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SUMMARY

Exhausted immune responses to chronic diseases represent a major challenge to global health. We study
CD4" T cells in a mouse model with regulatable antigen presentation. When the cells are driven through
the effector phase and are then exposed to different levels of persistent antigen, they lose their T helper 1
(Th1) functions, upregulate exhaustion markers, resemble naturally anergic cells, and modulate their
MAPK, mTORC1, and Ca®*/calcineurin signaling pathways with increasing dose and time. They also become
unable to help B cells and, at the highest dose, undergo apoptosis. Transcriptomic analyses show the dy-
namic adjustment of gene expression and the accumulation of T cell receptor (TCR) signals over a period
of weeks. Upon antigen removal, the cells recover their functionality while losing exhaustion and anergy
markers. Our data suggest an adjustable response of CD4* T cells to different levels of persisting antigen

and contribute to a better understanding of chronic disease.

INTRODUCTION

T cells faced with chronic infections and cancer are prone to
become dysfunctional due to the persistence of antigen, inflam-
mation, and debilitating microenvironments. Virus-induced
exhaustion of CD8" T cells has suggested a differentiation pro-
gram affected by multiple checkpoint inhibitors (Hashimoto
et al.,, 2018; McLane et al., 2019). Although they are central to
fighting infections and cancer directly, and indirectly by CD8* T
and B cells (Borst et al., 2018; Haabeth et al., 2014; Laidlaw et
al., 2016), much less is known about CD4* T cell responses to
chronic stimulation. Because they are, by and large, more flex-
ible in their responses to antigen than CD8" T cells (Nguyen
etal., 2019; Obst, 2015), diverse responses to chronic infections
and cancer can be expected. Altered CD4* T cell functionalities
have been described in patients chronically infected with HIV
and hepatitis C virus (HCV) (Morou et al., 2019; Raziorrouh
et al., 2016; Schulze zur Wiesch et al., 2012). CD4* T cells react-
ing to the chronic LCMV cl13 (lymphocytic choriomeningitis virus
clone 13) variant are critically important for the late clearance of
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the virus (Aubert et al., 2011; Harker et al., 2011; Zander et al.,
2019) by enhancing humoral and cytotoxic responses via inter-
leukin-21 (IL-21) (Fahey et al., 2011; Greczmiel et al., 2017; Vella
et al., 2017). On the other hand, LCMV-reactive CD4"* T cells
share signs of dysfunctionality, such as an impaired T helper 1
(Th1) phenotype, with their CD8" counterparts (Brooks et al.,
2005; Crawford et al., 2014; Fuller and Zajac, 2003; Snell et al.,
2016).

It is increasingly realized that CD4* T cells critically contribute
to tumor surveillance directly and indirectly (Borst et al., 2018;
Haabeth et al., 2014). For immunotherapy, the efficacy of elicit-
ing CD8" T memory (Tmem) cell responses has been assisted
by raising CD4* responses simultaneously, bolstering cytotoxic
T lymphocyte (CTL) numbers or conditioning tumors for attack,
thus making the search for major histocompatibility complex
class Il (MHC class ll)-restricted tumor neo-antigens a promising
task inimmuno-oncology (Alspach et al., 2019; Borst et al., 2018;
Ferris et al., 2020). The observation that tumor mutations
escaping MHC class Il presentation are even more positively
selected than those escaping MHC class | binding emphasize
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the importance of Th cells in tumor editing and chronic disease in
general (Pyke et al., 2018).

Mechanisms of T cell exhaustion include the expression of
inhibitory receptors that are likely to protect from autoimmunity
and immunopathology (Cornberg et al., 2013; McKinney et al.,
2015; Oldstone et al., 2018), and immune-mediated side effects
of checkpoint inhibitors confirm this notion (Quandt et al., 2020).
Unresponsive, or anergic, T cells have been initially demon-
strated by T cell receptor (TCR) stimulation (or “signal 1”) alone
but have also been identified in vivo (Chappert and Schwartz,
2010; Kalekar et al., 2016). Data suggest that they exhibit altered
TCR signaling with incomplete AP-1 (activator protein 1) and
thus “unpartnered” NFAT (nuclear factor of activated T cells)
transactivation and transcriptomically resemble exhausted
T cells (Martinez et al., 2015), although altered TCR signaling in
exhausted T cells has rarely been addressed (Ebert et al.,
2016; Han et al., 2010; (Sandu et al., 2020); Staron et al., 2014;
Verma et al., 2021). Conceptually, anergic cells differ from ex-
hausted ones in that their primary stimulation has been incom-
plete, while the latter have been primed successfully but then
lose their functionality. However, it is possible that T effector
(Teff) cells confronted with persisting antigen become exhausted
and increasingly similar to anergic cells.

To better understand antigen-driven exhaustion of CD4*
T cells in relation to anergy, we here analyze their differentiation
in a sterile system of regulated antigen presentation. To establish
chronic infections in mouse models, the immune response has to
be overwhelmed from the beginning by high pathogen loads,
which then continue to exhaust the T cells, raising issues of cau-
sality (Frebel et al., 2010; Li et al., 2009). The high-dose LCMV
cl13 and Docile models have been informative (Hashimoto
et al., 2018; McLane et al., 2019), but it is unclear how good a
model they are for human infections and malignancies. In the
system used here, CD4* T cells are primed uniformly and are
then exposed to different antigen doses that deviate them to
different phenotypes. The absence of confounding innate re-
sponses to pathogens, with their own mechanisms of training,
resistance, and tolerance, allows for a reductionist analysis of
CD4" T cell exhaustion driven by antigen alone persisting at
different levels. We here report the dynamic regulation of Th1
functionality, TCR signaling capacity, and gene expression in
an antigen-dose- and time-dependent manner; define similar-
ities to naturally anergic CD73*folate receptor 4 (FR4™) cells
and to NFAT-induced, LCMV-exhausted, and tumor-infiltrating
CD4" T cells; and probe the cells’ ability to transmit help to B
cells. The results dissect the effects of graded levels of anti-
gen-mediated and reversible exhaustion. The finding that natu-
rally anergic cells resemble antigen-exhausted ones suggests
that a substantial proportion of CD4* T cells is anergized by
persistent self-antigens or commensal antigens.

RESULTS

Different TCR signal strengths induced by increasing
levels of antigen presentation in vivo

To investigate the effects of signal strength on CD4* T cell
exhaustion in vivo, we have used a system in which the expres-
sion of the moth cytochrome ¢ (MCC) peptide MCCgz_103 Can be
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regulated in dendritic cells (DCs) for presentation in the context
of H-2E*. The inducible MCC (iMCC) recipients carry two trans-
genes, depicted in Figure 1A, which allow for doxycycline (dox)-
dependent transcription of a modified Cd74 cDNA that delivers
the MCC peptide to the MHC class Il processing pathway
(Obst et al., 2005). In mice treated with 100 pg/mL dox, the re-
porter transgene is primarily expressed in conventional type 1
DCs (cDC1s) and plasmacytoid DC (pDCs), at about 20-40 times
lower levels in cDC2 and macrophages (MPhs), and in B cells not
at all, while a constitutively expressed Cd74-MCC transgene
(cMCC; Yamashiro et al., 2002) is expressed at >20-fold higher
levels and in all cell types analyzed (Figure 1B; Figure S1A).
The CD4* T cell response to the EX/MCCqs_103 epitope is domi-
nated by cells carrying the Va11/VB3 (TRAV4/TRBV26) TCR
chains (Malherbe et al., 2008; Newell et al., 2011). Both trans-
genics (tgs) appear to be devoid of an endogenous EX/MCC-
reactive repertoire because no cells with an activated
CD44"9"CDB2L'" phenotype accumulate upon immunization
above the adjuvant-induced background (Figure S1B), likely
because of unresponsiveness or negative selection by neo-self
MCC and perhaps assisted by Aire.

The AND TCR is representative of those recognizing the E¥/
MCCgs_103 complex with high affinity because its exact CDR3a
and B sequences have been re-identified among CD4" T cells re-
sponding to immunization; they also carry eight structurally
preferred amino acids defined for efficient interaction (Kaye
et al., 1989; Malherbe et al., 2008; Newell et al., 2011). Upon
adoptive transfer into iIMCC recipients fed with no dox, a low
dose of dox, or a high dose of dox (0, 10, and 100 ug/mL, respec-
tively) in the drinking water, AND TCR tg T cells responded
accordingly by different degrees of proliferation. The cMCC re-
cipients elicited an even higher and more homogeneous
response (Figure 1C, left panels), likely because of high levels
of antigen presentation by cDC1 (Figure 1B).

We noticed that about 80%—-95% of the AND TCR molecules
disappear from the cell surface in cMCC recipients, indicating
a high level of antigen encountered there (Figure 1C, right
panels). MCC presentation by B cells, however, was an unlikely
cause of TCR downregulation for two reasons. First, AND T cells
devoid of the signaling lymphocyte activation molecule-associ-
ated protein (SAP), which is necessary for the stable interaction
of T and B cells (Qi et al., 2008), do downregulate their TCR just
like wild-type (WT) cells with the TCR molecules are still detect-
able intracellularly (Figure 1D). Second, TCR downregulation
was also found upon transfer of AND T cells into cMCC recipi-
ents lacking B cells because of a deleted Rag2 gene (Figure S1C).
These data indicated that TCR endocytosis from the cell surface
in cMCC recipients is caused by a high level of MCC presenta-
tion by non-B APCs like DCs and MPhs.

The direct visualization of TCR signals via the NR4a1-EGFP
transgene (Moran et al., 2011) and the CD69 activation marker
showed full activation of the T cells at intermediate and high an-
tigen doses 16 h posttransfer (pt), but only weak signs of
signaling in iIMCC recipients fed the low 10 pg/mL dose of dox
(Figure 1E, left panels). Analyses at later time points, however,
demonstrated that the cells became fully activated when stimu-
lated for 2 days (Figure 1E, right panels), indicating the accumu-
lation of at least one TCR signaling intermediate over time before
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Figure 1. T cell exhaustion of CD4" AND T cells driven by regulated antigen presentation in vivo

(A) Schematic depiction of MCC-encoding transgenes. The iMCC line carries two transgenes for the dox-inducible presentation of the MCCgs_103 Core epitope by
H-2EX: Cd74 and H-2E« regulatory elements drive the reverse tetracycline transactivator rTAS2, which in the presence of dox induces an MCCgs_1¢3-modified
Cd74 cDNA. The cMCC construct consists of H-2Ea enhancer and promoter sequences with a Cd74 cDNA and MCCgg_103 added on.

(B) Expression of the Cd74 transgenes by sorted APC populations, as shown in Figure S1A. The ratios of the means of cMCC:iMCC (100 png/mL dox) are given on
top. Data are compiled from three independent experiments with n = 2—-4 animals per condition.

(C) Proliferation (left) and TCR surface expression (right) of CD4* AND TCR tg T cells in five recipients 2.5 days pt. iMCC tg animals were fed with 0, 10, and 100 pg/
mL dox, beginning on day —1. Data are compiled from three independent experiments with n = 1 recipient per condition.

(D) TCR expression by AND and AND SAP°”° donor T cells in cMCC recipients 3 days pt. Data are from three independent experiments with n = 1 recipient per condition.
(E) NR4a1-EGFP reporter gene and CD69 expression by AND T cells transferred into the recipients listed on the left. Splenocytes were analyzed 16 h pt (left) and
16, 24, and 48 h pt (right). Data are compiled from four (left) and six (right) independent experiments with n = 1 recipient per condition.

(F) Numbers of AND T cells transferred into the recipients depicted on the left. AlliMCC animals were treated intraperitoneally (i.p.) with an anti-CD40 monoclonal
antibody (mAb) on day —1 (indicated in all schematics by an inverted triangle), fed with 100 ng/mL dox, and transferred with AND T cells on day 0. On day 3, the
dox dose was switched to 0 (condition 1), 10 (condition 2), or left at the initial 100 pg/mL (conditions 3 and 4), one of which was taken off dox on day 10 (condition
4). Data are from four independent experiments with n = 1 recipient per condition.

(G and H) Expression of cytokines and CD154 upon restimulation (G) and memory and exhaustion markers (H) by AND T cells on day 10 pt. Data are compiled from
two to six independent experiments with n = 1 recipient per condition.

*p < 0.05, **p < 0.005, **p < 0.0005 (unpaired Student’s t test).

See also Figure S1.
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reaching a threshold for proliferation (Moreau and Bousso, 2014;
Rachmilewitz and Lanzavecchia, 2002). In summary, these data
evidenced that CD4* AND TCR tg T cells receive no, a low, an in-
termediate, or a high level of TCR stimulation in dox-fed iMCC
and cMCC recipients.

Persistent antigen presentation compromises CD4"*

T cell functionality by day 10

To explore the role of different antigen doses in exhaustion, we
made use of the observation that AND T cells transiently stimu-
lated by antigen presented by CD40-activated DCs efficiently
differentiate into Teff and Tmem cells if antigen is turned off
3 days pt (Obst et al., 2007). T cells also survived by day 30 pt
when antigen persisted at low and intermediate levels or when
it was removed 10 days pt, but hardly in cMCC animals (Fig-
ure 1G), suggesting apoptosis or deletion as an outcome of
exhaustion driven by antigen at a high level. Chronically persist-
ing antigen at the intermediate dose caused dysfunctionality
regarding the synthesis of IL-2, tumor necrosis factor alpha
(TNF-a), interferon (IFN)-vy, and expression of the stimulatory re-
ceptor CD40L (CD154; Figure 1H). Importantly, turning off the
MCC antigen on day 10 pt reversed the expression of memory
(LyeC, CD127) and exhaustion markers (PD-1, Lag3, CD200)
and the above cytokines, while antigen persisting at the low
dose affected only some of them (Ly6C, CD127, CD200, Fig-
ure 1H; IL-2, Figure 1E). These data showed that CD4* T cells
respond dynamically to antigen chronically persisting at three
different levels. They also suggest that CD4* T cells readjust their
phenotype to a reduced antigen load.

Because it has been observed that signs of exhaustion can be
detected early in chronic T cell responses (Han et al., 2010; Mann
and Kaech, 2019; Staron et al., 2014), we next asked how func-
tionality is compromised by persisting antigen until day 10 pt,
when AND T cells were still detectable in the high-dose recipients
(Figure 2A). Although all antigen-exposed cell populations upre-
gulated CD44 and lost the integrin CD62L, only those in the
cMCC recipients, presenting the highest antigen dose, downre-
gulated their TCR (Figure 2B). At the same time, the Tmem
markers CD127 and Ly6C were found to be downregulated with
increasing antigen dose, with CD127 being more sensitive (Fig-
ure 2B). Accordingly, the presence of MCC at intermediate and
high dosages between days 3 and 10 compromised cytokine
secretion and CD154 expression of the cells, whereas MCC per-
sisting at the low dose had little effect on T cell functionality (Fig-
ure 2C). These results indicated that antigen persistence between
days 5 and 10 compromises Teff cell differentiation to Tmem cells
at intermediate and high doses. In addition, the data show that
continuously antigen-exposed AND T cells show the core charac-
teristics of exhausted T cells on both days 10 and 30.

Continuous TCR stimulation undermines signaling to a
later challenge

The results above suggested that continued TCR triggering
might affect its signaling pathways differentially and thereby
contribute to clonal T cell exhaustion. We thus asked whether
the cells are able to perceive persisting antigen by assessing first
NR4a1 expression, which reflects signals triggered by the TCR,
rather than cytokines and inflammatory mediators, and inte-
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grates signaling events mostly by the protein kinase C (PKC),
mitogen-activated protein kinase (MAPK), and/or Ca?* pathways
(Zikherman et al., 2012). AND T cells carrying the tg NR4a1-
EGFP reporter (Moran et al., 2011) were transferred into cMCC
and iMCC recipients. iIMCC animals were initially treated with
100 pg/mL dox for 3 days, before being switched to 0, 10, or
100 pg/mL dox in the drinking water. Dox withdrawal results in
the loss of EX/MCCgs_103 presentation within 2 days (Obst et
al., 2005). On days 6 and 10, EGFP expression at intermediate
and high doses reflected TCR signaling at a time when the cells
exhibit signs of exhaustion (Figure 3A). In the recipients fed with
10 pg/mL dox, EGFP was found to be expressed above back-
ground by day 10, but not by day 6, hinting at signal accumula-
tion toward exhaustion by consecutive interactions with one or
several APCs over time, for which previous evidence exists in
the context of priming (Celli et al., 2005; Faroudi et al., 2003; Hen-
rickson et al., 2008). EGFP expression by AND T cells transferred
into cMCC recipients indicated that the few TCR molecules at
the surface, or internalized ones, are signaling via the PKC,
MAPK, and/or Ca®* pathways that can be read out by the
NR4a1-EGFP reporter (Zikherman et al., 2012).

We next asked whether the Ca?*/calcineurin pathway leading
to the nuclear translocation of NFAT family members (Hogan
et al., 2003) does contribute to the continued TCR signals in
chronically antigen-exposed T cells. Adoptively transferred
AND T cells were retrieved from the recipients on day 10, imme-
diately fixed, and analyzed for nuclear NFATc1 (also known as
NFAT2) translocation by imaging flow cytometry. The cells ex-
pressed similar overall levels of NFATc1 under all conditions,
but its nuclear translocation correlated with the level of antigen
presentation in vivo (Figure 3B). These data demonstrated that
the Ca®*/calcineurin pathway is continuously triggered and
operative in antigen-exhausted CD4" T cells exhibiting signs of
dysfunctionality. The high level of NFATc1 translocation at the
highest dose, where TCR is mostly internalized, indicates that
few TCR molecules at the surface or in an intracellular compart-
ment are sufficient for signaling.

To explore what causes the dysfunctionality of the AND T cells
faced with high levels of chronic antigen, we analyzed IFN-y
expression on day 10 pt. As before, TCR levels were found to
be reduced (Figure 3C, left panels). IFN-y production in response
to the standard phorbol myristate acetate (PMA)/ionomycin (IM)
restimulation was weakly reduced, indicating that TCR signaling
downstream of diacylglycerol and PKC intermediates remained
mostly intact. Restimulation with splenocytes and the MCCgs_
103 peptide, however, did not trigger any IFN-y synthesis (condi-
tion 3), compared with control cells differentiating toward Tmem
cells in transiently treated iIMCC recipients (condition 2; Fig-
ure 3C, left panels). An overnight culture of the CD4* T cells in
the absence of APCs allowed for the TCR to be re-expressed
at the cell surface to almost original levels. However, IFN-y pro-
duction in response to the peptide did not recover (Figure 3D,
right panels), suggesting that acute TCR signaling in cMCC re-
cipients becomes compromised proximally to the TCR and re-
mains so, even after normalization of TCR surface expression.
We indeed find Lat mRNA and protein downregulated (below),
and it is possible that TCR signaling components like it are regu-
lated transcriptionally and/or epigenetically.
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Figure 2. Phenotype and functionality of AND T cells following chronic antigen exposure at different doses
(A) Percentage and cell numbers of AND CD4* T cells found among splenocytes from recipients diagrammed on the left. Data are compiled from five independent

experiments with n = 1 recipient per condition.

(B and C) Marker and cytokine expression by AND T cells 10 days pt. Data are from three to five independent experiments with n = 1 recipient per condition. *p <

0.05, *p < 0.005, **p < 0.0005 (unpaired Student’s t test).

We further explored the ability of rested cMCC-exhausted
T cells to flux Ca* in response to acute TCR/CD4 crosslinking.
The Ca?* indicator tracings remained unresponsive to it, unlike
those of control AND and endogenous CD4* T cells (Figure 3E).
These results were corroborated in vivo, using AND T cells that
were, following antigen exposure for 10 days in cMCC recipients,
transferred into WT or cMCC secondary recipients. Two days
later, the responses to TCR/CD4 crosslinking were not improved
by the antigen-free environment, despite TCR re-expression at
the surface (Figure 3F). These data indicated an irreversible dam-
age of the Ca?* response proximal to the TCR following chronic
in vivo exposure to antigen at a high level. Because we had
observed previously that T cells exhausted by antigen persisting
at the intermediate level are able to robustly flux Ca%* on day 10

(Han et al.,, 2010), we conclude that the types of exhaustion
caused by antigen persisting at different doses are, at least
partially, mediated by different molecular mechanisms. At this
time point, only the high dose of chronic antigen compromised
the Ca®* response to in vitro TCR/CD4 crosslinking.

To assess the functionality of further pathways transmitting
TCR signals in antigen-exhausted cells, we challenged adop-
tively transferred naive and antigen-exposed AND T cells on
day 10 pt in vivo with an intravenous (i.v.) injection of the
MCCgs3_103 peptide. One hour later, the phosphorylation of the ri-
bosomal protein S6, indicative of mMTORC1 (mechanistic target
of rapamycin complex 1) activity, was reduced in a subset of
cells exhausted by intermediate antigen levels and in virtually
all of them in cMCC recipients (Figure 3G, left panels). We then
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Figure 3. Chronic antigen presentation in vivo affects TCR signaling capacity

(A) Expression of the NR4a1-EGFP reporter in AND T cells transferred into four recipients and retrieved as indicated. Shaded histograms represent co-transferred
reporter-negative AND T cells as specificity controls. Data are from four (day 6) and three (day 10) independent experiments.

(B) NFATc1 expression (left) and localization (right) in AND T cells among recipient splenocytes analyzed on day 10 pt. Data are compiled from five independent experiments.
(C) AND T cells retrieved from the indicated recipients were analyzed for TCR expression (left), or restimulated with PMA/IM (middle) or APCs and peptide (right
panels). Data are compiled from three independent experiments with one to two animals per condition.

(D) AND T cells from recipients as described in (C), following an overnight culture in the absence of APCs. Data are from three independent experiments.

(E) Ca2* flux of AND and host CD4"* T cells from recipients as described in (C) following CD3/CD4-biotin crosslinking by adding streptavidin (SA) and IM. Data are
compiled from four independent experiments.

(F) Ca®* flux of AND and host CD4"* T cells following a secondary transfer from cMCC into non-tg and cMCC recipients on day 10. On day 12 the cells were imaged
as in (E). Data are from five independent experiments with one animal per condition.

(G) Signaling capacity of AND T cells retrieved from the indicated recipients. On day 10, animals were injected i.v. with PBS (shaded) or 100 pg MCCgz_103 peptide
(filled histograms) and analyzed 1 h later. Data are compiled from six independent experiments with one animal per condition.

*p < 0.05, *p < 0.005, ***p < 0.0005 (unpaired Student’s t test).
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tested the phosphorylation of the AP-1 component Jun down-
stream of the MAPK cascade and found it decreased in correla-
tion with the dose of persisting antigen (Figure 3G, right panels).
These data indicated that TCR signaling pathways in CD4*
T cells exposed chronically to antigen become differentially de-
sensitized, or tuned, depending on antigen dose, with the Ca®*
pathway being more resistant to continuous input than the Akt/
mTORC1 and MAPK pathways.

In summary, these data show two different mechanisms of
exhaustion. We found that antigen is being recognized by
CD4™" T cells in vivo despite its chronicity, as far as the NR4a1 re-
porter and ex vivo NFAT translocation could indicate. When re-
challenged following a resting period, however, cells exhausted
at the high dose were, perhaps paradoxically, unable to flux Ca%*
and did not produce IFN-y in response to strong TCR stimuli,
pointing at an as yet unknown mechanism of TCR desensitiza-
tion. Cells exhausted by intermediate-dose antigen did flux
Ca?* (Han et al., 2010) but showed reduced responses of the
mTORC1 and MAPK pathways, suggesting an imbalance or
asymmetry of TCR signaling pathways.

Dynamic regulation of gene expression in response to
antigen persisting at different doses

We next examined AND T cells by sorting them from MCC-tg re-
cipients on days 10 and 30 for microarray analysis. To assess the
requirements of antigen persistence for the maintenance of
exhaustion, MCC expression was turned off on day 10 in one
group (T°% see Figures 4A and 4B for schematics). Principal-
component analyses (PCAs) of the day 10 data showed that cells
exposed to no, intermediate, and high doses of antigen (T"°"°,
TNt and T"9", respectively) were easily separated by their
expression signatures. The cells exposed to the low antigen
dose (T'°%), however, clustered with the T cells (Figure 4A),
indicating that the low dose, clearly perceivable by naive
T cells (Figure 1C), affects gene expression only minimally by
day 10. This changes over time, because the signatures of cells
exposed to the low antigen dose for an additional 20 days are
positioned between T"°"® and T™ cells (Figure 4B). Interestingly,
T cells partially split from the exhausted population, following a
different trajectory (Figure 4B).

A more direct assessment of the early dosage effects is de-
picted in the fold change/fold change (FC/FC) comparisons of
Figure 4C: low, intermediate, and high doses induce 126, 598,
and 907 genes, respectively, more than 1.5-fold, many of which
are not expressed in Tmem cells. Rather, memory markers II7r
and Ly6c2 get suppressed with increasing antigen dose, with
II7r being the more sensitive gene. Genes associated with
exhaustion and anergy, like Lag3 and Nt5e (encoding CD73),
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however, are induced with increasing antigen dose (Figure 4C),
indicating that antigen-driven CD4" T cell exhaustion consists
of a dynamic response to antigen on day 10 already. By day
30, the low antigen dose had induced 506 genes (Figure 4D),
about four times more than on day 10, indicating that CD4*
T cells continuously accumulate low-level TCR signals and
adjust their gene expression to the length of antigen presenta-
tion, reminiscent of the temporal summation of TCR signals
shown in Figures 1B and 3A. For T™ cells, the data suggest
that most of the chronic response to this antigen level was
already set in place by day 10. This is confirmed in the direct
comparison: genes associated with T cell anergy and exhaustion
(among them indicated: Cbl, Cd200, Egr2, Eomes, II10, 1121, Irf4,
Ikzf2 [encoding Helios], lzumo1r [encoding FR4], Lag3, Lax1,
Maf, Nr4a1-3, Nt5se, Pdcd1 [encoding PD-1], Tigit, Tox, Tox2,
Tox4) crowd around the 1 = 1 diagonal in the T™ versus T""®
comparisons of days 10 and 30 (Figure 4E). Many messages in
T cells are actively maintained by antigen as they decline
20 days after turn-off (Figure 4F). Only 6 out of 21 anergy- and
exhaustion-associated genes are induced by the low dose
10 days pt (Figure 4G), but by day 30, 16 of them are (Figure 4H),
again demonstrating the possibility of signal summation over
weeks for the development of anergy and exhaustion.

Similarities between antigen-exhausted CD4* T cells
and naturally anergic and tumor-infiltrating ones

We then compared anergy signatures with the genes identified
here by gene set enrichment analysis (GSEA). Unlike genes
induced by costimulation-deficient APCs or IM, the signature
induced by a constitutively active NFATc2 (NFAT1) variant is en-
riched in AND T™ and T"9" cells on day 10 and in T°" and T™
cells on day 30 (Figure 5A). Genes expressed by CD4* TCR tg
T cells following repeated peptide injections overlap in a
very similar manner (Figure 5A). Genes expressed by
CD25 CD45RB'*"Lag3*CD4" T cells sorted from WT animals
were significantly enriched in antigen-exhausted cells. We also
sorted WT cells based on the anergy markers CD73 and FR4,
which are expressed on a subset of CD4* T cells and
CD737FR4™ controls (Figure S2A). We found that genes ex-
pressed by such anergic cells are significantly enriched in anti-
gen-exhausted cells, suggesting that this subset is constitutively
triggered by antigen as well (Kalekar et al., 2016; Martinez et al.,
2012; Figure 5A). Genes enriched in FoxP3CD4" T cells infil-
trating B16 melanoma and MC38 adenocarcinoma tumors
compared with splenocytes of the same phenotype are also
preferentially found in antigen-exhausted and anergic
CD73*FR4* cells (Figure 5A), indicating their encounter of tolero-
genic antigen in the tumor. These comparisons suggest that

Figure 4. Gene expression in antigen-exhausted AND T cells affected by dose and time

(A and B) PCA analyses of microarray data generated from AND T cells sorted from the indicated recipients on days 10 and 30.

(C and D) FC/FC plots of samples from AND T cells exhausted for 10 (C) or 30 days (D) by low (top panels), intermediate (middle panels), and high (bottom panels)
levels of persisting antigen versus T"°" cells, both compared with control cells. Two Tmem markers, //7r (green circles) and Ly6c2 (green squares), and two
exhaustion markers, Nt5e (red circles) and Lag3 (red squares), are indicated. Genes induced with an FC > 1.5 are colored, and their numbers are indicated in the

panels.

(E-H) Gain and loss of genes associated with anergy and exhaustion depend on antigen encounter. Indicated genes fulfill the criteria FC > 1.5 and p < 0.05
regarding the intermediate (int)/none comparison on day 30 (all x axes). Genes in red fulfill these criteria regarding the comparisons indicated at the y axes, but

yellow ones do not.
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CD4™" T cells of WT mice include an anergic subset similar to an-
tigen-exhausted AND T cells. It remains to be determined which
self-antigens or commensal antigens continuously trigger such
anergic cells.

Varying precision of gene expression in response to
antigen persisting at different doses

We next asked how precisely expression patterns are shaped by
antigen persisting at different doses. We established a combina-
torial matrix listing the 15 permutations of the four conditions,
meeting the criteria FC >1.5 over controls and false discovery
rate (FDR) <0.05 (Table S1). The resulting 15 clusters (cls)
show that all degrees of dose dependencies can be found (Fig-
ures 5B and 5C). About half of the genes (57% and 50% on days
10 and 30, respectively) respond specifically to one dose only
(cls 1-4); others respond less strictly under two or three condi-
tions (5-14), while cl 15 is not affected by antigen changes after
the activation phase at all (Figures 5B and 5C). Among the 1,518
genes found differentially expressed on day 10, several tran-
scription factors can be identified, with those whose binding
motifs are also enriched in the respective clusters underlined in
Figures 5B and 5C. For example, Batf, Id2, Nr4a2, and Tox, asso-
ciated with LCMV-driven exhaustion of CD8" T cells, are found
on day 10 in cl 4 like Pdcd1 and are thus driven only by antigen
persisting at the highest level (Figure 5B). Others, like Egr2 and
Eomes, previously associated with anergy and exhaustion
(Chappert and Schwartz, 2010; Paley et al., 2012), satisfy the
clustering criteria in the T samples only (Figure 5B, cl 3), while
Irf4 (Man et al., 2017) appears in cl 10 and is thus expressed at
both dosages. Cl 15 contains genes whose protein products
are not affected by antigen persistence, like Cd44, common to
Teff and Tmem cells. However, it also includes genes, like
Ly6c2 (Figure 2A) and Ifng (Figure 2B), whose proteins are
affected by persisting antigen expression and are thus likely to
be regulated post-transcriptionally.

The day 30 data show an overall “cooling down” with just 776
genes (51% of day 10) upregulated over controls (Figure 5B). The
T° samples differentiate between genes that depend on antigen
persisting beyond day 10 (cl 3) or not (cl 10). In contrast, the
memory markers II7r and Ly6c are both upregulated when
released from antigenic strain and are now found in cls 7 and
12, depending on their sensitivity to antigen persisting at the
low dose.

The downregulated genes offer additional information on anti-
gen-dependent gene expression (Figures S2B and S2C).
Expression of lzumo1r (Kalekar et al., 2016; Martinez et al.,
2012) requires antigen persistence at any dose, like Egri,
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Eomes, Irf4, Tox, and Pdcd1 (cl 1). Foxo1, encoding a transcrip-
tion factor protecting CD8" T cells of anergy (Delpoux et al.,
2018), is downregulated by the highest antigen concentration
only (cl 4). Cd69 is not expressed in any described here,
excluding aspects of priming and the residential Tmem fate.
The gene encoding the TCR adaptor protein LAT is downregu-
lated in TM9" cells only (Figure S2B, cl 4), which coincides with
the TCR-proximal signaling block reported earlier (Figure 3)
and was confirmed for the protein (Figure S2C). The fact that
Foxp3 is not induced in this system under the conditions tested
and thus falls into cl 15 at both time points (Figures S2A and S2B)
is confirmed by protein expression (Figure S2D). This is in agree-
ment with the observation that AND CD4* T cells are unlikely to
differentiate to the T regulatory cell (Treg) phenotype when stim-
ulated by their cognate peptide (Szymczak-Workman et al.,
2009; Yamashiro et al., 2002).

The cluster analysis also allows for better assessment in how
far the exhausted phenotype of T™ cells is already set in place by
day 10. The high levels of enrichment of genes upregulated in the
day 10 samples in response to intermediate (cl 3), high (cl 4), both
(cl 10), or any (cls 14, 15) dosages (Figure S3A) indicate that
about half (147) of the genes specifically expressed on day 30
in exhausted T cells (299) have already been expressed on day
10 (Figure S3B).

In summary, these data illustrate, first, that gene expression of
activated CD4"* T cells is continuously and dynamically adjusted
to antigen in the chronic phase, and second, that the sensitivity
to antigen dose has a wide range of precision among the re-
sponding genes.

Signatures of antigen-exhausted cells compared with
anergic and LCMV-exhausted cells

We next asked how antigen-exhausted cells compare with natu-
rally occurring anergic T cells and sorted CD4*CD44*CD73*FR4*
and control CD4*CD44*CD73 FR4™ cells from non-tg B10.BR
animals (Kalekar et al., 2016; Martinez et al., 2012). Figure S4A
shows that such cells include FoxP3™~ and FoxP3* cells. Figures
S4B and S4C show an increasing enrichment of genes with anti-
gen dose. Interestingly, the concordance decreases by antigen
removal, as indicated by the decreased enrichment score (ES;
Figure S4B, right panel). We also found that genes expressed
at intermediate, high, or both of these doses (cls 3, 4, and 10)
are highly enriched in anergic cells (Figure 5D), like genes not
affected by antigen persistence (cl 15), although there is no
enrichment of genes in the T"°"®-associated cl 1 (Figure S5A).
Out of all the genes enriched in anergic cells (545), about half of
them (271) are also expressed in antigen-exhausted cells on

Figure 5. Similarities of antigen-exhausted to anergic and tumor-infiltrating CD4" T cells and varying precision of gene expression in

response to antigen persisting at different doses

(A) Enrichment of signature genes expressed by anergic and tumor-infiltrating CD4* T cells, in day 10 and day 30 populations compared with naive controls. Last
column: CD4*CD44*CD73*FR4* anergic cells sorted as in Figure S2A. For all comparisons with Normalized Enrichment Score (NES) > 1.6: FDR < 0.002.

(B and C) Comparisons of gene expression in all conditions on days 10 (B) and 30 (C). Differential expression defined by FC > 1.5 and FDR < 0.05 was determined
by comparing each treatment condition with the corresponding control. Genes were grouped in heatmaps according to the pattern of upregulation across all
conditions according to Table S1, which also lists minimal and maximal relative expression values for each cluster. Transcription factors whose binding sites are

also enriched are underlined.

(D) Differences between WT control (CD73 FR4 ") and anergic (CD73*FR4*) CD44*CD4" T cells sorted as in Figure S2A. Highlighted in red are the genes of the
indicated clusters in (A). Numbers indicate the genes with FC < 1 (left) and FC > 1 (right).

See also Figures S2-S7.
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day 10 or 30 (Figure S5B). This finding illustrates the antigen-
dependent nature of gene expression in naturally anergic
T cells. At the same time, this group of cells may also consist of
cells of other lineages or fates, like Treg precursors, Tregs (Kale-
kar et al., 2016), or cells controlled by them (Martinez et al., 2012;
Tuncel et al., 2019).

Because the LCMV cl13 model of T cell exhaustion includes
dramatic aspects of chronic inflammation and cachexia (Baazim
et al., 2019; Lercher et al., 2019; Snell et al., 2017), we asked
what part of cl13-associated genes is induced by persisting an-
tigen (Crawford et al., 2014). We first noticed that they correlated
best with genes expressed by T"9" cells (Figure S6A), confirmed
by projections of exhaustion-associated clusters of day 10 and
30 data (Figures S6B and S6C). When we looked at genes ex-
pressed in CD4" T cells responding to chronic versus acute
LCMYV variants (113 and 90 genes on days 15 and 30, respec-
tively), but not in any of the three antigen dosages analyzed
here (45 and 77 genes), we found an enrichment of signatures
associated with innate, antiviral, and IFN responses (Tables S2
and S3). These data highlight the fact that a good part of genes
enriched in CD4* T cells of chronic versus acute LCMV compar-
isons, 40% and 86% on days 15 and 30, respectively, are not
found in antigen-exhausted Th cells and are thus likely to be
driven by innate aspects of antiviral immune responses rather
than antigen persistence.

A Gene Ontology (GO) term analysis of the clusters showed an
enrichment of genes affecting signal transduction on the tran-
scriptional level in several clusters, with second messenger
signaling, phosphorylation, phospholipase C, and the MAPK
pathway affected in T™ and T"" cells (¢l 10; Figure S7), and
PIP,- and nuclear factor kB (NF-xB)-mediated signaling being
downregulated in T"9" cells (cl 4). These data suggest a desen-
sitization of TCR signaling is partially due to transcriptional
adjustment to persisting antigen.

Antigen-induced anergy marker expression remains
antigen-dependent and reversible

The gene expression data suggested that antigen persisting at
intermediate and high doses between days 5 and 10 elicited
two distinct phenotypes. We indeed found inhibitory receptors
PD-1, LAG3, TIGIT, and CD200, but also costimulatory receptor
Ox40 (CD134) and IL-18R expressed in a dose-dependent
manner (Figure 6A). This also applied to the transcription factors
Maf and Tox, with Tox being more sensitive to antigen (Fig-
ure 6B), confirming their early role in exhaustion (Giordano
et al., 2015; Mann and Kaech, 2019).

CD73 and FR4 are markers of anergic CD4" T cells in models
of arthritis and allogenic pregnancy (Kalekar et al., 2016; Marti-
nez et al., 2012). The allocation of their respective genes, Nt5e
and Izumo1r,incl 15 (up, Figures 5B and 5C) and cl 1 (down, Fig-
ures S2A and S2B), respectively, would not account for being
associated with antigen-induced exhaustion and indicate post-
transcriptional regulation of CD73. Out of the recipients’ CD4*
T cells, 19.5% = 6.9% fell into the CD73*FR4" gate, while the
AND T cells in it increased from 3.0% + 3.0% (Figure 6C, condi-
tion 2, T™") to 83.4% + 6.9% (condition 5, T"9") in a dose-
dependent manner. These data indicated, first, that an
increasing antigen load between days 5 and 10 correlates with
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CD73 and FR4 expression, and second, that the anergic cells
do not compete with endogenous anergic cells for a niche or a
limiting resource, because their numbers did not change
(Figure 6C).

We then compared CD73 and FR4 expression after antigen
presentation was continued at the intermediate level in the
iMCC recipients or turned off on day 10 (Figure 6D, conditions
1-3). In addition, we performed secondary transfers of AND T"9"
cells to cMCC animals or non-tg hosts (Figure 6D, conditions 4
and 5). In both setups, the AND cells found on day 21 in condi-
tions 3 and 5 had mostly lost the expression of the markers, indi-
cating that their expression depended on antigen persistence.
These data are in agreement with the reversible surface pheno-
type, functionalities, and gene expression shown in Figures 1, 4,
and 5. They also recall results on LCMV- and liver/cancer-ex-
hausted CD8" T cells whose phenotype remained flexible for
around 2 weeks of chronic stimulation (Angelosanto et al.,
2012; Philip et al., 2017).

Antigen-exhausted CD4* T cells lose their ability to
deliver help to B cells over time

It has been discussed whether CD4* Th1 cells are merely
dysfunctional in chronic infections (Brooks et al., 2006) or differ-
entiate into T follicular helper (Tfh) cells (Crawford et al., 2014;
Fahey et al., 2011) or another cell type able to deliver help to
CD8* T cells via IL-21 (Vella et al., 2017). We noticed that several
mRNAs associated with T-B cell interaction and Maf, Tox,
CXCRS5, and ICOS proteins were affected by antigen persistence
(Kroenke etal., 2012; Xu et al., 2019; Figures 6B and 7A). We thus
assayed the capacity of T™ and T"°"® AND cells to deliver help to
adoptively transferred CFSE-labeled cMCC B cells that ex-
pressed an Ig specific for the model antigen hen egg lysozyme
(HEL). Such B cells proliferated in response to MCC-specific
T cells only if HEL and dox are given to activate the respective
B and T cell antigen receptors simultaneously (Figure 7B, condi-
tions 1-4). T" cells exhausted for 10 days were only partially able
to support the B cells’ proliferation (condition 5), while the cells
exhausted for 30 days could not (condition 6). This functional
exhaustion over time correlates with the impaired or absent
CD154 expression upon strong PMA/IM restimulation on days
10 (Figure 2C) and 30 (Figure 1G), respectively, which is essential
for any productive interaction between T and B cells (Laman
etal., 2017).

DISCUSSION

Peripheral deletion of specific T cells has been observed in toler-
ance mediated by bone marrow chimerism, in responses to
incompletely activated APCs, in chronic infections like HCV,
and among T cells specific for certain LCMV cl13 epitopes (Bo-
nifaz et al., 2004; ElTanbouly and Noelle, 2020; Schulze zur
Wiesch et al., 2012; Wherry et al., 2003; Zuber and Sykes,
2017). TCR downregulation has been described as a mechanism
to regulate antigen-specific reactivity to high levels of bacterial,
natural, and neo-self-antigens (Ferber et al., 1994; Gallegos
et al., 2016; Holst et al., 2008; Reeves et al., 2017; Teague et
al., 2008). At the highest antigen dose studied here, the cells
were continuously stimulated via the Ca?* pathway despite
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Figure 6. Antigen dependence of exhaustion and anergy marker expression

(A and B) Expression of surface markers (A) and transcription factors (B) by AND T cells from the recipients depicted on the left. Data are pooled from two to five
independent experiments with n = 1 recipient per condition; each symbol represents one recipient.

(C) Expression of the anergy markers CD73 and FR4 by host CD4* (left, gray) and AND T cells from the recipients shown in (A) on day 10 pt (colored, right).
Percentages (left) and cell numbers (right) of CD73*FR4* T cells among endogenous CD4™ (left, gray) and adoptively transferred AND T cells are shown. Data are
compiled from six independent experiments with n = 1-3 recipients per condition.

(D) CD73 and FR4 expression by endogenous and AND T cells of the indicated recipients. Data are from three experiments with n = 1 recipient per condition.

*p < 0.05, **p < 0.005, **p < 0.0005 (unpaired Student’s t test).

receptor internalization. Such signals may be initiated by the few
TCR molecules at the surface or from internalized ones in endo-
cytic compartments, perhaps triggered by EX/MCC complexes
trogocytosed with them (Labrecque et al., 2001; Reed and Wet-
zel, 2019; Saveanu et al., 2019). However, responsiveness to
acute TCR crosslinking was defunct and could not be recovered
by TCR re-expression in the absence of antigen. This finding
points at an as yet unidentified proximal signaling component
that is required to respond to discontinuous TCR signals but re-
mains dysfunctional in T cells chronically exposed to high anti-
gen levels (Chiodetti et al., 2006; Teague et al., 2008). The
recruitment of early signaling components like LAT from intracel-
lular membrane pools to the TCR is a critical step of signal
initiation and also found dampened in early anergy models
(Courtney et al., 2018; Hundt et al., 2006; Saveanu et al.,
2019). Interestingly, its downregulation coincided with the
increased expression of its regulator Lax1, which has also
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been identified in LCMV-exhausted CD8" T cells (Crawford
et al., 2014; Hudson et al., 2019; Zhu et al., 2005). Another pos-
sibility is that epigenetic modifications affect the expression of
TCR signaling components irreversibly.

The accumulation of weak signals over a period of weeks for
exhaustion came as a surprise. The integration of TCR signals
at low antigen levels or over experimental interruptions has
been described for T cell priming (Clark et al., 2011; Faroudi
et al., 2003; Henrickson et al., 2008) and has suggested a per-
sisting signaling intermediate (Moreau and Bousso, 2014; Rach-
milewitz and Lanzavecchia, 2002). The dynamic adjustment to
chronic antigen presentation leading to partial impairment over
time may explain the maintenance of functional responsiveness
to latent infections like EBV and CMV in men and MHV68 and
T. cruzi in mice. These pathogens do not elicit exhausted but
more complex T cell phenotypes with functionalities sufficient
to rein in the respective microbes (Hu et al., 2015; Pack et al.,
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Figure 7. Chronically antigen-exhausted CD4* T cells lose the ability to transmit help to B cells

(A) CXCR5 and ICOS expression on AND T cells exposed to antigen as shown.

(B) Proliferation profiles of allogenically marked B cells carrying the anti-HEL-Ig and the cMCC transgene exposed to AND T cells following the indicated
treatments. Data are pooled from six independent experiments represented by different symbols.

*p < 0.05, **p < 0.005, ***p < 0.0005 (unpaired Student’s t test).

2018). Accordingly, focusing antigen presentation to DC in a
chronic LCMV infection also reduced the level of T cell exhaus-
tion (Richter et al., 2012).

In germinal centers, CD4* T cells are exposed to antigen for a
long time. Because their functionality is necessary for the devel-
opment of high-affinity antibodies, they may be able to buffer the
development of dysfunctionalities. The correlation between
viremia and Tfh signatures in HIV patients and the successful
application of slow-release protein immunization for prolonged
germinal center responses confirm this notion (Cirelli et al.,
2019; Morou et al., 2019). The appearance of broadly neutral-
izing antibodies against HIV-env 2-4 years after infection sug-
gests the stability of Tfh functionality despite protracted env
exposure (Borrow and Moody, 2017). In the iIMCC system, we
observed that the T cells become increasingly unable to induce
B cell proliferation over time when stimulated by DC only. CD40
and CD154 transmit signals necessary for productive T-B cell
interactions (Laman et al., 2017), but CD154 expression upon re-
stimulation is impaired or absent on T™ cells. Because Tth differ-
entiation occurs via a DC-dependent step toward pre-Tfh cells
and a B cell-dependent step (Baumjohann et al., 2011, 2013;
Goenka et al., 2011), it is tempting to speculate that the aner-
gic/exhausted T cells described here share features with pre-
Tfh cells. Thus, our findings argue for a dynamic adaptation to
chronic antigen challenge similar to naive CD4* T cell TCR tuning
by self-peptide/MHC complexes (Grossman and Paul, 2015;
Myers et al., 2017; Zinzow-Kramer et al., 2019), rather than for
a fixed fate or lineage of exhausted T cells as it has been pro-
posed for CD8" ones (MclLane et al., 2019). This is in agreement
with data on chronic LCMV infections where germinal centers
develop slowly and their B cells hypermutate and secrete
neutralizing antibodies, very likely controlled by CD4* Th cells
(Fallet et al., 2020).

The T™ cells’ TCRs were not internalized and perceived anti-
gen, but their mTORC1 and MAPK pathways became desensi-

tized to antigenic challenge with the Ca®* response not affected
(Han et al., 2010). This continuous asymmetrical signaling
induced a signature, including anergy and exhaustion markers,
which were only slowly downregulated following antigen
removal, suggesting epigenetic regulation (Philip et al., 2017).
The desensitization of the MAPK pathway harks back to findings
on anergic cells and holds therapeutic promise. TCR signal
transduction via the MAPK and the phosphatidylinositol 3-kinase
(PI3BK)/Akt/mTORC1 pathways is hampered in anergy (Chappert
and Schwartz, 2010; Chiodetti et al., 2006). An experimental
mimic of it was the asymmetrical stimulation of T cells with low
levels of Ca?* ionophores, leading to the first molecular defini-
tions of anergy (Hundt et al., 2006; Macian et al., 2002). A consti-
tutively active NFATc2 variant unable to interact with AP-1 can
also replace asymmetrical TCR signals and induce expression
signatures resembling anergic and exhausted cells (Martinez
et al., 2015). The expression of the exhaustion-associated tran-
scription factor Tox can be triggered in naive CD8" T cells by
Ca®* ionophore treatment alone, suggesting asymmetrical
signaling in LCMV-exhausted T cells as well (Mann and Kaech,
2019). Insufficient AP-1 expression can also contribute to asym-
metrical signaling (Mondino et al., 1996): Tmem cells increased
the expression of Fos and Jun, while persisting antigen tuned it
down (Figure 5B, cl 1). This was recently used by overexpressing
the AP-1 component c-Jun to reconstitute a CAR T cell product
prone to exhaustion (Lynn et al., 2019). Another possibility of
recovering AP-1 activity was achieved by pharmaceutical inhibi-
tion of the MAPK pathway that resuscitated T cell activity in tu-
mor models by temporarily releasing cells from MAPK-mediated
exhaustive stress (Ebert et al., 2016; Verma et al., 2021).

The transcriptional data display the ripples persisting antigen
makes through the genome. Low-dose antigen presentation takes
weeks to induce exhaustion-associated genes, while the exhaus-
tion-associated signature of T cells is already in place by day 10
but pliable as it subsides over weeks following antigen withdrawal.
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This response is much slower than in the expansion phase, where
overall gene expression is massively affected by antigen
withdrawal within days (Rabenstein et al., 2014). A “point of no re-
turn” between days 7 and 14 has been described for exhausted
CD8* T cellsin a liver/cancer model because of substantial epige-
netic changes (Philip et al., 2017). Although the difference may lie
in the T cell subset or the tolerogenic liver microenvironment
investigated, it remains to be determined whether the pliability of
CD4* T cells is maintained at later time points.

We hope our data on the transcriptional signatures of both
naturally anergic and cells experimentally exhausted by graded
antigen presentation will help to integrate future findings and
supply investigators of TCR-mediated T cell tolerance with an
opportunity to explore molecular possibilities of intervention
and therapy in autoimmunity and chronic diseases.

The idea that immune cells mainly perceive discontinuous
changes has been proposed to unify receptor logics of innate
and adaptive immune systems. According to that proposal, the
immune response is a change detection system where slow
changes would lead to tolerance (Pradeu and Vivier, 2016). We
have shown here that CD4™ T cells responding to chronic antigen
adapt their responsiveness dynamically, which is consistent with
this notion.
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Antibodies

Anti-mouse CD3g, biotin, clone 145-2C11 Biolegend Cat#100304; RRID:AB_312669
Anti-mouse CD4, PE, clone GK1.5 Biolegend Cat#100408; RRID:AB_312693
Anti-mouse CD4, PerCP-Cy5.5, clone RM4-5 eBioscience Cat#45-0042-82; RRID:AB_1107001
Anti-mouse CD4, PE-Cy7, clone GK1.5 Biolegend Cat#100422; RRID:AB_312707
Anti-mouse CD4, biotin, clone RM4-5 Biolegend Cat#100508; RRID:AB_312711
Anti-mouse CD8a, biotin, clone 53-6.7 Biolegend Cat#100704; RRID:AB_312743
Anti-mouse CD8ua, FITC, clone 53-6.7 Biolegend Cat#100706; RRID:AB_312745
Anti-mouse CD11b, biotin, clone M1/70 Biolegend Cat#101204; RRID:AB_312787
Anti-mouse CD11b, PE-Cy7, clone M1/70 Biolegend Cat#101216; RRID:AB_312799
Anti-mouse CD11c, biotin, clone N418 Biolegend Cat#117304; RRID:AB_313773
Anti-mouse CD11c, PerCP, clone N418 Biolegend Cat#117326; RRID:AB_2129643
Anti-mouse CD16/32, unlabeled, clone 2.4G2 Bio X Cell Cat#BE0008; RRID:AB_1107603
Anti-mouse CD19, AL647, clone 6D5 Biolegend Cat#115522; RRID:AB_389329
Anti-mouse CD40, clone FGK45.5 BioXcell Cat#BE0016-2; RRID:AB_1107647
Anti-mouse CD44, FITC, clone IM7 Biolegend Cat#103006; RRID:AB_312957
Anti-mouse CD44, PE-Cy7, clone IM7 Biolegend Cat#103030; RRID:AB_830787
Anti-mouse CD45.1, FITC, clone A20 Biolegend Cat#110706; RRID:AB_313495
Anti-mouse CD45.1, PerCP, clone A20 Biolegend Cat#110726; RRID:AB_893345
Anti-mouse CD45.1, PE-Cy7, clone A20 Biolegend Cat#110730; RRID:AB_1134168
Anti-mouse CD45.1, APC, clone A20 Biolegend Cat#110714; RRID:AB_313503
Anti-mouse CD45R, PE, clone RA3-6B2 Biolegend Cat#103208; RRID:AB_312993
Anti-mouse CD45R, PE-Cy7, clone RA3-6B2 Biolegend Cat#103222; RRID:AB_313005
Anti-mouse CD49b, biotin, clone DX5 Biolegend Cat#108904; RRID:AB_313411
Anti-mouse CD62L, PE, clone MEL-14 Biolegend Cat#104408; RRID:AB_313095
Anti-mouse CD69, PE, clone H1.2F3 Biolegend Cat#104508; RRID:AB_313111
Anti-mouse CD73, PE, clone TY/11.8 Biolegend Cat#127206; RRID:AB_2154094
Anti-mouse CD90.1, FITC, clone HIS51 eBioscience Cat#11-0900-81; RRID:AB_465151
Anti-mouse CD90.1, PerCP, clone OX7 Biolegend Cat#202512; RRID:AB_1595487
Anti-mouse CD90.2, PE, clone 30-H12 Biolegend Cat#105308; RRID:AB_313179
Anti-mouse CD127, PE, clone A7R34 eBioscience Cat#12-1271-81; RRID:AB_465843
Anti-mouse CD134, PE, clone Ox-86 Biolegend Cat#119409; RRID:AB_2272150
Anti-mouse CD137L, PE, clone TKS-1 Biolegend Cat#107105; RRID:AB_2256408
Anti-mouse CD154, PE, clone MR1 Biolegend Cat#106506; RRID:AB_313271
Anti-mouse CD185, PE, clone L13D7 Biolegend Cat#145503; RRID:AB_2561967
Anti-mouse CD200, PE, clone OX-90 Biolegend Cat#123907; RRID:AB_2074081
Anti-mouse CD218a, PE, clone PSTUNYA eBioscience Cat#12-5183-80; RRID:AB_2572616
Anti-mouse CD223, biotin, clone COB7W Biolegend Cat#125205; RRID:AB_961177
Anti-mouse CD244.2, FITC, clone m2B4 Biolegend Cat#133503; RRID:AB_1595624
Anti-mouse CD278, FITC, clone C398.4A Biolegend Cat#313506; RRID:AB_416330
Anti-mouse CD279, PE-Cy7, clone RMP1-30 Biolegend Cat#109109; RRID:AB_572016
Anti-mouse CD366, PE, clone RMT3-23 Biolegend Cat#119703; RRID:AB_345377)
Anti-mouse c-Maf, PE, clone symOF1 eBioscience Cat#12-9855-41; RRID:AB_2572746
Anti-mouse Foxp3, eFluor® 660, clone FJK-16 s eBioscience Cat#50-5773-82; RRID:AB_11218868

el Cell Reports 34, 108748, February 9, 2021

(Continued on next page)



Cell Reports

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-mouse FR4, PE-Cy7, clone eBio12A5 Biolegend Cat#25-5445-82; RRID:AB_842811
Anti-mouse IFNy, APC, clone XMG1.2 Biolegend Cat#505810; RRID:AB_315404
Anti-mouse IL-2, PE-Cy7, clone JES6-5A4 eBioscience Cat# 25-7021-82 ; RRID:AB_1235004
Anti-mouse IRF4, PE, clone IRF4.3E4 Biolegend Cat#646403; RRID:AB_2563004
Anti-mouse LAT, unconjugated, clone E3U6J Cell Signaling Cat#9166S; RRID:AB_2283298
Anti-mouse Ly-6C, FITC, clone HK1.4 Biolegend Cat#128006; RRID:AB_1186135
Anti-mouse NFATc1, Al488, clone 7A6 Biolegend Cat#649604; RRID:AB_2561823
Anti-p-c-Jun, PE, clone MK-1 Santa Cruz Cat#sc-822 PE; RRID:AB_627262
Anti-p-S6, Al488, clone 2F9 Cell Signaling Cat#4854 S;RRID:AB_390782
Anti-mouse Siglec H, PE, clone 551 Biolegend Cat#129606; RRID:AB_2189147
Anti-mouse TCRB, FITC, clone H57-597 Biolegend Cat#109206; RRID:AB_313429
Anti-mouse TCRB, biotin, clone H57-597 Biolegend Cat#109203; RRID:AB_313426
Anti-mouse TCRy3, biotin, clone UC7-13D5 eBioscience Cat#13-5811-85; RRID:AB_466685
Anti-mouse TCR-Va11, biotin, clone PR8-1 BD Cat#553221; RRID:AB_394716
Anti-mouse TCR-VB3, FITC, clone KJ25 CBDM Labs N. Asinovski, C. Benoist, D. Mathis
Anti-mouse TCR-VB3, BV650, clone KJ25 BD Cat#743415; RRID:AB_2741488
Anti-mouse Ter119, biotin, clone TER-119 Biolegend Cat#116204; RRID:AB_313705
Anti-mouse TIGIT, PE, clone 1G9 Biolegend Cat#142103; RRID:AB_10895760
Anti-mouse TNFa, FITC, clone MP6-XT22 Biolegend Cat#506304; RRID:AB_315425
Anti-mouse TOX, PE, clone TXRX10 eBioscience Cat# 12-6502-82; RRID:AB_10855034
Chemicals and peptides

Antibiotic/Antimycotic Solution PAA Cat#P11-002

Cytofix Buffer

Phosflow PermBuffer Il

Bovine serum albumin (BSA), Fraction V
Brefeldin A

CellTrace Violet

Chloroform

DAPI (4,6-diamidino-2-phenylindole)
Dimethyl sulfoxide (DMSO)

DMEM

DNase | from bovine pancreas
Doxycycline (Beladox)

FCS (GIBCO)

Foxp3/Transcription Factor staining buffer set
Ficoll (Pancoll human)

Fixable Viability Dye eFlour 450

Fixable Viability Dye eFlour 660

Fixable Viability Dye eFlour 780

Fluo-4, AM, cell permeant

Fura Red, AM, cell permeant

Hen egg lysozyme (HEL)

HEPES Buffer Solution (1 M)
Intracellular Fixation & Permeabilization Buffer Set
lonomycin (IM)

L-Glutamine (PAA)

Liberase

Linear polyacrylamide (GeneElute)

BD Bioscience
BD Bioscience
Thermo Fisher
Sigma Aldrich
Thermo Fisher
Carl Roth
Invitrogen
Thermo Fisher
Applichem
Roche
Bela-Pharm
Life Technologies
eBioscience
PAN Biotech
eBioscience
eBioscience
eBioscience
Thermo Fisher
Thermo Fisher
Sigma Aldrich
PAA
eBioscience
Diagonal

GE Healthcare
Roche

Sigma Aldrich

Cat#554655
Cat#558050
Cat#11413164
Cat#20350-15-6
Cat#C34557
Cat#67-66-3
Cat#D1306
Cat#67-68-5
Cat#A1316
Cat#11284932001
Cat#793-588
Cat#10438018
Cat#00-5523-00
Cat#P04-60500
Cat#65-0863-14
Cat#65-0864-14
Cat#65-0865-14
F14201

F3020
Cat#A3711
Cat#S11-001
Cat#88-8824-00
Cat#56092-82-1
Cat#11541911
Cat#5401119001
Cat#1001854941
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peptides MCCgg.103, MCCg3-103 Peptides & Elephants Custom

Phorbol myristate acetate (PMA) Sigma-Aldrich Cat#16561-29-8
RPMI 1640 Medium, Glutamax Supplement Thermo Fisher Cat#61870010
Sigma Adjuvant System (Ribi) Sigma Aldrich Cat# S6322
Streptavidin (PE) Biolegend Cat#405203
Streptavidin (APC-Cy7) Biolegend Cat#405208
Streptavidin (PE-Cy7) Biolegend Cat#405206
Trizol LS reagent Life Technologies Cat#10296028

Critical commercial assays

Agilent RNA 6000 Pico

Brilliant Il Ultra-Fast SYBR Green QPCR

MAGCS anti-biotin MicroBeads

MACS LS Columns

Mouse Gene 2.0 ST Microarrays

NucleoSpin RNA Clean-up XS

Ovation Pico WTA System V2 cDNA Amplification
Kit

Encore Biotin Module for Fragmentation and
Labeling cDNA

Agilent

Agilent

Miltenyi

Miltenyi
Affymetrics
Macherey-Nagel
Nugen

Nugen

Cat#5067-1511
Cat#600882
Cat#130-090-485
Cat#130-042-401
Cat#902119
Cat#740903.50
Cat#3302-A01

Cat#4200-A01

rDNase set Macherey-Nagel Cat#740963

SuperScript Il First-Strand Synthesis System Invitrogen Cat#18080-051

Deposited data

Microarray transcriptomic data This study GEO: GSE143739

Experimental models: organisms/strains

Mouse: B10.BR or Jackson B10.BR-H2*? H2-T18%/SgSnJJrep,
Jackson stock no. 004804

Mouse: B10.BR Harlan/Envigo B10.BR-H-2%/OlaHsd

Mouse: AND

Mouse: CD45.1
Mouse: SAP®°
Mouse: RAG2°"°
Mouse: li-rTA
Mouse: TIM

Mouse: cMCC
Mouse: NR4a1-EGFP

Mouse: SWye
Mouse: FoxP3-EGFP

Obst et al., 2005
Obst et al., 2005
Wu et al., 2001
Shinkai et al., 1992
Obst et al., 2005

van Santen et al., 2004
Yamashiro et al., 2002

Moran et al., 2011

Phan et al., 2003
Lahl et al., 2007

B10.BR-Tg(TcrAND)53Hed
B10.BR-Ptprc?

B10.BR-Sh2d1a™!°Pt
B10.BR-RAG2!™1Fwa
B10.BR-Tg(Cd74-rtTA)#Doi
B10.BR-Tg(tetO-Cd74/MCC)#Doi
B10.BR-Tg(H2-Ea-Cd74/MCC)37GNnak

B10.BR-Tg(Nr4a1-EGFP/cre)820Khog, Jackson
stock no. 016617

B10.BR-Igh™'R*"-Tg(IgkHyHEL10)1Rbr
Tg(Foxp3-DTR/EGFP)23.2Spar

Oligonucleotides

GGATCCTGAGAACTTCAGGctc
TGATGAGACAGCACAACAACC
GACGGCCAGGTCATCACTATTG
AGGAAGGCTGGAAAAGAGCC

Obst et al., 2005
Obst et al., 2005

rabbit B-globin-FW
rabbit B-globin REV
mouse B-actin-FW
mouse B-actin-REV

Software and algorithms

Affinity Designer 1.8.4
FlowJo 10.4.2
GraphPad Prism 7
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FlowJo
GraphPad Software

https://affinity.serif.com:443/
https://www.flowjo.com
https://www.graphpad.com
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IDEAS 6.2 Merck KGaA https://www.emdmillipore.com/US/en
MultiplotStudio 1.5.20 SP Davis & C. Benoist, HMS http://gparc.org

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Reinhard
Obst (reinhard.obst@med.uni-muenchen.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The accession number for the microarray data reported in this paper is GEO: GSE143739. This study did not generate unique code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

B10.BR mice were purchased from Jackson Laboratories (B10.BR-H2"2 H2-T18%/SgSnJJrep, stock number 004804) or Harlan, now
Envigo (B10.BR-H-2¥/OlaHsd). All transgenes and deleted loci were backcrossed to the B10.BR-H-2X background. iMCC animals
carry the transgenes li-rTA (Obst et al., 2005; Tg(Cd74-rtTA}#Doi) and TIM (van Santen et al., 2004; Tg(tetO-Cd74/MCC)#Doi,
cMCC animals carry a tg li-MCCgg_103 fusion protein under the control of the H-2Ea promoter (Yamashiro et al., 2002; Tg(H2-Ea-
Cd74/MCC)37GNnak). AND TCR tg mice (Kaye et al., 1989) carry the CD45.1 allogenic marker for identification which was originally
derived from B6.SJL-Ptprc®Pepd®/BoyJ animals (Han et al., 2010). For transcriptome analyses, AND tg with Ptprc? and Rag2®’ loci
were used. NR4a1-EGFP tg (Tg(Nr4a1-EGFP/cre)820Khog) were purchased from The Jackson Laboratories (stock no. 016617) and
backrossed to the AND, Ptprc? and the H-2* loci. SAP®° animals (Wu et al., 2001; Sh2d1a™'°"Y) and SWyg, animals (Phan et al.,
2003; Igh™RP"_Tg(lgkHyHEL10)1Rbr) were provided by M. Turner, Babraham Institute, Cambridge, UK, and backcrossed to carry
the cMCC, Ptprc®® and H-2* loci. Mice of both sexes were used at 6-16 weeks of age. All mice were genotyped by PCR and housed
in groups of 2-5 animals per cage in specific pathogen-free facilities at the Institute for Immunology or at the specific and opportu-
nistic pathogen free facilities of the Core Facility Animal Models at the Biomedical Center of the Ludwig-Maximilians-Universitat Mu-
nich. All protocols were approved by the Government of Upper Bavaria, protocol no. 55.2-1-54-2532-84-2015.

METHOD DETAILS

Animal Treatments and Adoptive Transfers

Single cell suspensions were prepared in FACS buffer (DMEM/5 mM HEPES/1% BSA) from axillary, brachial, and inguinal lymph no-
des from donor AND*CD45.1 animals (6-20 weeks, females) with microscopic glass slides and checked for the presence of 50%-—
60% of naive (CD44I°"/™ CD62L"") TCR-VB3* CD4* T cells.

Recipient animals (6-20 weeks, both sexes) were injected i.p. with 20 pg of the agonistic anti-CD40 mAb FGK45.5 (Obst et al., 2007)
on day —1 and were injected i.v. with 10° lymph node cells from AND*CD45.1 animals in 100 pl DMEM, except those in Figures 1A-1C
and the control recipients 1-3 in Figure 7B. Control recipients (B10.BR or untreated iMCC) were injected with lymph node cells 3 days
before sacrifice since AND T cells wane in the absence of antigen, as has been observed for several CD4* TCRtg T cells (Hataye et al.,
2006; Obst et al., 2007). All donor cells were routinely checked for viability (> 95% DAPI"), TCR VB3 and CD44"°"/"MCDE2L* naive
phenotype before transfer. IMCC animals were put on water low in divalent cations (Volvic or desalinated water) containing
100 pg/mL dox (Bela-Pharm) on day —1, were kept on it or switched to normal water or 10 pg/ml on day 3 as indicated. Experiments
were terminated by the sacrifice of the recipients by CO, asphyxiation or cervical dislocation.

For secondary transfers (Figure 6D), axillary, brachial, and inguinal lymph nodes of primary recipients were removed and pooled
from 1-3 animals. Single cells suspensions were incubated with biotinylated mAbs against CD8, CD11b, CD11c, CD45R, CD49b,
GR-1 and TER119, washed twice in FACS medium, incubated with anti-biotin beads and depleted of the respective populations
by passing them over magnetized LS columns (Miltenyi). The flow-through contained > 90% CD4* T cells. 5x10° cells were injected
i.v. into secondary hosts.
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For in vivo peptide challenges (Figure 3G), recipient animals were injected with 100 pl PBS or with 25 ng MCCgg_103in 100 ul PBS i.v.
1 hour before sacrifice. Splenocytes were resuspended in FACS buffer immediately, fixed in prewarmed Cytofix buffer (added 1:1)
and incubated at 37°C for 10 minutes. Cells were washed in FACS buffer and permeabilized by slow addition of 0.5 mL of —20°C
cooled Perm buffer lll to the slowly vortexed cells and an incubation on ice for 30 minutes. Cells were then stained in FACS buffer
at room temperature.

For B cell experiments (Figure 7B) 5x108 CD45R* spleen B cells from B10.BR-SWyz -cMCC-CD45.1 animals were i.v. injected.
The AND cells in these experiments carried the CD90.1 congenic marker.

Forimmunizations (Figure S1B) animals were subcutaneously injected with 60 g MCCg3_103 in Ribi adjuvant and analyzed 7-8 days
later (Fazilleau et al., 2009).

CTV Labeling

20x10° LN cells per ml were resuspended in Ca®*/Mg?*-free PBS/0.1% BSA at 37°C and 2 pl/ml of 5 mM CTV in DMSO were added
while the cells were vigorously vortexed. Cells were incubated at 37°C for 10 minutes before the cells were centrifuged through a
cushion of FCS, washed in DMEM and resuspended at 10x10° cells per ml for adoptive transfer.

Flow Cytometry: Standard Stainings

Splenocytes single cell suspensions were prepared with glass microscopy slides in FACS buffer, filtered through a 70 pm? mesh and
red blood cells were separated by a centrifugation through a Ficoll cushion at 670 rcf. for 15 minutes with reduced deceleration. The
cells were washed and 3-5x10° cells were aliquoted into round bottom 96-well plates. Cells were centrifuged and resuspended in
50 ul of FACS buffer containing mAbs listed in the Reagents list, including 2.5 pg of the FcyR blocking mAb anti CD16/32 2.4G2.
The cells were centrifuged, resuspended in FACS buffer and read out in BD Canto Il or BD Fortessa Analyzers. Open histograms
show isotype control stainings.

Cytokines

4x10° splenocytes were stimulated in round bottom 96-well plates with 20 ng/ml PMA and 1 pg/ml IM in RPMI-Glutamax/10% FCS/
50 uM 2-ME/100 units/ml penicillin/0.1 mg/ml streptomycin/0.25 png amphotericin B for 4 hours with 10 ug/ml Brefeldin A added for
the last 2. The cells were harvested and stained with Fixable Viability Dye eFluor 450, 660 or 780 (1:1000 in PBS) and antibodies for
15 minutes at 4°C and cytokines were stained with the eBioscience Intracellular Fixation & Permeabilization Buffer Set as per man-
ufacturer’s instructions.

Phosphorylated Proteins

For intracellular visualization of P-S6 splenocytes were resuspended in FACS buffer immediately after sacrifice, fixed in 37°C pre-
warmed 4% PFA at 37°C for 10 minutes. Cells were washed in FACS buffer and permeabilized by the slow addition of 0.5 mL of
—20°C cooled Perm buffer Il to the slowly vortexed cells and an incubation on ice for 30 minutes. Cells were then washed and stained
in FACS buffer at room temperature. For stainings of P-Jun splenocytes were washed and then fixed with 2% PFA for 20 minutes at
room temperature. The cells were then washed with PBS and incubated with Fcy blocking mAb for 15 minutes at RT and then washed
twice with PBS/2% FCS/0.2% sodium azide and then twice with the same buffer containing 0.5% saponin and stained for 30 minutes,
washed sequentially in permeabilization and staining buffers and measured.

NFAT Localization

For the analysis of NFATc1/Draq5 co-localization, splenocyte single cell suspensions were prepared immediately after sacrifice and
fixed by adding 4% paraformaldehyde 1:1, an incubation at room temperature for 10 min, washed and resuspended in permeabili-
zation buffer (eBioscience). The cells were stained with indicated antibodies and Drag5 and analyzed by using an ImageStream™ MK
cytometer. Nuclear translocation of NFATc1 was determined using the similarity feature in the IDEAS software. A similarity score was
defined that measures the correlation of pixel co-localization between the Drag5 and NFATc1 images of each cell.

Ca?* Responsiveness

Splenocytes were enriched for CD4* T cells by incubations with biotinylated mAbs against CD8, CD11b, CD11c, CD45R, CD49b,
GR-1 and TER119, two washes in FACS medium, incubation with anti-biotin beads and depletion of the respective populations
by passing them over magnetized LS columns (Miltenyi). The flow-through contained > 90% CD4* T cells. 10° cells were resus-
pended in 500 pl complete RPMI/1% BSA medium and incubated at 37°C. The Ca®*-sensitive dyes Fluo-4 and Fura-Red, the
1 mM and 3 mM frozen stock solutions in DMSO were thawed and diluted in RPMI/1% BSA to yield a 2x labeling solution (2 uM
Fluo-4, 6 uM FuraRed) which was added to the cells while vortexed to ensure homogeneous dye loading. The cells were incubated
for 30-60 minutes at 37°C with occasional mixing. The cells were washed twice with FACS medium without BSA at room temperature
and a small sample put aside as a compensation control. The pellet was resuspended in 200 ul medium with 3 pl biotinylated anti-
CD8g, 3 ul biotinylated anti-CD4, and 1 ul anti-CD45.1 for cell identification, incubated for 15 minutes at room temperature, washed
twice and resuspended in 500 pl FACS buffer. During data acquisition at the BD FACSCanto Il over 5 minutes samples were spiked
with 20 pg SA after 1 minute and 100 ng IM after 4 minutes.
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Cell Sorting

For APC analyses, spleens of two mice were digested with 0.9 mg/ml liberase/0.2 mg/ml DNase in DMEM for 10 minutes at 37°C,
washed and red blood cells were separated by a centrifugation through a Ficoll cushion at 670 rcf. for 15 minutes with reduced decel-
eration. Cells were depleted of T, B, and NK cells, granulocytes and erythroid precursors by incubation with biotinylated mAbs (TCRp,
TCRYyd, CD19, CD49b, GR-1 and Ter119) and anti-biotin MACS beads and separated over magnetized LS columns (Miltenyi). The
cells were then stained as indicated in Figure S1A and sorted with a BD FACSAria lll sorter.

For transcriptomic analyses, single cell suspensions of lymph node and spleen cells of recipient animals were pooled and incu-
bated with biotinylated antibodies against CD8, CD11b, CD11c, CD45R, CD49, Gr-1 and TER119. Washed cells were then incubated
with anti-biotin microbeads and depleted by passing them over magnetized LS columns (Miltenyi). The resulting CD4* cell suspen-
sions were stained and sorted twice as SA" CD4"CD45.1*CD90.2*TCRVB3*DAPI singlets on a Beckmann Coulter MoFlo XDC sorter.
The yield of test sorts was > 99% purity. The cells of the second sort were sorted directly into 500 pl Trizol LS, mixed and stored at
—80°C for processing. Five independent replicates per condition were generated.

For transcriptomic analyses of anergic and control cells, B10.BR lymph node and spleen cells were pooled and out of the DA-
PI'CD4*CD44"9" singlets, CD73*FR4* and CD73 FR4™ were sorted from five mice.

Quantitative RT-PCR: Assessment of Transgene Expression

RNA from sorted APC populations were isolated with Trizol LS and cDNA synthesized with Superscript Il (Invitrogen) and oligo-dT
per manufacturer’s protocol. The common rabbit 3-globin splice substrate of the IMCC and cMCC transgenes (gray in Figure 1A) and
mouse B-actin were quantified with a SYBR green master mix (Agilent) and the primers listed in the Key Resources Table. Data were
displayed as fold change (FC) = 2-(CtlB-globinl-Ct[-actin])

Transcriptome Analysis: RNA Isolation

The Trizol samples were thawed on ice, 300 pl chloroform was added, shaken, incubated for 3 minutes at room temperature and spun
at 12,000 x g and 4°C. The aqueous phase was transferred to new tubes, 1 volume of isopropanol and 1 ul of linear polyacrylamide
stock solution (25 pg/pl) was added. The samples were precipitated for 16 hours at —20°C and centrifuged for 10 minutes at 12,000 x
g and 4°C. Supernatants were removed and RNA pellets washed with 70% ethanol. RNA pellets were resuspended in 100 pul RNase-
free water and purified with NucleoSpin RNA Clean-up XS columns as per manufacturer’s instructions, from which the RNA was
eluted with 12 ul water and stored at —80°C. RNAs were quantified with an Agilent 2100 Bioanalyzer. All samples had RNA integrity
values > 8 and were used for amplification and microarray hybridizations.

Expression Profiling

Total RNA (0.1-30 ng) was amplified and labeled using the Ovation Pico WTA System V2 in combination with the Encore Biotin Mod-
ule (Nugen). Amplified cDNA was hybridized on Affymetrix Mouse Gene 2.0 ST arrays containing about 35,000 probe sets. Staining
and scanning using a GeneChip Scanner 3000 7G was done according to the Affymetrix expression protocol including minor mod-
ifications as suggested in the Encore Biotin protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cytometry Data Analysis

Data were analyzed with the FlowdJo software. Extracted expression levels were assessed for normality with the Shapiro-Wilk test of
the Prism software. Data were plotted and tested with the Prism software and statistical tests used as indicated in the figure legends.
Statistics panels depict data points and means.

Transcriptomic Data Analysis

Data normalization and background correction was performed in R using Robust Multichip Average (RMA, library ‘oligo’) including
background correction and quantile normalization. Technical control probe sets as well as probe sets with zero variance were
removed. Samples which did not pass quality control (package ‘arrayQualityMetrics’, version 3.32.0; 1 day-10 T™, 1 day-10 T"9")
were excluded from further analysis. Furthermore, only probe sets exhibiting a log2 expression value of > 4 in at least one condition
were considered for further analyses. Many-probe-sets-to-one-gene relationships were resolved by keeping only one probe set with
highest variance for each gene (annotation package ‘mogene20sttranscriptcuster.db’). Differentially expressed genes were identi-
fied using a moderated t-statistic (R package ‘limma’). Transcription factors binding site enrichment was determined using ‘RcisTar-
get’ and motif database ‘mm9_10kbpAroundTss_motifRanking’ within the R package ‘RcisTarget.mm9.motifDatabases.20k.” NES
threshold was 3. Gene set enrichment analyses were conducted using mroast (‘limma’ package) with 10000 rotations. GO and KEGG
pathway enrichment analyses were performed using a hypergeometric distribution test as supplied by the ‘GOstats’ package using a
p value cutoff of 0.001. Data were visualized as heatmaps, FC/FC and volcano plots using MultiplotStudio 1.5.20 available at the
GenePattern Archive (http://gparc.org).
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