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The alarmin interleukin-33 promotes the expansion
and preserves the stemness of Tcf-1* CD8* T cells in

chronic viral infection
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e Interleukin-33 (IL-33) promotes the expansion of stem-like
CD8 T cells (CD8*SL)

e IL-33 signals augment chromatin accessibility of CD8*SL in
chronic viral infection

e IL-33 prevents the loss of Tcf-1 expression by balancing type
| interferon effects

e IL-33 signaling to CD8*SL preserves these cells’ stemness
and re-expansion capacity
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In brief

Stem-like Tcf-1-expressing CD8 T cells
(CD8*SL) are key to immune defense in
chronic infection and cancer, but the
cytokine signals that promote CD8*SL
cell expansion and stemness remain
undefined. Marx et al. reveal that
interleukin-33 assumes this role by
balancing type | interferon signals and
augmenting chromatin accessibility

of CD8*SL.
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SUMMARY

T cell factor 1 (Tcf-1) expressing CD8* T cells exhibit stem-like self-renewing capacity, rendering them key for
immune defense against chronic viral infection and cancer. Yet, the signals that promote the formation and
maintenance of these stem-like CD8" T cells (CD8"SL) remain poorly defined.

Studying CD8* T cell differentiation in mice with chronic viral infection, we identified the alarmin interleukin-33
(IL-33) as pivotal for the expansion and stem-like functioning of CD8*SL as well as for virus control. IL-33
receptor (ST2)-deficient CD8* T cells exhibited biased end differentiation and premature loss of Tcf-1.
ST2-deficient CD8*SL responses were restored by blockade of type | interferon signaling, suggesting that
IL-33 balances IFN-I effects to control CD8*SL formation in chronic infection. IL-33 signals broadly
augmented chromatin accessibility in CD8*SL and determined these cells’ re-expansion potential.

Our study identifies the IL-33-ST2 axis as an important CD8*SL-promoting pathway in the context of chronic
viral infection.

INTRODUCTION

CD8"* T cells have long been established as a cornerstone of
immune control in persistent viral infection and cancer.'™""
More recently, evidence has accumulated that the CD8*
T cell response in both types of chronic disease is maintained
by a distinct subset of memory-like or stem-like CD8" T cells
(CD8*SL).">?° CD8*SL exhibit robust expansion potential as
well as self-renewing and differentiation capacity in both mice

and humans. They depend on and are identified by their expres-
sion of the transcription factor T cell factor-1 (Tcf-1) (encoded by
the Tcf7 gene)'>">"¢ and express Ly108 (encoded by the Slamf6
gene)®! as well as CXCR5'*'* in combination with inhibitory re-
ceptors such as programmed cell death protein 1 (PD-1). In
addition to its prominent expression in the context of chronic
infection Tcf-1 is also expressed by all naive T cells as well as
by a majority of memory T cells emerging from resolved acute
infection.””*® Importantly, Tcf-1* CD8*SL not only ascertain
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Figure 1. Impact of ST2 signaling on the expansion and differentiation of CD8* T cells in chronic viral infection
(A-D) WT and /i1r11~/~ mice were infected with LCMV CI13. GP33-Tet* CD8" T cells were enumerated in spleen (B) and in blood (C). Gating strategy is shown in
Figure S1A. Viremia was determined (D).

(legend continued on next page)
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long-term T cell population maintenance under conditions of
chronic antigen exposure,'®'%'5 but they also represent the
cellular source for differentiated cells that lack Tcf-1 but retain
PD-1 and express granzyme B and have cytolytic potential.
This process is augmented by the blockade of the inhibitory
PD-1 pathway and depends on the presence of CD8*SL,'*"®
highlighting the wide-ranging translational implications of the
CD8*SL subset. Transcriptional'®'® and epigenetic pro-
grams®*?° suggest that the bifurcation of CD8*SL from effector
cells starts in the first few days after activation,”>*® and their
transcriptional regulation has been studied in detail.'®*"%®
Moreover, type | interferons (IFN-I) promote CD8" T cell effector
differentiation at the expense of the Tcf-1" CD8*SL pool, such
that IFN-I receptor (IFNAR) blockade in chronic viral infection
augments the CD8*SL population in an IL-27-dependent
manner.'®?° The differentiation-promoting effects of IFN-I on
CD8* T cell responses comprise direct as well as indirect ef-
fects.>°=% Importantly, however, signals that warrant the forma-
tion of Tcf-1* CD8*SL in the presence of detrimental IFN-| effects
remain largely undefined.

Over the course of the past decade the alarmin interleukin-33
(IL-33), an IL-1 family member,*® has emerged as a key driver of
protective CD8" T cell responses to several RNA and DNA
viruses.®” ™% Upon infection, IL-33 is released from T zone fibro-
blastic reticular cells (FRCs) of the spleen and lymph nodes.*'*?
It signals through its receptor ST2 (encoded by the //7r/7 gene)
also referred to as T1 or IL1RL1,%%“>** which is expressed on
activated CD8" T cells and furthers the clonal expansion and
effector differentiation of CD8" T cells in the context of acute viral
infection.*”*?*® Replicating viral vector platforms can trigger the
IL-33-ST2 axis to improve the efficacy of therapeutic tumor
vaccination.*'“*® The pathway can also be exploited by co-deliv-
ering IL-33 in DNA vaccines or as recombinant protein.*”>° In
contrast, the contribution of ST2 signaling to CD8* T cell-depen-
dent immune defense in chronic viral infection remains less well
defined.>”**? Impaired control of chronic but not acute lympho-
cytic choriomeningitis virus (LCMV) infection has been observed
in ST2- and IL-33-deficient mice®”**?; however, the impact of
IL-33 signals on CD8* T cell differentiation in the chronic
infection context remains to be investigated.

Here, we show that IL-33 signaling maintains the population
size and preserves the stemness of Tcf-1" CD8*SL. IL-33
signaling through ST2 on antiviral CD8" T cells profoundly
enhanced these cells’ re-expansion capacity, which was associ-
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ated with broadly augmented chromatin accessibility. Moreover,
it counterbalanced IFN-I effects to maintain CD8*SL stemness in
the context of chronic viral infection.

RESULTS

ST2 signaling impacts the expansion and differentiation
of CD8" T cells in chronic viral infection

To investigate the importance of IL-33-ST2 signaling for CD8*
T cell responses to chronic viral infection, we inoculated
1111~/ and wild-type (WT) control mice with LCMV clone 13
(Figure 1A). 9 days later, spleens of //17ri1~/~ mice harbored
approximately 5 times less CD8" T cells reactive to the immuno-
dominant viral GP33 epitope than WT control animals (Figure 1B),
and analogous differences were observed in peripheral blood
throughout day 28 of the experiment (Figure 1C). These
differences translated into impaired virus control in //1ri1~/~
mice, as expected®”*? (Figure 1D). To selectively assess the
CD8" T cell-intrinsic role of ST2 signaling we studied mixed
WT: II7r11~~ bone marrow chimeric mice (Figures S1B-S1D).
Consistent with earlier findings in acute LCMV infection®"*°
WT CD8" T cells expanded to >10-fold higher numbers than
competing //7r11~/~ CD8" T cells in the same host. To corrobo-
rate and further investigate this CD8" T cell-intrinsic role of ST2
signaling in the chronic infection context, we co-transferred
equal numbers of LCMV GP33-specific T cell receptor (TCR)-
transgenic CD8* T cells (P14 cells),”” either ST2-deficient or -suf-
ficient (P14 //1r1~/7;P14 WT) into WT recipients that were
challenged with LCMV (Figure 1E). The expansion of P14 WT
cells was superior to P14 //7r11~/~ cells on days 6, 9, and 28
(Figure 1F), matching the above observations on defective
CD8* T cell responses in /I7r/1~/~ animals and corroborating
the CD8" T cell-intrinsic role of ST2 signaling in chronic viral
infection. However, P14 11111/~ cells outnumbered P14 WT
cells on day 4 after infection (Figure 1F), suggesting that the cells’
initial proliferative capacity was unimpaired but was not
sustained in the long run.

ST2 is not expressed in naive CD8" cells but more than half of
the P14 WT cells expressed ST2 (ST2*) on days 4, 6, and 8 and
the proportion of ST2* cells declined thereafter, reaching ~10%
by day 14 (Figure 1G). IL-33 release from FRCs is largely
confined to the first few days after LCMV infection.*? Accord-
ingly, P14 /11r11~~ cells expanded comparably to P14 WT cells
when transferred on day 14 after infection (Figures 1H and 1l)

(E-G) Equal numbers of P14 WT (CD45.1/2) and P14 [/1r11~/~ (CD45.1/1) cells were transferred into WT (CD45.2) recipients followed by LCMV infection. Pop-
ulation expansion (fold change to input) in spleen (F). Gating strategy is shown in Figure S1E. Representative FACS plots and quantification of ST2 expression on
day 6 (G). The percentage of gated populations is indicated. The bar graph reports the percentage of ST2-expressing P14 WT cells.

(H and I) We co-transferred P14 WT and P14 //7ri1~/~ cells on day 0 into WT and //33 '~ mice that were either infected with LCMV the same day (day 0) or 14 days
earlier (day 14). P14 cells were enumerated 8 days after transfer.

(J-M) We co-transferred P14 WT and P14 //7ri1~/~ cells into WT mice, followed by LCMV infection and P14 cell sorting (Figure S1E) for RNA-seq on day 6. (K)
Heatmap of hierarchically clustered differentially expressed genes; absolute log, fold change, log-FC > 1.5; false discovery rate (FDR) adjusted p value < 0.05
(Table S1). Each column represents one mouse. (L) The gene set in (K) was subject to an enrichment test for end-differentiated (DIF) versus stem-like (SL) CD8*
T cell signatures (Table S2). The bubble size reports the adjusted p value. NES, normalized enrichment score. (M) Differentially expressed hallmark gene sets from
MSigDB (FDR < 0.05; FDR adjusted p value < 0.05).

Data from one representative out of two similar experiments are shown in (C), (D), (l), and (G) for days 4, 8, and 14, combined data from two independent ex-
periments are reported in (B), (F), and (G) for day 6. Symbols in (B), (C), (F), (G), and (l) show individual mice (bars represent means + SD), in (D) the mean + SD of five
mice. Unpaired two-tailed Student’s t test was performed in (B), time-course analysis using a mixed model two-way ANOVA (C and D), two-way ANOVA with
Sidak’s post-test in (F), two-way ANOVA with Tukey’s multiple comparison test in (I). *p < 0.05; **p < 0.01. ns: not statistically significant.

Please also see Figure S1.
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Figure 2. IL-33 signaling promotes Tcf-1 expression by CD8" T cells

(A-D) Ina setup as outlined in Figure 1E, we determined Tcf-1 expression by P14 WT and P14 //7ri1~'~ cells on days 0, 4, and 6 after LCMV infection. (A) MFI of Tcf-
1* cells reported as mean + SD. The percentage of gated cells is reported in (B), the population expansion in (C). Representative FACS plots (day 6) are shown in
(D). Numbers in (A) and (D) indicate the mean + SD.

(E-G) We transferred P14 WT Tcf79% and P14 /11r117/~ Tcf79™ cells into WT mice followed by LCMV infection. Representative FACS plots in (F) show Tcf79™
reporting on days 4 and 6 (MFI reported as mean + SD) and the frequency of gated cells is indicated (G).

(legend continued on next page)
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but exhibited the aforementioned expansion deficit when trans-
ferred prior to infection. As expected, these differences were
largely abrogated when P14 11r1~~ and P14 WT cells were
challenged in 1337/~ hosts, altogether suggesting the bioavail-
ability of IL-33 and its impact on antiviral CD8" T cell responses
are largely confined to an early time window after infection.

To assess the effect of ST2 signaling on gene expression pro-
files of CD8"* T cell in chronic viral infection we sorted P14 WT
and P14 /i1r11~'~ cells on day 6 after LCMV infection for RNA
sequencing (RNA-seq) analysis (Figure 1J). Among the 90 genes
that were downregulated in P14 //7ri1~/~ cells we found hallmark
genes of CD8*SL such as Tcf-7 (encoding Tcf-1), Prickle1, and
Kit'® (Figure 1K; Table S1). A comparison to published
datasets'#?"-?6-°%5% confirmed that //1r11~/~ P14 cells exhibited
an impaired expression of CD8*SL signature genes with a
concomitant enrichment in gene sets related to end-differentia-
tion (Figure 1L; Table S2). Equally likely, the sorted P14 /1117~
cells may have comprised a reduced proportion of Tcf-1*
CD8*SL cells, emerging in this bulk analysis as a downregulation
of CD8*SL signature genes. Gene set enrichment analyses
revealed further that, among other pathways, //7r/1~/~-deficient
CD8" T cells displayed accentuated inflammation-related
signatures including an exaggerated interferon-o. response
(Figures 1M and S1F). Given that the P14 WT and P14 l1A17/~
cells were co-transferred, responding to LCMV in the same
recipient, and thus were exposed to the same inflammatory
context and viral load (Figure 1J), these data implied that ST2
signaling attenuated IFN-I gene signatures at the level of individ-
ual CD8" T cells. In summary, our findings suggested that
ST2-deficient CD8* T cells responded to chronic viral challenge
with an initially overshooting but subsequently impaired prolifer-
ative response (Figure 1F), which was associated with reduced
expression of stemness-related genes and with an exaggerated
IFN-I-induced transcriptional response (Figures 1K-1M).

IL-33 signaling promotes Tcf-1 expression by CD8*

T cells

In light of the above findings that //7ri1~/~ mice had an impaired
expression of CD8"SL signature genes (Figures 1K and 1L), we
assessed expression of the transcription factor Tcf-1 in P14
WT and P14 /1111~ cells. As expected,® both types of cells
uniformly expressed Tcf-1 protein in their naive state but a 2-
to 3-fold lower proportion of P14 //1r1~/~ cells retained Tcf-1
on days 4 and 6 after infection, and Tcf-1 expression levels (geo-
metric mean fluorescence intensity, MFI) within the residual pop-
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ulation of Tcf-1* P14 111r11~'~ cells were reduced (Figures 2A and
2B). As a consequence of the overshooting overall expansion of
P14 111r11~'~ cells on day 4 of the response (compare Figure 1F),
the population expansion of Tcf-1* P14 //1r11~/~ cells was com-
parable to Tcf-1* P14 WT cells at this time point (Figure 2C). Be-
tween day 4 and day 6, however, Tcf-1* P14 /111117~ cells failed
to expand further, whereas WT Tcf-1" P14 cells expanded ~10-
fold (Figure 2C). This relative deficiency in CD8*SL expansion
and/or survival of P14 [i1r11~/~ cells was also evident in a
reduced proportion of Ly108* Tcf-1" and Tcf-1* Tim-3~ cells
(Figure 2D), and it affected the CD69-positive and CD69-nega-
tive subsets of Ly108* P14 cells®® to a comparable extent
(Figures S2A-S2C). We extended these studies to P14 WT and
P14 1i1d1~'~ cells carrying a green fluorescent Tcf7 reporter
allele (Tcf79%)."? In concert with the above protein staining
data, the proportion of Tcf79%* cells and the extent of Tcf79™ re-
porting by P14 /17r11~/~ cells were substantially lower than in P14
WT Tcf79% cells, both on days 4 and 6 (Figures 2E-2G). ST2
expression by CD8* T cells was thus essential for the expansion
of Tcf-1* CD8*SL.

In a complementary experimental approach, we found fewer
Tcf-1 reporting P14 WT Tcf79® cells when LCMV challenge
was performed in /33~ recipients instead of WT hosts, and
the extent of Tcf79% reporting was also reduced (Figures S2D-
S2G). Moreover, the CD8*SL compartment of P14 /i1r/1~/~ cells
exhibited somewhat reduced proliferative activity as determined
by EdU incorporation and a lower proportion of Ki67" cells
(Figures 2H and 2I) altogether indicating that IL-33 was needed
to maintain and/or expand the Tcf-1* CD8*SL population be-
tween day 4 and day 6. An extended phenotypic comparison
of P14 WT and P14 //1rl1~’~ cells on day 6 of chronic LCMV
infection revealed that //7r/71-deficiency reduced the expression
levels of the stemness-promoting transcription factor Eomes®®
and of the inhibitory receptor PD-1, which is expressed by
CD8*SL.">?"! These differences were observed in both, Tcf-1*
and Tcf-1~ P14 cells, whereas the transcription factor Tox was
reduced in the Tcf-17 but not Tcf-1* subset of P14 1711/~ cells
(Figure 2J). The effector cell-associated transcription factor
T-bet as well as the CD8* effector/homing marker CX3CR1°%°7
were analyzed in the Tcf-1~ subset. T-bet expression levels
were reduced in ST2-deficient cells, whereas CX3CR1 staining
intensity was unaffected (Figure 2J). However, the Tcf-1*
CX3CR1~ and the Tcf-1~ CX3CR1* subsets of P14 /1117~
cells were reduced in number, whereas the abundance of
Tcf-1"CX3CR1™ cells was not significantly affected by ST2

(Hand I) In an experiment as in (A) 5 h EJU incorporation and Ki67 expression were determined on day 6. Representative FACS plots are gated on CD8* Ly108*
Tim-3" cells (CD8*SL), mean + SD is shown.

(J) In an experiment as in (A) expression levels of transcription factors and surface markers were determined on day 6 after gating on Tcf-1* or Tcf-1" cells (MFI
reported as mean + SD).

(K) P14 WT Tcf79 cells were transferred into WT recipients followed by LCMV infection as outlined in (E) and stained for ST2. ST2-positive and -negative cells
were analyzed for Tcf79" reporting on days 6 and 14. Representative FACS plots from day 6 are shown, the frequency of gated cells is indicated. P14 l/7ri1~/~
Tcf79% CD8* T cells served as staining control.

(L and M) We activated P14 WT cells in vitro using their cognate GP33 peptide and induced ST2 receptor expression by exogenous IL-12, followed by stimulation
with recombinant IL-33 or mock for 2 h. Tcf7 mRNA levels were determined (arbitrary units relative to Hprt; M).

Representative data from two independent experiments are shown in (A)-(D), (F), (H)—(J), (M), and (K) for day 14. (G and K for day 6) report data from two combined
experiments. Symbols in (A, B, five mice per group), and bars represent means + SD. Symbols in (C), (G), and (K) represent individual mice or individual cultures
(M). Paired two-tailed Student’s t test was used in (A), (C), (D), and (F)—~(K), one-way ANOVA with Dunnett’s post-test (M). *p < 0.05; **p < 0.01, ns: not statistically
significant.

Please also see Figure S2.
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Figure 3. IFNAR blockade restores the expansion and stemness of ST2-deficient CD8" T cells
(A-G) We treated WT (CD45.2) recipients with a-IFNAR or isotype control antibody and co-transferred equal numbers of P14 WT (CD45.1/1) and P14 11r1~'~ cells
(CD45.1/2), followed by LCMV infection. Representative FACS plots from day 9, gated on P14 cells (B). Numbers indicate the frequency of gated populations.

(legend continued on next page)
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deficiency (Figures S2H and S2I). Moreover, /11r11~/~ P14 cells
generated fewer IFN-y single-producing and IFN-y GzmB co-
producing effector progeny on day 6 (Figures S2J and S2K),
and a reduced proportion and total number of T-bet* CX3CR1*
cells persisted 3 weeks into the infection (Figures S2L and
S2M). Altogether these findings demonstrated that CD8*SL for-
mation but to some extent also effector cell generation was
impaired in the absence of IL-33 signaling.

The analysis of Tcf79™ reporting by WT P14 cells that either did
or did not express surface ST2 provided additional evidence for
an interrelatedness of ST2 and Tcf-1. Both on day 6 and on day
14, Tcf79%* cells were overrepresented among those cells ex-
pressing surface ST2 (Figure 2K).

To test a potential direct IL-33 effect on Tcf7 transcription by
CD8" T cells, we activated P14 WT cells in vitro with cognate
GP33 peptide and induced ST2 expression by adding IL-12,%°
a cytokine that exerts also Tcf7-repressive effects®® (Figure 2L).
The subsequent stimulation with exogenous IL-33 resulted in
~37-fold higher Tcf7 mRNA expression levels 2 h later, identi-
fying enhanced Tcf7 transcription as an immediate consequence
of IL-33 signaling in CD8" T cells (Figure 2M). This was also
evident in elevated frequencies of Tcf-1* P14 cells and elevated
Tcf-1 protein levels 6 h after IL-33 addition (Figure S2N). Taken
together, these findings suggested that ST2 signaling promoted
Tcf-1 expression to preserve the pool of antiviral CD8*SL.

IFNAR blockade restores the expansion and stemness of
ST2-deficient CD8* T cells

IFN-I signaling suppresses CD8*SL differentiation'® and our
gene expression data suggested ST2 signaling attenuates
IFN-1 gene signatures (compare Figures 1M and S1F). Moreover,
we noted that previously reported effects of IFNAR blockade
on the P14 cell transcriptome®® exhibited significant similarity
to the transcriptional impact of IL-33 sensing in our datasets
(Figures S3A-S3D; Table S3). In concert with published data
indicating IFN-I sensing can regulate Tcf-1 expression in a
CD8* T cell-intrinsic manner,'® we found that IFNAR-deficient
P14 cells (P14 Ifnar1~'~ cells), when responding to LCMV chal-
lenge, retained Tcf-1 expression at a significantly higher rate

¢ CellP’ress

than P14 WT cells (Figure S3E). Of note, P14 Ifnar1 '~ cells re-
tained Tcf-1 expression at similar levels when challenged in
either WT or /I33-deficient hosts. These findings prompted us
to investigate IFN-I effects on ST2-deficient CD8" T cells in the
context of chronic viral infection. We treated recipient mice
with IFNAR blocking antibodies (a-IFNAR), followed by adoptive
co-transfer of P14 WT and P14 /17117~ cells and LCMV infection
(Figure 3A). We found that IFNAR blockade equalized the expan-
sion of P14 li1r11~/~ and P14 WT cells on days 6, 9, and 28 after
infection (Figures 3B and 3C). Analogously, IFNAR blockade al-
lowed /I1r11~/~ mice to mount a polyclonal GP33-specific CD8*
T cell response of normal magnitude (Figure S3F). These benefi-
cial effects of IFNAR blockade on ST2-deficient CD8* T cell
responses were not reproduced by NK cell depletion or IFN-y
blockade (Figures S3G-S3I).°%%° Of special note, the equal
expansion of P14 WT and P14 /111~ cells under IFNAR
blockade was accompanied by the cells’ unimpaired differentia-
tion into CD8*SL (Figures 3D and 3E). P14 i1r11~'~ cells yielded
Tcf-1" progeny in percentages and numbers comparable to P14
WT cells (Figure 3E), and Eomes expression was also restored by
IFNAR blockade (Figures 3F and 3G). CX3CR1™" effector cells
were reduced under IFNAR blockade yet the output from P14
WT and P14 li1r1~/~ cells was equalized (Figure S3J).

To investigate the spatial relationship of Tcf-1-expressing P14
cells, IL-33-, and IFN-I-expressing cells in spleen, we performed
immunohistochemistry on days 1 and 2 after LCMV challenge, fol-
lowed by computer-assisted quantitative analyses (Figures 3H-
3K). At both time points, Tcf79* P14 cells were significantly
enriched in the IL-33-rich zone (“IL-33 zone”; Figures 3H-3J and
3L). The detection of IFN-a-producing cells on these tissue sec-
tions evidenced a maximum on day 1, followed by a sharp decline
by day 2 and a lack of detectable IFN-I producing cells on day 4
(Figure S3K), matching published serum kinetics of IFN-.5"5?
Plasmacytoid and classical dendritic cells as well as certain
macrophage subsets mediate the IFN-I response to LCMV infec-
tion,%*%¢ whereas splenic 1L-33 is virtually exclusively produced
by FRCs.*"**> Accordingly, our sections showed that IL-33 and
IFN-o. were produced by a separate set of cells (Figure S3L).
Next, we defined the proximity of Tcf79®* P14 cells to IFN-a

Transferred cells in spleen were enumerated at the indicated time points (C). Representative FACS plots displaying Tcf-1 and Tim-3 expression on day 4 (D).
Percentage of gated populations are shown as mean + SD. Percentage and number of Tcf-1* P14 WT and P14 //7r17~/~ CD8* T cells on day 6 (E). Representative
flow cytometry plots (MFI reported as mean + SD) and percentage of EOMES-expressing cells in spleen on day 6 (F and G).

(H-K) We transferred P14 WT Tcf79™ into WT recipients followed by LCMV infection. Adjacent sections from spleens collected on day 1 and day 2 were stained for
IL-33 for computer-based definition of the IL-33 zone (H, zone definition transferred to aligned adjacent section in | and J) and for GFP (Tcf79™), B220 and IFN-o. (-
K), respectively. Computer-recognized GFP* (green) and IFN-a* (red) cells in (I) and (J) are shown with outlines. Scale bars: 500 pm in (H) and (I); 200 um in (J); and
100 um in (K). IFR, interfollicular region. Arrows in (K) indicate Tcf79"-reporting P14 WT cells in close proximity to IFN-o* cells.

(L) The percentage of total tissue area consisting of IL-33 zone was compared with the proportion of Tcf79P-positive cells in the IL-33 zone.

(M) The percentage of tissue area covered by a 20-um perimeter around IFN-a-producing cells in the IL-33 zone was compared with the proportion of IL-33 zone-
resident Tcf79™-positive cells in that perimeter. Each symbol pair in (L) and (M) represents one whole spleen section from a total of 4 and 3 mice on days 1 and 2,
respectively.

(N and O) We co-transferred P14 WT and P14 //1r11~/~ cells to mice of the following genotypes and determined their expansion on day 9 after LCMV infection:
mice lacking IL-33 specifically in FRCs (CCL19-Cre* /I33-fl/fl) and matching controls (Cc/79-Cre™ 1133-fl/fl) as well as plain //33~/~ mice (N); mice lacking IFNAR
specifically in FRCs (Ccl19-Cre* Ifnar1-fl/fl cells) and matching controls (Cc/19-Cre™ Ifnar1-fl/fl) as well as plain 1133/~ mice (O).

(P) ST2 receptor expression was determined on adoptively transferred P14 WT and P14 Ifnar? /'~ cells on day 6 after LCMV infection (P14 //7ri1~/~ cells served as
negative controls).

Percentages of gated cells are shown as mean + SD. Datain (E, F, P, and day 9/day 28 analyses in C) are representative of 2 independent experiments, day 6 in
(C), (G), (N), and (O) show combined data from 2 independent experiments. Symbols in (C), (E), (G), (N), and (O) show individual mice. FACS plots are repre-
sentative from 5 mice per group. Bars show means + SD. Statistical analyses were performed by two-way ANOVA with Sidak’s post-test (C-G), by one-way
ANOVA with Tukey’s post-test (N-P) and paired Student’s t test (L and M). *p < 0.05; **p < 0.01; ns: not statistically significant.

Please also see Figure S3.
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Figure 4. ST2 signals balance IFN-I effects to sustain an early Tcf-1* CD8*SL population in chronic viral infection
(A-D) We transferred P14 WT Tcf79% cells (CD45.1/1) to WT recipients followed by LCMV infection. On day 4, we sorted Tcf79™* and Tcf79~ P14 cells and re-
transferred them (10° P14 cells/recipient) into secondary WT recipients followed by LCMV infection and analysis of spleens 9 days later. Representative FACS
plots and total numbers of resulting P14 progeny (B), their co-expression of Ly108 and Tcf79% (C) and of CX3CR1 with Tcf79% (D).
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producing cells in the IL-33 zone. Tcf79™* P14 cells where signifi-
cantly enriched in a 20-um perimeter around IFN-a. producing cells
ofthe IL-33 zone and were often found in their immediate proximity
(Figures 3J, 3K, and 3M). Taken together these spatial analyses
suggested that the early phase of LCMV infection offers an oppor-
tunity for CD8" T cells to integrate IFN-I and IL-33 signals.

We tested whether the restoration of P14 //7r/1~/~ cell expan-
sion in IFNAR-blocked mice related to IFN-I effects, direct and/
or indirect,*°° on CD8* T cells or, alternatively, might reflect
an impact of IFNAR signals on IL-33 expression, its release
or impaired ST2 expression by antiviral CD8* T cells. IL-33
expression by FRCs, as determined in /L-33%® reporter mice,
was unaffected by IFNAR blockade (Figure S3N). CCL19-ex-
pressing FRCs are the main source of bioactive IL-33 fueling
CD8* T cell responses.*'**? Accordingly, the selective deletion
of IL-33 from FRCs in Ccl19-Cre* 133" -mice annihilated the
proliferative advantage of transferred P14 WT over P14
111r11~"~ cells, as expected (Figure 3N).*? In contrast, the prolif-
erative advantage of P14 WT cells was unaltered in recipients
with an FRC-specific deletion of Ifnar1 (Ccl19-Cre* Ifnar1™®
mice, Figure 30), indicating that IL-33 release from FRCs was
independent of the cells’ IFNAR signaling. Finally, as already
shown by,*® Ifnar1 deletion on P14 cells did not affect ST2
expression (Figure 3P).

Taken together these data suggested IFNAR blockade
restored the expansion of the ST2-deficient Tcf-1* CD8*SL sub-
set without modulating the expression or bioavailability of IL-33
or ST2 expression levels on CD8* T cells.

ST2 signals balance IFN-I effects to sustain an early Tcf-
1* CD8*SL population in chronic viral infection

IL-33 release from FRC occurs in the first 3 days after LCMV
challenge®® and ST2 effects on Tcf-1 expression by CD8*
T cells were evident by day 4 after infection (compare Figure 2).
Next, we tested whether a Tcf-1-expressing stem-like pool of
antiviral CD8" T cells could already be identified on day 4 after
infection. We sorted P14 WT cells, either Tcf79™* or Tcf79%—,
on day 4 after infection and transferred equal numbers into
individual naive recipients that were challenged with LCMV (Fig-
ure 4A). 9 days later Tcf79®* P14 T cells had expanded ~10-fold
more than Tcf79%~ cells (Figure 4B), and the progeny comprised
~20-fold more Tcf79%+ Ly108* cells (Figure 4C) and more
Tcf79%~ CX3CR1* effector cells (Figure 4D). Tef79™ expression
reflected, therefore, an early dichotomy in the CD8* T cell popu-
lation,?® with the Tcf79%* subset of early CD8*SL displaying
superior expansion capacity and a virtually exclusive ability to
produce secondary Tcf79™* cells.

¢ CellP’ress

Next, we sorted Tcf79®*+ P14 WT cells on day 4 after infection,
transferred them into either WT or /1337~ recipients and chal-
lenged them with LCMV (Figure 4E). IL-33 deficiency of these
secondary recipients resulted in a ~10-fold lower overall expan-
sion (Figure 4F), and a ~30-fold lower abundance of secondary
Tcf79%* Ly108* stem-like P14 cell progeny (Figure 4G) and simi-
larly curtailed Tcf79%~ CX3CR1* effector cell yields (Figure 4H).
This result indicated that early CD8*SL are responsive to and
depend on IL-33 signals upon antigen re-exposure for their
efficient expansion and self-renewal as well as for robust effector
cell generation.

Next, we assessed how IL-33 and IFN-I effects were inter-
twined in the population expansion and differentiation of early
CD8*SL. We sorted Tcf79™* P14 WT cells on day 4 of the
response, transferred them into WT and //33~/~ secondary recip-
ients that were either IFNAR-blocked or control-treated, and
challenged them with LCMV (Figure 4l). When assessed 9 days
later, IFNAR blockade restored the population expansion and,
importantly, also the formation of secondary Tcf79™* Ly108*
CD8*SL progeny in IL-33-deficient hosts to the levels of WT re-
cipients (Figures 4J and 4K). Altogether, these findings indicated
that IL-33 ensured the self-renewal of early CD8*SL cells when
exposed to IFN-I-driven inflammation.

Early IL-33 signals impact chromatin accessibility and
stemness of Tcf-1* CD8* T cells

Up to day 4 of the antiviral response, P14 I11r11~'~ cells yielded
normal numbers of Tcf-1* progeny but this population subse-
quently failed to expand (see Figure 2). Indeed, ST2 signaling
impacted the quality of developing Tcf-1" CD8*SL including
these cells’ self-renewing capacity (see Figure 4). Hence, we
sorted P14 WT and P14 /1117~ cells, either Tcf79%* or Tcf79% -,
on day 4 after LCMV infection and performed genome-wide RNA
expression profiling. Principal component analysis as shown in
Figure 5A clustered the cells according to Tcf-1 expression rather
than to genotype. Accordingly, the transcriptomes of P14 WT and
P14 I11r11~'~ cells, sorted as either Tcf79%* or Tef79%~, differed
by only 10 and 9 genes, respectively (>1.5-fold difference;
FDR adjusted p value < 0.05; Table S4), and a pathway analysis
performed on these datasets failed to reach statistical signifi-
cance. This indicated that the dichotomous gene expression
programs of the Tcf-1* and Tcf-1~ CD8* T cell subsets on day
4 were largely preserved in the absence of ST2 signaling. Next,
we addressed the possibility that early ST2 signals, albeit devoid
of a clear impact on the day 4 transcriptome, influence the
chromatin landscape of CD8*SL. We sorted Tcf79%* P14
cells, either ST2-sufficient or -deficient, on day 4 after LCMV

(E-H) We transferred P14 WT Tcf79% cells into WT mice recipients followed by LCMV infection. 4 days later, we sorted Tcf79* P14 cells and re-transferred them
(10° P14 cells/recipient) into either WT or /33~ secondary recipients followed by LCMV infection and analysis of spleens 9 days after re-transfer. Representative
FACS plots and total numbers of resulting P14 progeny (F), their co-expression of Ly108 and Tcf79" (G) and of CX3CR1 with Tcf79 (H).

(I-K) We transferred P14 WT Tcf79% cells into WT recipients followed by LCMV infection. 4 days later, we sorted Tcf79®* P14 cells and re-transferred them (10°
P14 cells/recipient) into either WT or 11337/~ secondary recipients that had been treated 1 day before with either a-IFNAR or isotype control antibody. 9 days after
challenge spleens were analyzed. Representative FACS plots show the co-expression of T¢f79" and Ly108 by P14 cells (J). Total P14 cell count (white bars) and
Tcf79%* Ly108* cells (green bars) in spleen (K).

For statistical analysis unpaired Student’s t tests (B-D and F-H) and one-way ANOVA with Tukey’s post-test (K) were performed. One representative of 2 in-
dependent experiments is shown in (B)—(D) and (F)—(H). Symbols in (B)—(D) and (F)—(H) show individual mice, bars in (K) the means + SD of 5 mice per group. FACS
plots are representative from 5 to 6 mice per group. Gated populations are reported as mean + SD. *#n < 0.05; **p < 0.01; ns: not statistically significant. *
compares total P14 cells, # compares total Tcf79™* Ly108* P14 cells.

Please also see Figure S4.
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Figure 5. Early IL-33 signals impact chromatin accessibility and stemness of Tcf-1-expressing CD8* T cells

(A) We transferred either P14 WT Tcf79% or P14 1111117/~ Tcf79™ cells into WT recipients followed by LCMV infection (analogously to Figure 2E). Principle
component analysis. Each symbol represents one individual sample.

(B-E) P14 WT Tcf79% and P14 111111/~ Tcf79 CD8* T cells were transferred into WT mice followed by LCMV infection. On day 4 Tcf79"* progeny were sorted and
processed for ATAC-seq. (C) Volcano plot of peaks differentiating Tcf79®* P14 117r11~/~ from Tcf79%* P14 WT cells. Peaks with log,FC >1.5; FDR adjusted p
value < 0.05 are highlighted in orange. (D) Normalized ATAC-seq read coverage in the Prickle-1 locus of P14 WT Tcf79%* and P14 11111/~ Tcf79%* cells. Boxes
highlight regions of differential accessibility. (E) Significantly enriched (FDR adjusted p value < 0.05) transcription factor binding motifs in peak regions specific to

P14 WT Tcf79%+ cells.

(F-) We transferred P14 WT Tcf79% and P14 /17r11~/~ Tcf79% into WT recipients followed by LCMV infection. 4 days later Tcf79P* cells of either genotype were
sorted and 10° cells of each population were re-transferred into secondary WT recipients. After resting for 14 days the recipients were vaccinated with rAdGP and
re-expanded P14 cells in spleen were enumerated 7 days later. Representative FACS plot show the percentage of transferred cells (G). Numbers indicate the
percentage of gated cells. Total number of P14 WT Tcf79 and P14 111117/~ Tcf79% cell progeny (H) and of Tcf79* cells among them (l).

Data in (G)—(l) are representative of 2 independent experiments, and symbols represent individual mice. Numbers indicate the mean + SD. For statistical analysis
unpaired Student’s t tests were performed (H and I). **p < 0.01.

Please also see Figure S5.
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infection and performed an assay for transposase accessible
chromatin sequencing (ATAC-seq) (Figures 5B-5E). Among 583
differentially accessible chromatin regions (> 1.5-fold difference;
FDR adjusted p value < 0.05), the vast majority, i.e., 566, were
more accessible in WT Tcf79* cells (Table S5), indicating that
IL-33 signals broadly augmented the chromatin accessibility of
Tcf-1" CD8*g cells. These effects comprised, for example, three
ATAC-seq peaks in the Prickle1 locus, which is involved in Wnt
signaling and is upregulated in CD8*SL'® (Figure 5D). Two of
these peaks were previously reported to differentiate stem-like
CD8* T cells and exhausted CD8* T cells in chronic infection (Fig-
ure S5A). 96 of the 566 aforementioned WT-specific peaks over-
lapped with peaks previously found to distinguish CD8*SL from
exhausted CD8* T cells (p = 0.0004; Table S5).>* In contrast,
only 45 WT-specific peaks overlapped with previously reported
memory T cell-specific peaks (p > 0.05), which was in line with
earlier findings that CD8"s, and memory T cells have rather
distinct epigenetic profiles®* (Table S5).

An analysis of transcription-factor-binding motifs indicated
that peaks specific to WT cells were enriched for motifs bound
by members of the Oct subclass of the POU transcription factor
family or by activator protein 1 (AP-1), a heterodimer composed
of proteins belonging to the c-Fos, c-Jun, ATF, and JDP families,
respectively (Figure 5E). AP-1 binding accounts for ~70% of
chromatin remodeling in the first hours after T cell activation,®’
whereas POU family members, most prominently Oct4 and
Oct1, are key for embryonic stem cell pluripotency and for
T cell memory formation, respectively.®"" Altogether these
findings supported the conclusion that early ST2 signals left a
distinct chromatin accessibility mark indicative of epigenetic
priming and compatible with a profound impact on T cell activa-
tion and stemness.

To directly probe and compare the self-renewing potential of
ST2-sufficient and -deficient Tcf79®* P14 cells, we relied on im-
munization with a recombinant adenovirus vector expressing the
LCMV glycoprotein (rAd-GP). rAd fails to trigger the IL-33-ST2
pathway and therefore can read out CD8* T cell-intrinsic re-
expansion potential without confounding IL-33 effects during
the recall®” (Figures S5B and S5C). Following established princi-
ples,”” we designed an experimental setting, in which we sorted
Tcf79% P14 cells for GFP expression on day 4 after LCMV infec-
tion and transferred them to naive WT recipients (Figure S5D).
After resting for 14 days in this antigen-free environment we
immunized the recipients with rAd-GP and determined P14 cell
progeny 7 days later. When transferring Tcf79* and Tcf79%~
P14 WT cells, the former expanded ~20-fold more, validating
this experimental setting to assess and compare T cell stemness
and re-expansion capacity (Figures S5E and S5F). With these
tools in hands, we set out to directly probe and compare the
self-renewing potential of ST2-sufficient and -deficient Tcf79%*
P14 cells. We isolated the respective populations on day 4 after
LCMYV infection and transferred them to naive WT recipients (Fig-
ure 5F). 14 days later, we challenged the recipients with rAd-GP
and determined P14 cell progeny 7 days thereafter. Tcf79™* P14
WT cells yielded ~10-fold more progeny than their ST2-deficient
counterpart, indicating the stemness of Tcf79* early CD8*SL
was impaired when lacking IL-33 signals in the first 4 days of
the response (Figures 5G and 5H). Equally importantly, Tcf79%®*
P14 1111~ cells yielded approximately 10 times less second-
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ary Tcf79%+ CD8*SL progeny than their WT counterpart, sug-
gesting an impaired self-renewing potential (Figure 5I). Taken
together our findings indicated that IL-33 signals received during
the first 4 days after chronic LCMV challenge augmented the
chromatin accessibility in early CD8*SL cells and profoundly
improved their stemness.

DISCUSSION

This study has identified ST2 receptor signaling in the early
phase of chronic viral infection as an important stemness-sus-
taining pathway for CD8*SL. IL-33 fosters not only a high propor-
tion of progeny cells retaining Tcf-1 expression, but it augments
also the intrinsic stemness of the resulting Tcf-1-expressing
CD8*SL population. Apparently, not all Tcf-1* CD8" T cells are
equal in terms of their self-renewal capacity, such that CD8*
T cell stemness is incompletely determined by Tcf-1 expression
alone. Impaired chromatin accessibility in ST2-deficient Tcf-1*
CD8" T cells suggests that IL-33 impacts CD8*SL stemness by
an epigenetic priming event that prominently involves Oct- and
AP-1-regulated genes. The context in which CD8*SL evolve,
namely the IL-33 signals received, impacts therefore their self-
renewing capacity in continued clonal expansion as well as
upon rest and subsequent rechallenge. Consequently, the
reduction in number and functional impairment of CD8*SL cells,
when generated in the absence of IL-33 signaling, also has re-
percussions in its end-differentiation product, the CD8" effector
cell compartment.®”+*2

The IL-33-dependence of CD8*SL formation and clonal
expansion is much alleviated when IFNAR signaling is blocked.
It seems, therefore, that the stemness-promoting cytokine IL-
33, a “damage-associated molecular pattern” (DAMP), serves
to balance the differentiation-promoting effects of the prototypic
antiviral “danger” response, i.e., of IFN-I. Keeping the balance
between stemness and effector differentiation of CD8" T cells
is a delicate task, particularly under highly inflammatory condi-
tions of chronic viral infection,”®”* where Tcf-1* CD8*SL cells
take center stage. The same may apply to other chronic infec-
tious conditions, bacterial or parasitic, which are associated
with a pronounced IFN-I gene signature.”"®

Given that the IL-33-dependence of CD8" T cell responses
can vary greatly depending on the agent triggering them,®”+>°
our findings suggest that these disparities may be due to differ-
ential IFN-I induction and/or duration of IFN-I-dependent inflam-
matory alterations. While the pronounced IL-33 effects on Tcf-7
transcription detected in cultured CD8"* T cells indicate that
these effects operate independently of IFN-I-driven inflamma-
tion, these Tcf-1-promoting effects may well become rate
limiting under highly inflammatory conditions such as in chronic
microbial infection.

The identification of IL-33 as a T cell stemness-promoting fac-
tor provides a mechanistic rationale to translational ambitions of
exploiting this cytokine in tumor immunotherapy.*®*®’” Chronic
IL-33 overdose can, however, have detrimental effects,”® and
preliminary observations from our laboratory indicate that exog-
enous IL-33 supplementation, which is well tolerated under
vaccination conditions,*”*®*%"% can have detrimental conse-
quences in the context of chronic LCMV infection. This may
not come as a surprise given that severe immunopathological
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complications have been observed when other immunostimula-
tory cytokine supplementation or receptor blockade therapies
were administered in chronic LCMV infection.®”®" Still, 1L-33
may show utility to improve the stemness of receptor-engi-
neered T cells includin chimeric antigen receptor (CAR) T cells
for therapeutic use in cancer and chronic infectious diseases.
In support of this notion IL-2 therapy of chronic viral infection
has been found to induce ST2 expression on antiviral CD8"*
T cells.®?> Moreover, IL-2 synergistically with IL-33 potentiates
CAR-T cell-based tumor therapy.®>®* The importance of ST2
signaling for CD8*SL generation may also help to understand
the beneficial effects of IL-33 blockade in T cell-driven immuno-
pathological conditions such as in hemophagocytic lymphohis-
tiocytosis and graft-versus-host disease.®%:°

Limitations of the study

Our study has limitations in that it is confined to the LCMV
infection model and mostly investigates the early phase of
the antiviral CD8" T cell response. The latter focus of our
work was suggested by the early release of IL-33"* as well as
by recent reports highlighting the bifurcation of stem-like and
effector CD8" T cell populations in the first few days of the
response.”’?® Still, ST2 expression persisted on a subset of
CD8" T cells for at least 2 weeks into chronic infection indi-
cating that potential IL-33 effects in later phases of the
response should also be studied. Elevated ST2 expression
levels specifically on Tcf-1* CD8*SL cells provide additional
incentive for such investigations. Finally, owing to this study’s
focus on CD8" T cells a potential additional role of ST2
signaling in antiviral CD4 T cell responses to chronic infection
remains to be addressed in future work.®”

In summary, our study identifies the IL-33-ST2 axis as a key
signaling pathway that imprints characteristic chromatin acces-
sibility patterns in CD8*SL, promotes Tcf-1 expression and
stemness of CD8* T cells, and counter-balances the differentia-
tion-promoting effects of IFN-I to warrant potent and sustainable
antiviral CD8" T cell responses to chronic viral infection.
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Mm00493445_m1

Tagman Gene expression assay Hprt,
Mm00446968_m1

DNA Clean and Concentrator ™%
AMPure XP Reagent, 450

eBiosicences
Miltenyi, Biotec

Miltenyi Biotec
Miltenyi Biotec
BioLegend
Agilent

Promega, Madison, WI, USA
lllumina, San Diego, CA, USA
lllumina, San Diego, CA, USA
Advanced Analytical

lllumina, San Diego, CA, USA
Promega, Madison, WI, USA
Zymo research

Invitrogen

Macherey & Nagel

Applied Biosystems

Applied Biosystems

Thermo Scientific

Thermo Scientific

Zymo Research
Beckman Coulter

Cat#00-5523-00

Cat# 130-096-543

Cat#130-091-764
Cat#130-090-485
Cat#423108
Cat#5067-1513

Cat#E3310
Cat#20020595
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Cat# D4013
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Deposited Data

Raw and Analyzed Data
RNA-seq data

ATAC-seq data
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GEO:GSE210537
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

Mouse: NIH 3T3 ATCC Cat#CRL-1658
RRID::CVCL_0594

Hamster: BHK-21 ECACC Cat#85011433

RRID: CVCL_1915

Experimental Models: Organisms/Strains

Mus musculus: (ST2-deficient (ST277) I11r117") Bonilla et al.®”; Townsend et al.” N/A
B6.129S-111rl1<tm1>/McK

Mus musculus: C57BL/6J Charles River JAX: 000664
Mus musculus: (/3399 mice, also referred Oboki et al.®’, obtained N/A

to as /1337 1133tm1Snak (MGI: 4838250) through the RIKEN Center

for Developmental Biology-
Acc. No: CDB0631K

Mus musculus: (ifnar1™”) B6.129Sv/Ev-IFNaRtmAgt Muller et al.® N/A
Mus musculus: (Tcf79™ mice) B6.Tg(Tcf7™) Utzschneider et al.’® N/A

Whe (Tcf7FF) (CD45.2)

Mus musculus: (LCMV GP33-specific TCR-
transgenic P14 TCR mice) B6-Tg(TCRP14)327

Mus musculus: (Cc/19Cre*) B6 Tg(BAC-CCL19Cre)

Mus musculus: (ifnar1™ Ifnaritm1Uka
Mus musculus: (/33" B6-1133<tm1.1Rlee

Mus musculus: B6.129P2-Tcrb!™mMom
Terd™™em/y (TCRB6™)

Pircher et al.”’

Chai et al.”
Prinz et al.”*
Chen et al.®®

Jackson Laboratory

N/A

N/A
N/A
N/A
JAX:002122

Software and Algorithms

Prism 9.0.0

FlowJo 10.5.3

Adobe lllustrator CC 2022

STAR 2.7.0c

bowtie2 2.4.2

macs2 2.1.2.1

samtools 1.11

R4.1.3

Bioconductor 3.14

Visiopharm with TissueAlign Module 2021.09
QuantStudio Real-Time PCR Software v1.2
clusterProfiler (v4.4.3)

DESeq2 (v1.36.0)

ARCHS4

Seurat (v4.0.1)
sctransform (v0.3.3)
edgeR (v3.40.0)

ComplexHeatmap (v2.14.0)

hallmark gene sets MSigDB (version 7.0)

GraphPad Software

Becton Dickinson & Company

Adobe Photoshop
Dobin et al., 2013%

Langmead and Salzberg, 201

Zhang et al., 2008%°
Li et al.”

R Core Team
Huber et al.'®
Visiopharm

Applied Biosystems
Bioconductor

N/A

N/A
N/A
N/A
N/A

N/A

N/A

RRID: SCR_002798
RRID: SCR_008520
RRID:SCR_010279
N/A

N/A

N/A

N/A
https://www.R-project.org/.
N/A

N/A

N/A

https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

https://maayanlab.cloud/archs4/
https://github.com/satijalab/seurat
https://github.com/satijalab/sctransform

https://bioconductor.org/packages/
release/bioc/html/edgeR.html

https://www.bioconductor.org/packages/
release/bioc/html/ComplexHeatmap.html

http://www.gsea-msigdb.org/gsea/index.jsp

Devices/Other

QuantStudio 7 Flex Real-Time PCR System
BD FACS Canto Il
MACS Quant Analyzer 10
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BD FACS Canto Il BD Biosciences N/A

BD LSRFortessa BD Biosciences N/A

5-laser Aurora spectral flow cytometer Cytek Bioscience, Fremnont, CA,USA N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daniel
Pinschewer (daniel.pinschewer@unibas.ch).

Materials availability
Material transfer agreements with standard academic terms will be established to document reagent sharing by the lead contact’s
institution. ST2”~ mice®”+°° will be made available upon establishment of an MTA between the recipient and MRC Cambridge, UK.

Data and code availability
o Raw data of the experimental results reported in this study have been deposited with Zenodo and are publicly available as of the
date of publication under the DOI https://doi.org/10.5281/zenodo.6759144.
o RNAseq and ATACseq data are deposited with the National Center for Biotechnology Information Gene Expression Omnibus
(GEO) under the accession numbers GSE210536, GSE210537, GSE210538 respectively.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and ethics statement

ST2-deficient 11r117-,27:° 113399 mice®' (also referred to as /133", obtained through the RIKEN Center for Developmental Biology-
Acc. No: CDB0631K), Ifnar1™,%? Tcf79%® mice,'> LCMV GP33-specific TCR-transgenic P14 TCR mice,®' Ccl19Cre*®® (generously
provided by Dr. Burkhard Ludewig), /fnar1™°* (generously provided by Dr. Ulrich Kalinke) and /133" °> mice have been described.
TCRBS”" (B6.129P2-Terb™™Mom Tergtm™Momy . Jackson: JAX:002122) have been obtained from Jackson Laboratory. P14 /117",
P14 Ifnar1™, Ccl19-Cre™ Ifnar1™™ and Ccl19-Cre™* 133" mice were obtained by intercrossing with the respective parental lines.
C57BL/6J (WT) mice were bred at the at the Laboratory Animal Science Center (LACS) of the University of Zirich and at the ETH
Phenomics Center (EPIC). All animals were on a C57BL/6J background as verified by single nucleotide polymorphism (SNP) typing
(Taconic Biosciences). Mouse experiments were performed at the University of Basel with authorization from the respective Cantonal
veterinary offices and at the German Rheumatism Research Center (DRFZ) in Berlin, Germany, with approval from the State Office for
Health and Social Services (Landesamt fur Gesundheit und Soziales), Berlin, Germany. All experiments were carried out in
accordance with the Swiss law for animal protection and the European directive 155 2010/63/EU on Care, Welfare and Treatment
of Animals, respectively, and mice were kept under specific-pathogen-free (SPF) conditions at all locations. Animals in experimental
groups were sex- and age-matched. Animals of both genders were used to reduce the number of animals bred for research pur-
poses. Sample sizes in the studies were chosen based on long-standing experience in our labs with respect to group sizes generally
revealing biologically significant differences. The groups were not randomized and the experiments were not conducted in a blinded
fashion. Animals were bred at the Laboratory Animal Science Center (LACS) of the University of Zirich, at the ETH Phenomics Center
(EPIC) and at the Research Institute for Experimental Medicine (FEM) of the Charité — Universitatsmedizin Berlin, Berlin, Germany.

METHOD DETAILS

Viruses, virus titrations, infections and immunizations

LCMV strain clone 13%° was produced by infecting BHK-21 cells at a multiplicity of infection (MOI) of 0.01. The supernatant was har-
vested 48h later and viral titers were determined by focus forming assay on 3T3 cells as described.®”®® Mice were infected with
>2x10° plaque forming units (PFU) of LCMV intravenously (i.v.). artLCMV has been described”' and was administered at a dose
of 1x108 PFU i.v. The rAd-GP vector used in this study is an Ad5-based E1-deleted first generation vector, which was generated
by transfecting the corresponding infectious plasmids into the E1-transcomplementing 293 cell line. It expresses the LCMV glyco-
protein (full length) and a green fluorescent protein (GFP) under the cytomegalovirus (CMV) promotor, replacing the E1 gene of Ad5.
The vector was purified by double discontinuous CsCl density gradient centrifugation and the physical titer was determined by
OD260. It was administered to mice at a dose of 5x108 genome copies i.v.. To measure LCMV viremia of mice, ~50 pl of whole blood
was collected into 950 ul of BSS supplemented with heparin (Na-heparin, Braun, 1 IE/ml final).
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Staining of cells for flow cytometric analysis

To study T cells, single-cell suspensions of spleens were prepared by mechanical disruption using a metal mesh. Surface staining
was performed at 4°C in the dark for 30 mins. All stains were performed in FACS buffer (PBS supplemented with 2% FCS, 5mM
EDTA, 0.05% sodium azide).

For the detection of GP33-specific CD8" T cells, MHC class | tetramers (H-2DP) loaded with the immunodominant LCMV glyco-
protein- (GP-) derived GP33.4¢ peptide (KAVYNFATC) were obtained from the NIH Tetramer Core Facility and from the University
of Lausanne Tetramer core facility. Cells exhibiting non-specific binding were excluded by pre-gating on B220"CD4 CD8™ cells.
Tetramer staining was performed at RT for 30 mins in the dark.

Antibodies against CD8* (53-6.7), CD4 (IM7 or RM4-5), B220 (RA3-6B2), CD45.1 (A20), CD45.2 (104), Ter-119 (TER-119; dilution:
1:10), GP38-Podoplanin (8.1.1; dilution: 1:250), CD31 (390), Ly108 (330-AJ), CD62L (MEL-14), CX3CR1 (SA01F11), PD-1 (29F.1A12)
and Tim-3 (5D12), CD69 (H12F3) were obtained from Biolegend, eBioscience/ThermoFisher or BDBioscience/PharMingen. Unless
indicated differently, all fluorescently labelled monoclonal antibodies were used at a 1:100 final dilution.

Dead cells were excluded using either 7-AAD or the Zombie UV Fixable Viability Kit (Biolegend) according to manufacturer’s
instructions.

When staining cells in peripheral blood, samples were fixed and lysed by adding 1 ml/sample of eBioscience 1-step Fix/Lyse So-
lution and incubating at RT for 5min. The reaction was stopped by adding FACS-buffer.

To evaluate in cells the expression levels of transcription factors we used antibodies to Eomes (Dan11mag), T-bet (4B10) and Tox
(TXRX10), which we used according to the protocol included in the eBioscience™ FOXP3 transcription factor staining kit (Invitrogen).
Isotype control antibodies were used for Eomes (eBR2a, eBioscience/ThermoFisher) and Tbet (P3.6.2.8.1, eBioscience/Thermo-
Fisher). KiB7 (SolA15, Invitrogen, 1:1000 dilution) staining was performed with the eBioscience™ FOXP3 transcription factor staining
kit (Invitrogen).

The transcription factor Tcf-1 was detected by incubating first with a primary antibody (C63D8, Cell Signaling, at 1: 200 dilution)
followed by donkey anti-rabbit IgG PE (Poly4064-eBioscience). For the detection of ST2, which on type-1 immune cells such as CD8*
T cells and Th1 cells is expressed in substantially lower amounts than on type-2 immune cells®’spleen cells were stained with digox-
igenin-coupled anti-mouse ST2 antibody (DJ8). As a secondary antibody, a PE-coupled anti-digoxigenin Fab (Roche) antibody was
used. To further amplify the signal, two rounds of signal amplification were performed using the PE-FASER Kit (Miltenyi Biotec).

To analyze fibroblastic reticular cells (FRCs), spleens were cut into small pieces and incubated in RPMI (2% vol/vol FCS; containing
1mg/ml Collagenase IV (Worthington) and 40 ng/ml DNAsel (Roche) for 30 minutes at 37°C, stirring at a speed of 250 rpm. To stop the
enzymatic reaction, FACS buffer was added. Erythrocytes were lysed by adding 1ml/spleen of ACK lysis buffer (0.15 M NH,4CI, 10mK
KHCO3, 0.1 mM EDTA) and the reaction, conducted at room temperature (RT), was stopped after 60 seconds by adding FACS buffer.
Hematopoietic CD45* cells were depleted by using anti-CD45 beads (Miltenyi Biotec) following the manufacturer’s instructions. For
analysis of FRCs, erythrocytes (Terr119%) and hematopoietic cells (CD45") were excluded. To distinguish FRC from blood endothelial
cells (BEC) we relied on the endothelial marker CD31 and the fibroblastic marker gp38 (podoplanin) as shown in Figure S3M.

For intracellular cytokine staining of CD8* T cells, splenocytes were stimulated with 1ug/ml of MHC class | restricted LCMV-GP33_44
for 1h at 37°C in a 5% CO, incubator. After 1 hour incubation, Brefeldin A (final concentration: 10 ng/ml) was added to the cells fol-
lowed by additional 4 hours of incubation. Surface staining was performed as above. Afterwards, cells were fixed with 2% PFA for
10 min followed by permeabilization with staining buffer supplemented with 0.05% saponin (Sigma-Merck, Germany). Intracellular
staining was performed with antibodies to IFN-y (XMG1.2, Biolegend) and Granzyme B (GB11, Biolegend).

Samples were measured on a BD LSRFortessa flow cytometer and on a 5-laser Aurora spectral flow cytometer (Cytek Biosciences,
Fremnont, CA, USA). FlowJo Software (Becton Dickinson) was used for analysis.

Cell transfer followed by next-generation RNA sequencing or ATAC sequencing and bioinformatic data analyses

To assess the impact of IL-33 signals on the CD8* T cell transcriptome on day 6 after LCMV infection we co-transferred 10° MACS-
purified (Miltenyi Biotec naive CD8* T cell isolation kit, mouse) P14 WT and 3x10% MACS-purified P14 171117 cells into WT recipients
in a set-up analogous to Figure 1J. P14 progeny cells after LCMV infection were FACS-sorted and processed for RNAseq. This exper-
imental set-up allowed us to recover equal number of both P14 cell subsets on day 6 after infection.

For the assessment of the transcriptome accessibility of P14 WT Tcf79% cells and of P14 /1117~ Tcf79™ cells on day 4 after LCMV
infection, we single transferred 108 MACS-purified cells of either type (Miltenyi Biotec naive CD8* T cell isolation kit, mouse) into WT
recipients. Tcf79®* and Tcf79% were FACS-sorted on day 4 after LCMV infection and were processed for RNAseq.

In either set-up, cells were sorted on a FACSAria Il (BectonDickinson), collected directly into Trizol LS (Sigma-Aldrich) and stored at
-80°C until RNA extraction. RNA was extracted using the Direct-zol™ RNA MicroPrep kit (Zymo research).

RNA quality from samples sorted on day 6 after infection (Figures 1J-1M) was checked on the Bioanalyzer instrument (Agilent
Technologies, Santa Clara, CA, USA) using the RNA 6000 Pico Chip (Agilent, Cat# 5067-1513). Average RIN (RNA Integrity Number)
was quantified by Fluorometry using the QuantiFluor RNA System (Cat# E3310, Promega, Madison, WI, USA). Library preparation
was performed, starting from 35 ng total RNA, using the TruSeq Stranded mRNA Library Kit (Cat# 20020595, lllumina, San Diego,
CA, USA) and the TruSeq RNA UD Indexes (Cat# 20022371, lllumina, San Diego, CA, USA). 15 cycles of PCR were performed. Li-
braries were quality-checked on the Fragment Analyzer (Advanced Analytical, Ames, IA, USA) using the Standard Sensitivity NGS
Fragment Analysis Kit (Cat# DNF-473, Advanced Analytical) revealing excellent quality of libraries (average concentration was
63+12 nmol/L and average library size was 317+4 base pairs). Samples were pooled to equal molarity. The pool was quantified
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by Fluorometry using the QuantiFluor ONE dsDNA System (Cat# E4871, Promega, Madison, WI, USA). Libraries were sequenced
Single-reads 76 bases (in addition: 8 bases for index 1 and 8 bases for index 2) using the NextSeq 500 High Output Kit 75-cycles
(lumina, Cat# FC-404-1005) loaded at 2.0pM, and including 1% PhiX.Primary data analysis was performed with the lllumina RTA
version 2.11.13. The NextSeq run yielded on average per sample 19.7+1.6 millions pass-filter reads.

RNA from samples sorted on day 4 after infection (Figure 5A) were quality-checked on the Bioanalyzer instrument (Agilent Tech-
nologies, Santa Clara, CA, USA) using the RNA 6000 Pico Chip (Agilent, Cat# 5067-1513) and quantified by Fluorometry using the
QuantiFluor RNA System (Cat# E3310, Promega, Madison, WI, USA). Library preparation was performed, starting from 4.5ng total
RNA, using the SMART-Seq v4 PLUS Kit (Cat# R400753, Takara Bio). Libraries were quality-checked on the Fragment Analyzer
(Advanced Analytical, Ames, IA, USA) using the Standard Sensitivity NGS Fragment Analysis Kit (Cat# DNF-473, Advanced Analyt-
ical) revealing excellent quality of libraries (average concentration was 31+5 nmol/L and average library size was 508+27 base pairs).
Samples were pooled to equal molarity. The pool was quantified by Fluorometry using the QuantiFluor ONE dsDNA System (Cat#
E4871, Promega, Madison, WI, USA). Libraries were sequenced Paired-End 51 bases (in addition: 8 bases for index 1 and 8 bases
for index 2) using the NovaSeq 6000 instrument (lllumina) and the SP Flow-Cell loaded at a final concentration in Flow-Lane of 400pM
and including 1% PhiX. Primary data analysis was performed with the lllumina RTA version 3.4.4. On average per sample: 32.2+2.8
millions pass-filter reads were collected on 1 SP Flow-Cell.

Reads were aligned to the mouse genome (UCSC version mm10) with STAR version 2.7.0c”® with additional settings ’--
outFilterMultimapNmax 10 —outSAMmultNmax 1’ to account for multi-mapping reads. Mapped reads were assigned to genes
based on the Ensembl 96 gene annotation using the function featureCounts (Subread package, version 1.6.4) and either extra options
‘-O —read2pos 5-M -s 2’ for the TruSeq, single-end sequencing libraries generated from day 6 data or ‘-O -read2pos 5-M -s 0 -p -B’
for the SmartSeq, paired-end libraries of day4 data.

For mRNAseq analysis on day 4 (Figure 5), differential expression analysis used functions of the edgeR package.'®" First genes
were filtered using the filterByExpr function with default settings (n= 29238 genes). In the following, two different designs were
analyzed: for the comparison of 11117~ vs. WT within the Tcf* and Tcf- populations respectively a simple model accounting for all
four sample groups was fit using the gimQLFit function and the comparison under study was tested using the function gimQLFTest
and topTags with default settings. Significantly regulated genes were defined having an FDR adjusted p. value < 0.05 and an absolute
log>FC > 1.5. A second, more complex model was used for the comparison of Tcf* vs. Tcf- samples within a given genotype and also
accounted for the replicate effect. The comparison under study was tested using the same edgeR functions mentioned above. PCA
analysis relied on log-CPM transformed expression values and used the function prcomp.

For mRNAseq analysis day 6 data (Figure 1), only genes with biotypes "protein coding", "long non-coding" or "short non-coding"
where considered in the analysis. Additionally, only genes with a logCPM>1 in at least 5 samples were retained resulting in n=11032
detected genes. Differential gene expression analysis between the genotypes relied on functions from the R/Bioconductor package
edgeR as detailed above (R version 4.1.1, Bioconductor version 3.14.0).'% Differential regulation of all hallmark gene sets from
MSigDB (version 7.0) was evaluated using the function ‘camera’ from edgeR with extra options ‘inter.gene.cor = 0.01’. The average
absolute log fold change of a gene set was used as a proxy for its strength of regulation. The ComplexHeatmap package was used to
draw heatmaps.'%

For ATAC-seq analysis of P14 WT Tcf79%* cells and of P14 /1117~ Tcf79%* cells on day 4 after LCMV infection (Figures 5B-5E), we
individually transferred 10° MACS-purified cells of either genotype (Miltenyi Biotec naive CD8" T cell isolation kit, mouse) into WT
recipients. 20 000 Tcf79* were FACS-sorted on day 4 after LCMV infection into 500 pl of lymphocytic medium and were processed
for ATAC-seq. Library preparation for sequencing was performed as described.'?® Briefly, sorted cells were lysed and tagmentated
for 30 min at 37°C using the lllumina Tagment DNA Enzyme and Buffer Kit. DNA was purified with the Zymo DNA Clean and Concen-
trator Kit and amplified for five cycles using the NEBNext® High-Fidelity 2x PCR Master Mix and Custom Nextera Index Primers (Il-
lumina). The number of additional cycles was determined by Real-time PCR as the number of cycles needed to reach V4 of maximum
fluorescent intensity. After the second amplification step, DNA was cleaned up using AMpure XP beads and sequenced on an lllu-
mina NexSeq 50 machine using 41-bp paired-end run. Paired-end reads were aligned to the UCSC mm10 genome using bowtie2
version 2.4.2°” with additional parameter settings "-maxins 2000 -no-mixed -no-discordant -local" and resulting BAM files were
sorted and indexed with samtools version 1.11.%° For each group of biological replicates, regions of accessible chromatin were called
with macs?2 version 2.1.2.1% using the option ’-f BAM -g 2652783500 —nomodel —shift -100 —extsize 200 —broad —keep-dup all
—qgvalue 0.05’. All further analysis was performed in R. The resulting peak lists were cleaned from peaks called in mitochondria,
chrX and chrY, and ENCODE blacklist regions. Additionally, we applied a log-fold-change > 1.5 and FDR adjusted p. value < 0.05
filter. In the next step, genotype-specific peak lists were combined into one list where peaks regions in a distance less than 250 based
were merged. This resulted in a list of 209664 peaks. Next, 5’-ends overlapping with these peaks were counted using function bam-
Count of the bamsignals R package to obtain the count matrix used for differential accessibility analysis. Differential accessibility
analysis was performed using functions from the edgeR R package. First, the count matrix was further filtered for peaks that had
a log-RPKM value bigger than 1 in at least 4 samples. This resulted in 59964 peaks to be tested for differential accessibility. Next,
functions estimateDisp, glmQLFit, and gimQLFTest were used to test the ST2”~ versus WT contrast. To detect genotype-specific
peaks we filtered for peaks with an FDR adjusted p. value < 0.05 and logFC > 1.5 (=ST27" specific; 17 peaks) or logFC < -1.5
(=WT specific; 566 peaks). 59964 peaks were in common by that definition. Function detailRanges of the csaw package'®* was
used to annotate peaks. Read coverage tracks of genomic loci under study were plotted using the GViz R package.'%”
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To test for differential transcription factor (TF) binding site occurrences in the sets of genotypes, specific versus common peaks, we
predicted TF binding sites in all peaks used for differential accessibility analysis. Specifically, we focused on all vertebrate TFs as
given by the JASPAR2018 R package (n = 579). For these we use the matchMotifs function of the motifmatchr R package to predict
binding sites using a p-value cutoff of 5e-5. For each TF motif we tested the overrepresentation of sites in either //1r/1”~ specific or
WT-specific peaks relative to the common peaks using the fisher.test R function with option alternative="greater". P-values were
FDR corrected across TF motifs but separately for 111117~ and WT specific tests. Using the FDR adjusted p. Value < 0.05 threshold
resulted in 38 TF motifs that were enriched in WT-specific versus common peaks. Based on their predicted binding site overlap these
38 TF motifs can be grouped into 4 TF motif classes as shown in Figure 5.

Identification of ATAC peaks specific for stem-like, memory and exhausted CD8* T cells

For generation of coverage tracks and calling of peaks with MACS2, the data of Jadhav et al.>* was processed in the same way as
outlined in the above paragraph. Peaks were additionally filtered for a g-value < 0.01 and a logFC > 2.5. We defined the following two
peak lists for each of the two cell-types to characterize (stem-like, memory):

1. peaks common to the cell type and to exhausted T cells (“common peaks”)
2. cell type-specific peaks by contrast to exhausted T cells (“cell type-specific peaks™))

To count the overlap of our WT specific peak list with those defined above we use the findOverlaps function of the R/Bioconductor
package GenomicRanges with default settings. The significance of the overlap was quantified with function fisher.test in R which
used as an input a contingency table with the following peak overlap counts:

1. Number of overlapping WT-specific and cell type-specific peaks

2. Number of WT-specific peaks not overlapping with cell type-specific peaks
3. Number of WT-specific peaks overlapping with common peaks

4. Number of WT-specific peaks not overlapping with common peaks.

Gene set enrichment analysis

Gene Set Enrichment analysis (GSEA) ~° was run with manually curated gene sets using the implementation of GSEA in the cluster-
Profiler 4.4.3'°" package in R with default settings. To manually curate gene sets from publicly available bulk RNA-seq data, gene
counts from Gene Expression Omnibus Series accession codes GSE142687,° GSE83978"2 and GSE122713°2 were accessed using
ARCHS4."%® Next, canonical analysis of RNA-seq data was performed in R version 4.2.0 with DESeq2 version 1.36.0."'%° The gene set
under study arbitrarily included the top 150 differentially expressed genes (DEGs) ranked by false discovery adjusted P value using
the Benjamini-Hochberg correction. Publicly available single cell RNA-seq data from GSE131535 (GSM3785519)°" and GSE119940
(GSM3568588 and GSM3568592)°° were analyzed with the R package Seurat version 4.0.1."'° Cells with more than 5000 or less than
1000 genes and cells with > 4% mitochondrial counts were excluded from downstream analysis to filter out probable cell doublets
and cells of low quality. In addition, only genes detected in at least 10 cells were kept. Raw counts were normalized using the R pack-
age sctransform version 0.3.3"'"" with the gimGamPoi method. Next, the three obtained datasets were integrated using the
SelectintegrationFeatures function of Seurat by identifying anchors between the three datasets on the top 3000 highly variable genes.
Principal components analysis and Uniform Manifold Approximation and Projection (UMAP) dimensional reduction were performed
using the first 30 principal components as input. Clustering using the FindNeighbors function of Seurat (with the first 30 principal com-
ponents as input) and the FindClusters function (with a resolution of 0.4) identified one cluster with high expression of Tcf7. Positive
and negatives marker genes of this cluster were identified with the FindMarkers function of Seurat run with default settings. The Tcf7*
signature was curated by arbitrarily selecting the top 150 differentially expressed markers genes ranked by false discovery adjusted P
value using the Bonferroni correction method.

For comparison of our P14 WT and P14 //7r11”- mRNA-Seq data to those of P14 cells from IFNAR-blocked and control-treated
mice”® the mRNA-Seq data of Huang et al. was downloaded from GEO (GSE97139) and gene expression was quantified in the
same way as our SmartSeqg4 data set (MRNAseq analysis on day 4, reported in Figure 5A). Differential gene expression between o-IF-
NAR and isotype control samples was performed with edgeR as described above. The set of significantly regulated genes
(FDR < 0.05 & abs(logFC) > 1.5) were filtered for genes expressed in our data set and were used as a gene set (n=107) for comparison.
Gene set testing was done with function cameraPR of the edgeR package and relied on the F-test statistic to allow for a non-direc-
tional gene set test.

106

Adoptive T cell transfer for flow cytometric analysis and re-transfer

For adoptive cell transfer, P14 CD8* T cells (P14 cells) were MACS-purified (Miltenyi Biotec naive CD8" T cell isolation kit, mouse)
from the spleens of naive donor mice and administered i.v. into the tail vein of recipients. For co-transfer of P14 WT and P14
111117~ cells, equal numbers of both cell populations were mixed for i.v. injection. To ascertain clearly detectable populations of trans-
ferred cells, 10* cells were transferred for analysis on day 4 after LCMV, 10° cells for analysis on day 6. For analyses on day 9 and later,
mice received 500 cells, thereby assuring P14 cells were in the physiological range of GP33-specific CD8* T cell precursor fre-
quencies."'? Transferred P14 cell populations were differentiated from the recipient’s CD8" T cells by means of their congenic
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CD45.1 markers. When co-transferring P14 WT and P14 //1r11”" cells, one population was CD45.1* single-positive the other one
CD45.1*CD45.2* double-positive.

For sequential adoptive transfer experiments, CD8* T cells were MACS-purified (Miltenyi Biotec naive CD8" T cell isolation kit,
mouse) from the spleens of naive P14 Tcf79® and P14 111r11”~ Tcf79™ donor mice. 10 cells of either population were separately trans-
ferred into WT primary recipient mice followed by LCMV infection. Four days later, the progeny of transferred P14 cells were sorted on
FACSAria Il (BectonDickinson) into RPMI supplemented with 10 % FCS and 1% penicillin/streptomycin. Equal numbers of each cell
type (~1x10% -1x10% were re-transferred into WT secondary recipient mice. Secondary recipients were infected with either LCMV (on
the day of re-transfer) or with rAd-GP two weeks after re-transfer.

In vivo blockade of type | interferon receptor, in vivo blockade of IFN-y and NK cell depletion

To block the interferon type | receptor (IFNAR), mice were given 1 mg of a-IFNAR monoclonal antibody (MAR-1-5A3, BioXcell) one
day prior to infection. Control groups were administered 1 mg of isotype control antibody (MOPC-21, BioXcell). To block IFN-vy, mice
were given a single dose of 2 mg of the monoclonal rat antibody XMG1.2 (anti-IFN-vy, Bioxcell) one day prior to infection. Control
groups were left untreated. For transfer experiments involving P14 Ifnar1” cells, NK cells were depleted as described in. °° In brief,
300 ng of #-NK.1.1 (clone PK136, BioXcell) monoclonal antibody was administered to mice on day -1 and on day 1 of LCMV infection.

Generation of bone marrow chimeric mice

Recipients of bone marrow (irradiated mice received 7.5x10° cells of WT and 111rl1”~ BM cells) were lethally irradiated (1.1 Gy; twice
5.5 gray at a 6-hour interval) the day before transfer, and residual T cells were depleted by intraperitoneally administering 100 pg anti-
Thy1 antibody (clone T24, BioXcell). The animals were rested for 7 weeks before infection.

Proliferation analysis

To assess the impact of IL-33 signals on the proliferative activity of CD8*SL cells on day 6 after LCMV infection we co-transferred 103
MACS-purified (Miltenyi Biotec naive CD8" T cell isolation kit, mouse) P14 WT and 3x10% MACS-purified P14 /11117 cells into WT
recipients in a set-up analogous to Figure 1J. These cell numbers were chosen for an equal recovery of P14 WT and P14 //7r/1” cells
on day 6 after infection. Mice were euthanized 5h after intraperitoneal administration of 1 mg 5-ethynyl-2’-deoxyuridine (EdU, base-
click, Germany). Splenocytes were then stained for surface markers followed by fixation for 15 min with 4% PFA. Cells were permea-
bilized using staining buffer supplemented with 0.05 % saponin (Sigma-Merck, Germany) for 20 min in the dark at RT. Detection of the
incorporated EdU was performed according to the manufacturer's instructions (EdU-Imaging kit EQU-Click 488, baseclick).

In vitro activation of P14 WT cells and exposure to IL-33

Naive CD62L* CD44  CD8* T cells were sorted from spleens of P14 donor mice by flow cytometry and were cultured in the presence
of a 4-fold excess of irradiated (3000 Gy) Tcrd™ splenocytes in RPMI1640 * GlutaMax | (Thermo Scientific) culture medium supple-
mented with fetal calf serum (10% v/v, Thermo Scientific), penicillin (100 U/ml, Thermo Scientific), streptomycin (100 pg/ml, Thermo
Scientific), gentamycin (10 pg/ml, Thermo Scientific), and B-mercaptoethanol (50 ng/ml, Sigma-Aldrich). For activation of P14 WT
cells, cognate GP33 peptide (1 ng/ml, KAVYNFATM, Genscript), IL-12 (5 ng/ml, Miltenyi), IL-2 (5 ng/ml, Miltenyi) and anti-IL-4
(10 ng/ml, clone: 11B11, DRFZ) were added. T cells were split after 3 days of culture at a 1:3 or 1:5 ratio and supplemented with fresh
medium containing IL-2 (5 ng/ml). After 5 days, P14 were harvested by histopaque (1083 g/ml, Sigma-Aldrich) density centrifugation
and were replated for a second round of culture with fresh APCs in identical conditions as outlined above. At day 10 of culture, acti-
vated P14 cells were harvested, and live cells were seeded in culture medium containing IL-2 (5 ng/ml, Miltenyi) and IL-7 (5 ng/ml,
Miltenyi) devoid of cognate peptide. After 3 days (day 13 of culture), IL-12 (5 ng/ml, Miltenyi) was added to induce IL-33 receptor
expression and 14-16 h later (day 14 of culture), live P14 cells were harvested, replated in conditioned culture medium and stimulated
with IL-33 (10 ng/ml, R&D Systems) for 2-6 h or left untreated. Proliferation of P14 cells was analyzed using the CellTrace Violet (CTV)
Cell Proliferation Kit (Thermo Scientific). CTV labeling was performed according to manufacturer’s instructions with the incubation
time reduced to 10 min. For gRT-PCR analysis, 3-5x10° P14 cells per sample were lysed in RA-1 buffer (Macherey & Nagel)
and immediately frozen in liquid nitrogen for storage at -80°C. Total RNA was extracted using the Nucleospin RNA XS Micro kit
(Macherey & Nagel) according to manufacturer’s instructions without addition of carrier RNA. Up to 1 ng of RNA was transcribed
into cDNA utilizing Tagman Reverse Transcription Reagents (Applied Biosystems) according to the manufacturer’s instructions
and subjected to gPCR analysis using Tagman Fast Advanced Mastermix reagents (Applied Biosystems). Amplification was per-
formed in a Quantstudio 7 device (Applied Biosystems) and Tcf7 (Assay ID: Mm00493445_m1, Thermo Scientific) expression levels
were quantified with the AACt-method by normalizing to expression levels of Hprt (Assay ID: Mm00446968_m1, Thermo Scientific).

Immunohistochemistry and image analysis

For immunofluorescence analysis on tissue sections, Tcf79® P14 WT cells were MACS-purified (Miltenyi Biotec naive CD8* T cell
isolation kit, mouse) from the spleens of naive donor mice and 10° cells were administered i.v. into the tail vein of recipients followed
by LCMV infection. Animals were sacrificed at the indicated time points and spleens were fixed in 1% PFA in PBS, infiltrated with 30%
sucrose and then embedded and frozen in OCT compound (Tissue-Tek, Sakura Finetek Europe). Cryostat sections (8um) were
collected on Superfrost Plus SLides (Fisher Scientific), air dried, preincubated with blocking solution (bovine serum albumine,
normal mouse and donkey serum (Sigma) in 0.1% Triton/PBS followed by overnight labeling at 4°C with primary antibodies in
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0.1% Triton/PBS. After washing with 0.1% Triton/PBS, the secondary detection reagents were applied for 2 hours at room temper-
ature in 0.1% Triton/PBS. Finally, after additional washes the SLides were mounted in 1,4-Diazabicyclo[2.2.2]octan (DABCO). Sec-
tions were visualized following whole SLide image capture using a Hamamatsu NanoZoomer S60 and an 40x objective, utilizing a
8-bit color CMOS camera (Hamamatsu Photonics). Images were processed using NDP-view2 software (Hamamatsu Photonics)
and Adobe Photoshop. Whole SLide images of serially cut sections were acquired with a resolution of 0.44 um/px (Nanozoomer,
Hamamatsu) and analyzed using Visiopharm (version 2021.09). The first of two sequential tissue cuts was stained for IL-33 and
was used to define the IL-33-rich zone (“IL-33 zone™). This first section was overlaid and aligned with the second, sequential cut
(TissueAlign module of Visiopharm) for transfer of the IL-33 zone (Figure 3H). The second cut was stained for IFN-a, CD45.1,
B220 and GFP (Tcf79™, Figures 31-3K). CD45.1*GFP* cells (for simplicity referred to as Tcf79%®* or GFP* in Figure 3 and its accom-
panying figure legend) in the IL-33 zone were detected and their distance to the closest IFN-a. expressing cell was calculated to deter-
mine the proportion of Tcf79% within a 20um perimeter of an IFN-o-producing cell. IL-33- and IFN-a-producing cells (Figure S3L) were
stained and detected together on one tissue cut.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analysis GraphPad Prism software (Version 9.0, Graph Pad Software) was used. Differences between two groups were
assessed by using an unpaired two-tailed Student’s t-test. Differences between two cell populations within in the same host (co-
transfer set-up) were assessed by using a paired two-tailed Student’s t-test. For multiple pair-wise comparisons in one experiment
we performed Student’s t-tests with Bonferroni correction. For single-parameter comparisons between more than two groups one-
way ANOVA with Tukey’s or Sidak’s post-test was performed. For multiple comparisons of multiple parameters between two or more
groups and for time kinetics two-way ANOVA with either Tukey’s or Sidak’s post-test was performed. Ns: not statistically significant;
*: p<0.05; **: p<0.01. Absolute numbers were log-converted to obtain a near-normal distribution for statistical analysis.
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