA levels of markers of memory cells such
as Tcf7, Ccr7, Slamfé and Id3were increased in clusters 1,2 and 3, while
thelevels of effector cell markers such as Gzma or Prfl were increased
in clusters 4 and 5 (Fig. 5c and Extended Data Fig. 9a-c). Moreover,
gene-set enrichment and regulatory network analysis revealed dif-
ferential activity across the clusters that match their commitment to
generate effector or memory precursor cells (Extended DataFig. 9¢,d).
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Fig. 4 | Pyrimidine synthesis inhibits effector T cell formation during a
narrow time window. a, Naive host mice received 3 x 10° (day 1.5 time point),
1x10°(days 3and 4) or 2 x 10* (day 5) naive OT-1T cells and the hosts were
infected with Lm-Ova. Absolute numbers of OT-1were determined at the
indicated time points in control (Ctrl) or teriflunomide (Tfl)-treated hosts.

b, Experimental scheme; mice received OT-1and were treated with leflunomide
asindicated in Fig. 1a. One additional group of mice received leflunomide
starting 4 d after infection. ¢, Frequencies of OT-1among total CD8' T cells.

d, Representative flow cytometry dot plots and data graphs showing the
frequencies of OT-1T cells expressing KLRG1 and CD127 on day 7 after infection.
e-g, Naive OT-1T cells were briefly ex vivo activated and then transduced

with retroviral vector encoding DHODH downregulating or control small

interfering RNAs. After transduction, cells were immediately transferred into
host mice infected with Lm-Ova1d before the transfer. Shown are frequencies
oftransduced OT-1among total CD8* T cellson days 5, 7,16 and 28 after primary
infection with Lm-Ova (e), representative flow cytometry dot plots (f) and data
graphs, whichillustrate the frequency of ametrine-positive KLRG1" and CD127*
OT-1T cells for all analyzed mice (g). Symbols represent individual mice and

the lines the mean of agroup. Symbolsin e are the mean of the group. Data are
representative of at least two independent experiments. Error bars in e represent
thes.d., n=7 mice per group. Two-tailed, unpaired t-tests were performed to
calculate significance with *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001; NS,
P>0.05.Supplementary Fig. 3 contains gating information.

This includes upregulation of Myc mRNA in the memory-committed,
treatment-resistant clusters 1and 2 and upregulation of the activity
of Rictor in the treatment-sensitive effector cluster 4 (Extended Data
Fig.9d). Interestingly, a calculation of absolute numbers revealed that
treated and control mice contain similar total numbers of cells that
would fallinto clusters1and 2 (Fig. 5d). In contrast, there was amassive
loss of cells from treated mice in clusters 4 and 5 (Fig. 5d). We subse-
quently repeated this experiment using the 10x Genomics platform.

Weidentified sevenrepresentative clusters (Extended DataFig.10a,b),
which we assigned based on transcriptional similarity with the clus-
ters shownin Fig. 5 and Extended Data Fig. 9. Again, we observed that
theclusters1and 2, which did not or only slightly declined, expressed
typical memory markers, while the population that most prominently
diminished in response to the treatment (cluster 5) showed a clear
effector signature (Extended Data Fig.10c,d). Alongside, we saw again
a correlation in the mRNA expression levels of pyrimidine synthesis
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genes (Dhodh, Cad and Umps) and sensitivity to leflunomide treat-
ment, as the most resistant cluster (cluster 2) expressed the highest
levels and the most sensitive cluster (cluster 5) expressed the lowest
levels of these enzymes (Extended Data Fig. 10d,e). We also grouped
the Dhodh mRNA expression levels detected in the single-cell datainto
five distinct intensities and compared the distribution of OT-1 T cells
obtained fromtreated mice within these groups. This analysis revealed
aloss of cells expressing low DHODH levels in the treated group. How-
ever, the maximum expression and the expression pattern in these
groups remained similar to those in untreated groups, indicating that
leflunomide treatment did not upregulate Dhodh mRNA expression.
Overall, these data reveal a selection against cells with lower DHODH
expression levels (Extended Data Fig. 10f).

To further infer cell population dynamics at this stage, both with
and without leflunomide treatment, we performed an RNA velocity
analysis. It revealed two endpoints in the untreated group (Fig. 5e),
which in terms of gene expression corresponded to clusters 1-3 or
clusters 4 and 5, respectively (Extended Data Fig. 9a). Alongside, we
noted a selective increase in the expression of markers such as Zeb2
in the effector trajectory or Sell in the memory branch (Fig. 5e). In
contrast, treated cells lacked the effector endpoint and the branching
pointseeninthe untreated group (Fig. 5f). Similar findings were made
after a transcriptional trajectory analysis on the data derived from
the 10x Genomics platform (Extended Data Fig. 10g). Accordingly,
the single-cell sequencing data confirmed that pyrimidine synthesis
inhibitioninduces ablockin effector T cell differentiation and an early
loss of effector-committed T cells and of the trajectory that forms the
effector T cell population. Moreover, the selective loss of the effector
populations unmasks and allows profiling of the earliest progenitors of
cells committed to become memory T cells. Without the leflunomide
treatment, these could be hard to identify given their rare numbers
within the population of activated and expanding T cells and because
ofthelack of specific markers to identify them. Our datatherefore also
reveal that critical memory signature genes are detectable as early as
after 3-5rounds of division.

Memory precursors upregulate pyrimidine synthesis capacity
Leflunomide-induced pyrimidine starvation was showntoresultin cell
cycle arrest and apoptosis in proliferating ex vivo-stimulated T cells.
What remained largely unclear is why leflunomide selectively blocks
proliferating effector T cells and not precursors of memory T cells.
Here, one needsto consider also that these cells undergo a substantial
level of proliferation and expansion. Our single-cell profiling datashow
that actively dividing Mki67 mRNA-positive cells are confined to the
leflunomide-resistant cluster 1and to the leflunomide-sensitive clusters
4and 5 (Fig. 6a,b). Interestingly, the resistant clusters1and 2 contained
significantly higher frequencies of Dhodh mRNA-positive cells than
the sensitive clusters 3-5. (Fig. 6a,b). Similarly, gene-set enrichment
and specific pyrimidine synthesis pathway analyses revealed signifi-
cantly higher expression of genes involved in pyrimidine synthesis

and metabolismin the treatment-resistant clusters 1and 2 compared
to the treatment-sensitive clusters 3-5 (Fig. 6¢,d). We therefore con-
clude that cells within the memory-committed clusters have a higher
capacity to produce pyrimidine nucleotides than cells in the effector
clusters and that this renders the memory-committed populations
resistant to the treatment. To formally demonstrate the dependency
on DHODH-mediated de novo pyrimidine synthesis, we reasoned
that the leflunomide-induced phenotype should be rescuable upon
the provision of orotate—the metabolite synthesized by DHODH (see
pathway in Fig. 6d). We therefore supplemented leflunomide-treated
micewith orotate and took note that orotate significantly restored the
KLRGI" population (Fig. 6e,f). This underlines that pyrimidine nucleo-
tide starvation is responsible for the loss of effector cells following
leflunomide treatment.

We subsequently addressed in more detail how the leflunomide
treatmentimpacts early T cell expansion kinetics by injecting carboxy-
fluorescein diacetate succinimidyl ester (CFSE)-labeled OT-1T cells into
Lm-Ova-infected and leflunomide-treated or untreated host mice. Here
we found that the majority of OT-1T cellsin untreated mice were in their
3rd-6thdivisionat2.75 d after infection, while cellsin treated mice had
reached only1-3 divisions (Fig. 7a). These dataimply at first glance that
leflunomide slows down the entry into or the pace of proliferation of
the responding cells. However, a population analysis of the day 2.75
dataset revealed that, while treated cells had alower proliferationindex
(Fig.7b), equal numbers of OT-1T cells from both treated and untreated
micebeganto proliferate (Fig. 7c), whichindicates a similar recruitment
and transitioninto proliferating cells inboth groups. We also analyzed
absolute cellnumbers per round of division at this time point. Here, we
foundthattreated and untreated mice contained equal numbers of OT-1
T cells that are in their 1st and 2nd division and that differences arose
onlybeyond the 3rd division (Fig. 7d). We also noted similar expression
of CD69 and CD62L amongthe cellsin the 1st-3rd division (Fig. 7e). This
indicates that the type of slowly dividing T cells seen in treated mice
is also present in the untreated group. Accordingly, untreated mice
contain slowly and rapidly dividing T cells, while the rapidly dividing
T cells are selectively lost in the treated group. Thus, the leflunomide
treatment unmasked these slowly proliferating, memory-committed
cells that are otherwise outnumbered by the larger and more rapidly
proliferating effector-committed population. We therefore conclude
that treatment with leflunomide reveals the in vivo proliferation
kinetics of memory precursor cells.

To gain a better quantitative understanding of the proliferation
rates and the proposed model, we modeled T cell activation math-
ematically, with an early branching of activated T cells (blasts) into
either effector or memory differentiation (model 1; Fig. 7f-h) or
with common precursors for effector and memory T cells (model 2;
Fig.7f-h). Experimental data on total cellnumbers as well as fractions
of CD127° KLRG1” memory precursor cellsand KLRG1'*CD127" terminally
differentiated effector cells were only reproduced by the first model,
in which leflunomide selectively inhibited the formation of effector

Fig. 5| Transcriptional profile of pyrimidine starvation sensitive and
resistant T cells. a, Schematic of the experimental procedure. Mice were treated
with (Tfl) or without (Ctrl) teriflunomide starting on day -3 followed by infection
with Lm-Ova. OT-1cells were harvested 4 d after infection and subjected to
single-cell resolved RNA-sequencing analysis. All plots were generated using a
nonlinear dimensional reduction ¢-SNE (¢-distributed stochastic neighborhood
embedding). Each circle represents a cell. Left, -SNE distribution of OT-1from
control (red) and teriflunomide (blue)-treated mice. Right, Seurat cluster analysis
(cell color) overlaying the ¢-SNE cell distribution (cell location). Five clusters

were identified (green, cluster 1; yellow, cluster 2; red, cluster 3; orange, cluster
4;blue, cluster 5). b, Pie chart representing scaled distribution of control (Ctrl)
and teriflunomide (Tfl)-treated OT-1T cells among the identified clusters. c, t-SNE
plots with overlaid expression of selected genes involved in memory or effector
CDS8" differentiation and function. d, Scatterplots with calculated absolute

numbers of splenic OT-1T cells from control (Ctrl) and teriflunomide (Tfl)-treated
mice corresponding to each of the identified clusters. The calculation is based

on the percentagewise representation of each cluster among total OT-1T cells
(Methods). e,f, Trajectory analysis based on RNA velocity. The differentiation
trajectory of control OT-1T cells bifurcated into an effector (green) and memory
(orange) branch. Circles represent single cells. Arrows indicate the direction

of gene expression change. The branches were characterized using classical
effector or memory gene expression signatures, as shown for Zeb2 and Sell (e).
The OT-1T cells recovered from teriflunomide-treated animals formed only

the memory but not the effector branch (f). Symbolsin d represent individual
mice, or the mean of n = Smice per group and the lines represent the mean of a
group. Two-tailed, unpaired t-tests were performed to calculate significance with
*P<0.05and **P < 0.0001.
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T cells (Fig. 7g,h). The alternative model 2, with memory precursors  andrapid proliferation of effector cells (with an approximately twofold
originating from a common precursor, did not fit the data. The fit of  ratio of proliferation rates between both types of cells; ‘Mathemati-
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Fig. 6 | Effector T cells have lower expression of pyrimidine synthesis pathway
genes. a-d, Further analysis of the single-cell sequencing data explained in Fig. 5.
Shown are additional feature plots depicting expression of the indicated factors
(a), bar plotsindicating the percentage of marker-positive cells per cluster (b),
pathway analysis for clusters1and 5 and (c) and cluster-specific expression activity
ofthe genesinvolved in the pyrimidine synthesis pathway (d). e,f, Mice received
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wereleft untreated (Ctrl), received leflunomide (Lefl) or leflunomide and orotic
acid (Lefl + OA). Shown are representative flow cytometry dot plots (e) or data
graphs showing the frequency of KLRG1 and CD127 expressing P14 for all individual
mice (f). Symbolsin frepresent individual mice, the line indicates the mean of the
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tailed, unpaired t-tests were performed to calculate significance with **P< 0.01,
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precursor T cells, as described previously”, synergizes with their
higher pyrimidine synthesis capacity and that both processes render
memory-committed T cells more resistant to leflunomide treatment.
In contrast, effector T cells are very sensitive to pyrimidine starvation
giventheir lower pyrimidine production capacity and their larger need
for nucleotides asaconsequence of their higher proliferation velocity.

Discussion

In summary, we demonstrated in various types of primary infections
and during recall responses the existence of an early kinetic window,
when effector-committed but not memory-committed cells are vul-
nerable to pyrimidine nucleotide starvation. Our observations help
to better understand the therapeutic effects caused by pyrimidine
synthesis inhibitors approved for treating autoimmune diseases. We
anticipate that knowledge of this cell fate-determining checkpoint
will inspire the development of new approaches to selectively influ-
ence effector T cell responses in various clinically relevant situations.
This selective action of leflunomide against effector T cells contrasts
with effects observed with other nucleotide synthesis or metabolism
inhibitors. Mycophenolat mofetil and Methotrexate, whichboth block
purine synthesis, and 5-fluorouracil, an antimetabolite to pyrimidines,
reduceboth effector and memory T cells numbers*. Similarly, FK506/
tacrolimus also blocks effector and memory T cells*.

The elevated demands for nucleotides following T cell activation
and proliferation makes it very intuitive to grasp that manipulations of
nucleotide metabolism perturb T cell differentiation. For leflunomide,
itwas well established thatitinduces fulminant apoptosis of the entire
population of ex vivo activated T cells. This profound ex vivo effect con-
trasts with the selective action against effector T cellsin vivo. A possible
explanationis that in vitro anti-CD3/CD28 and IL-2 stimulation drives
cells toward becoming terminally differentiated effector cells, which
according to our results are very sensitive to leflunomide treatment.

Theselective action against effector T cells distinguishes lefluno-
mide also from other manipulations known toimpact both effector and
memory formation or only memory T cells. For instance, the elimina-
tion of Id2, T-bet, Blimp-1, FoxO3, Tcf-1 or Lef-1 alters effector and
memory numbers'**?4* _Similarly, Akt—-mTOR signaling manipula-
tioninduces amemory bias but also impacts the effector response**°.
Removing FoxO1, Eomes, Id3 or alterationsin TCR signaling goes along
with reductions in the numbers of memory T cells without a major
impact on the effector response!*!71%222742-4551°53 | strong contrast,
we have observed a selective elimination of effector T cells, without a
detectableimpactonmemory T cells.

A decreased effector response and normal memory formation
were also observed after early termination of bacterial and viral

infections, or after shortening the extent or duration of inflamma-
tion and antigen presentation®**°. We can exclude that our observa-
tions are due to such effects, as leflunomide prolonged the clearance
of L. monocytogenes and yet effector T cell numbers were strongly
reduced. Moreover, shRNA-mediated downregulation of DHODH
caused similar effects as treating mice with leflunomide, indicating
that a T cell-intrinsic reduction in DHODH activity and not effects in
other cells or compartments caused the leflunomide effect.

Several factors contribute to the pyrimidine starvation resistance
of developing memory T cells. Our experiments with CFSE-labeled
OT-1T cells revealed lower cell division numbers following leflu-
nomide treatment. This outcome suggests at first glance that the
treatment slows down or delays the onset of proliferation. However,
we abandoned the idea that leflunomide reduces the proliferation
rate of memory precursor cells, because such a slowdown should
resultin reduced memory T cell numbers and reduced day 7 memory
precursors—both of which we did not observe. Instead, we favor the
interpretation that the lower division numbers in the CFSE profiles
of leflunomide-treated T cells stem from the absence of the rapidly
proliferating, effector-committed T cells, and that the CFSE profiles
seen in leflunomide-treated mice reveal the physiologically slower
proliferation speed of memory-committed T cells. Accordingly, we
think that the leflunomide treatment unmasks the proliferation kinet-
ics of memory-committed T cells that are normally covered up by the
high abundance of rapidly proliferating effector-committed T cells.
Such reduced proliferation pace of memory precursor cells was also
concluded fromin vitro studies®. This slower division presumably
results in a lower per-time demand in nucleotides and this renders
memory-committed cells more resistant to the treatment. Moreover,
wealso observedin our single-cell expression profiles that memory pre-
cursor cellsexpress higher levels of key enzymes involved in pyrimidine
biosynthesis than effector cells including DHODH. This augmented
synthesis capacity likely reinforces the resistance to leflunomide.

We became originally interested in studying leflunomide and
teriflunomide, because patients treated with these drugs still handle
many infection challenges without major complications®. Here we were
puzzled how adrugthatinhibits the proliferation of autoreactive T cells
still permits a substantial level of pathogen control. In fact, we found
similar numbers of EBV-specific and CMV-specific memory T cells in
leflunomide-treated participants and in controls. To explain the differ-
entoutcomes, we were initially considering that the responses could be
drivenby adifferent quality of T cells”. Autoimmunity is often caused
by central and peripheral tolerance evading low-affinity self-reactive
T cells®, while T cells with high-affinity receptors dominate during
infections**. We observed, independently of the affinity, a tenfold

Fig. 7| Pyrimidine starvation effect on CD8" T cell differentiation. Mice
received OT-1, leflunomide treatment and an Lm-Ovainfection (1a and 4b).
Numbers of bulk OT-1cells and fractions of CD127'KLRG1” and CD127 KLRG1"
OT-1cells T were analyzed between 1.5 and 28 d after infection. Data were used for
mathematical modeling. a, Fits of the Gaussian mixture model (black line) to the
CFSEintensity distributionin OT-1(red line) on days 2.75 and 3.75 under control
(Ctrl) and leflunomide (Lefl)-treated conditions. Mean division numbers were
extracted from five biological replicates. b,c, Proliferation analysis of day 2.75
datausing FlowJo. Symbols represent individual mice and lines indicate the mean
ofagroup. n=5mice per group. Two-tailed, unpaired t-tests were performed

to calculate significance with ****P < 0,0001; NS, P> 0.05. d, Graph depicts

total cellnumbers per division in the day 2.75 dataset with n = 5 mice per group.
Symbols represent the mean of agroup and lines the s.e.m. e, Flow cytometry
diagrams showing CD69 (left) and CD62L (right) surface expression and CFSE

of onerepresentative sample per group. f, Model 1 describing the experimental
data, with activating cells passing through a blast stage and differentiating into
memory precursor T cells (TM,), or effector precursor (TEF,) and then effector
Tcells (TEF). Leflunomide inhibits the differentiation into TEF,, cells. Model 2 with
alater branching point. g, Model fits for the number of splenic OT-1T cells under

control and leflunomide-treated conditions. 95% confidence bands are depicted
ingray. h, Model fits for fractions of CD127°KLRG1 and KLRG1'CD127 OT-1on
day 7 under control (Ctrl), leflunomide (Lefl) and leflunomide given from day

4 (Lefl D4) conditions indicated in Fig. 4b. n = Smice per group inb-d, gand h.
Horizontal lines in b-d represent the mean of the group. Two-tailed, unpaired
t-tests were performed in b and c to calculate significance with ***P < 0.0001 and
NS (P> 0.05). Error barsind represent the s.d. Ingand h, error bars represent

the s.e.m.and the center indicates the mean of at least five biological replicates.
The median estimates for proliferation rates of TM, and TEF,, cellswere 1.7 and
3.5 per day, respectively. i j, [llustrations of an early bifurcation model of T cell
differentiation. Early after activation, naive T cells developed into a pool of
precursor cells, which have differential sensitivities to pyrimidine starvation.
These early precursor T cells differed in the expression levels of DHODH,
arate-limiting enzyme in the pyrimidine nucleotide de novo biosynthesis
pathway (I). DHODH levels were high among the resistant cells, compared to
treatment-sensitive effector-committed cells. The elimination of effector cells
would bein line with this early effector-committed and memory-committed
bifurcation model, whereby leflunomide selectively impaired the effector arm (j).
Supplementary Fig. 6 contains gating information.
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reduction of the peak numbers of effector T cells, which excluded the
possibility that low-affinity cells are more sensitive to leflunomide
treatment than high-affinity T cells.

Overshooting or impaired effector T cell responses contribute
to disease severity in hyperacute infections, autoimmune diseases
or chronic viral infection. We found that the treatment of mice with
chronic infection causing LCMV clone 13 virus prevented the type
of cachexia that was described for this infection®. Interestingly, the
weight-loss reductionin leflunomide-treated mice was accompanied
byareductioninthe number oftotal P14 T cells, while TCF-1" precursors
of exhausted T cells were retained within this population (Extended
DataFig.7). Thus, the differential sensitivity to pyrimidine starvation

applies not only to effector versus memory T cells in acute infection,
butalsototerminally differentiated and precursor T cellsin infections
that become chronic.

The observations we made after leflunomide treatment also have
implications for our understanding of the kinetics and cellular trajecto-
riesleading to the formation of effector and memory T cell populations.
Our data support that memory development occurs independently
of the formation of effector cells. Moreover, our RNA velocity and
pseudotime analysis imply an early bifurcation of the trajectory lead-
ing to effector and memory T cells (Fig. 7i,j). Our observations are
compatible with the early bifurcation but also with the progressive
differentiation model°®in the early phase of infection. At this early time
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point, leflunomide could inhibit the more extensive proliferation of
effector-committed cells compared to T cells, which are less engaged
in proliferation and become memory T cells. Finally, our data do not
exclude that memory-committed cells acquire features of effector
T cells including GrzB secretion (Fig. 5c and Extended Data Fig. 10d)
(refs. ). In fact, our single-cell sequencing data show the expression
of granzyme B in the memory-committed cluster (Fig. 5c and Extended
Data Fig.10d), and a loss of CD62L expression within the cluster with
amemory signature.

Altogether, we have identified a particularity in the sensitivity
to pyrimidine nucleotide starvation that distinguishes developing
memory T cells from expanding effector T cells and constitutes anew
and targetable metabolic checkpoint of high clinical relevance.
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Methods

Mice

C57BL/6 mice were obtained from Charles River and C57BL/6.SJL
from Jackson Laboratory. Both lines were maintained by intercross-
ing. Nur77 and OT-1 TCR-transgenic mice (both Jackson Laboratory)
and P14 TCR and SMARTA transgenic mice obtained from A. Oxenius
(ETHZ, Switzerland) are on a C57BL/6 background. Lines were main-
tained by crossing them with C57BL/6 and C57BL/6.SJL mice. Mice
were bred and maintained in specific-pathogen-free facilities and
infected in conventional or specific-pathogen-free animal facilities.
A maximum of five mice per cage were housed with unlimited access
to food (Ssnif V1124-300) and water. Experiments performed with at
least 6-week-old male and female mice were approved by the veteri-
narian authorities of the Swiss canton of Vaud and the ‘Regierung
von Oberbayern’ in Germany. Experimental groups were randomly
assigned and not blinded.

Administration of leflunomide, teriflunomide and orotate
Atotal of 100 mgleflunomide (Arava) or 14 mg teriflunomide (Aubagio)
tablets were grinded and resolved in 0.5% carboxymethylcellulose.
Solutions were gavaged orally starting 3 d before and until 7 d after
infectionevery other day and thereafter every third day. Orotate rescue
experiments were performed by gavaging mice every 24 hbetween3 d
beforeand 7 d after theinfection with 500 mg per kg body weight orotic
acid (Sigma) in PBS. The teriflunomide pharmacokinetic, approved
by the ‘Regierungsprasidium Tiibingen’, was performed by Immunic
Therapeutics on mice that received leflunomide every other day using
blood collected onday1(at0.5,1,2,4,8and 24 h) andonday 7 (at 0.5,
1,2,4and 8 h).

T cell purifications and transfers

Single-cell suspensions from spleen, liver and lymph nodes were
obtained by mashing organs through 100-pm cell strainers. Red blood
cellswere removed with hypotonic ACK buffer. Spleen or lymph node
cellssuspensions were directly used. Cells fromthe liver were separated
by overlying a35% physiological Percoll/DMEM cell suspension ontop
ofa 65% Percoll/PBS solution.

Donor OT-1or P14 T cells were enriched using a CD8" T cell isola-
tion kit Il (Miltenyi) and SMARTA T cells with the CD4" T cell isolation
kit (Miltenyi). Unless stated otherwise, 1-2 x 10* CD45.1* congenic OT-1
were transferred into CD45.2" hosts. Mice received 1-2 x 10* P14 T cells
for LCMV experiments. For the single-cell sequencing experiment
on day 4.5, 2 x10° naive OT-1T cells were transferred. Biotinylated
anti-CD45.1, anti-biotin microbeads (Miltenyi) and LS separation col-
umns were used toisolate memory OT-1T cells for adoptive retransfers.

Infection and pathogen quantifications

Infections were performed >1d after cell transfers. Mice were
infected intravenously (i.v.) with 1,000-2,000 CFUs of recombinant,
mid-log-phase recombinant ovalbumin-expressing L. monocytogenes.
Strains were used that contain the original OT-1 ligand SIINFEKL
(Lm-N4 or Lm-OVA) or the altered peptide ligand SIITFEKL (Lm-T4)
(ref.?*). Pathogen load was determined by mashing spleens and livers
ofday4 or 7 infected mice in 0.1% NP-40 Tergitol PBS. Serial dilutions
were plated on brain-heartinfusionagarose plates containing 200 pg
ml™ streptomycin and 3 pg ml™ chloramphenicol and counted 48 h
later. Mice were infected i.v. with 2 x 10° plaque-forming units (PFUs) of
recombinant vesicular stomatitis virus expressing SIINFEKL (VSV-N4,
originally provided by L. Lefrancois®®). VSV-N4 was expanded and
titrated on BHK-21 cells. Mice were infected intraperitoneally with
2 x10° PFUs LCMV Armstrong strain 53b (LCMVArm), or with 2 x 10°
PFUs LCMV clone 13 i.v. or with 2 x 10* PFUs Docile strain i.v., and
LCMV was expanded in BHK cells and titered with Vero cells using
a focus-forming essay®*. Influenza virus was applied at 2 x 10° PFUs
Flu-Ovaintranasally®.

Flow cytometry and sorting of mouse cells

Mouse cells were stained with anti-CD8 (53-6.7), anti-CD4 (RM4-4 or
GK1.5), anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD127 (A7R34 or
eBioSB/199), anti-KLRG1 (2F1), anti-CD27 (LG.7F9), anti-CD62L (MEL-14),
anti-CD69 (FN50, H1.2F3), anti-CD44 (IM7), anti-CD185 (CXCRS5, SPRCL5
or 2G8), anti-CD186 (CXCR6, SA051D1 or 221002), anti-CD366 (TIM3,
RMT3-23 or 8B.2C12), anti-CD150 (SLAM, DREG56 or MEL-14). Stained
cells were washed twice and fixed for 15 minin PBS (1% formaldehyde,
2% glucose and 0.03% sodium azide). Cells were restimulated for intra-
cellular cytokine staining in vitro with 5 mM SIINFEKL or KAVYNFATC
peptide for the last 5 h, and 7 pg ml™ Brefeldin A was added 30 min
later. Cells were fixed and permeabilized with Cytofix/Cytoperm Kit
(BD) and stained with anti-IFN-y (XMG1.2), anti-TNF (MP6-XT22) and
anti-IL-2 (JES6-5H4, S4B6). Intracellular granzyme B staining (clone
GB12, NGZB or 16G6) was performed similarly but without culturing
and stimulating the cells. The Foxp3/transcription factor staining
kit (eBioscience) was used for staining for TCF-1 (533966 or C63D9),
Eomes (Danllmag) and T-bet (eBio4B10). Antibodies were obtained
from BD Biosciences, BioLegend, Cell Signaling, eBioscience, Invitro-
gen/Thermo Fisher, R&D, Thermo Fisher, BD Biosciences and Tonbo
Biosciences. A CytoFLEX (Beckman Coulter), LSR Fortessa or LSR-II
instrument (both BD) were used for readouts and FlowJo (TreeStar, BD)
was used for data analysis including a built-in routine for CFSE-based
proliferation analysis. Live cells were stained in PBS, 2% FCS and sorted
using a FACSAria Fusioninstrument (BD).

Preparation of human PBMCs and human T cell assays

For the EBV/CMV study, pentamer detection of EBV-and CMV-specific
human T cells, patients with relapsing remitting multiple sclerosis
(RRMS) under teriflunomide treatment and RRMS patients without
teriflunomide were recruited from the Department of Neurology of
the Technical University of Munich and the Marianne Strauf3 Klinik of
Bergin Germany. The study was approved by the local ethics commit-
tee according to the Declaration of Helsinki under written informed
patient consent. PBMCs were isolated from fresh EDTA blood using
ficoll density gradient centrifugation (1.077 g/ml, GE Healthcare).
Pentamer staining was performed in DPBS (Gibco) with 1% fetal calf
serum (Sigma-Aldrich). Briefly, 5 pl PE-labeled Pro5 MHC Class I Pen-
tamers (0.05 mg/ml, Proimmune) were incubated with 45 pl stain-
ing buffer at room temperature for 30 minutes. EBV BMLF-1259-267
(sequence GLCTLVAML) and CMV pp65 495-504 (sequence NLVPM-
VATV) pentamers were ordered from Prolmmune. Cells were stained
using anti-human CD127 (A019D5), CD62L (DREG-56), CD45RA (HI100),
KLRG1(SA231A2),CD8 (SK1), CCR7 (3D12) and 7-AAD purchased from
Biolegend (San Diego, USA), BD Biosciences (Franklin lakes, USA) or
Beckman Coulter (Brea, USA). For the assessment of antigen-specific
Tcellresponses from SARS-CoV-2 vaccinated individuals, venous blood
from ten teriflunomide-treated individuals and eight healthy donors
was collected in Lithium Heparin or Natrium-Heparin tubes 14 d after
giving the 2nd dose of Bnt162b2 (BioNTech/Pfizer) vaccine. Blood was
dilutedatal:1ratioin PBSand PBMCs were separated using Ficoll Paque
Plus (GE Healthcare). PBMCs were washed twice after centrifugation
with PBS. Cells were either immediately used for T cell stimulations
or cryopreserved in heat-inactivated FCS (Sigma-Aldrich) containing
10% dimethylsulfoxide (Sigma). Cryopreserved PBMCs were thawed at
37 °C, washed twice with RPMI1640 supplemented with 10% FCS and
Benzonase (50 Uml™), and stimulated using 1 pg ml™ overlapping pep-
tide pools (PepMix, JPT) spanning the structural SARS-CoV-2 protein
spike (vial1containing the receptor binding domain, vial 2 containing
fusion peptide, transmembrane domain and cytoplasmic peptide), and
controls remained without peptide. Cells were cultured in medium for
6 h(37°C,7%CO,).Intotal, 10 pg mI™ Brefeldin A (Sigma) was added for
the final 4 h. Cells were stained with purchased self-labeled anti-CD8
(OKT-8, BioXCell), anti-CD4 (RPA-T4, BioXCell), anti-CD3 (UCHTI,
BioXCell), anti-CD45RA (HI100, BioLegend) and anti-CCR7 (G043H7,
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BioLegend). Stained cells were washed and fixed for 30 min in PBS
containing 2% formaldehyde. Cells were permeabilized in PBS with
10% saponin, 0.02% sodium azide and stained with anti-TNF (Macll,
BioLegend) and anti-IFN-y (B27, BioXCell).

Spleen cryosections and staining

Spleens frominfected mice were harvested 7 d after infection and pro-
cessed as described previously®. Sections were stained with anti-CD3
(17A2), anti-CD45.R/B220 (RA3-6B2) and anti-CD45.1 (A20; BioLegend).
Spleen compartments were visualized by setting the density threshold
ofareasrichin CD3 (T cell zone) and B220 (B cell zone).

Retroviral transduction of T cells
Two DHODH-targeting shRNA seed sequences were cloned into the
pLMPd mAmetrinel.1vector (transOMIC technologies),
Construct 1: 5’-CTCGAGTGCTGTTGACAGTGAGCGCCCCACT
GTCTCTAGATCTAAATAGTGAAG
CCACAGATGTATTTAGATCTAGAGACAGTGGGATGCCTA
CTGCCTCGGAATTC-3’;
Construct 2: 5-CTCGAGTGCTGTTGACAGTGAGCGCTCCCACTG
TCTCTAGATCTAATAGTGAAG
CCACAGATGTATTAGATCTAGAGACAGTGGGATTGCCTAC
TGCCTCGGAATTC-3’; Control shRNA:
5-TGCTGTTGACAGTGAGCGAAGGCAGAAGTATGCAAAGCATT
AGTGAAGCCACA
GATGTAATGCTTTGCATACTTCTGCCTGTGCCTACTGCCTCGGA-3'.
Plasmids were transfected into Phoenix-E cells using FUGENE
6 (Promega) reagent. Retroviral particles were harvested 48 h later.
OT-1T cells were activated via anti-CD3/CD28 beads (Thermo Fisher),
cultured in complete RPMI medium supplemented with 50 U ml™
IL-2 (Chiron) for 24-28 h, and spin-infected for 90 min at 32 °C 700g
with polybrene. Cells were rested for 3-4 h at 37 °C in complete RPMI
mediumandinjected into mice or keptin cultureforanadditional 48 h.
Successfully transduced (Ametrine®) cells were sorted by flow cytom-
etry, RNA was isolated with the RNeasy Mini Kit (QIAGEN), cDNA was
synthesized using the ProtoScript first-strand cDNA Synthesis Kit (New
England BioLabs), and qPCR was performed using SsoAdvancedTM
Universal SYBR Green Supermix, using an annealing temperature
60 °C. DHODH forward-TGTTTGAATGAGGCTTCAGTACTTTACAG,
DODH reverse-GGTGCAGATGAACTTCAGGG; 18S forward-CTCAA
CACGGGAAACCTCAC, 18Sreverse-CGCTCCACCAACTAAGAAGC.

Bulk population RNA sequencing

OT-1cells were pre-enriched using magnetic cell separation (Miltenyi)
and were sorted by flow cytometry (purity > 95%). RNA extraction, sam-
ple processing, library preparation and sequencing were performed
asdescribed®®.

Bulk population RNA-sequencing data analysis

Reads were processed using snakemake pipelines® as indicated under
https://gitlab.Irz.de/ImmunoPhysio/bulkSeqPipe. Sequencing qual-
ity was assessed with FastQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc; version 0.11.6). Filtering was performed with
trimmomatic (version 0.36) (ref. °®), mapping using STAR (version
2.5.3a) (ref. *°) with genome Mus_musculus.GRCm38, counting using
htseq (version 0.9.1) (ref. ’°) and annotation with Mus_musculus.
GRCm38.91. To supervise STAR and fastqc results we used multiqc
(v1.2) (ref.™). Genes with total counts < 10 were discarded. Differen-
tial expression analysis used default parameters of DESeq2 (v1.24.0)
(ref. 7). Batch effects were eliminated with removeBatchEffect func-
tion provided by limma (v3.40.6) (ref. ) in PCA. Differences with a
base mean > 50, an absolute log, fold change > 1.5 and an adjusted
Pvalue < 0.05were considered significant. Genes with average normal-
ized counts of all samples (base mean) > 50 were selected for volcano
plots. ggplot2 (v3.2.1) (ref.”) was used to generate PCA plots. Heat maps

were generated by pheatmap (v1.0.12) (ref. ”). Colors were encoded
by the z-score based on rlog-transformed data obtained from DESeq2
(v1.24.0) (ref.”®).

Plate-based single-cell RNA-sequencing and analysis

Day 4 splenocytes from Lm-N4 infected mice were enriched via mag-
netic cell sorting (Miltenyi) followed by index sorting using a BD
FACSaria Fusion sorter (100-pum nozzle, standard operation settings,
single-cell purity, index sorting). Individual cells were sorted into
low-binding PCR plates filled with lysis buffer. Plates were spun down,
snap-frozenand stored at—80 °C. Single-cell libraries were generated
using the previously described SCRB-seq protocol”’, with some modi-
fications. After RNA purification and reverse transcription, single-cell
cDNA was amplified for 20 cycles. Barcoded single-cell amplicons
were double-purified with the use of (0.6x) Agencourt AMPure XP
beads. Then,1ngofthe resulting amplified cDNA was used for library
preparation with the Illumina Nextera XT DNA Library reagents (FC-
131-1024, lllumina). Fragmented libraries were purified with (0.6x)
Agencourt AMPure XP beads and eluted in 10 pl of molecular-grade
water. Library quality was assessed using Agilent High Sensitivity DNA
Kit (5067-4626). Library quantification was performed based on Illu-
minarecommendations (SY-930-1010) withthe KAPA SYBR FAST qPCR
Master Mix (KK4600, Kapa Biosystems). Samples were sequenced on
an lllumina HiSeq 2500 system in high-output run mode, paired-end,
16-base pair (bp) read 1,49 bpread 2, single-indexed sequencing result-
ing in 1 million reads per single cell. A total of 1,728 single cells were
sequenced—864 from control and 864 from teriflunomide-treated
mice. Cells were derived from three experimental animals (288 single
cells per animal) per condition.

DropSeqPipe v0.4 (https://hoohm.github.io/dropSeqPipe/) was
used for raw data processing. Parameters are provided in the Gene
Expression Omnibus (GEO) series under accession GSE200359. Cuta-
dapt v1.16 was used for trimming’. Trimming and filtering were done
onboth fastqfiles separately. Reads with a missing pair were discarded
using bbmap v38.22. STAR (v2.5.3a) (ref. ©°) was used for mapping to
annotation release no.91and genome build no. 38 from Mus musculus
(Ensembl). Multimapped reads were discarded. Dropseq_tools v1.13
was used for demultiplexing and file manipulation’. A whitelist of cell
barcodes withminimumdistance of three bases was used. Cell barcodes
and unique molecular identifiers (UMIs) withahamming distance of 1
and 2, respectively, were corrected.

Features with a total UMI count <1 were eliminated. A quality-
control matrix was computed using calculateQCMetrics provided by
scater (v1.12.2) (ref. %°). Cells with total features by counts (number
of genes) < 500 or total counts (number of UMI read counts) <5,000
were excluded, yielding a matrix of 1,518 cells with 36,310 genes. Fur-
ther analysis was implemented using Seurat (v2.3.4) (ref. ). Gene
expression measurements for each cell were column-normalized,
multiplied by the scaling factor 10,000 and transformed to log scale.
Highly variable genes (8,751 genes) were detected by estimating the
average expression and dispersion of each gene across all cells. PCA
was applied for linear dimensional reduction. The top ten principal
components and K =200 were chosen for building KNN graphs fol-
lowed by shared nearest-neighbor construction (ref.*?). Amodularity
optimization-based algorithm was applied for cluster identification.
Thet-SNE technique was applied for illustration purposes. A Wilcoxon
rank-sum test was applied for predicting marker genes with other
default parameters using the function FindMarkers. Pheatmap (https://
github.com/raivokolde/pheatmap) was used for heatmap visualization.
Color was encoded by the z-score of normalized expression values
derived from Seurat. Gene-set enrichment analysis was performed
using clusterProfiler® based on the reference databases downloaded
from the Molecular Signature Database (v6.2) (ref.**). The number of
splenic OT-1cells predicted to be allocated into each KNN single-cell
cluster was calculated by projecting the percentage distribution of the
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respective cluster over the total number of splenic OT-1 cells in each
animal used for single-cell RNA sequencing.

For trajectory and RNA velocity analysis, the data were realigned
using STAR 2.7.3ato retain splicing information for RNA velocity com-
putation and standard quality-control measures (library size, num-
ber of features and mitochondrial reads) were evaluated to remove
low-quality cells. Variance in the expression of each gene was decom-
posedintechnical and biological variance as described in the Biocon-
ductor scRNAseq pipeline®, and genes with positive biological variance
were retained for downstream analysis. Thirty principal components
were retained and used to compute diffusion map embeddings. The
three-dimensional diffusion landscapes were rotated to facilitate the
comparisonacross conditions. Pseudotime analysis was performed by
first clustering cells using the Seurat implementation of the Louvain
algorithm, then running Slingshot®. Branches were obtained by manu-
ally annotating previously computed clusters. Pseudotime-resolved
expression of transcriptome markers was obtained using a moving
quantile approach over 150 cells, in which the quantile selected for
eachgeneisadapted based onits dropout rate. RNA velocity was com-
puted by using the stochastic version of the RNA velocity algorithm,
asdescribedinref.?.

10x Genomics-based scRNA-sequencing sample preparation
and analysis

Day 4 OT-1T cells from Lm-Ova-infected mice were obtained as out-
lined in the plate-based protocol described above. Around 5,000 live
OT-1T cells were used for sequencing. Gene expression libraries were
prepared using the Chromium Next GEM Single Cell 3’ Reagent Kit v3.1
and 10x Chromium Controller (10x Genomics) following the manu-
facturer’s protocol (CGO00204 Rev. D). Single Index Kit T Set A was
used for multiplexing (i7 index read, 8 bp). Samples were sequenced
in a paired-end run (read 1, 28 bp; read 2, 91 bp) on a NovaSeq 6000
platformusing S1v1.5 (100 cycles) sequencingkits (Illumina). Bcl2fastq
software (v2.20.0.422) was used for demultiplexing and generation of
.fastq files allowing zero barcode mismatches.

Read alignment and gene counting were performed with 10x
Genomics Cell Ranger (v6.0.1) (ref. %), using default parameters and
pre-built mouse reference v2020-A (10x Genomics) based on mm10
GENCODE vM23/Ensembl 98. Cells with>2,000 detected genes, less
than 10% of mitochondrial genes and UMI counts <3 standard devia-
tions above the mean were kept for downstream analysis. Only genes
detectedinatleast threecellsin each sample were kept. Contaminat-
ing cells werefiltered based on cluster expression of Cd14, Lyz2, Fcgr3,
Ms4a7, Fcerlg, Cst3, H2-Aa, Ly6d, Ms4al, Cd19 and mitochondrial
genes. Raw read count data from treatment and control replicates
were merged. Merged replicates were normalized separately using
the R package sctransform (v0.3.2) (ref. *) with the glmGamPoi
method. Downstream analysis was performed with the R package
Seurat (v4.0.1) (ref.°°). Anchors between replicates were identified on
the top 1,000 highly variable genes and integration was performed on
the first 20 dimensions. PCA was calculated on the top 1,000 highly
variable genes, and KNN graphs and uniform manifold approximation
projection were computed on the first 20 PCA dimensions. Clusters
wereidentified using the Louvain algorithm with aresolution of 0.33.
Diffusion maps were calculated using the R package destiny (v3.4.0)
(ref.”"). The top 1,000 highly variable genes and the first 50 principal
components were used and maps were rotated for better visualiza-
tion. Transcriptional trajectory was identified using the diffusion
pseudotime algorithm.

Statistical tests

No data points were excluded. Group size was determined using a
Mann-Whitney Utest. Unpaired, two-tailed Student’s ¢-test were used
to calculate significance. Data distribution was assumed to be nor-
mal but this was not formally tested. P values < 0.05 were considered

significant; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. P val-
ues > 0.05 were not significant. Graphs and statistical analysis were
generated using Prism (GraphPad).

Mathematical modeling

Splenic OT-1T cells and fractions of CD127°KLRG1” and KLRG1*CD127~
OT-1T cells isolated at indicated time points of control (Ctrl) and
leflunomide (Lefl)-treated mice were used. A branched ordinary dif-
ferential equation model of CD8" T cell differentiation in the acute
immune response was fitted to splenic data from three experimental
conditions: control, leflunomide given throughout the observed time
window and leflunomide given from day 4 after infection. The model
describes the dynamics of the following CD8* T cell subsets (Extended
DataFig. 8a): activated T cell blasts, memory precursors and effector
precursors (both of which are CD127°KLRG1") as well as effector cells
(KLRGI'CD127").

The modelis initialized with a fitted number of activated OT-1
cellsonday1.5afterinfectionin the blast compartment (B,), in which
the cells can proliferate with rate A;. From the blast cell compartment,
cellscan commit to either the long-lived memory or the short-lived
effector branch. Differentiation of blast cells into effector T cell
precursors (TEF,) and memory T cell precursors (TM,) is character-
ized by rates 8y, and 8.1y, respectively. Cellsinthe TEF,and TM,,
compartments proliferate with the rates Ay and Ay, respectively,
until afitted time point t. Termination of proliferationismodeled as a
logistic function f,.(t, k,) and fus(t, k) for TEF,and TM,, respectively
(k,=10d™). TEF, cells differentiate with the rate &g,.rer to become
effector T cells (TEF). Effector cells have a limited lifespan modeled
by progression through a fixed number of ‘age’ states (i=1,...6). The
effect of leflunomide is modeled as a stepwise decrease in 8, ¢,
with a fitted efficacy 1-a,.; and a delay of 1 d. Different modes of
action of leflunomide were tested, and the best agreement with the
experimental data was achieved by having leflunomide inhibit the
development of effector precursors from blasts (indicated by lefl
(t)). The cellnumbers are described by the following set of ordinary
differential Eqs.1-7:

dB

T AgB — 8g_1mpB — 1€fl(t)6p_rerp B (0
dT™,
a fac (t. Kp) Armp TM,, + Sp_1mpB (2)
dTEF,
a - fac (t. ke) Arerp TEF, + lefl (t) 8p_1erpB — O1rp—1er TEF,  (3)
dTEF
a L = v TEF, + Srerp—ter TEF, — Srer—er TEF 4)
dTEF,
a0 - Aver TEF; + Srgr_rer TEFi_; — Grer_1er TEF; )
frc (LK) = — )
o\ 1+ ek(t-n
1if Ctrl
Qlefl if Lefl
lefl (1) = @)

lifLeflD4andt < 5
eq if LeflD4and £ > 5
Using Bayesian inference, the rates of cell proliferation (As) and

differentiation (8s) in the different populations were determined by
fitting the model to the following experimental data: the total cell
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Table 1| Overview of parameters for modeling data in Fig. 7

Parameter Median 95% confidence interval
Bo 0.8x10* [0.3x10%-4.1x10%]
s 119d™ [018-1.96]

Mo 176d" [1.41-2.50]

Arero 3.53d™ [3.03-3.97]

Noer 261d" [0.28-3.94]

So1p 0.50d™ [0.03-0.97]

- 0.22d" [0.04-072]

OrerpTer 0.80d” [0.4-0.9]

Orerrer 7.27d™ [2.8-9.9]

T 4.62d [4.0-5.0]

Qen 0.03 [0.02-0.05]

B 426x10* [255x10*-674x10%]
Km 0.87d" [0.48-1.89]

numbers (Eq. 8), the fraction of KLRG1'CD127 cells (Eq. 9), the comple-
mentary fraction of CD127°KLRGI cells, and the frequency of OT-1cells
amongall CD8' T cells (Ny;/B). Modeling was performed using Turing.
jllibrary for probabilistic programming®. The parameter estimates
arelistedin Table1.

6
(Nor; =B+ TM, + TEF, + ) TEF;
i=1

8

6
(Z TEFi/NOﬂ) )

i=1

To quantify the CFSE data, a Gaussian mixture model was fit to the
kernel density estimates of log-transformed CFSE intensity distribu-
tions under control and leflunomide conditions at 2.75and 3.75 d after
infection. Mean CFSE intensity of undivided cells, common variance
and the height of each Gaussian component were fitted. The individual
means related to the mean of the undivided cells as follows:
4 = (4o — b) 277 + b, where 1, is the mean CFSE intensity of undivided
cells, ; is the mean CFSE intensity of cells that have divided i times
and b is the mean background fluorescence intensity. Mean division

_ E/mo uih;

number g,,.., was obtained as follows: piean = , where y;is the

i=0 i
mean CFSE intensity of cells that have divided i times, h; is the fitted
height of the respective Gaussian component andj is the maximum
number of divisions.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencing data have been deposited in the GEO under the primary
accessioncode GSE200360. Source dataare provided with this paper.
Allother datasupporting this study are available in the main article and
Supplementary Information.

Code availability

The code used in the manuscript for processing and analysis of
next-generation sequencing data can be found at https://github.
com/gpdealmeida/zehn_nat_imm_2023/, https://hoohm.github.io/
dropSeqPipe/and https://gitlab.Irz.de/ImmunoPhysio/bulkSeqPipe/.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2 | Suppression of pyrimidine synthesis blocks effector
Tcellsin variousinfections. A-E, similarly as indicated in Fig. 1, mice received
alow dose of CD45.1 congenic OT-1or P14, Leflunomide (Lefl) or Teriflunomide
(Tfl), and either an infection with Lm-Ova, Ovalbumin expressing Influenza
(Flu-OVA), Ovalbumin expressing Vesicular stomatitis virus (VSV-OVA), wildtype
Lymphocytic choriomeningitis virus (LCMV), and recombinant Listeria
monocytogenes expressing Ovalbumin encoding the high affinity ligand (Lm-
N4) or alow affinity altered peptide ligand (Lm-T4). A, frequency of OT-1T cells
among total blood CD8" T cells 61 days post Lm-Ova infection. B, memory OT-1
Tcells wereisolated from a different experiment from control and Leflunomide
treated mice on day 63 and transferred into naive hosts. These hosts were then
infected with Lm-Ova. Depicted are secondary memory OT-1at 48 days after the
Lm-Ova challenge (note that data are derived from the same experiment shown
in Fig. 1f). The further plots show: C, the frequencies of OT-1among total splenic
CD8' T cellsonday 7 after the indicated infections, D, after high or low affinity
stimulation, and E, under Teriflunomide instead of Leflunomide treatment in

anLm-Ovainfection. F, Teriflunomide plasmalevels determined over a 28-day
periodin mice that were treated with Leflunomide as indicated in Fig. 1a. G,
Pharmacokinetic of Teriflunomide in the blood one day after a single dose
injection of Leflunomide (Blood Day 1), or on day 7 after applying the treatment
regime shown in the scheme (Blood Day 7). H, corresponding to the setup
explainedin A-E, day 7 OT-1T cells obtained from different organs from Lm-Ova
infected mice were analyzed for KLRG1and CD127 expression. I, similar analysis
for day 7 splenic OT-1or P14 obtained from the indicated infections. J, spleens and
livers from Lm-Ovainfected Leflunomide treated and control mice were analyzed
for bacteriaload on day 7 post infection. Symbols represent individual mice, the
line the mean of a group. A linear regression analysis is shown in F. Symbolsin F
and G show the mean of agroup and error bars represent standard deviation (SD).
n=3(FandG), or 5-10 (A-E and H-J) mice per group. Allinfection experiments
were performed at least two times. Two-tailed, unpaired t-tests were performed
to calculate significance with *p < 0.05, **p < 0.01, **p < 0.001, **p < 0.0001, and
ns=notsignificant (p > 0.05). Supplementary Fig. 10 contains gating information.
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Extended DataFig. 3 | Pyrimidine starvation confines antigen-specific T cells individual OT-linred. B, the graphs show the relative distribution of OT-lin the

to the splenic T cell zone. Mice were engrafted with alow number of CD45.1" three anatomical locations and the total OT-1 numbers per mm?in the indicated
congenic OT-1T cells, infected with Lm-Ova, and treated with (Lefl) and without anatomical location. Data points represent individual mice, center line shows
Leflunomide (Ctrl). Spleens were harvested 7 days post infection. A, upper the mean. Dataare representative of n = 3 (Ctrl) and n = 3 (Lefl) mice. Two-tailed,
panels show splenic sections stained with B220 (blue), CD3 (green), and CD45.1 unpaired t-tests were performed to calculate significance with *p < 0.05, **
(red). Lower panels show vectored images, which display the localization of p <0.01, and ns=not significant (p > 0.05).
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Extended Data Fig. 4 | Extended phenotyping of OT-1T cells activated in the
presence of leflunomide. A, schematic representation of the experimental
setup and treatment scheme: Naive control (Ctrl) or leflunomide (Lefl STOP Day
7 and Lefl continuous) treated host mice received 1x 10* naive OT-1and were
infected with Lm-Ova. Data graph shows the frequency of KLRG1* CD127 OT-1at
5,8,11and 21days post infection. B, C, OT-1T cellsisolated at 7 and 35 days post
infection from control (Ctrl) and leflunomide (Lefl) treated Lm-Ova infected
mice. Cells were briefly ex vivo re-stimulated with Ova-peptide in the presence
of brefeldin A and then stained intracellularly for IFNy and TNF. Representative
dot plots are shown. The scatter plots depict all mice per group in the shown
representative experiment. D-F, Naive host mice received alow number of
naive OT-1and the hosts were infected with Lm-Ova. Cells from the liver were

recovered at 29 days post infection post liver perfusion. Data graphs showing
the frequencies of OT-1among total CD8* T cells and total OT-1numbersin the
liver (D). Representative flow cytometry dot plots and data graphs showing the
frequencies of CXCR6" CD69" OT-1on day 29 post infection (E) and the total
number of total CXCR6* CD69* OT-1lin the liver (F). The scatter plots depict all
mice per group in the shown representative experiment. Symbols in A represent
the mean of the group, in B-F individual mice and the lines the mean of a group.
Error barsin A show the standard deviation (SD). n = 5 mice per group in A-Cand
n=4(Ctrl) and n =5 (Lefl) mice in D-F. Data are representative of 2independent
experiments. Two-tailed, unpaired t-tests were performed to calculate
significance with ***p < 0.001, and ns=not significant (p > 0.05). Supplementary
Fig. 11 contains gating information.
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Extended DataFig. 5| Leflunomide reduces endogenous, pathogen-specific
effector T cells. Naive host mice were infected with LCMV Armstrong and the
endogenous T cell response in the spleen was analyzed using Tetramer-gp33
staining on day 8 and day 29 post infection. A, representative flow cytometry
dot plots and data graphs showing the frequency, and total numbers, of

splenic Tetramer-gp33* CD8' T cells on day 8 post infection. B, representative
flow cytometry dot plots and data graphs showing the frequencies of KLRG1*
CD127 and CD127' KLRG1 T cells within the Tetramer* population on day 8 post
infection. C, data graphs showing the total number of KLRG1* CD127” and CD127*
KLRGIT cells within the Tetramer* population on day 8 post infection. The
arrows and valuesindicate the fold reduction of T cell numbers in Leflunomide
treated group as compared to the control treated group. D, representative

flow cytometry dot plots and data graphs showing the frequency and total

numbers of splenic Tetramer* T cells on day 29 post infection. E, Representative
flow cytometry dot plots and data graphs showing the frequencies of KLRG1*
CD127 and CD127' KLRG1" T cells within the Tetramer* population on day 29 post
infection. F, data graphs show the total number of KLRG1* CD127 and CD127*
KLRGI'T cells within the Tetramer* population on day 29 post infection. G, H,
representative flow cytometry plots and data graphs showing the frequencies
(G) and total numbers (H) of CD44* CD62L" and CD44" CD62L" T cells within the
Tetramer® population on day 29 post infection. The scatter plots depict all mice
per group, withn = 5. Symbols represent throughout individual mice and the line
the mean of agroup. Two-tailed, unpaired t-tests were performed to calculate
significance with *p < 0.05, *** p < 0.001, ***p < 0.0001, and ns=not significant
(p > 0.05). Supplementary Fig. 12 contains gating information.
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were infected with Lm-Ova. After 28 days, memory OT-1were recovered from or without Ova peptide in the presence of brefeldin A followed by intracellular
the spleen and transferred into untreated, naive secondary hosts, which were cytokine staining. The scatter plots depict all mice per group. Symbols represent
subsequently infected with Lm-Ova. B, datagraphs show the frequencies of OT-1 throughout individual mice, lines the mean of agroup. n = 5mice per group. Data
among total CD8" T cells, and total OT-1 numbers, recovered from the spleen of arerepresentative of 2independent experiments. Two-tailed, unpaired t-tests
secondary host mice on day 7 postinfection. C, D, representative flow cytometry were performed to calculate significance with **p < 0.01and **p < 0.0001, and
dot plots and data graphs showing the frequencies (C) and numbers (D) of ns=not significant (p > 0.05). Supplementary Fig. 13 contains gating information.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Leflunomide reduces weight in chronic infections and
CD4 T cellsin acute LCMV infections. Mice received leflunomide treatments
between days -3 and 5 every other day and on day 0 aLCMV docile (A, B), or clone
13 (C, D) infection. A, total numbers of P14 7 days post infection. B, representative
flow plots show the frequencies of P14 expressing TIM3 or TCF-1in spleen and
liver. Diagrams show the frequencies of TIM3* TCF-1 and TCF-1' TIM37P14 T cells
inspleen (upper panel) and liver (lower panel). C, Diagrams show the frequencies
of Tcf1' P14 (left panel) and TCF-1'CD8" host cells (left panel) in the blood of mice
that have been treated with or without leflunomide every other day. D, body
weight curves of up to day 5 treated and untreated LCMV clone 13 infected mice.
E, schematicillustration of the experimental setup used in F-I: Naive control
(Ctrl) orleflunomide (Lefl) treated host mice received 3 x 10° SMARTA T cells

and were infected with 2 x 10° pfu LCMV Armstrong. Mice were analyzed 8 days

postinfection. F, datagraphs show the frequencies of SMARTA T cells among
total CD4" cells and total SMARTA numbers in the spleen. G, representative

flow cytometry plots and data graphs showing the frequencies and H, total
numbers of SLAM*CXCRS5™ Thland SLAM CXCRS5® Tfh cells. I, representative flow
cytometry dot plots and data graphs showing the frequencies and numbers of
cytokine-producing IFNy'IL-2* SMARTATT cells. The scatter plots depict all mice
per group. Symbolsin A-Cand F-Irepresent individual mice and in D the mean of
agroup. Error barsin D represent the standard error of the mean of five biological
replicates. Thelinein A-Cand F-Irepresents the mean of the group.n=5 (A, Band
F-I) and n = 6 (C) mice per group. Two-tailed, unpaired t-tests were performed to
calculate significance with *p < 0.05, **p < 0.01, ***p = 0.001, ****p = 0.0001, and
ns=notsignificant (p > 0.05). Supplementary Fig. 14 contains gating information.

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-023-01436-x

A - Day 1.5 Day 3 Day 4 Day 5
'_
OT-1 9 501 ns *kk _ Kkk _ ki
o
Lm-OVA i~ 404 i _ d1a,
Readout Spleen & —k
g l A A A A O 309 T T Q1 4
L T 1] o 2. 1 1 a
Day-3 -1 0153 4 5 O A T
Ctrl 5 104 i N i A
Lefl 4 - Q)
O\o 0——*—*— —_*_* T T T T
Ctrl Lefl Ctrl Lefl Ctrl Lefl Ctrl Lefl
Transduced CD8* T-cells
B C kK
1.2 ]
S<
36h 60h 92 10 &
0 X A
404 0 O E g4
Q_I )
x
"E 304 o0 06_
8 20 G>J %
O U7 == 0.4
=) =k a4,
104 DG:J “6 0.2 I‘*
i for 000 10 Os tbled = ShRNA2
cramble s
CFSE-FITC —»
shRNA 1 shRNA 1+2
Day 1.5 Day 1.5 Day 1.5
D ns 100 - ns F 100+ ns
100 A
<t M AAAA < 1
L ™ o Al o ns el 3
S 'y 2 60 E x = 60- A
+ 60 I~ A 1
1 'S & 4
ot ) A S5 40 8 404
5] 40 A i N Lc), N
R0l A ns 204 A ns S 204 lﬁ ey
A A V- v A A M
T a ' ' Ctrl  Lefl Ctl Lef Ctrl ctl Lefl
r e r e r r e
Ctrl  Lefl N%tiCe NLa?]\C/Ie Naive Naive Naive Naive
G Day 2
CD80 MHCII
4000 . 20000
Z e < NS ns ac
&) ns T Alefl
T
S 30001 A A ns ns S 150004 %A ; A
© A- o © Aa A
= — A = A A
S 2000 AL : A Q 400004 * &
o A A 5 A A
@ A
) A A I
O 10009 o S 5000
= A =
L LL
= =
T T T 0 T T T
CD8* CD8 CD4* cDh8* CD8 CD4*
CD4” CD4"
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Extended DataFig. 8| OT-1T cells expansion kinetics and DC maturation
under leflunomide treatment. A, schematic representation of the experimental
setup: Primary, naive control (Ctrl) or leflunomide (Lefl) treated host mice
received 3 x10° (Day 1.5),1x 10° (Day 3 and Day 4), or 2 x10* (Day 5) naive OT-1and
were infected with Lm-Ova. Data graphs show the frequency of KLRG1'CD127~
OT-1onDay1.5,3,4 and 5 post infection. B, in order to assess the time point,
when OT-1start to proliferate in a Listeria infection, naive host mice received

10° naive, CFSE labeled OT-1and the hosts were infected with Lm-Ova. OT-1

were recovered at 36 and 60 h postinfection from spleen and analyzed by flow
cytometry. Histograms show representative CFSE dilution profiles, where
numbers indicate the division. Scatter plotsin (A) depict all mice per group in
the shown representative experiment. C, relative expression of DHODH mRNA
relative to 18 SmRNA in CD8' T cells sorted for Ametrine expression 48 hours
after transduction with either the retroviral construct for Scrambled, DHODH

shRNA1,2or1+2asdetermined by qPCR. The scatter plot depicts three technical
replicates per group in the shown representative experiment. D-F, mice were
treated without (Ctrl) or with leflunomide (Lefl), infected with LCMV Armstrong
and analyzed for TCR signaling in Nur77 transgenic P14 T cells 1.5 days post
infection. Data graphs show the percentages of CD69* (D), Nur77* (E) and CD62L"
(F) P14. G, splenic DCs were analyzed for the activation markers CD80 and MHCII
from control (Ctrl) and leflunomide (Lefl) treated mice 2 days post Lm-OVA
infection. Datain A and B are representative for at least 2 individual experiments
withn=5mice (A) and n =3 mice (B) per group. Symbolsin C represent technical
replicates or individual mice (D-G), and the line the mean of agroup (D-G).n =15
mice per group for infected Ctrl and Lefl and n =10 mice per group for Ctrl naive
and Lefl naive (D-F), and n = 3 mice per group (G). Two-tailed, unpaired t-tests
were performed to calculate significance with ***p = 0.001, ***p = 0.0001, and
ns=not significant (p > 0.05). Supplementary Fig. 15 contains gating information.
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Extended Data Fig. 9 | Single-cell transcriptomic data of leflunomide
treated and untreated cells. The analysis relates to Fig. 5. A, heatmap depicting
the cluster specific expression of selected genes among the clusters. B, tSNE
plots with overlaid expression of predicted upstream regulatorsin red. Each
dotrepresents a cell. Bar graphs show the percentage of cells expressing the

respective upstream regulatorsin each predicted cluster. C, plots depict an
enrichment analysis for gene sets controlled by upstream regulators. p-values
were adjusted using Benjamini & Hochberg method. D, heatmap shows the
cluster resolved activity of the top 30 upstream regulators. Upstream regulators
were in both cases predicted by Ingenuity Pathway Analysis (QIAGEN IPA).
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Extended Data Fig. 10 | Reproduction of single-cell transcriptomic data
after leflunomide treated. A and B, louvain clusters depicted in the reduced
space calculated by UMAP for control (Ctrl) and leflunomide (Lefl) treated mice
from 4 biological replicates each. Overlays of all 4 replicates (A) and individual
sample (B) data are presented. C, frequencies of the respective clusters of
OT-1T cells defined in Awithin in the total CD8" population. D, frequencies

of cells expressing the indicated genes (circle size) and their respective

scaled expression levels (color intensity) in each cluster. E, Dhodh expression
levels depicted over the reduced space calculated by UMAP for control (Ctrl)

and leflunomide (Lefl) treated mice. F, frequency histogram representing

the distribution of Dhodh expression levels in cells from control (Ctrl) and
leflunomide (Lefl) treated mice. G, developmental trajectories for effector and
memory branches depicted over the diffusion map for each condition. Cells are
colored according to the clustering. Eachdotin A, B, Eand G represents a cell.
Symbolsin Crepresentindividual mice, n =4 mice per group, and the conditions
in Cwere compared for each cluster using two-tailed, unpaired t-tests with

*p <0.05, *p < 0.01, and ns=not significant (p > 0.05).
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Population characteristics Study of CMV and EBV T cell responses in Teriflunomide treated MS patients: We recruited MS patients with and without
Teriflunomide treatment based on availability and the agreement to participate in the study. Donors were screened for the
presence of the HLA-A*0201 allele. For technical reasons (availability of suitable peptide MHC multimers) only HLA-A0201
positive donors could be included into the study.

Patient information EBV/CMV study:

- Control EBV: #1 female 56 years, #2 female 51years, #3 female 28 years, #4 male 34 years, #5 female 29 years, #6 female
38 years, #7 female 44 years, #8 male years 45, #9 male 46years, #10 female 35 years, #11 male 34 years

- Teriflunomide EBV: #1 male 35 years, #2 male 21 years, #3 male 27 years, #4 female 67 years, #5 female 51 years, #6
female 52 years, #7 female 34 years

- Control CMV: #1 male 38 years, #2 female 29 years, #3 female 38 years, #4 female 44 years, #5 male 46 years, #6 male 34
years

- Teriflunomide CMV: #1 male 35 years, #2 male 52 years, #3 female 67 years, #4 female 51 years, #No. 5 female 52 years.

Study of SARS-CoV2 vaccine specific T cell responses in Leflunomide treated MS patients and healthy volunteers: We
randomly recruited MS patients that receive Leflunomide treatment based on availability and the agreement to participate in
the study. Similarly, we randomly recruited healthy among the personal of the Technical University of Munich based on
availability and the agreement to participate in the study.




Patient information SARS-CoV2 study:

- Healthy controls: #1 male 57 years, #2 male 64 years, #3 female 51 years, #4 male 53 years, #5 male 29 years, #6 male 28
years, #7 female 29 years, #8 male 45 years

- Teriflunomide MS patients: #1 female 45 years, #2 female 40 years, #3 male 53 years, # 4female 43 years, #5 female 58
years, # 6 male 49 years, #7 male 41 years, #8 female unknown, #9 male 54 years, #10 male 50 years.

Recruitment Study of CMV and EBV T cell responses in Teriflunomide treated or untreated MS patients were recruited out of patients
visiting the Department of Neurology of the Klinikum Rechts der Isar or among the patients of Dr. Kleiter
(Behandlungszentrum Kempfenhausen fir Multiple Sklerose Kranke, gemeinnutzige GmbH, Berg, Germany).

Study of SARS-CoV2 vaccine specific T cell responses in Leflunomide treated MS patients and healthy volunteers: Donors
were recruited out of patients visiting the Neurological practice "Neurologische Gemeinschaftspraxis am Kaiserplatz" of Dr. C.
Mayer, KaiserstrafRe 14, 60311 Frankfurt, Germany. Healthy control were recruited among personal of the Technical
University of Munich that responded to local announcements for participation in our study.

For both studies, we can exclude a self-selection bias as we included all available participants and because specific outcomes
were not foreseeable when the patients or healthy volunteers were recruited.
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Ethics oversight The study was approved by the ethics board of the Klinikum Rechts der Isar. Written consent was obtained from all patients
that donated blood samples for the study.

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was in mouse experiments determined based on a statistical report utilizing Mann-Whitney U Test.
Data exclusions  No data were excluded from the analysis.

Replication Reproducibility of mouse experiments was ensured by choosing a group size based on a statistical report written by our statistician.
Experiments were repeated the times indicated in the figure legends. All experiment shown in the main figures were performed at least two
times. All attempts of replication individual results were successful.

Randomization  The individual mice were randomly assigned to each group. Covariants like sex and age were kept similar.

Human study participants were selected on the basis of availability. Randomizations were not performed given that we had only two groups -
healthy donors and MS patients.

Blinding Murine studies: Experiments were performed unblinded since only objective data and no subjective (scoring) data were obtained.

Human studies: Blinding was not possible given the above indicated ways of recruiting the patients. There was also no need for blinding as
only objective data and no subjective (scoring) data were obtained.

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.




Materials & experimental systems Methods
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Antibodies used We used the following mouse specific antibodies in our studies: 3
Antigen’ ‘Label’ ‘Supplier’ ‘Clone’ ‘CatalogNr’ ‘Dilution Sy

A

CD127' ‘APC’ ‘Biolegend’ ‘A7R34’ ‘135012’ “1:400

CD127' ‘APC’ ‘ebioscience’ ‘A7R34’ “17-1271:82’ 1:400

CD127’ ‘APC’ ‘Tonbo biosciences’ ‘A7R34’ '20-1271:U100" ‘1:400
CD127’ ‘Brilliant Violet 421’ ‘Biolegend’ ‘A7R34’ ‘135023’ ‘1:400
CD127’ ‘Brilliant Violet 711" ‘Biolegend’ ‘A7R34’ ‘135035’ “1:400
CD127 ‘efluor 660 ‘ebioscience’ ‘A7R34’ ‘50-1271’ ‘1:400
CD127’ ‘PE’ ‘Biolegend’ ‘SB/199" ‘121112’ “1:200

CD127’ ‘PE’ “ebioscience’ ‘SB/199’ ‘12-1273’ “1:200

CD127’ ‘PE’ “ebioscience’ ‘A7R34’ ‘12-1271:83 ‘1:400

CD127’ ‘PE-Cy7’ ‘Biolegend’ ‘A7R34’ ‘135013’ 1:400

CD127’ ‘PerCP-eFluor 710’ ‘ebioscience’ ‘SB/199’ ‘46-1273-80" “1:200
CD150 (SLAMY)’ ‘APC’ ‘Invitrogen-ThermoFisher’ ‘mShad150’ ‘48-1502-82’ ‘1:200
CD150 (SLAM)’ ‘eFluor 450’ ‘Invitrogen-ThermoFisher’ ‘mShad150’ ‘48-1502-82’ ‘1:200
CD27’ ‘PerCP-eFluor 710" ‘ebioscience’ ‘LG.7F9’ ‘460271’ ‘1:800
CD3’ “‘Alexa Fluor 488’ ‘Biolegend’ “17A2’ ‘100210’ ‘1:400

CD4’ ‘APC’ ‘Biolegend’ ‘RM4-4’ ‘116014’ 1:200

CD4’ ‘APC’ ‘Biolegend’ ‘GK1.5’" ‘100412 ‘1:200

CD4’ ‘biotin’ ‘ebioscience’ ‘GK1.5" ‘13-0041:85’ ‘1:800

CD4’ ‘Brilliant Violet 711" ‘Biolegend’ ‘GK1.5’ ‘100447’ “1:200
CD4’ ‘efluor 450 ‘ebioscience’ ‘GK1.5" ‘48-0041:82" “1:200

CD4’ ‘eFluor 450’ ‘ebioscience’ ‘GK1.5’ ‘48-0041:80" “1:200
CD4’ ‘FITC’ “ebioscience’ ‘RM4-4’ “11:0043-85’ “1:800

CD4’ ‘FITC’ “ebioscience’ ‘GK1.5’ “11:0041:82" “1:200

CD4’ ‘PE’ ‘ebioscience’ ‘RM4-4’ “12-0043-82" ‘1:400

CD4’ ‘PE’ ‘Thermo Fisher’ ‘GK1.5" “12-0041:82" ‘1:200

CD4’ ‘PE-Cy7’ ‘Biolegend’ ‘Gk1.5’ ‘100422’ “1:200

CD4’ ‘PerCP-Cy5.5’ ‘Biolegend’ ‘RM4-4’ ‘116012’ ‘1:200

CD44’ ‘APC’ ‘Biolegend’ ‘IM7’ ‘103012’ “1:200

CD44’ ‘APC-Cy7’ ‘Biolegend’ ‘IM7’ 103028’ ‘1:200

CD44’ ‘biotin’ ‘ebioscience’ IM7’ ‘13-0441:81" ‘1:200

CD44’ ‘Brilliant Violet 421’ ‘Biolegend’ ‘IM7’ 103039’ “1:200
CD44’ ‘PE’ ‘Biolegend’ ‘IM7’ 103007’ “1:200

CD44’ ‘PE’ ‘Biolegend’ ‘IM7’ 103008’ ‘1:200

CD44’ ‘PE-Cy7’ ‘eBioscience’ ‘IM7’ ‘25-0441:82" “1:200

CD44’ ‘PE-Cy7’ ‘Biolegend’ ‘IM7’ 103030’ “1:200

CD44’ ‘PerCp-Cy5.5’ ‘ebioscience’ ‘IM7’ ‘45-0441:80" ‘1:200
CD45.1" ‘Alexa Fluor 488’ ‘Biolegend’ ‘A20’ ‘110717’ “1:200
CD45.1" ‘Alexa Fluor 594’ ‘Biolegend’ ‘A20’ “110750" “1:200
CD45.1" ‘Alexa Fluor 647 ‘Biolegend’ ‘A20’" “110720" “1:200
CD45.1" ‘Alexa Fluor 700 ‘ ‘Biolegend’ ‘A20" ‘110724’ 1:200
CD45.1" ‘APC’ ‘Biolegend’ ‘A20’ ‘110714’ “1:200

CD45.1" ‘“APC-Cy7’ ‘Biolegend’ ‘A20” ‘110715’ ‘1:200

CD45.1" “APC-eFlour 780’ ‘ebioscience’ ‘A20" ‘47-0453’ “1:200
CD45.1’ ‘biotin” ‘Biolegend’ ‘A20’ ‘110704 “1:200

CD45.1" ‘Biotin’ ‘ebioscience’ ‘A20" “13-0453-85" ‘1:200

CD45.1’ ‘Brilliant Violet 421’ ‘Biolegend’ ‘A20’ “110731" “1:200
CD45.1’ ‘Brilliant Violet 605" ‘Biolegend’ ‘A20’ ‘110737’ “1:200
CD45.1" ‘eFluor 450" ‘ebioscience’ ‘A20" ‘48-0453-82" “1:200
CD45.1" ‘FITC’ “ebioscience’ ‘A20’ “11:0453-85" “1:200

CD45.1’ ‘Pacific Blue’ ‘Biolegend’ ‘A20" “110722" 1:200

CD45.1’ ‘PE’ ‘Biolegend’ ‘A20’ ‘110707’ “1:200

CD45.1" ‘PE’ ‘ebioscience’ ‘A20’ ‘12-0453-83" “1:200

CD45.1" ‘PE-Cy7’ ‘“Tonbo biosciences’ ‘A20’ ‘60-04553-U100" ‘1:200
CD45.1’ ‘PE-Cy7’ ‘ebioscience’ ‘A20’ '25-0453-82" ‘1:200
CD45.1" ‘PE-Dazzle’ ‘Biolegend’ ‘A20’ ‘110747’ ‘1:200

CD45.1’ ‘PerCP-Cy5.5’ ‘Biolegend’ ‘A20’ ‘110728’ ‘1:200
CD45.1" ‘PerCP-Cy5.5’ ‘ebioscience’” ‘A20’ ‘45-0453-82’ 1:200




CD45.2" ‘Alexa Fluor 488’ ‘Biolegend’ ‘104’ ‘109815’ ‘1:400
CD45.2" ‘Alexa Fluor 594’ ‘Biolegend’ ‘104’ “109850" ‘1:200
CD45.2" ‘Alexa Fluor 700’ ‘ebioscience’ ‘104’ ‘56-0454’ ‘1:400
CD45.2" ‘Alexa Fluor 700" ‘ebioscience’” ‘104’ ‘56-0454-82" “1:200
CD45.2" ‘APC’ ‘Biolegend’ ‘104’ ‘109814’ ‘1:200
CD45.2" ‘APC’ ‘“Tonbo biosciences’ ‘104’ 20-0454-u100" 1:200
CD45.2" ‘APC’ ‘ebioscience’ ‘104’ “17-0454-82" ‘1:200
CD45.2" ‘“APC-Cy7’ ‘Biolegend’ ‘104’ ‘109823’ ‘1:200
CD45.2" ‘APC-Fire 750 ‘Biolegend’ ‘104’ “109851" ‘1:200
CD45.2’ ‘Biotin’ ‘Biolegend’ ‘104’ “109804" ‘1:200
CD45.2" ‘Brilliant Violet 421’ ‘Biolegend’ ‘104’ ‘109831’ ‘1:200
CD45.2" ‘Brilliant Violet 510" ‘Biolegend’ ‘104’ ‘109837’ ‘1:200
CD45.2" ‘Brilliant Violet 711’ ‘Biolegend’ ‘104’ ‘109847’ ‘1:200
CD45.2" ‘eFluor 450" ‘ebioscience’ ‘104’ ‘48-0454-82" ‘1:200
CD45.2" ‘FITC’ ‘Biolegend’ ‘104’ ‘109806’ “1:200
CD45.2" ‘FITC’ ‘ebioscience’ ‘104’ ‘11:0454-85 ‘1:200
CD45.2’ ‘Pacific Blue’ ‘Biolegend’ ‘104’ “109820" ‘1:200
CD45.2’ ‘PE’ ‘Biolegend’ ‘104’ ‘109807’ ‘1:200
CD45.2" ‘PE-Cy7’ ‘Biolegend’ ‘104’ ‘109829’ ‘1:200
CD45.2" ‘PE-Cy7’ ‘ebioscience’ ‘104’ ‘25-0454-82’ “1:200
CD45.2" ‘PE-Dazzle’ ‘Biolegend’ ‘104’ ‘109845’ 1:200
CD45.2" ‘PerCP-Cy5.5’ ‘Biolegend’ ‘104’ ‘109828’ “1:200
CD45.2" ‘PerCP-Cy5.5’ “ebioscience’ ‘104’ ‘45-0454-82" ‘1:200
CD45.2" ‘VioletFluor 450’ “Tonbo biosciences’ ‘104’ “75-0454-U100" ‘1:200
CD45.2 “ ‘FITC’ “Tonbo biosciences’ ‘104’ 35-0454-U500" * 1:300
CD45.2 “ ‘PE’ “ebioscience’ ‘104’ “12-0454-82" ‘1:200
CD45R (B220)’ ‘Alexa Fluor 647’ ‘Biolegend’ ‘RA3-6B2’ ‘103226’ ‘1:200
CD45R (B220)’ ‘biotin’ ‘ebioscience’ ‘RA3-6B2’ ‘13-0452-85" ‘1:800
CD45R (B220)’ ‘eFluor 450" ‘ebioscience’ ‘RA3-6B2’ “48-0452 ‘1:200
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CD45R (B220) ‘efluor 660’ ‘ebioscience’ ‘RA3-6B2” ‘50-0452" “1:200
CD45R (B220) ‘FITC’ ‘ebioscience’ ‘RA3-6B2" ‘11:0452-85" “1:800
CDA45R (B220) ‘Pacific blue” ‘Biolegend’ ‘RA3-6B2’ 103230’ “1:200
CD45R (B220) ‘PerCP-Cy5.5’ ‘Biolegend” ‘RA3-6B2’ ‘103221 ‘1:400
CD45R (B220) “VioletFluor 450" ‘“Tonbo biosciences’ ‘RA3-6B2’ ‘75-0452-U100" ‘1:400
CD45R/B220’ ‘Brilliant Violet 421’ ‘Biolegend’ ‘RA3-6B2’ ‘103251’ “1:200
CD62L’ “Brilliant Violet 785" ‘Biolegend” ‘MEL-14" ‘104440’ ‘1:200
CD62L’ ‘Fitc’ ‘Biolegend’ ‘MEL-14" ‘104405’ 1:200

CD62L" “FITC’ ‘“Tonbo biosciences’ ‘MEL-14" ‘35-0621:U500" “1:200
CD62L’ ‘PE’ “ebioscience’ ‘MEL-14" “12-0621:83" “1:200

CD62L’ ‘PE’ ‘Biolegend’ ‘MEL-14’ ‘104407’ ‘1:200

CD62L’ “PE-Cy7’ ‘ebioscience’ ‘MEL-14" '25-0621:82’ “1:800

CD62L" “PE-eFluor 610’ ‘Invitrogen-ThermoFisher’ ‘DREG56’ ‘61:0629-41" “1:200
CD69’ ‘Alexa Fluor 488’ ‘Biolegend’ ‘H1.2F3’ ‘104516’ ‘1:200

CD69’ ‘Alexa Fluor 647’ ‘Biolegend’ ‘H1.2F3’ ‘104518’ ‘1:200

CD69’ ‘Alexa Fluor 700’ ‘Biolegend’ ‘H1.2F3’ ‘104539’ ‘1:200

CD69’ ‘Biotin’ ‘“Thermo Fisher’ ‘H1.2F3’ “13-0691:81" ‘1:200

CD69’ ‘Brilliant Violet 421’ ‘Biolegend’ ‘H1.2F3’ ‘104527’ “1:200
CD69’ ‘Brilliant Violet 605’ ‘Biolegend” ‘H1.2F3’ ‘104529’ “1:200
CD69’ ‘Brilliant Violet 711’ ‘Biolegend’ ‘H1.2F3’ ‘104537’ “1:200
CD69’ ‘FITC’ ‘ebioscience’ ‘H1.2F3’ ‘11:0691:81" ‘1:200

CD69’ ‘PE’ “ebioscience’ ‘H1.2F3’ “12-0691:83’ ‘1:200

CD69’ ‘PE’ “ebioscience’ ‘H1.2F3’ “12-0691:82" ‘1:200

CD69’ ‘PerCP-Cy5.5’ ‘Biolegend’ ‘H1.2F3’ ‘104521’ ‘1:200

CD8’ ‘Alexa Fluor 488’ ‘Biolegend’ ‘53-6.7" ‘100726’ ‘1:200

CD8'’ ‘Alexa Fluor 647’ ‘Biolegend’ ‘53-6.7" ‘100727’ 1:200

CD8'’ “‘Alexa Fluor 700’ ‘ebioscience’ ‘53-6.7" ‘56-0081:82" ‘1:200
CD8’ ‘APC’ ‘Biolegend’ ‘53-6.7’ ‘100711’ “1:200

CD8' ‘APC’ ‘Biolegend’ ‘53-6.7’ ‘100712’ “1:200

CD8’ ‘APC-Cy7’ ‘Biolegend’ ‘53-6.7’ 100713’ ‘1:200

CD8’ ‘APC-eFlour 780" ‘ebioscience’ ‘53-6.7" ‘470081" ‘1:200

CD8’ ‘APC-Fire 750’ ‘Biolegend’ ‘53-6.7’ ‘100765 ‘1:200

CD8’ ‘biotin’ ‘ebioscience’ ‘53-6.7" “13-0081:82" ‘1:200

CD8’ ‘Brilliant Violet 410" ‘Biolegend’ ‘53-6.7" ‘100737’ “1:200

CD8’ ‘Brilliant Violet 510" ‘Biolegend’ ‘53-6.7" ‘100751 ‘1:200

CD8’ ‘Brilliant Violet 605" ‘Biolegend’ ‘53-6.7" ‘100743’ “1:200

CD8’ ‘Brilliant Violet 711" ‘Biolegend’ ‘53-6.7" ‘100747’ “1:200

CD8’ ‘Brilliant Violet 711" ‘Biolegend’ ‘53-6.7" 100748’ “1:200

CD8’ ‘eVolve 655’ ‘eBioscience’ ‘53-6.7’ “15530827’ ‘1:200

CD8’ ‘FITC’ ‘ebioscience’ ‘53-6.7’ “110081’ ‘1:800

CD8& ‘FITC’ ‘Biolegend’ 53-6.7 “100706’ ‘1:200

CD8’ “Pacific Blue’ ‘Biolegend’ ‘53-6.7" ‘100725’ “1:200

CD8&' ‘PE’ ‘ebioscience’ ‘53-6.7" ‘12008182’ 1:800

CD8&' ‘PE’ ‘ebioscience’ ‘53-6.7 “12-0081:82" ‘1:200

CD8’ ‘PerCP-Cy5.5" “Tonbo biosciences’ ‘53-6.7" ‘65-0081:U100" ‘1:400
CD8’ ‘PerCP-Cy5.5" ‘ebioscience’ ‘53-6.7" ‘45-0081:82" ‘1:200

CD8&’ ‘PerCP-Cy5.5" ‘Biolegend’ 53-6.7’ “100734’ “1:200




CXCR5’ ‘APC’ ‘BD Pharmingen’ 2G8’ ‘560615’ “1:200

CXCR5’ ‘Biotin” ‘ebioscience’ ‘SPRCL5’ ‘13-7185-82" “1:200

CXCR5’ ‘PE’ “ebioscience’ ‘SPRCL5’ ‘12-7185-80" “1:200

CXCR5’ ‘PerCP-eFluor 710’ ‘ebioscience’ ‘SPRCL5’ ‘46-7185-80" ‘1:200
CXCR6’ ‘Alexa Fluor 647’ ‘Biolegend’ ‘SA051D1’ “151114” “1:200
CXCR6’ ‘Alexa Fluor 647’ ‘Biolegend’ ‘SA051D1’ “151115” “1:200
CXCR6’ ‘APC’ ‘R&D’ 221002’ ‘FAB2145A-025’ ‘1:200

CXCR6’ ‘Brilliant Violet 421’ ‘Biolegend” ‘SA051D1’ ‘151109’ “1:200
CXCR6’ ‘Brilliant Violet 711’ ‘Biolegend” ‘SA051D1’ ‘151111’ “1:200
CXCR6’ ‘PE’ ‘Biolegend’ ‘SA051D1’ ‘151104’ “1:200

EOMES’ ‘PerCP-eFluor 710’ ‘ebioscience’ ‘Danllmag’ ‘46-4875-80" ‘1:200
GranzymeB’ ‘APC’ ‘Invitrogen-ThermoFisher’ ‘GB12’ ‘MHGB05’ ‘1:150
GranzymeB’ ‘PE’ ‘ebioscience’ ‘16G6’ ‘12-8822-80" ‘1:400
GranzymeB’ ‘PE’ ‘eBioscience’ ‘NGZB’ ‘12-8898-80" ‘1:200

IFNg’ ‘FITC’ “ebioscience’ ‘XMG1.2" “11:7311:41" ‘1:200

IFNg’ ‘FITC’ ‘Biolegend’ ‘XMG1.2’ ‘505806 ‘1:200

IFNg’ ‘PE’ ‘ebioscience’ ‘XMG1.2’ “12-7311:82" ‘1:200

IFNg’ ‘PE-Cy7’ ‘Thermo Fisher’ ‘XMG1.2" ‘25-7311:41’ “1:200

IL-2" “APC’ ‘ebioscience’ ‘JES6-5H4’ “17-7021:81" “1:200

IL-2’ “Brilliant Violet 421’ ‘Biolegend” ‘JES6-5H4 ’ ‘503825’ ‘1:200

IL-2 ‘PE’ ‘ebioscience’ JES6-5H4’ “12-7021:81" ‘1:200

IL-2’ ‘PerCP-Cy5.5" ‘ebioscience’ ‘JES6-5H4’ ‘45-7021:82" ‘1:200
KLRG1" ‘APC’ ‘ebioscience’ 2F1’ “17-5893-82" ‘1:200

KLRG1 ‘biotin’ ‘ebioscience” 2F1’ “13-5893-82" ‘1:200

KLRG1’ ‘biotin” ‘Biolegend’ 2F1’ ‘138405’ ‘1:200

Klrg1” ‘Brilliant Violet 421’ ‘Biolegend’ ‘2F1/KLRG1’ ‘138413’ “1:200
KLRG1" ‘eFluor 450" ‘ebioscience’ 2F1’ “48-5893" “1:200

KLRG1" ‘FITC" “Tonbo biosciences’ ‘2F1’ ‘35-5893-U100" “1:400
KLRG1" ‘FITC’ “eBioscience’ 2F1’ “11:5893" “1:200

KLRG1’ ‘PE-Cy7’ ‘ebioscience’ 2F1’ '25-5893’ “1:400

Thet’ ‘Brilliant Violet 711’ ‘Biolegend’ ‘4B10’ ‘644819 ‘1:200

Thet’ ‘PE-Cy7’ ‘Invitrogen-ThermoFisher’ ‘4B10’ ‘25-5825-80" ‘1:200
TCF1’ ‘Alexa Fluor 647’ ‘Cell Signaling’ ‘C63D9’ ‘67095’ “1:200

TCF1’ ‘PE’ ‘BD Pharmingen’ ‘'S33966’ ‘564217’ ‘1:200

TCF1’ ‘Rabbit mAb” ‘Cell Signaling’ ‘C63D9’ ‘2203 ‘1:200

Tim-3’ ‘Brilliant Violet 605" ‘Biolegend’ ‘RMT3-23’ ‘119721’ “1:200
Tim-3’ ‘eFluor 450’ ‘Invitrogen-ThermoFisher’ ‘8B.2C12’" ‘48-5871:80" ‘1:200
Tim-3’ ‘PE’ ‘Biolegend’ ‘RMT3-23’ ‘119703’ ‘1:200

Tim-3’ ‘PerCP-Cy5.5" ‘Biolegend’ ‘RMT3-23’ ‘119717’ “1:200

TNF’ ‘APC’ ‘Biolegend’ ‘MP6-XT22’ ‘506308’ ‘1:200

TNF’ ‘APC’ ‘Biolegend’ ‘MP6-XT22’ ‘506307’ ‘1:200

TNF’ ‘pe’ ‘BD Pharmingen’ ‘MP6-XT22’ ‘554419’ ‘1:200

TNF ‘PE-Cy7’ ‘ebioscience’ ‘MP6-XT22’ ‘25-7321’ ‘1:200

TNF’ ‘PE-Cy7’ ‘ebioscience’ ‘MP6-XT22’ ‘25-7321:82" 1:200

TNF’ ‘PerCP-eFluor 710" ‘Thermo Fisher’ ‘MP6-XT22" ‘46-7321:80" ‘1:200
TNF’ ‘PerCP-eFluor 710" ‘ebioscience’ ‘MP6-XT22’ ‘46-7321:82" ‘1:200
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We used the following human specific antibodies in our studies:

Antigen’ ‘Label” ‘Supplier’ ‘Clone’ ‘CatalogNr’ ‘Dilution

CD8’ ‘OKT-8" ‘BioXCell’ ‘Pacific blue (self conjugated)’ ‘BE0004-2" ‘1:640
CD4’ ‘RPA-T4’ ‘BioXCell’ ‘Alexa Fluor 633 (self conjugated)’ ‘BE0288’ ‘1:640
CD3’ “UCHTY’ ‘BioXCell’ “Alexa Fluor 700 (self conjugated)’ ‘BE0231’ ‘1:640
CD45RA’ ‘HI100’ ‘BioLegend’ ‘Brilliant Violet 711" ‘304137’ ‘1:20

CCR7’ ‘G043H7’ ‘BioLegend’ ‘PE-Dazzle’ ‘353236’ ‘1:20

TNF ‘Mac11’ ‘Biolegend’ ‘FITC’ ‘502906’ ‘1:20

IFNg’ ‘B27’ ‘BioXCell’ “Alex Fluor 555 (self conjugated)’ ‘BE0245’ ‘1:640

Validation For antibody specificities, we refer to the information provided by the supplying companies.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) BHK-21 cells, originally provided by M. J. Bevan, University of Washington
Vero cells, originally provided by M. J. Bevan, University of Washington
Phoenix E cells, originally provided by M. J. Bevan, University of Washington

Authentication Since we used only cell-lines that we have been using in the lab for several years, we did not specifically authenticated them.
However, we made sure that all used cell-lines showed the expected results and were in good condition prior to using them.




Mycoplasma contamination Mycoplasma tests are routinely performed and found to be negative.

Commonly misidentified lines  To the best of our knowledge, no commonly misidentified cell lines were used in the study.

(See ICLAC register)

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

C57BL/6 mice were obtained from Charles River and C57BL/6.SJL from Jackson Laboratory and both lines were maintained by
intercrossing. Nur77 and OT-1 TCR transgenic mice (both Jackson Laboratory); and P14 TCR and SMARTA transgenic mice obtained
from A. Oxenius (ETHZ, Switzerland) are on a C57BL/6 background. These lines were maintained crossing them with C57BL/6 and
C57BL/6.SJL mice.

Mice were bred and maintained in SPF facilities and infected in conventional or SPF animal facilities. Maximum 5 mice per cage were
housed with unlimited access to food (Ssnif V1124-300) and water.

Experiments were performed with at least 6 weeks old male and female mice, in compliance with the institutional and governmental
regulations and were approved by the veterinarian authorities of the Swiss Canton Vaud and the “Regierung von Oberbayern” in
Germany.

Experimental groups were non-blinded and animals were randomly assigned to experimental groups.

No wild animals were used.
The findings we report apply to both sexes.
No field collection samples were used.

Experiments were approved by the veterinarian authorities of the Swiss Canton Vaud and the “Regierung von Oberbayern” in
Germany.

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

Flow Cytometry

Plots

Confirm that:

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

X 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).

E All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument

Single cell suspensions from spleen and liver were obtained by mashing spleens through 100 uM nylon cell strainers. Red
blood cell lysis was performed with hypotonic ACK buffer. Single cells suspensions from infected mice were directly used as
described in the essays described below. Single cells suspension from the Liver were, after a washing step, further separated
by re-suspending them in 35% physiological Percoll solution in DMEM, and then added on top of a 65% Percoll solution in
PBS. Naive OT-1 or P14 T-cells were enriched by negative selection using a CD8+ T-cell isolation kit Il (Miltenyi Biotech) and
naive SMARTA T-cells with the CD4+ T-cell isolation kit (Miltenyi Biotech).

Single cell suspensions were stained using the following mouse antibodies (mAb): CD8 (clone 53-6.7), CD4 (clone RM4-4 or
GK1.5), CD45.1 (clone A20), CD45.2 (clone 104), CD127 (clone A7R34 or eBioSB/199), KLRG1 (clone 2F1), CD27 (clone
LG.7F9), CD62L (clone MEL-14), CD69 (clone H1.2F3), CD44 (clone IM7), CD185 (CXCRS5, clone SPRCLS), CD186 (CXCRS6, clone
SA051D1), CD366 (TIM3, clone RMT3-23), CD150 (SLAM, clone TC15-12F12.2). After staining, cells were washed twice and
fixed for 15 min in PBS, 1% formaldehyde, 2% glucose, 0.03% Azide. For intracellular staining, cells were re-stimulated in vitro
with 5 mM SIINFEKL or KAVYNFATC peptide for the last 5 h. 7 ug/ml Brefeldin A was added 30 min after starting the culture.
Cells were fixed and permeabilized using the Cytofix/Cytoperm Kit (BD) and stained with monoclonal antibodies against IFN-y
(clone XMG1.2), TNF (clone MP6-XT22), IL-2 (clone JES6-5H4) and Granzyme B (without peptide stimulation; clone GB12).
Intracellular staining for TCF-1 (clone $S33966), Eomes (clone Dan11mag), and T-bet (clone eBio4B10) antibodies was
performed with the Foxp3/transcription factor staining kit (eBioscience). Flow cytometry measurements of cells were
acquired on a CytoFLEX (Beckmann Coulter), LSR-Fortessa or LSR-Il instrument (both BD). For flow cytometry-based sorting,
live cells were stained in PBS, 2% FCS and sorted using a FACSAriaFusion instrument (BD). Antibodies were obtained from
eBioscience, Tonbo Biosciences, bioXcell, Invitrogen, bioLegend, and BD Biosciences. All flow cytometry data were analyzed
using FlowJo (TreeStar, BD) and population analysis of CFSE data was performed using the FlowJo’s Proliferation Modeling
Platform according to the manufacturer’s instructions.

BD FACS Fortessa, Beckman Coulter CytoFLEX
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Software Flow Jo Version 9 and 10, BD FACSDiva Software
Cell population abundance Post sort purity was >95%

Gating strategy We used standard gating strategies: Live / Dead discrimination based on FSC and SSC signals, gating on the typical
lymphocyte population based on FSC SSC signals, doublet exclusion based on FSC-H and FSC-A comparison, back-gating tests
to ensure that minor sub-populations were not excluded by the gating strategy

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