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I M M U N O L O G Y

Reciprocal regulation of mTORC1 signaling and 
ribosomal biosynthesis determines cell cycle 
progression in activated T cells
Teresa Rosenlehner1†‡, Stefanie Pennavaria1†‡, Batuhan Akçabozan1, Shiva Jahani1,  
Thomas J. O’Neill2, Daniel Krappmann2, Tobias Straub3, Jan Kranich1, Reinhard Obst1*

Ribosomal biosynthesis in nucleoli is an energy-demanding process driven by all RNA polymerases and hundreds 
of auxiliary proteins. We investigated how this process is regulated in activated T lymphocytes by T cell receptor 
(TCR) signals and the multiprotein complexes mTORC1 and mTORC2, both of which contain the kinase mTOR. De-
ficiency in mTORC1 slowed the proliferation of T cells, with further delays in each consecutive division, an effect 
not seen with deficiency in mTORC2. mTORC1 signaling was stimulated by components of conventional TCR sig-
naling, and, reciprocally, TCR sensitivity was decreased by mTORC1 inhibition. The substantial increase in the 
amount of RNA per cell induced by TCR activation was reduced by 50% by deficiency in mTORC1, but not in 
mTORC2 or in S6 kinases 1 and 2, which are activated downstream of mTORC1. RNA-seq data showed that mTORC1 
deficiency reduced the abundance of all RNA biotypes, although rRNA processing was largely intact in activated T 
cells. Imaging cytometry with FISH probes for nascent pre-rRNA revealed that deletion of mTORC1, but not that of 
mTORC2, reduced the number and expansion of nucleolar sites of active transcription. Protein translation was 
consequently decreased by 50% in the absence of mTORC1. Inhibiting RNA polymerase I blocked not only prolif-
eration but also mTORC1 signaling. Our data show that TCR signaling, mTORC1 activity, and ribosomal biosynthe-
sis in the nucleolus regulate each other during biomass production in clonally expanding T cells.

INTRODUCTION
T cells have been engineered for new therapies of malignancies. How-
ever, many roadblocks remain, and a better understanding of how T 
cell receptor (TCR)–dependent signaling reprograms cellular physiol-
ogy for rapid clonal expansion and effector functions may help to in-
form new cell therapies (1). TCR-mediated antigen recognition drives 
T cells to quickly adapt their metabolism from dormancy to macro-
molecular biosynthesis and energy production. During clonal expan-
sion, which is potentially unlimited (2), T cells divide with a rate of 
about three divisions per day, which is among the fastest in the adult 
organism. TCR-initiated signaling events have been elucidated by the 
analysis of activation markers such as interleukin-2 (IL-2), CD69, or 
nuclear receptor 4a1 (NR4a1) (3–6) and of the shift to anabolic me-
tabolism (7–13). Activated T cells use aerobic glycolysis to funnel gly-
colytic intermediates to biosynthetic pathways, including nucleotide 
biosynthesis through the pentose phosphate pathway, while optimiz-
ing mitochondrial physiology for adenosine 5′-triphosphate produc-
tion (8, 14, 15). The exploration of metabolic shifts in T cells holds 
promise for cancer therapy because transient inhibition of TCR signal-
ing can enhance the functionality of tumor-exhausted T cells (16–25).

The evolutionarily conserved mTOR (mammalian target of ra-
pamycin) complexes (mTORCs) are Ser/Thr kinases that adapt multiple 
cellular functions to receptor-mediated signals and microenvironmental 
nutrient availability (11, 26). In activated T cells, the Raptor-containing 

mTORC1 is required for the increased activity and maintenance of 
glucose and amino acid transporters for aerobic glycolysis (27–32), 
as well as for lysosomal biogenesis and autophagy (33,  34). The 
Rictor-containing mTORC2 is critical for memory T cell mainte-
nance (35, 36). mTORC1 also affects CD4+ T helper 1 (TH1), TH2, 
TH17, and T memory cell differentiation (29, 37, 38), and the TCR-
dependent maintenance and function of regulatory T cells also de-
pend on mTORC1 activity and amino acid transporter induction 
(39–42). mTORC1 activity is compromised in antigen-, virus-, and 
tumor-exhausted T cells (43–45), which makes mTORC1 and its 
downstream effectors a potential target for immunointervention 
(16, 18, 38, 46, 47).

Protein synthesis is considered a “housekeeping” function but var-
ies on a global level between tissues depending on homeostatic de-
mands. It is dynamically enhanced in activated lymphocytes (48–52). 
In actively proliferating eukaryotic cells, ribosomal biosynthesis 
makes up 40 to 80% of cellular transcription by all three RNA poly-
merases (Pol) and may require ~60% of the cells’ energy (53–55). In 
mammalian cells, Pol I activity determines the capacity of cells to 
grow and proliferate, which makes the nucleolus the point of con-
vergence integrating the demand of synthesizing millions of ribo-
somes per cell cycle. In the nucleolus, ribosomal RNA (rRNA) is 
transcribed from five tandem arrays of hundreds of ribosomal DNA 
(rDNA) repeats and processed and modified at ~230 sites by ~200 
ribosomal biosynthesis proteins and ~80 small nucleolar RNAs. Ri-
bosomal subunits are assembled from four RNAs and 79 ribosomal 
proteins (54–59). In yeast and tumor cells, these processes are mostly 
under transcriptional control and regulated by mTORC1 (60).

Here, we explored mTORC signaling and ribosomal biosynthesis 
in T cells, which are two of the primary targets of rapalogs. We 
showed that T cell activation increased the amount of RNA per cell 
at least ninefold, an increase that was halved by the absence of 
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mTORC1. Sequencing of all RNA biotypes indicated that rRNA 
constituted 85% of a T cell’s RNA, independently of activation sta-
tus, T cell subset, or mTORC1 activity. The abundance of rRNA was 
mostly controlled by transcription rather than 47S pre-rRNA pro-
cessing and affected structural features of the nucleolus and the nucle-
us and delaying increases in cell size. Chemical mTORC1 inhibition 
decreased rRNA abundance and slowed proliferation, whereas Pol I 
inhibition attenuated both proliferation and mTORC1 activity, indi-
cating reciprocal regulation of mTORC1 and the nucleolus that sup-
plies the cells’ anabolic infrastructure.

RESULTS
T cell proliferation is restricted by the absence of mTORC1, 
but not that of mTORC2
Because it is unclear how T cell proliferation is compromised by the 
deletion of mTOR components (32, 61–63), we investigated the role 
of mTORC1 and mTORC2 in T cell reactivity in vivo. We transferred 
CellTracker Violet (CTV)–labeled B6-CD45.1+ CD4-cre+ wild-
type (WT), CD4-cre+ Raptorfl/fl (RaptorCD4), or CD4-cre+ Rictorfl/fl 
(RictorCD4) T cells into H2-Ab/bm12 or H2-Kb/bm1 recipients. Each of 
these H2 variants carry three amino acid substitutions that affect 
peptide binding and thus make them strong alloantigens for H2b/b 
CD4+ and CD8+ T cells, respectively (64). Western blot analysis 
confirmed the removal of Raptor and Rictor in mature T cells of 
the respective genotypes (fig. S1). Although WT and RictorCD4 CD4+ 
T cells responsive to Abm12 divided homogeneously six or more times 
within 5 days, RaptorCD4 cells divided one to six times over the same 
period (Fig. 1A). Similarly, RaptorCD4 Kbm1-reactive CD8+ T cells 
underwent a variable number of divisions (Fig. 1B). These results 
suggested that each consecutive division of both CD4+ and CD8+ 
T cells responding to a constitutively presented antigen in vivo is 
delayed in the absence of mTORC1, but not by that of mTORC2.

Because polyclonal alloreactive cells have a wide range of TCR 
affinities, we next asked how T cells with defined specificity responded 
to constitutively presented antigen in the absence of mTORC1. Con-
genically marked WT and RaptorCD4 AND-TCR transgenic T cells were 
cotransferred into inducible moth cytochrome c (iMCC) recipients 
whose dendritic cells and macrophages constitutively present their 
cognate antigen H2-Ek/MCC93–103 when fed doxycycline (dox) (45). 
WT cells went through ~3 divisions/day, a rate generally found in re-
sponse to pathogens as well (65). However, RaptorCD4 AND T cells pro-
liferated with the constantly lower rate of 1 or 2 divisions/day and did 
not accumulate as efficiently as did WT cells (Fig. 1C). Upon trans-
fer into dox-fed iOVA mice, which present the ovalbumin peptide 
OVA257–264 (OVAp) through H2-Kb under dox control (66), RaptorCD4 
CD8+ OT1 T cells showed a similarly reduced rate of division com-
pared to cotransferred WT cells (Fig. 1D). These data confirm that each 
consecutive division of T cells proliferating in vivo is hampered in the 
absence of mTORC1. For more detailed analyses, we turned to T cells 
activated in vitro; how such cells were gated is shown in fig. S2. 
RaptorCD4 CD8+ T cells divided at about half the rate of WT cells 
(Fig. 1E), thus corroborating the in vivo findings. 5-Ethynyl-2′- 
deoxyuridine (EdU) pulse labeling showed that fewer RaptorCD4 T 
cells entered S phase, indicating that the absence of mTORC1 restricted 
the G1-S transition (Fig. 1F, top). Over the following chase periods of 
3 and 7 hours, the RaptorCD4 T cells ran through G2 and mitosis into 
the EdU+ G1 gate at a rate that was further reduced, perhaps indicating 
additional mTORC1-dependent restriction in the S phase or at the 

G2-M restriction point (Fig. 1F, middle and bottom), which has been 
reported in other systems (67). In summary, these data show that T cell 
proliferation in vivo is three times slower in the absence of mTORC1, 
which restricts the cell cycle most prominently at the G1-S transition 
(32, 68), whereas the deletion of mTORC2 has no effect.

The relationship between conventional and 
mTORC1-dependent TCR signaling
mTORC1-dependent signaling integrates multiple environmental 
cues to adjust T cell metabolism and responses accordingly. Mutual 
amplification or inhibition of signaling pathways indicates early in-
tegration of such cues. We thus asked whether and when TCR- and 
IL-2–derived signals acted on mTORC1 activity in the course of T 
cell priming. The phosphorylation of the ribosomal protein S6 (eS6) 
(56) by the kinases S6 kinase 1 (S6K1) and S6K2 (encoded by the 
genes Rps6kb1 and Rps6kb2) and the ribosomal protein S6 kinases 
RSK1 to RSK6 (encoded by Rps6ka1 to Rps6ka6) mostly indicates 
mTORC1 activity (69,  70), which is detectable within 2 hours of 
TCR stimulation and is maintained by the TCR for at least 2 days. 
When TCR stimulation was interrupted, mTORC1 activity de-
creased (Fig. 2A, left). In contrast, the abundance of IL-2 receptor α 
(IL-2Rα) chain (CD25) was increased within 2 days and maintained 
despite TCR signal interruption (Fig. 2A, right). After the rest peri-
od of 12 hours, the cells were restimulated with immobilized anti-
CD3 antibodies or IL-2 in the absence or presence of tofacitinib, an 
inhibitor of the IL-2R–associated Janus kinases 1 and 3 (71, 72). Al-
though tofacitinib inhibited IL-2–induced mTORC1 activity, it did not 
interfere with TCR signals (Fig. 2B). These data indicate that TCR- 
and IL-2–dependent signaling pathways can independently trigger 
mTORC1 kinase activity in activated CD25+ T cells (11, 29, 32, 72, 73), 
likely in a consecutive manner.

CD28-dependent costimulation increased the antigen sensitivity 
of the TCR 100-fold, as assessed by CD69 abundance (Fig. 2C, left) 
and mTORC1 activity (Fig. 2B, right), indicating that both conven-
tional and mTORC1-dependent TCR signaling follow the same co-
stimulatory rules. Conventional TCR signaling includes the Ca2+/
calcineurin/nuclear factor of activated T cells (NFAT)–, mitogen-
activated protein kinase (MAPK)/activating protein 1–, and phospha-
tidylinositol 3-kinase (PI3K)/Akt–dependent pathways. Inhibitors of 
each of these pathways (cyclosporin A, GDC0973, and GCD0941, re-
spectively) inhibited CD69 expression (Fig. 2D, top), but mTORC1 
activity was not affected by calcineurin and hardly by MAPK inhibi-
tion as determined using both S6-pSer235/6– and S6-pSer240/4–specific 
antibodies (Fig. 2C, bottom, and fig. S2). A possible caveat of these 
experiments is that S6 phosphorylation is an indirect measure of 
mTORC1 activity that could also be mediated by other potentially 
MAPK-dependent kinases (70, 74).

Because the relationship between the nuclear factor κB (NF-κB) 
and mTORC1 pathways is unclear (75, 76), we tested animals lacking 
the paracaspase Malt1 (mucosa associated lymphoid tissue lymphoma 
translocation gene 1), which is required for TCR signal transmis-
sion through the caspase recruitment domain family member 11 
(Card11)/B cell leukemia/lymphoma 10 (Bcl10)/Malt1 (CBM) com-
plex toward the NF-κB family of transcription factors (77, 78). 
Malt1-deleted cells did not show changes in CD69 abundance 
(Fig. 2E) but showed decreased S6 phosphorylation (Fig. 2F). These 
data indicate that conventional and mTORC signaling are con-
trolled to a similar extent by the PI3K/Akt pathway and that the 
Ca2+/calcineurin pathway does not affect mTORC1. Moreover, the 
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Fig. 1. Control of T cell proliferation by mTORC1 but not by mTORC2. (A and B) CTV dilution of alloreactive CD45.1+ WT, Raptor-, or Rictor-deleted T cells (RaptorCD4 and 
RaptorCD4, respectively) 5 days after transfer to H2b/b and H2b/bm12 (A) or H2b/b and H2b/bm1 (B) recipients. CD4+ (A) and CD8+ (B) splenocytes from N = 5 (WT and RaptorCD4) 
and N = 3 (RictorCD4) animals were analyzed. (C) Proliferation of WT and RaptorCD4 CD4+ AND TCR transgenic T cells cotransferred into dox-fed iMCC recipients. Before 
transfer, the cells were labeled with the CellTracker dye CFSE. Splenocytes from N = 3 animals per genotype were analyzed. (D) Proliferation of WT and RaptorCD4 CD8+ OT1 
TCR transgenic T cells cotransferred into dox-fed iOVA recipients. Splenocytes from N = 3 animals per genotype were analyzed. (E) Comparison of OT1 WT and RaptorCD4 
T cell proliferation in response to OVAp (10 ng/ml) over time. CD8+ T cells labeled with the CTR dye from N = 3 animals per genotype were analyzed. (F) In vitro activated 
OT1 WT or RaptorCD4 T cells were pulsed with EdU for 1 hour, and EdU incorporation was measured directly after the pulse (top), 3 hours (middle), and 7 hours (bottom) 
later. CD8+ T cells from N = 3 animals per genotype were analyzed. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by unpaired two-tailed Student’s t test.
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***P < 0.001, and ****P < 0.0001 by unpaired two-tailed Student’s t test.
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MAPK pathway has a stronger effect on conventional than on mTORC1- 
dependent signaling, whereas the CBM/NF-κB pathway affects mTORC1 
signaling more than conventional TCR signaling. However, mTORC1/2 
inhibition with the adenosine 5′-triphosphate–competitive Torin-1 
compound, which fully inhibits mTOR activity [(79) and Fig. 2G], 
did not affect CD69 or NR4a1 abundance, both of which are targets 
of conventional TCR signaling (4, 6), in response to high levels of 
OVAp activating the OT1 TCR (Fig. 2G). We thus asked whether 
mTORC1/2 signaling affected TCR signaling in response to limiting 
amounts of antigen, a situation more likely to be encountered in re-
sponses to pathogens. Torin-1 inhibition lowered the sensitivity of 
the OT1 TCR three- to ninefold as assessed by CD69 (Fig. 2H) and 
NR4a1 abundance (Fig. 2I), indicating that mTORC1/2 signaling 
can affect conventional TCR signaling when antigen quantity is lim-
iting. In summary, these data show that mTORC1/2 activity inte-
grates signals initiated by TCR, IL-2R, and CD28 costimulation and 
can quantitatively affect conventional TCR signaling. mTORC1/2 
thus acts to integrate conventional TCR signals and can also adjust 
the threshold of T cell activation in case of limiting antigen availability.

mTORC1 regulates RNA synthesis
Initially, lymphocytes were identified as the agents of adaptive im-
munity in parent-into-F1 graft-versus-host disease experiments by 
their increasing size, developing prominent nucleoli, and becoming 
“pyroninophilic” before they begin to divide (80, 81). Because mac-
romolecular biosynthesis is the primary task of rapidly dividing lym-
phocytes, we asked how deletion of mTORC1 or mTORC2 affected 
cellular RNA, as assessed by visualizing its proxy double-stranded 
RNA with the intercalating dye Pyronin in flow cytometry (82–85). 
After T cell activation, the amount of RNA per cell increased by 
about ninefold in WT and RictorCD4 T cells, whereas the absence of 
mTORC1 reduced it by about one-half (Fig. 3A). RNA expression 
differed between the G0 and G1 phases of the cell cycle in WT and 
RictorCD4 T cells. However, RaptorCD4 T cells entered the S phase 
with less RNA per cell without passing through a proper G1 phase 
(Fig. 3A). These differences became evident 18 to 48 hours after 
stimulation (Fig. 3B). When cellular RNA was purified from naive 
and activated CD4+ and CD8+ T cells, the amounts of total (Fig. 3C, 
left) or 28S rRNA (Fig. 3C, right) per cell were increased even more 
(25- to 47-fold) by activation and again reduced by one-half by Rap-
tor deletion. The difference between the results is likely caused by the 
use of Pyronin in fixed and permeabilized cells in which double-
stranded RNA is unlikely to be entirely accessible to an intercalating 
dye, thus resulting in underestimation. These data show by different 
techniques that the amount of RNA per cell is not stable but fluctu-
ates in the process of T cell activation.

TCR-stimulated RaptorCD4 T cells showed decreased phosphoryla-
tion of Thr389 in p70 S6K1 (Fig. 3D), a prominent target of the mTOR 
kinase in mTORC1 (51, 86). The remaining signal detected in Rapt-
orCD4 T cell extracts by the antibody (Fig. 3D, top row) is likely caused 
by the incomplete CD4-cre–mediated loxP site recombination of both 
Raptorfl alleles in some of the T cells. Such remaining WT signals have 
been occasionally seen before in proliferation (Fig. 1E) and RNA visu-
alization assays (Fig. 3A). S6K1 and S6K2 phosphorylate S6 at Ser235, 
Ser236, Ser240, Ser244, and Ser247 (69, 70). Two cytometry-compatible an-
tibodies specific for pSer235/6 or pSer240/4 are commonly used as indirect 
readouts of mTORC1 activity. We found that these phosphorylation 
sites were detectable by Western blot analysis of activated T cells from 
either RaptorCD4 or S6K1/2−/− animals (Fig. 3D), which are viable on a 

mixed B6;129 background (87, 88). Analyses by flow cytometry, the 
dynamic range of which is better suited for the quantification of rare 
events, indicated that phosphorylation at both pairs of sites is almost 
entirely attenuated in T cells from RaptorCD4 animals but only partially 
in S6K1/2−/− T cells (Fig. 3, E and F). The remaining activity was most 
likely mediated by proteins encoded by members of the Rps6ka1 to 
Rps6ka6 gene family (74,  88) because it was inhibited by BRD7389 
(Fig. 3, E and F) (89, 90). However, S6K1/2−/− T cells showed no differ-
ences in RNA up-regulation upon TCR stimulation, indicating that 
rRNA biosynthesis in T cells is not mediated by these kinases (Fig. 3G). 
We conclude that the TCR-initiated serine phosphorylation of S6 is 
mediated by mTORC1 and several S6 and RSK family members. S6 
phosphorylation itself has no effect on proliferation, as shown for T 
cells from S6P−/− knock-in mice in which the five S6 Ser residues are 
replaced with Ala (91).

To identify RNA biotypes that are regulated in an mTORC1-
dependent manner, we sequenced precipitable RNA from naive and 
activated WT and Raptor-ablated CD4+ and CD8+ T cells. The anal-
ysis of the RNA biotypes revealed that their relative percentages did 
not generally differ regarding cell type, genotype, or activation sta-
tus (Fig. 4A), with three exceptions being mRNA in WT CD8+ and 
rRNA in RaptorCD4 CD4+ and CD8+ T cells. In all cell types, ~85% 
of the RNA matched the 47S pre-rRNA, whereas ~5% was protein-
coding mRNA. The next abundant biotype was the small nucleolar 
RNA, which contributes to the processing of ribosomal RNA and 
tRNA in the nucleolus. These data indicate a global enhancement of 
transcription, reminiscent of hypertranscription described not only 
in cells undergoing developmental transitions such as zygotes, pre-
implantation epiblasts, and embryonic stem cells but also in adult 
organ renewal and tumorigenesis (92, 93).

The distribution of the reads over the consensus 45-kb rDNA tan-
dem repeat in the mouse (94) identified the 12.8-kb 47S pre-rRNA, 
with its regions incorporated into mature ribosomes at higher levels 
(Fig. 4B). We also found that sequences of the intergenic spacer 
(IGS) were transcribed, most likely by RNA Pol II, as found previ-
ously in tumor cells (95, 96). However, T cell subset, stimulation, and 
genotype did not affect IGS transcription (Fig. 4C), making a role of 
such transcripts in T cell activation unlikely. mRNAs of genes con-
tributing to nucleotide and ribosomal biosynthesis and processing 
were expressed by activated cells in an mTORC1-dependent manner 
(Fig. 4D).

To assess changes in rRNA processing in T cell activation, we ana-
lyzed the reads matching the eight regions of the primary 47S rRNA 
transcript in more detail. Differences mostly mapped to the external 
and internal spacers (ETS, ITS-1, and ITS-2) and correlated with acti-
vation status rather than genotype (Fig. 4, E and F). This result indi-
cates that the consecutive removal of the 3′ ETS, the 5′ ETS, and both 
ITS proceeds independently of mTORC1 (Fig. 4E), which agrees with 
previous data in tumor cell lines and obtained with chemical mTOR 
inhibition (97). However, four regions were overrepresented in acti-
vated T cells: the 5′ ETS-1 stretch 5′ of the A′ cleavage site [following 
the nomenclature in (98)], ITS-1, ITS-2, and the 3′ ETS (Fig. 4F). The 
1.6- to 2.5-fold increases indicate that rRNA processing might be a 
bottleneck in activated T cells. The only mTORC1-dependent differ-
ence that was detectable was a 1.5-fold reduction of 5′ ETS-2 reads in 
stimulated RaptorCD4 CD8+ T cells (Fig. 4G). Ribosomal biosynthe-
sis is particularly sensitive to imbalances in the abundance of its 
components as indicated by ribosomopathies caused by haploinsufficient 
ribosomal or ribosomal biogenesis proteins (99, 100). The identity 
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Fig. 3. mTORC1 restricts the expression of cellular RNA, but mTORC2 and S6K1/2 do not. (A) DNA and RNA amounts of OT1 T cells of the indicated genotypes were 
determined after 2 days in culture without (unstim.) or with OVAp (10 ng/ml) (stim.). Percentages in DNA plot indicate the cells in S, G2, and M phases of the cell cycle. RNA 
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OVAp stimulation over time. CD8+ cells from N = 3 to 9 animals per genotype were analyzed. (C) Measurements of RNA amounts in CD4+ and CD8+ WT and RaptorCD4 T 
cells after 2 days in culture without or with stimulation by immobilized CD3/CD28 antibodies (left) and 28S rRNA measurements by electrophoretic chromatography 
(right). RNA samples of cells from N = 4 (left) and N = 2 to 4 (right) animals per genotype were analyzed. (D) Sorted T cells were stimulated with anti-CD3 and anti-CD28 
antibodies for 16 hours and their proteins probed for phosphorylation at the three sites: S6K1-Thr389, S6-Ser235/6, and S6-Ser240/4. The experiment was repeated twice with 
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analyzed for S6-Ser235/6 (E) and S6-Ser240/4 (F) phosphorylation. CD8+ cells from N = 3 animals per genotype were analyzed. (G) DNA and RNA amounts of sorted T cells of 
the indicated genotypes were stimulated and analyzed for DNA and RNA as in (A). Unstimulated cells are depicted in gray. CD8+ cells from N = 3 animals per genotype 
were analyzed. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by unpaired two-tailed Student’s t test. NS, not significant.
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of the nucleases removing the ETS and ITS sequences re-
mains unknown (54, 98), but the 5′ ETS-A region is bound by 
fibrillarin for subnucleolar sorting, and the 3′ ETS is removed 
with the help of the unhealthy ribosome biogenesis 1 
(URB1) protein and the U8 small nucleolar RNA (101, 102). In 
summary, these results suggest that the amount of rRNA per 
T cell is controlled by Pol I–dependent pre-rRNA transcrip-
tion rather than by 47S rRNA processing. However, the rela-
tive increase in processing intermediates indicates an 
upper limit on ribosomal biosynthesis and perhaps the rate of 
T cell clonal expansion.

Ribosomal activity was assessed by incorporation of 
the cell-permeable and clickable methionine analog homo-
propargylglycine (HPG) into nascent protein chains. Trans-
lational activity increased over time but was reduced to 
~50% in Raptor-deleted T cells (Fig. 4H). Thus, in T cell 
activation, the reduced amount of RNA per cell in the ab-
sence of mTORC1 (Fig. 3, A to C and G) is coupled with 
diminished translation.

mTORC1 controls nucleolar activity and structure and 
cell volume

To visualize rRNA biosynthesis, we designed 48 oligonucle-
otide fluorescence in situ hybridization (FISH) probes that 
bind to the 5′ ETS (table S1), which, in tumor cells such as 
HeLa cells, is cleaved and destroyed within minutes after 
rRNA synthesis (103). The ~200 47S pre-rRNA genes in mice 
are distributed in large tandem arrays on chromosomes 12, 
15, 16, 18, and 19, and the probes were built using a consensus 
sequence of these genes (94). The probes thus visualize the 
nascent 47S pre-rRNA transcript and its first intermediate 
missing the 3′ ETS (104, 105). Activation by antigen led to 
a ~10-fold induction of 5′ ETS rRNA in WT and RictorCD4 
OT1 T cells but only an ~5-fold induction in RaptorCD4 cells. 
Overall, polyadenylated mRNA expression was affected to a 
lesser extent by the absence of mTORC1 than rRNA transcrip-
ton was (Fig. 5A). These data correlate Pol I–dependent rRNA 
gene transcription visualized by 5′ ETS FISH and RNA quan-
tification with Pyronin in activated T cells.

rRNAs are synthesized, processed, and assembled with 
79 ribosomal proteins to the large 60S and small 40S ribo-
somal subunits. The process is assisted by ~300 proteins in 
the largest nuclear substructure, the nucleolus, whose mul-
tiple functions are accompanied by multiphase condensates 
and liquid-liquid phase separation (58, 106–108). We thus 
explored how the activity of Pol I, found in the fibrillar cen-
ter of the nucleolus (107, 109), is affected by mTORC defi-
ciencies using ImageStream cytometry. Figure S3 shows 
how T cells were pregated on the basis of imaging parame-
ters. In ImageStream cytometry using 5′ ETS–specific FISH 
probes, the number and size of the fibrillar centers peaked 
on day 1 and decreased over the next 2 days in both WT and 
RictorCD4 T cells. In contrast, the increase in both parame-
ters in RaptorCD4 T cells was delayed over this period so that 
on day 3, the fibrillar centers were more numerous and cov-
ered a larger area than in control cells that had already 
reduced fibrillar centers to the starting number (Fig. 5B). 
Thus, mTORC1 deficiency, but not mTORC2 deficiency, 
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causes a delay in Pol I activity and parameters of nucleolar structure 
over the first days of T cell activation.

The increase in cellular volume, which is a combination of nuclear 
and cytoplasmic volumes, was delayed in a similar manner in Raptor-
deleted T cells (Fig. 5C, left). Volumetric Coulter impedance mea-
surements of unfixed live cells to measure cell size (110) showed the 
fivefold increase in WT cells of ~120 to ~620 fl, which was delayed by 
the absence of mTORC1 (Fig. 5D). These changes are consistent with 
electron microscopic measurements (111). Thus, T cells lacking 
mTORC1 cannot adjust rRNA synthesis and consequently cannot 
calibrate nucleolar and cellular structures sufficiently to the demands 
posed by rapid cell division.

mTORC1 accelerates each division of the expansion phase by 
promoting rRNA transcription and cell cycle 
checkpoint transitions
Having seen the effects of mTORC1 but not mTORC2 ablation on 
nucleolar structure and function, we asked how chemical mTOR in-
hibition would affect RNA synthesis and proliferation at different 
time points of clonal expansion. rRNA transcription was entirely 
blockable when Torin-1 was added from the beginning of T cell ac-
tivation and less so at later time points (Fig. 6A). Cell division was 
hampered by late Torin-1 addition as well, suggesting an important 
role for mTORC in T cell expansion beyond the exit of quiescence 
(Fig. 6, B and C), with the amount of RNA per cell reduced accord-
ingly (Fig. 6D). These data show that mTORC activity affects each 
consecutive cell division and are consistent with the reduced divi-
sion rates of later divisions of Raptor-deleted T cells in vivo (Fig. 1, 
A to D). Thus, the Torin-1 effects are most likely caused by the inhi-
bition of mTORC1 and not of mTORC2. The Torin-1–mediated de-
lay in T cell division was reversible such that both proliferation and 
RNA amounts per cell reached levels similar to those in uninhibited 
cells upon Torin-1 removal (Fig. 6, E and F). Cell cycle analyses in-
dicated that late mTORC1 inhibition hampered primarily the G1-S 
transition, leading to more Raptor-deleted T cells in the G1 phase 
and fewer cells in the S, G2, and M phases (Fig. 6G). However, 
among the cells in G2 and M phases, fewer were the M phase, indi-
cating a second mTORC-dependent restriction point at the G2-M 
transition (Fig. 6H), just as we had seen with Raptor-depleted 
T cells (Fig. 1F). Together, these data show that in proliferating 
T cells, mTORC1 promotes each consecutive cell division by facilitating 
both rRNA transcription and passage through the G1-S and G2-M 
transition points.

RNA Pol I activity controls both cell cycle and 
mTORC1 activity
To further understand the causal relationships among cell cycle pro-
gression, mTORC1 activity, and Pol I–dependent transcription, we in-
hibited Pol I transcription with quarfloxin (also known as CX-3543), 
which interferes with the binding of the transcription factor SL1 to 
the 47S rDNA promoter (112). 5′ ETS rRNA expression was entirely 
blocked when quarfloxin was present in the first 24 hours of T cell 
stimulation but not when added 48 hours later (Fig. 7A). This result 
indicates storage of presynthesized 47S rRNA in an unprocessed form 
once rRNA transcription is blocked, which has been described in yeast 
and tumor cells (54, 113). Quarfloxin also inhibited T cell proliferation 
when added later, indicating the ongoing dependence of T cell division 
on Pol I–dependent transcription (Fig. 7B). The cells were arrested 
in the G1 and G2-M phases, leading to depletion of cells in S phase 

(Fig. 7C). These data are reminiscent of not only the partial cell cycle 
inhibition at the G1-S transition point but also that at the G2-M transi-
tion point caused by the absence or inhibition of mTORC1 (Figs. 1F 
and 6, G and H). Blocking Pol I in a distinct manner with BMH-21, 
which causes proteasome-dependent degradation of Pol I component 
RPA194 (114), arrested the proliferating T cells in G1 and G2-M as well 
(Fig. 7D, top), corroborating the previous conclusion. The percentage 
of cells in M phase, as indicated by Ser28 phosphorylation of histone 
H3, was reduced sixfold, indicating the necessity of rRNA transcrip-
tion for the initiation of T cell mitosis (Fig. 6H). These data show that 
T cell proliferation requires Pol I activity at the G1-S and G2-M transi-
tion points of the cell cycle.

We noticed that quarfloxin inhibited forward scatter, suggesting 
feedback to mTORC1 (Fig. 7E, left). We found that quarfloxin inhibited 
mTORC1 activity, as indicated by the decrease in the phosphorylation 
of Ser235/6 and Ser240/4 in S6, with a half-maximal inhibition at ~125 nM 
for pSer235/6 and at a slightly higher concentration for pSer240/4 (Fig. 7E, 
middle and right). We also confirmed the inhibition of mTORC1 activ-
ity by Western blotting for the phosphorylation of the direct target 
Thr389 in S6K1. mTOR, Raptor, and Rictor proteins themselves re-
mained unchanged by the addition of quarfloxin (Fig. 7F). These data 
indicate an enhancement of mTORC1 activity by Pol I–dependent tran-
scription. The tight coregulation of rRNA transcription and mTORC1 
activity was corroborated by the parallel decrease in 5′ ETS rRNA and 
S6 phosphorylation within hours of application of quarfloxin (Fig. 7G) 
and BMH-21 (Fig. 7H). Thus, the cell cycle, mTORC1 activity, and 
rRNA transcription are interlinked and mutually dependent.

DISCUSSION
Our data let us make five points. First, there was mutual regulation 
between conventional TCR-dependent and mTORC1-dependent sig-
naling, which has been appreciated only occasionally (75). Besides the 
classical mTORC1 targets 4E-BP1/2 and S6K1/2, at least 326 proteins 
are phosphorylated in an mTORC1-dependent manner in T cells, in-
cluding MAPK, NF-κB, and NFAT components (51). Reciprocally, we 
learned that Malt1−/− T cells, which lack the CBM/NF-κB pathway, 
showed reduced mTORC1 activity, especially in response to limiting 
TCR stimulation (Fig. 2, E and F). Because mTORC1/2 affects TCR 
sensitivity (Fig. 2, H and I), it is likely a hub that integrates antigen 
recognition, cytokine signals, and nutrient availability to adjust the 
degree of clonal expansion. It remains unclear how mTORC1 regu-
lates Pol I activity and ribosomal biosynthesis in lymphocytes. In 
other contexts, they are not necessarily linked: In Drosophila germline 
stem cells, Tor activation and ribosomal biosynthesis can be uncou-
pled, which promotes terminal differentiation (115). Because S6K1 
and S6K2 regulate ribosomal protein synthesis in hepatocytes in re-
sponse to food intake (87), it can be concluded that the role of S6K1/2 
in transmitting mTORC1-derived signals differs between tissues of 
mice. Our exclusion for a role for S6K1 and S6K2 agrees with earlier 
findings of normal cell growth and proliferation of lymphocytes from 
S6K hypomorphs (63). Although the mTORC1-dependent phosphor-
ylation of the Pol I–specific transcription factors Rrn3 (RNA poly-
merase I transcription factor homolog 3, also known as TIF-1A) and 
Ubtf (upstream binding transcription factor, also known as UBF) has 
been detected in activated T cells (51), it is expected that additional 
factors are involved (104).

Second, mTORC1 functionality is effective beyond the initial divi-
sion after the exit from quiescence in vivo. Deficiency of mTORC1 
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slowed down the cell cycle of each consecutive division of both CD4+ 
and CD8+ T cells in their expansion phases. This was confirmed with 
Raptor-deleted T cells in vitro and by the late addition of Torin-1 after 
the initial one or two divisions were completed. Torin-1 slowed the 
following divisions and reduced the rRNA expression. Although these 
results agree with a report on delayed proliferation of mTOR-deleted 
T cells in a high-dose vaccinia infection (61), they contrast with some 
of the data supporting the view that mTORC1 matters exclusively for 
the first division (32, 116) and make therapeutic mTORC1 inhibition 
to treat autoimmune and inflammatory diseases after manifestation 
more plausible (38, 117).

Third, the macromolecular density in the cytosol changes over 
the course of T cell activation mostly because of massive ribosomal 
biogenesis. Although the electronic cell volume of WT T cells increased 
approximately fivefold from 120 to 620 fl, the amount of RNA per cell, 
85% of which is rRNA, increased at least ninefold. This agrees with 
earlier assessments of dry biomass production from 30 to 400 pg by 
phytohemagglutinin-stimulated lymphocytes (118). This mTORC1-
dependent approximately twofold increase in cytoplasmic concentra-
tion of ribosomes is likely to change the biophysical properties of the 
cytoplasm. The use of nanoparticles of ribosomal size in tumor cells has 
revealed that mTORC1 inhibition reduces ribosomal abundance and 
consequently the effective diffusion coefficient and phase separation 
properties of the cytoplasm (119). Our data suggest that ribosomal 
abundance is not a fixed but rather a pliable parameter in the pro-
cess of T cell activation. Amino acid starvation or rapamycin-
mediated mTORC1 inhibition affects rRNA transcription in yeast 
and cancer cells (120–123), and proteomic studies have shown that 
ribosomal proteins are synthesized in an mTORC1-dependent man-
ner in activated T cells (28, 30).

Fourth, our data showed that it was not the end product but the 
process of ribosomal biosynthesis itself that affected T cell prolifera-
tion. A late 24-hour inhibition of ribosomal biosynthesis by Torin-1 
or quarfloxin did not reduce the amount of 47S pre-rRNA as would 
be expected for a precursor being turned over within minutes to 
hours in tumor cells (54). Rather, 5′ ETS remained detectable even 
24 hours after inhibition (Figs. 6A and 7A), suggesting storage of 
pre-rRNA as has been seen in tumor cells (54). Our data with Pol I 
inhibition (Fig. 7B) suggested that it was the stalled Pol I activity 
that delayed the cell cycle in T cells in an mTORC1-dependent man-
ner. In tumor cells, nascent 5′ ETS-1 is bound to fibrillarin and sorted 
through its glycine- and arginine-rich domain, an intrinsically dis-
ordered region, into the dense fibrillar component, the nucleolar 
compartment where rRNA processing occurs (102, 106, 124). The 
mTORC1-dependent increase in rRNA expression in activated 
T cells was reflected by nucleolar number and size (Fig. 5B) and 
likely also affected nucleolar substructures that may serve as immuno-
logical biomarkers. The nucleolus is a multifunctional and multiphase 
condensate that recruits proteins during the cell cycle, rRNA process-
ing, protein folding, and human disease (101, 106, 109, 125–127), 
and rRNA transcription is also an important feature of memory 
T cells (105).

Fifth, our data suggest feedback from nucleolar Pol I activity to 
mTORC1 activity. Because nucleotide availability restricts Pol I 
activity, it is to be expected that blocking it would reciprocally lead 
to increased nucleotide triphosphate levels and improved signaling. 
A similar mechanism has been shown for glycolytic nucleotide 
triphosphates affecting PI3K signaling activity (128). However, 

the opposite was the case here: Blocking Pol I decreased mTORC1 
activity (Fig. 7, G and H). This finding indicates that the nucleolus 
is more than a passive receiver of TCR initiated signaling but ac-
tively participates in it. Although the nature of this signal is un-
known, it might be a powerful target for manipulating adaptive 
immune responses.

The ≥9-fold increase in all RNA biotypes in T cell activation 
harks back to the concept of hypertranscription observed decades 
ago in transitional processes as diverse as zygotic cell division, 
hematopoietic stem and progenitor cell expansion, regeneration, 
and cancer (92, 93). Here, we suggest it as a mechanism that might 
offer insights into the rapid biomass production required for T cell 
clonal expansion.

MATERIALS AND METHODS
Mice
B6.C-H2-Kbm1/ByJ (stock number 001060) and B6.C-H2-Ab1bm12/
KhEgJ (stock number 001162) mice were obtained from Jackson 
Laboratories. B10.BR mice were purchased from Jackson Labo-
ratories (B10.BR-H2k2 H2-T18a/SgSnJJrep, 004804) or Envigo (B10.
BR-H-2k2/OlaHsd). iMCC animals carry the transgenes Ii-rTA [Tg 
(Cd74-rtTA)#Doi] and TIM [Tg (tetO-Cd74/MCC)#Doi] (129), 
and iOVA animals carry the Ii-rTA and TSO [Tg (TetO-OVA)7Obst] 
transgenes (66). AND [Tg (TcrAND)53Hed] and OT1 [Tg (Tcra 
Tcrb)1100Mjb] TCR transgenic mice carry the CD45.1 encoding al-
logenic marker Ptprca originally derived from B6.SJL-PtprcaPepdb/
BoyJ animals (66). NR4a1–enhanced green fluorescent protein (EGFP) 
transgenics [Tg (Nr4a1-EGFP/cre)820Khog, 016617] were purchased 
from Jackson Laboratories and backcrossed to OT1+ and Ptprca 
mice. Animals carrying the CD4-cre transgene [Tg (Cd4-cre)1Cwi, 
017336], loxP-flanked Raptor (B6-Rptortm1.1Dmsa, 013188), and Rictor 
(B6.Rictortm1.1Klg, 020649) loci were obtained from Jackson Lab-
oratories and are named RaptorCD4 and RictorCD4, respectively. 
S6K1/2−/− (Rps6kb1tm1Gtho;Rps6kb2tm1Gtho) animals were obtained 
from M. Pende (Institut Necker Enfants Malades, Université de Paris, 
France) and are kept on a mixed C57BL/6 J;129P2/OlaHsd back-
ground (87, 88). Malt1−/− [Malt1tm1d(EUCOMM)Hmgu] mice lack exon 
3, resulting in a downstream frameshift (77). Mice of both sexes 
were used at 6 to 18 weeks of age. All mice were genotyped by poly-
merase chain reaction or by cytometry and housed in groups of two 
to five animals per cage in specific pathogen–free facilities at the 
Institute for Immunology or at the specific and opportunistic patho-
gen–free facilities of the Core Facility Animal Models at the Bio-
medical Center of LMU Munich. Animal care was in accordance 
with institutional guidelines, and experimental procedures were ap-
proved by the Government of Upper Bavaria, Germany, protocols 
55.2-1-54-2532-84-2015 and 55.2-2532.Vet_02-21-4.

Animal treatments and adoptive transfers
Recipients of adoptively transferred T cells (Fig. 1, A to D) were 
treated intraperitoneally with 20 or 40 μg of anti-CD40 [clone 
FGK45.5, catalog number: BE0016-2, Research Resource Identifier 
(RRID): AB_1107647, Bio X Cell] in 100 μl of phosphate-buffered 
saline (PBS) to optimize antigen presentation by immunogenic den-
dritic cells and macrophages to T cells (45, 130). As responder cells, 
subcutaneous lymph nodes were harvested and labeled with Cell-
Tracker dyes, and 1 × 106 to 2 × 106 cells were injected intravenous-
ly in 100 μl of Dulbecco’s modified Eagle’s medium (DMEM).
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Cell isolation and culture
Lymphocyte single-cell suspensions from the spleen and lymph nodes 
were purified by Percoll (Pan Biotech) centrifugation at 1500 rpm 
for 10 min with reduced brake. A total of 2 × 105 OT1 lymphocytes 
cells per well were cultured in round-bottom 96-well plates (Sarstedt, 
suspension type) in RPMI 1640 medium containing GlutaMAX 
(Thermo Fisher Scientific), 10% fetal bovine serum (Pan Biotech or 
Anprotech), 5 ml of antibiotic/antimycotic (PAA), and 55 μM (2 μl/ 
500 ml) β-mercaptoethanol (Roth) and stimulated with OVAp (10 ng/
ml; SIINFEKL, Peptides & Elephants) for the indicated time points. 
For stimulations with antibodies, lymphocyte suspensions were de-
pleted by magnetic cell sorting through depletion by an incubation 
with biotinylated antibodies (CD11b, CD11c, TER119, CD45R, CD19, 
Ly6G/C, CD49b and, if required, CD4 or CD8) for 15 min on ice. After 
two washing steps, the cells were incubated with anti-biotin–coated 
magnetic beads (Miltenyi) for 10 min. The suspensions were washed 
and then sorted into positive and negative fractions using LS col-
umns or an autoMACS (Miltenyi) device. A total of 105 T cells were 
cultured in round-bottom plates (Sarstedt, suspension type) that 
were coated with anti-CD3 (clone 145-2C11, catalog no. BE0001-1, 
RRID: AB_1107634, Bio X Cell; 2 or 10 μg/ml or titrated amounts) 
and anti-CD28 (37.51, catalog no. BE0015-1, RRID: AB_1107624, 
Bio X Cell; 10 μg/ml) antibodies for 90 min at 37°C. Where indicated, 
cells were treated with BMH-21 (catalog no. S7718, Selleckchem), cy-
closporin A (AG-CN2-0079-M100, AdipoGen), GDC0941 (G124082, 
LKT Labs), GDC0973 (G124084.5, LKT Labs), quarfloxin (HY-14776, 
MedChemExpress), tofactinib (CP-690550, Selleckchem), or Torin-
1 (S2827, Selleckchem).

Dye labeling
To visualize cell proliferation, naïve T cells/lymphocytes were la-
beled with CTV (C34557), CellTracker Deep Red (CTR; C34565), 
or carboxyfluorescein diacetate succinimidyl ester (CFSE; catalog 
no. V12883, all Thermo Fisher Scientific). Cells were resuspended in 
prewarmed PBS/0.5% bovine serum albumin (BSA) at 2 × 107 cells/
ml, and 1 μl of dye was added while vortexing. Cells were incubated 
for 10 min in a water bath at 37°C, centrifuged through a fetal bo-
vine serum cushion, and washed twice with fluorescence-activated 
cell sorting (FACS) buffer (DMEM without phenol red and 0.5% 
BSA). For in vivo transfers, 1 × 106 to 2 × 106 cells were injected 
intravenously in 100 μl of DMEM. The number of divisions was 
calculated as N = log2(gMFIctrl / gMFIsample), where gMFIctrl and 
gMFIsample are the geometric mean fluorescence intensity of control 
and sample, respectively.

Flow cytometry
Lymphocytes were harvested from cell culture at different time points, 
washed, and aliquoted into round-bottom 96-well plates (Diagonal) 
for staining. Lymphocytes from in vivo experiments were isolated 
from the spleen and lymph nodes at the indicated time points and 
aliquoted as well into 96-well plates. The cells were spun, blocked with 
anti-CD16 (clone 2.4G2, catalog no. BE0008, RRID: AB_1107603) 
from Bio X Cell, and resuspended in 50 μl of FACS buffer containing 
antibody mixtures. 4′,6-Diamidino-2-phenylindole (DAPI) (Invitrogen) 
or fixable viability dye eFluor780 (eBioscience) was used to exclude 
dead cells. The cells were recorded on Canto II or LSRFortessa (BD 
Biosciences) cytometers. Antibodies CD4–allophycocyanin (APC) 
(catalog no. 116014, RRID: AB_2563025), CD4-APCCy7 (100414, 
AB_312699), CD4-biotin (100508, AB_312711), CD4-PECy7 (100422, 

AB_312707), CD4-PerCP (100538, AB_893325), CD4-PerCPCy5.5 
(100434, AB_893324), CD4-Al488 (100529, AB_389303), CD8-Al647 
(100724, AB_389326), CD8-biotin (100704, AB_312743), CD8–
fluorescein isothiocyanate (FITC) (100705, AB_312744), CD8– 
phycoerythrin (PE) (100707, AB_312746), CD8-PerCP (100732, 
AB_893423), CD11b-biotin (101204, AB_312787), CD11c-biotin 
(117304, AB_313773), CD25-PE (101904, AB_312847), CD44-
PECy7 (103030, AB_830787), CD45R (103204, AB_312989), CD45.1- 
Al647 (110720, AB_492864), CD45.1-APC (110714, AB_313503), 
CD45.1-PECy7 (110730, AB_1134168), CD49b-biotin (108904, AB_ 
313411), CD62L-PE (104408, AB_313095), CD69-PE (104508, AB_ 
313111), CD90.1-Al647 (202507, AB_492885), H3-pSer28-Al488 
(641003, AB_1279417), Ly6G/Ly6C-biotin (108404, AB_313369), 
TCR-Vα2-Al488 (127820, AB_2687230), and Ter119-biotin (116204,  
AB_313705) were from BioLegend; TCR-Vβ3-FITC (553208, AB_ 
394708) was from BD Biosciences; and S6-pSer235/6-Al488 (clone 
2F9, 4854, AB_390782), S6-pSer235/6-PECy7 (D57.2.2E, 4854, AB_ 
390782), S6-pSer240/4 (D68F8, 5018, AB_10695861), and rabbit iso-
type Ctrl-Al488 (2975, AB_10699151) were from Cell Signaling 
Technology. For sorting live cells depleted of necrotic and apoptotic 
cells, in house–produced recombinant MFG-E8-EGFP, which binds 
to phosphatidylserine (131), was coupled to magnetic tosylactivated 
beads (M-450 Dynabeads, Thermo Fisher Scientific) according to the 
manufacturer’s instructions. To remove dead cells, MFG-E8-EGFP– 
coupled beads were incubated with cell suspensions and placed on a 
magnet, and unbound nonmagnetic live cells were further processed. 
Flow cytometry data were analyzed with FlowJo v. 10, and the statis-
tics panel was prepared with GraphPad Prism v. 7 or 10. Because all 
analyses were considered exploratory, no adjustment for multiple 
testing was performed. Electronic cell volumes were determined with 
a CASY Counter (Omni Life Science), exported from its CASYworX 
software v. 1.26, and visualized in Prism.

DNA and RNA staining
A total of 1 × 106 T cells were stained for surface markers and fixed 
in 4% paraformaldehyde. The cells were then permeabilized with 
Perm Buffer III (catalog no. 558050, BD Biosciences), washed twice, 
resuspended in 100 μl of Hoechst 33342 (10 μg/ml; H3570, Thermo 
Fisher Scientific) in PBS, and incubated for 10 min at room tem-
perature in the dark. Then, 100 μl of pyronin Y (P9172-1G, Merck) 
solution (5 μg/ml in PBS, freshly prepared from a stock of 1 mg/ml) 
was added, and the cells were incubated for 10 min. Cells were cen-
trifuged and resuspended in FACS buffer and immediately mea-
sured on an LSRFortessa cytometer. Care was taken to stain all 
samples at 106 cells/ml to minimize MFI variability. Voltage (305 nm) 
was adjusted to a standard MFI of 50,000 for the N = 2 peaks before 
acquisition if required.

5′ ETS rRNA FISH staining
A total of 1 × 106 to 3 × 106 cells were stained for cell surface mark-
ers, fixed with 4% paraformaldehyde, and permeabilized in Perm 
Buffer III (BD Biosciences). Cells were washed once in Wash Buffer 
A (WA1-60, Stellaris), followed by overnight incubation in 100 μl of 
hybridization buffer (HB1-10, Stellaris) containing 1 μl (125 nM) of 
probe per sample at 37°C. The cells were washed with Wash Buffer 
A (Stellaris) and FACS buffer. To visualize the nuclei, the cells were 
counterstained with Hoechst 33342 (10 μg/ml; Thermo Fisher Sci-
entific) in PBS and incubated for 10 min at room temperature in the 
dark. Samples were measured on an LSRFortessa (BD Biosciences) 
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or an Amnis ImageStream X MkII cytometer (Accela). The 48 
Quasar670-labeled oligonucleotide probes are listed in table S1 and 
were designed with the Probe Designer tool of Stellaris: www.bi-
osearchtech.com/stellaris-designer.

Imaging flow cytometry and data analysis
CD8+ T cells were analyzed in the IDEAS software. The Spot Count 
mask Dilate [Peak(M11,47S rRNA,Bright,15),1] was applied to count 
47S rRNA spots per cell. In addition, the area of the cell, the nucleus, 
and the nucleolus was measured by applying the masks “Adaptive
Erode(M01,BF1,95),” “AdaptiveErode(M07,DAPI,80),” and “Adap-
tiveErode [Spot(M11,47S rRNA,Bright, 100,1,2),47S rRNA,90],” 
respectively. The volume of the cell, the nucleus, and the cytoplasm was 
calculated in IDEAS by applying the formulas “4/3 × π × [diameter_
AdaptiveErode(M01,BF1,95/2)] × [diameter_AdaptiveErode (M01, 
BF1,95/2)] × [diameter_Adaptive Erode (M01,BF1,95/2)],” “4/3 × π x 
[diameter_ AdaptiveErode(M07,DAPI,80/2)] × [diameter_Adap-
tiveErode (M07,DAPI,80/2)] × [diameter_Adaptive Erode(M07, 
DAPI,80/2)],” and “volume cell – volume nucleus,” respectively. The 
data files were then exported as fcs files and further analyzed with 
FlowJo v. 10.

Phosphorylated proteins
For intracellular staining, T cells were stained for cell surface mark-
ers and fixed with 4% paraformaldehyde. For pS6, cells were per-
meabilized in Perm Buffer III (BD Biosciences), washed twice, and 
stained with anti-pS6–specific antibodies (pSer235/6: clone 2F9 or 
D57.2.2E; pSer240/4: clone D68F8; all Cell Signaling Technology) at 
1:100 in 50 μl of FACS buffer for 20 min at room temperature. For 
the H3-pSer28 stainings, cells were washed after permeabilization 
in PBS/3% fetal bovine serum, and the H3-pSer28 antibody was 
added (1:10) in PBS/3% fetal bovine serum. Cells were incubated for 
2 hours at room temperature. Cells were washed twice and stained 
with Hoechst 33342 before analysis.

EdU labeling
For EdU pulse/chase experiments, 10 μM EdU was added to the 
culture on day 2 and incubated for 1 hour. Then, cells were washed 
in medium, and samples were taken after indicated time points. The 
cells were first stained with antibodies for cell surface markers and 
fixable viability dye for 20 min at 4°C, fixed with 4% paraformalde-
hyde for 10 min at room temperature, and permeabilized using 
Perm Buffer III (BD Biosciences) for 5 min at room temperature in 
the dark. To detect the amount of incorporated EdU, a reaction mix 
containing PBS, CuSO4, fluorescent dye azide, and reaction buffer 
additive from the Click-iT EdU Alexa Fluor 488 Flow Cytometry 
Assay Kit (C10420, Thermo Fisher Scientific) was prepared, and 500 μl 
was added per sample and incubated for 30 min. The cells were 
washed twice with FACS buffer, stained with Hoechst 33342 (10 μg/
ml) in PBS, and incubated for 10 min at room temperature in the 
dark. Samples were measured on an LSRFortessa cytometer (BD 
Biosciences).

HPG incorporation
De novo protein synthesis was measured with the Click-iT HPG 
Alexa Fluor 488 Kit (C10428, Thermo Fisher Scientific). On 
day 2 of the stimulation, the cells were washed twice and recultured 
in methionine-free RPMI 1640 culture medium (A1451701, Thermo 
Fisher Scientific). HPG was added at 50 μM and incubated for 

1 hour. Then, the samples were harvested and stained with antibodies 
for cell surface markers and fixable viability dye, fixed with 4% para-
formaldehyde, and permeabilized using Perm Buffer III (BD Biosci-
ences). To detect the amount of incorporated HPG, a reaction mix 
containing PBS, CuSO4, fluorescent dye azide, and reaction buffer 
additive from the Click-iT HPG Alexa Fluor 488 Kit was prepared, 
and 500 μl was added per sample and incubated for 30 min at room 
temperature. The cells were washed twice with FACS buffer and sub-
sequently stained with Hoechst 33342 (10 μg/ml; Thermo Fisher 
Scientific) in PBS for 10 min at room temperature in the dark. Sam-
ples were measured on an LSRFortessa cytometer (BD Biosciences).

Western blotting
Samples were mixed with 1× Laemmli buffer and denatured for 5 min 
at 95°C. If not indicated otherwise, 5 μg of protein samples was 
loaded onto an SDS–polyacrylamide gel electrophoresis and run for 
15 min at 80 V until samples entered the separation gel and then at 
120 V for 1 to 2 hours, depending on protein size. The proteins were 
blotted on a polyvinylidene difluoride membrane overnight. The 
membrane was blocked with 5% BSA in tris-buffered saline with 
Tween 20 (TBS-T) for 1 to 2 hours. Primary antibodies used were 
specific for mTOR (catalog no. 2983, RRID: AB_2105622), Raptor 
(2280, AB_561245), Rictor (2114, AB_2179963), S6 (2217, AB_331355), 
S6K (2708, AB_390722), pS6K-Thr389 (9234, AB_2269803), pS6-Ser235/6 
(2211, AB_331679), pS6-Ser240/4 (4838, AB_659977), and α-tubulin 
(2125, AB_2619646; all rabbit antibodies, Cell Signaling Technology) 
at 1:1000 dilutions. Primary antibodies incubated overnight at 4°C 
with agitation. The antibody for α-tubulin was used as a Ctrl at 
1:2000 in TBS-T/5% BSA. The membrane was washed three times 
for 5 min each with TBS-T. A secondary goat anti-rabbit horseradish 
peroxidase–linked antibody (7074, AB_2099233, Cell Signaling 
Technology) was added at 1:1000 in TBS-T/5% BSA and incubated 
for 1 hour. For detection, 1 ml of enhanced chemiluminescence so-
lution [1 M tris (pH 8.8), 0.2 mM p-coumaric acid (Sigma-Aldrich), 
and 1.25 mM luminol (Fluka)] was mixed with 3 μl of 3% H2O2 and 
pipetted over the membrane for around 1 min. The membrane 
was then sealed, and an iBright FL1500 (Invitrogen) screen or an 
x-ray film (Fig. S1) was exposed for 2 s (α-tubulin) to 300 s (other 
proteins).

Cell preparation and RNA sequencing
Cell sorting of FVD−MFGE8−CD4+ and CD8+ subpopulations of 
WT and RaptorCD4 mice was performed on a FACSAriaIII with a 
70-μm-diameter nozzle at the Core Facility for Flow Cytometry of 
the Biomedical Center (LMU Munich). Sorted cells were resuspend-
ed in 250 μl of PBS and 750 μl of TRIzol-LS and stored at −80°C. The 
prepared samples were delivered to Vertis Biotechnologie AG (Freising, 
Germany) for RNA sequencing. RNA was isolated and purified 
using RNeasy columns (74104, QIAGEN), including deoxyribonu-
clease treatment. RNA preparations were examined by capillary electro-
phoresis using a MultiNA microchip electrophoresis system (Shimadzu) 
and a Qubit fluorometer (Thermo Fisher Scientific) to determine 
18/28S RNA and total RNA amounts, respectively. RNA samples 
were first fragmented using ultrasound (four pulses of 30 s each at 
4°C). Then, an oligonucleotide adapter was ligated to the 3′ end of 
the RNA molecules. First-strand cDNA synthesis was performed us-
ing Moloney murine leukemia virus (M-MLV) reverse transcriptase 
and the 3′ adapter as primer. The first-strand cDNA was purified, 
and the 5′ Illumina TruSeq sequencing adapter was ligated to the 3′ 
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end of the antisense cDNA. The resulting cDNA was polymerase 
chain reaction–amplified to about 10 to 20 ng/μl using a high-fidelity 
DNA Pol. The cDNA was purified using the Agencourt AMPure XP 
kit (Beckman Coulter Genomics) and was analyzed by capillary elec-
trophoresis. The cDNA pool was sequenced on an Illumina NextSeq 
500 system using 75–base pair read length.

RNA sequencing data analysis
A fixed number (40 × 106) of sequencing reads per sample was mapped 
to either the 47S (12.8 kb) rRNA or the entire 45.3-kb rDNA repeat 
(GenBank accession BK000964.3) using bowtie2 (version 2.2.9) with 
default parameters. Coverage was calculated using the samtools (ver-
sion 1.8) depth function. In addition, reads were aligned to the mouse 
reference genome (version GRCm38) with STAR (version 2.6.0a) to 
obtain read counts per annotated mouse gene (Ensembl annotation 
version 92). Gene biotype class assignments were based on the respec-
tive Ensembl annotation. Differential expression was tested with DE-
seq2 (version 1.20.0) with a 10% false discovery rate cutoff to classify 
significant expression differences. Gene ontology (GO) enrichment 
analysis was performed using topGO (version 2.32.0) with an expres-
sion level–adjusted background set.

Supplementary Materials
The PDF file includes:
Figs. S1 to S4
Table S1
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