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Abstract

In response to pathogenic threats, naive T cells rapidly transition from a quiescent to activated
state, yet the underlying mechanisms are incompletely understood. Using a pulsed SILAC
approach, we investigated the dynamics of mMRNA translation kinetics and protein turnover in
human naive and activated T cells. Our datasets uncovered that transcription factors maintaining T
cell quiescence had constitutively high turnover, which facilitated their depletion upon activation.
Furthermore, naive T cells maintained a surprisingly large number of idling ribosomes as well as
242 repressed mRNA species and a reservoir of glycolytic enzymes. These components were

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

SCorrespondence to roger.geiger@irb.usi.ch.

Author Contributions

R.G. conceived the study, designed experiments, analyzed data and wrote the manuscript. TW., W.J., G.Z., .A.V,, J.C.R. designed and
performed experiments with human T cells. M.A. and |.K. wrote the R shiny code for the online platform. M.B. helped with mass
spectrometry. C.K.E.B. and T.B. performed theelectron microscopy and analysis. N.J.R. did ATAC-Seq and S.N. ChIP-Seq analysis.
D.B.,, FM., B.G., M.M., AL, FS,, I.LK. and R.G. supervised the work.

Competing Interests

The authors declare no competing interests.

Reporting Summary

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


http://www.nature.com/authors/editorial_policies/license.html#terms

s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wolf et al.

Page 2

rapidly engaged following stimulation, promoting an immediate translational and glycolytic
switch to ramp up the T cell activation program. Our data elucidate new insights into how T cells
maintain a prepared state to mount a rapid immune response, and provide a resource of protein
turnover, absolute translation kinetics and protein synthesis rates in T cells
(www.immunomics.ch).

Introduction

Results

Resting T cells patrol the body in a quiescent yet poised state, prepared to mount a robust
immune response to pathogenic threats such as infectious diseases and cancers. Naive T
cells may remain inactive for many years in a spore-like statel: 2. While surveying for
cognate antigen, quiescent T cells maintain a cellular program with minimal energy
expenditure® 4. However, following activation T cells need to rapidly undergo a substantial
reprogramming to mount an effective response®. Thus, T cells face a tradeoff between
minimizing their metabolic activity while sustaining a maximally prepared state for rapid
execution of the activation program.

In response to an antigenic stimulus, T cells exit quiescence and rewire their transcriptional
and metabolic programs. Activated T cells ramp up their translational activity®, increase
nutrient uptake’ and rapidly engage glycolysis to provide energy and building blocks that
support cell growth, proliferation and the acquisition of effector functions’: & 9. The
extensive reprogramming of activated T cells is increasingly well understood owing to
epigenomic, metabolomic, transcriptomic and proteomic analyses0: 11,12, 13, 14 However,
translational dynamics and protein turnover in T cells have not been investigated.

In this study, we examined the dynamics of protein synthesis and turnover in human T cells
using pulsed SILAC-based high-resolution mass spectrometry5: 16. 17. 18 ‘\\je jdentified
several key proteins that were rapidly renewed in naive T cells, which maintained
quiescence.Intrinsically high turnover in naive T cells facilitated their rapid depletion
following stimulation to enable exit of quiescence. Our data also revealed that naive T cells
contained large numbers of idling ribosomes that were rapidly engaged following
stimulation to ramp up the activation program. In addition, naive T cells also maintained a
reservoir of repressed mRNAs, which were translated following activation. Finally, although
naive T cells exhibited very low glycolytic activity, 11% of their cytosolic proteins were
glycolytic enzymes, which were immediately engaged following T cell activation to increase
aerobic glycolysis. Together these findings define molecular underpinnings of T cell
preparedness, licensing T cells with the ability to rapidly undergo activation.

Naive T cells rapidly renew a small set of proteins

To measure protein synthesis and turnover rates we employed a pulsed SILAC approach
where T cells are cultured for increasing times in a medium containing stable isotope labeled
amino acids Arg10 and Lys8 (hereafter referred to as heavy amino acids). Under these
conditions, newly translated proteins incorporate heavy amino acids and can be
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distinguished from pre-existing proteins by a mass shift (Fig. 1a).Given that non-activated T
cells remain quiescent and do not grow nor divide, the total proteome mass remains constant
over time (Extended Data Fig. 1a). As such, newly synthesized proteins do not contribute to
cell growth but replenish their degraded counterparts. Hence, protein synthesis in naive T
cells is a proxy for protein renewal.

First, naive CD45RA*™ CCR7* CD4™ T cells were isolated to high purity (>98%) from
peripheral blood mononuclear cells (PBMCs) of four healthy donors and cultured without a
stimulus in a medium containing heavy amino acids. The cell viability was higher than 90%
after 48 h of culturing (Extended Data Fig. 1b). Samples were collected after 0, 6, 12, 24,
and 48 h, and analyzed by liquid chromatography-coupled high-resolution mass
spectrometry (LC-MS). We quantified 7,029 proteins and calculated protein renewal rates
based on the MS signal intensities of total and newly synthetized proteins.

After a 6 h pulse, 205 protein species were detected that incorporated heavy amino acids.
Strikingly, at this early time point several components of MHC-1 (HLA-A, HLA-B, HLA-C,
HLA-G, HLA-E and B,M) as well as the transcription factor ETS-1 were already renewed
by more than 80% as judged by the percentage of proteins that incorporated heavy amino
acids (Fig. 1b). After a 24 h pulse, the number of renewed protein species that were reliably
identified in three out of four donors increased to 1,313, which is 19% of all protein species
in naive T cells (Fig. 1c, Supplementary Table 1). Among the 23 protein species with the
fastest renewal rates (>90% after 24h) were SORL1, SQSTMZ1, and transcriptional
regulators, including ETS1, TCF-1 AES, FOXO01, FOXP1, LEF1, ELF1, PBXIP1, and LBH.

By fitting the renewal rates of different time points to a Weibull distribution, we estimated
half-lives of 1,822 out of 7,029 identified proteins. The fastest renewed proteins had a half-
life of less than one hour, i.e. 45 min for B,M and 53 min for ETS1 (Fig. 1d,
www.immunomics.ch). Examples with an intermediate turnover rate were the T cell receptor
subunits CD38, CD3vy, CD3e and CD247 (t1/, = 11 - 14 h), which displayed a similar
renewal rate (Fig. 1c,d). Examples with slow turnover were the ribosomal protein RPL8 (t1/,
= 260 h) and the glycolytic enzyme GAPDH (t1/» = 210 h). Slowest turnover rates were
observed for several histones (t1/2 > 1,000 h), suggesting that nucleosomes were stable in
naive T cells. Taken together, most protein species in naive T cells were stable, or only
slowly renewed, while a small set of proteins was renewed within only a few hours.

Constitutive protein degradation in naive T cells

Protein turnover is the net result of protein synthesis and degradation.To further validate that
proteins for which we found high turnover rates are also rapidly degraded, we quantified
protein degradation rates using cycloheximide (CHX), a reversible inhibitor of the ribosome.
Resting naive T cells were treated for 24 h with CHX and then analyzed by LC-MS. A
comparison of their proteome to non-treated cells identified those proteins that were
constitutively degraded as they largely disappeared in the absence of protein synthesis.
Notably, the vast majority of proteins that decreased in abundance were of high turnover, as
determined by pulsed SILAC (Fig.2a, color-code of the dots shows the renewal rate). For
example, ETS1 and SORL1, which were among the fastest renewed proteins in naive T
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cells, were both strongly reduced following inhibition of translation (Fig.2a and 1c),
validating our approach for quantifying protein turnover.

To identify which proteins were constitutively degraded by the proteasome, we
simultaneously treated naive T cells for 24 h with CHX and bortezomib (PS341), a specific
inhibitor of the proteasome (Extended Data Fig 1c). We then analyzed proteomes and
estimated absolute protein copy numbers using a previously described method®. While the
abundancex of SQSTM1, a cargo receptor for selective autophagy?9, as well as the plasma
membrane proteins SORL1, HLA-A, HLA-B, p,M and CD62L were reduced in the
presence of CHX, simultaneous addition of CHX and bortezomib did not stabilize these
proteins, suggesting that they were degraded through a proteasome-independent pathway
(Fig. 2b). In contrast, the degradation of the transcription factors and regulatory proteins
ETS1, FOXP1, TCF-1, LEF1, ELF1, LBH, AES, PBXIP1, FAM65B, STK17B was
stabilized by bortezomib, indicating that they were constitutively degraded by the
proteasome (Fig. 2c). This analysis further revealed that TXNIP, which suppresses glucose
uptake?! and KLF2, a transcription factor that controls the expression of chemokine
receptors and adhesion molecules that regulate T cell trafficking?2, were constitutively
degraded by the proteasome in naive T cells (Fig. 2c). Due to their low abundance (200 -
2,000 copies), TXNIP and KLF2 were not reliably identified in the pulsed SILAC
experiments. Taken together, membrane proteins with high turnover were degraded through
a proteasome-independent pathway, likely in endosomes / autophagosomes, whereas the
rapidly renewed transcription factors and regulatory proteins were degraded by the
proteasome.

As shown in the previous experiments, inhibition of protein synthesis in naive T cells with
CHX for 24 h led to a decrease in the abundance of oM and HLA-ABC proteins by about
50%, from ~500,000 to ~225,000 copies and from ~380,000 to ~190,000 copies,
respectively (Fig. 2b). We next treated naive T cells with CHX and followed surface MHC-I
protein abundance by flow cytometry. Consistent with the proteomics data, surface MHC-I
decreased about 50% within 24 h (Fig. 2d). Notably, following wash-out of CHX, MHC-I
surface abundance was completely restored in less than 6 h, confirming that naive T cells
rapidly synthesize large amounts of MHC-1 components.

To rule out possible artifacts caused by CHX, we used a CRISPR/Cas9 approach to disrupt
the B2M gene in resting naive T cells. Freshly isolated naive CD4* T cells were
electroporated with ribonucleoprotein (RNP) complexes consisting of ATTO550-1abeled
trans-activating CRISPR (tracr) RNA, Cas9 protein and guide RNAs targeting two
independent sites of B2M.The abundance of MHC-I at the cell surface was reduced already
after 24 h in greater than 90% of naive T cells that had taken up the RNP (ATTO550™). By
72 h,MHC-I surface abundance further decreased as judged by a reduction in mean
fluorescence intensity (MFI; Fig. 2e). Together, these results confirm that MHC-1 is
continuously degraded and replenished in naive T cells.

Transcription factors display a high turnover

Cell identity and function are largely determined by transcription factors. The half-lives of
transcription factors in naive T cells ranged from 53 min to 126 h (Fig. 3a), raising the
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question whether transcription factors with high turnover play a defining role in the cell
state. The fastest renewed transcription factor in naive T cells was ETS1, which plays an
essential role in maintaining T cell homeostasis?® 24, To corroborate ETS1 activity in naive
human T cells, we generated a genome-wide map of chromatin accessibility in purified
resting naive CD4* T cells from three donors using the assay for transposase-accessible
chromatin (ATAC-seq)2°. We identified a total of 34,370 distinct chromatin accessibility
peaks of which 13,592 were located in promoter regions (Extended Data Fig. 2a,
Supplementary Table 2). Notably, the transcription factor binding motifs that were enriched
the most in these regions were recognized by ETS1 (P = 10754). To confirm broad DNA
binding of ETS1, we performed ChlP-seq analysis for genome-wide binding of ETS1 in
purified T cells. ETS1 was bound at 11,222 sites in the genome that were associated with
over 9,688 genes (Supplementary Table 3). 50% of the ETS1 binding sites were in promoter
regions suggesting direct ETS1 mediated transcriptional regulation (Extended Data Fig. 2b).
Collectively, ETS1, which has the highest turnover of any transcription factor in naive T
cells,has broad binding activity and thus plays a defining role in the cell state.

High protein turnover facilitates T cell reprogramming

Perpetual degradation and re-synthesis of proteins is an energy consuming process.

However, high turnover of specific proteins allows for rapid fine-tuning of their abundance,
facilitating an immediate adaptation of the cellular program in response to various stimuli. In
general, a decrease in mRNA transcript abundance encoding proteins with high turnover
results in their immediate depletion, whereas proteins with low turnover are not as promptly
responsive to decreased transcription. We therefore explored whether T cells rely on high
protein turnover in steady-state conditions for rapid reprogramming in response to different
stimuli.

We quantified absolute and relative protein abundances immediately following activation of
naive T cells with plate-bound anti-CD3 and anti-CD28 antibodies. This resulted in a
comprehensive and dynamic dataset on proteomes of naive and activated T cells (7,772
quantified proteins).Interestingly, we observed that the rapidly renewed proteins FAM65B,
KLF2, TCF-1, TXNIP, SORL1, PBXIP1 and CD247 were down regulated early after
activation (Fig. 3b). For example, loss of KLF2 is necessary to acquire T cell effector
function while down-regulation of FAM65B promotes exit of quiescence 26, For
comparison, examples with an opposite pattern were oM and NF-,g1, the slowest renewed
transcription factor in naive T cells (Fig. 3a,b). Taken together, several proteins responsible
for maintaining T cell quiescence had constitutively high turnover in naive T cells and were
rapidly down-regulated upon activation.

To further explore whether some rapidly renewed proteins are down-regulated in activated T
cells /n vivo, we analyzed tumor-infiltrating T cells (TILs), which respond to antigenic
stimulation and other signals in the tumor microenvironment (TME)?7 (Extended Data Fig.
2¢). We compared transcriptomes of TILs and circulating T cells from patients with
hepatocellular carcinoma (HCC)28. Interestingly, the vast majority of mRNAs that were
down-regulated in TILs encoded proteins that are rapidly renewed in resting T cells,
including KLF2, LEF1, TCF-1, FOXP1, AES, TXNIP, FAM65B, SORL1 and CD62L (Fig.
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3c). Thus, several key proteins depleted in the TME were maintained at high turnover in
resting T cells, suggesting protein turnover is an important factor in facilitating T cell
responsiveness.

Pre-existing glycolytic enzymes in naive T cells

As metabolic reprogramming is a requirement for the exit of quiescence, we compared
turnover of glycolytic enzymes in naive and activated T cells implementing the pulsed
SILAC approach. Estimating protein turnover in activated T cells with the pulsed SILAC
method is only possible for proteins whose abundances remain constant following activation.
Therefore, we first sought to identify glycolytic enzymes in T cells whose abundance does
not change within 12 h of activation. Surprisingly, although glycolysis markedly increased
early after activation (Extended Data Fig. 3a), the only enzyme that was strongly
upregulated was hexokinase-2 (HK2), while all other glycolytic proteins did not change in
abundance during the first 12 h after activation (Fig. 4a). Although naive T cells have low
glycolytic activity, they contained millions of copies of glycolytic enzymes (11% of all
cytosolic proteins, Extended Data Fig. 3b). For each reaction step in the glycolytic pathway,
naive T cells already had highly abundant enzymes (Fig.4b, in blue). Thus, upon activation
naive T cells increase the expression of HK2, engage a large pool of pre-existing enzymes
and concomitantly increase their glycolytic activity.

Having established that nearly all glycolytic enzymes remain constant in abundance early
after activation, we determined protein turnover rates in T cells that were activated for 6 h
and 12 h in the presence of heavy amino acids. Strikingly, the turnover of all measured
glycolytic enzymes substantially increased 12 h after activation (Extended Data Fig. 3c). For
example, naive T cells contained ~1.3 million copies of lactate dehydrogenase A (LDHA),
of which 6.5% were renewed within 12 h in resting naive T cells (Fig.4c). In contrast, 12 h
after activation the fraction of renewed LDHA increased to 65% while the total amount of
LDHA remained steady (~1.4 million copies), (Fig. 4c, examples are also shown for
GAPDH, ALDOA, PGK1). In conclusion, naive T cells contain large pools of glycolytic
enzymes whose activity and turnover markedly increase following activation.

Pre-existing, idle ribosomes in naive T cells

Naive T cells only have a thin layer of cytoplasm with a volume of 82.5 + 9 fl as determined
by serial block-face scanning electron microscopy and subsequent 3D reconstruction of
images. Following activation T cells expand their cytoplasm to 670 + 74 fl (Fig. 5a-d and
Extended Data Fig. 4), which requires a substantial increase in protein synthesis. We
implemented an algorithm to compare the ribosomal output in naive and activated T cells by
further analyzing the pulsed SILAC datasets. Absolute protein synthesis rates (copy numbers
min-1) were calculated as total protein copy numbers multiplied by the fraction of heavily
labeled proteins over time. We found that naive T cells synthetized in total ~60,000 proteins
min-1, a result that was consistently found independent of the duration of the pulse with
heavy amino acids. After 6 h of activation, protein synthesis rates increased to ~300,000
proteins min-! and after 24 h to ~800,000 proteins min-! (Fig. 5e). Thus, the ribosomal
output increased more than 13-fold following activation.
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In naive T cells, the proteins with the highest synthesis rates were p,M with a median of
~4,300 copies min followed by B-actin, clusterin, ubiquitin and HLA-A (~4,000, ~2,900,
~2,300 and ~2,000 copies min1, respectively) (Fig. 5f). In 24 h-activated T cells, B-actin
had the highest median synthetic rate of 54,000 copies min™1, which was nearly equivalent to
the entire synthesome of naive T cells (Fig. 59).

We next estimated the number of ribosomes using two orthogonal approaches that were
based on copy number estimations of ribosomal proteins and on quantifications of ribosomal
RNA (Fig. 5h and Extended Data Figs. 5a-c). This revealed that naive T cells contained
enough ribosomal proteins and rRNAS to assemble ~400,000 ribosomes. Based on estimated
numbers of ribosomes and absolute protein synthesis rates, we calculated an average output
per ribosome of ~0.8 amino acids sec! in naive T cells (Fig. 5i).Strikingly, 6 h after T cell
activation the average output per ribosome increased 5-fold to ~4.0 amino acids sec™l. These
data demonstrate that naive T cells contain large numbers of idling ribosomes that are
rapidly engaged following activation to promote a translational switch.

Repressed mRNAs are rapidly translated after activation

To investigate whether the rapid increase in the ribosomal output following T cell activation
was regulated transcriptionally, we analyzed transcriptomes of naive resting and activated T
cells by RNA-Seq and established an algorithm to estimate absolute mRNA copy
numbers.In contrast to the proteome consisting of ~410 million proteins, naive T cells
contained only ~77,000 mRNA molecules (Supplementary Table 4, individual MRNA
species in naive T cells ranged from <1 to 3,700 mRNA copies). On average, this
corresponds to a mRNA to protein ratio of 1 to 5,400 (Extended Data Fig. 5d). 6 h following
activation, the total number of MRNAs only increased 1.4-fold to 105,000 transcripts,
indicating that the 5-fold increase in the ribosomal output was predominately regulated at
the post-transcriptional level (Extended Data Figs. 5e-f).

A comparison between mRNA copy numbers and protein synthetic rates revealed a
Spearman’s rank correlation of 0.41 in naive T cells. 6 h following activation, the correlation
between transcript abundance and protein synthesis rates increased to 0.61 after 24 h to 0.65,
confirming extensive post-transcriptional regulations (Fig. 6a-c). Most highly abundant
mRNAs were translationally repressed and encoded ribosomal proteins (blue dots),
translation initiation (green) and elongation factors (light green) (Fig. 6a,b). In total, the
repressed transcripts constituted 52% of all MRNA molecules in naive T cells (40,740 /
77,000). However, translation was not generally repressed in naive T cells as illustrated by
the two highly abundant mRNA species encoding ubiquitin and foM, which were both
frequently translated (Fig. 6a,b).

To further investigate the post-transcriptional regulations underlying rapid T cell activation,
we calculated the rate by which individual mRNAs were processed by ribosomes. The
efficiency of mMRNA translation was heterogeneous, with a median rate of 1.6 times min! in
naive T cells. 6 h following activation, the median rate by which a single mRNA molecule
was read off, slightly increased to 2 times min-1(Extended Data Fig. 5g). In general, these
numbers agree well with previous studies in cell culture systems, in which translation
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initiation was found to occur 1.5 — 2 times min~! based on imaging of nascent polypeptide
chains being synthetized from single mMRNA molecules2®: 30. 31,32,

Strikingly, we identified 242 mRNAs species that were strongly repressed in naive T cells
and more than three times faster translated 6 h after activation (Fig. 6d, Supplementary Table
5). For example, naive T cells contained 67 copies of mMRNAs encoding the early activation
marker CD69, yet in our pulsed SILAC experiments active synthesis of CD69 proteins was
never detected in naive T cells (Fig. 6a). In contrast, 6 h after activation, the translation rate
of CD69 increased from 0 to 598 proteins min-1 while the number of CD69 MRNAs only
increased 1.6-fold, from 67 to 111 copies. Thus, CD69transcripts were completely
repressed in naive T cells but 6 h after activation each mRNA was read off by ribosomes 5.4
times min! (MRNA translation rate, Fig. 6b). Consistent with a rapid onset of translation,
total numbers of CD69 proteins increased from O copies in naive T cells to 65,000 copies in
6 h-activated T cells (Fig. 6e). Similarly, MRNAs encoding the CD40L and JUN-B were
completely silenced in naive T cells but rapidly translated following activation, which led to
a rapid increase in total protein copies (Figs. 6a,b, Extended Data Fig. 6a). Collectively,
these findings illustrate a further example of preparedness whereby naive T cells maintain a
reservoir of repressed mRNAs that are rapidly engaged to initiate the activation program.

A majority of repressed mRNAs are regulated by mTOR

We next asked whether the rapid translational switch of repressed mMRNAs in naive T cells is
regulated by mTOR signaling pathways, because the majority of repressed mRNAs
contained a 5”-terminal oligopyrimidin (TOP) motif whose translation is regulated by
mTORC1 in mouse embryonic fibroblasts33. To address this, we performed pulsed SILAC
experiments with resting and 6 h-activated T cells that were treated with Torin-1,which
inhibits MTORC1 and mTORC?2 signaling pathways3*. Consistent with low mTOR activity
in naive T cells35, Torin-1 had a minimal effect on translation in naive T cells (Fig. 6f).
However, 6 h after activation Torin-1 strongly and specifically inhibited the translational
switch of TOP mRNAs.

Interestingly,the activation-induced translational switch of 15 out of the 242 repressed
MRNA species was not markedly affected by Torin-1 (Log, Fold change < 1). These
included mRNA binding proteins RBMX, RBM3, and RBP39, as well as the early activation
proteins CD69, NR4A1 (Nur77) and NR4A2 (Fig. 6g, Extended Data Fig. 6b). Thus, mTOR
serves as a metabolic checkpoint controlling the translational switch for the majority of
repressed mRNAs, yet a small subset including the fastest upregulated proteins were
engaged independently of metabolic control.

Memory T cells have increased basal protein turnover

We next assessed translational dynamics in memory T cells, which sustain a higher
metabolic activity and are more prepared to respond faster to antigens than naive T

cells* 8 36 Freshly isolated CD45RO* CD4* memory T cells from four healthy donors were
labeled for 0, 6, 12, 24, and 48 h with heavy amino acids and their proteomes were analyzed
by LC-MS. We found that the 23 proteins with highest turnover in naive T cells displayed
comparable renewal kinetics in memory T cells (Fig. 7a and Extended Data Fig. 7a).
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However, the global protein turnover rate was higher in memory T cells, with 100 proteins
having significantly increased renewal rates at each time point (P < 0.05, two-tailed Welch’s
t test) (Supplementary Table 6). Of those, the strongest enriched KEGG annotations were
Ribosome (P agj= 2.916x10°1Y), Glycolysis (P agj= 2.356%1074) and Proteasome (P 4=
4.997x1073) (Fisher’s exact test). For example, within 48 h ribosomal proteins RPS6 and
RPL21 were renewed by ~25% in naive T cells, which increased to ~50% in memory T cells
(Fig. 7b). Similarly, renewal rates of glycolytic enzymes GAPDH and LDHA as well as
proteasomal proteins PSMA1 and PSMAG6 were approximately doubled in memory T cells
(Fig. 7b). Thus, memory T cells are imprinted with high turnover of ribosomal, proteasomal
and glycolytic proteins to support a higher state of preparedness.

With a total protein synthesis rate of ~110,000 proteins min't memory T cells had a
translational output that was 80% higher than in naive T cells (Fig. 7c). The average
ribosomal output in resting memory T cells was ~1.47 amino acids sec™! per ribosome,which
was 93% higher than in naive T cells. 6 h following activation the ribosomal output
increased to ~4.3 amino acids sec'! (Fig. 7d). Taken together, memory T cells have a higher
baseline translational activity than naive T cells and reach a higher ribosomal output early
after initiation of the activation program,supporting a faster response.

Discussion

In this study we employed a pulsed SILAC approach to analyze the dynamics in protein
synthesis and turnover in T cells. Our data revealed that naive T cells are not entirely inert
since they continuously replenish a small set of proteins that are either unstable or actively
degraded. Thus, our analysis defines a minimal maintenance program that supports
homeostasis of naive T cells. For example, MHC-I-peptide complexes are unstable3” and T
cells continually replenish MHC-I molecules on their surface, which promotes the
presentation of peptides. Another example of proteins that displayed high turnover were
several TFs that actively maintain cell identity, quiescence and homeostasis. These TFs were
likely rapidly renewed as a consequence of their usage38. These findings suggested that
differential turnover rates of proteins support the execution of key cellular processes.

Our study also provides novel insights into mechanisms of T cell preparedness, enabling the
rapid execution of their activation program. High turnover of specific proteins in resting T
cells, while having high energy-costs, provides the advantage that protein abundance can be
rapidly tuned down. Our analyses showed that a large number of proteins down regulated in
response to different stimuli are of high turnover in the resting state, thus demonstrating high
protein turnover is a process T cells employ to rapidly adjust their proteome for transitioning
cell states.

A second mechanism of T cell preparedness is the maintenance of a reservoir of glycolytic
enzymes, allowing naive T cells to jump start glycolysis. Curiously, this reservoir was
maintained in naive T cells despite a lack of dependency on glycolysis as a metabolic
program. However, T cells quickly engaged glycolysis following activation, and having a
pre-existing reservoir of glycolytic enzymes facilitated this rapid switch. This finding also
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explains how naive T cells can temporally increase their glycolytic rate threefold within just
a few minutes following stimulation®.

A third mechanism of preparedness relies on a large pool of idling ribosomes,whose average
translational output in naive T cells increased from 0.8 to 4 aa/s within six hours following
activation. Notably, the ribosomal output rates that we determined in activated T cells are in
agreement with previously measured ribosome translocation rates of 3.1 — 5.6 aa/s based on
translation imaging in live cells and ribosome profiling3L: 32: 39, Thus, our data suggest that
ribosomes idle in naive T cells but operate at a high capacity in activated T cells.

Continuous transcription of untranslated mRNAs, which have a short half-life of about 7 h40,
comes at an energetic cost. Yet, sustaining the expression of repressed mRNAs has the
advantage that they can be immediately engaged in protein synthesis. For example, naive T
cells contain several untranslated copies of mMRNAs encoding CD69, which are immediately
translated following activation to retain activated T cells in secondary lymphoid organs®L.
Globally, many of the mRNAs repressed in naive T cells contained a TOP motif and were
regulated by mTOR, linking metabolism to translational regulation in the T cell activation
program. Most of these MRNAs encoded ribosomal proteins as well as transcription
initiation and elongation factors. Consistent with our observations, previous studies showed
that mMRNAs encoding the translational machinery, although highly abundant, were barely
associated with polysomes® 42: 43, However, we also identified 15 repressed mRNAs that
were rapidly engaged following activation independent of mTOR. Thus, there is a default,
initial T cell activation program that is mTOR-independent and includes the upregulation of
CD69 (to retain T cells in lymph nodes) and Nur77 (to regulate metabolism)*4.

Previous studies also demonstrated that naive T cells are prepared to rapidly generate
MRNAs as 90% of the promoters from genes to be expressed in activated T cells are loaded
with polymerase®®. Thus, naive T cells also sustain a transcriptional preparedness level.

By combining absolute mRNA concentrations with quantifications of the transcriptome, we
estimated mRNA copy numbers of each transcript in T cells. We found a total of ~77,000
and ~420,000 mRNA molecules in naive and 24 h-activated T cells, respectively. Previously,
RNA-Seq based estimates suggested that an average mammalian cell contains about 200,000
mRNAs molecules?8. Our data showed that in naive T cells proteins are about 5,000 times
more abundant than transcripts and in 24 h-activated T cells about 3,000 times more
abundant,indicating that translation is a crucial amplification step for the abundance of
proteins in T cells.

Based on our pulsed SILAC data and protein quantifications, we estimated absolute
synthesis rates for more than 1,300 proteins in T cells. Combined with estimations on
MRNA copy numbers, we calculated that transcripts are on average processed 1.6 times per
minute in naive T cells and increased to 2 times per minute following activation. These data
are in excellent agreement with previous observations of translation initiation frequencies in
live cells, which occurred every 30 to 40 seconds on actively translated mRNAs29: 30. 31, 32,
Thus, our global estimates of absolute protein synthesis rates and transcript abundances are
both in accordance with previous studies in other cell types.
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In conclusion, this study provides absolute numbers of mMRNAs and protein copies as well as
transcript processing and protein synthesis rates in T cells, which is an important resource
for quantitative immunology. Our analysis of these datasets revealed a minimal maintenance
and preparedness program in resting, human T cells.

Human primary T cells

Cell culture

Blood from healthy donors was obtained from the Swiss Blood Donation Center of Basel
and Lugano, and used in compliance with the Federal Office of Public Health (authorization
no. A000197/2 to F.S).Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll
gradient centrifugation. CD4* T cells were enriched with magnetic microbeads (Miltenyi
Biotec). Naive CD4* T cells were sorted as CD4*CD8-CCR7*CD45RA*CD25-0n a FACS
Avria 11 cell sorter (BD Biosciences). For cell staining, the following antibodies were used:
anti-CD4-APC (allophycocyanin), clone 13B8.2; anti-CD4-FITC (fluorescein
isothiocyanate), clone 13B8.2; anti-CD8-APC, clone B9.11; anti-CD8-FITC, clone B9.11;
anti-CD45RA-PE (phycoerythrin), clone alb11; anti-CD25-FITC, clone B1.49.9 (all from
Beckman Coulter); anti-CCR7-Brilliant Violet 421, clone GO43H7 (BioLegend).

Cells were cultured in RPMI-1640 medium supplemented with 2 mM glutamine, 1% (v/v)
non-essential amino acids, 1% (v/v) sodium pyruvate, penicillin (50 U mI~1), streptomycin
(50 pg mi~1; all from Invitrogen), and 5% (v/v) human serum (Swiss Blood Center, Basel).
Human T cells were activated with plate-bound anti-CD3 (5 pug/ml, clone TR66) and anti-
CD28 (1 pg/ml, clone CD28.2, BD Biosciences) for 48 h in 96-well Nunc Maxisorb plates.
1.5x10° T cells were plated per well. After 48 h of activation, cells were transferred to 96-
well U-bottom plates and cultured in IL-2 containing media (500 U/ml). In experiments, in
which T cells that were cultured without a stimulus, 1.5x10° T cells were plated in 96-well
U-bottom plates and 200 p1 of culture medium was added per well. Drugs were added at the
following concentrations: CHX (50 pg/ml) and bortezomib/PS341 (10 pM).

For SILAC experiments, SILAC RPMI-1640 (GIBCO) was supplemented with 73 mg/I
Lys-8 HCI and 42 mg/l Arg-10 HCI, 2 mM glutamine, 1% (v/v) sodium pyruvate, penicillin
(50 U/ml), streptomycin (50 pg/ml; all from Invitrogen), and 5% (v/v) dialyzed human
serum.

CRISPR/Cas9-mediated knockout of B2M

Lyophilized crRNAs targeting B2M (5 -
CGUGAGUAAACCUGAAUCUUGUUUUAGAGCUAUGCU-3’,5'-
AAGUCAACUUCAAUGUCGGAGUUUUAGAGCUAUGCU-3"),CRISPR-Cas9 Negative
Control crRNA (Alt-R® CRISPR-Cas9 Negative Control crRNA, cat # 1072544) and
tracrRNA were chemically synthesized (IDT) and resuspended in Nuclease-Free Duplex
Buffer at a stock concentration of 200 pM. To assemble Cas9-ribonucleotide proteins
(RNPs), crRNAs and tracrRNAs were mixed at a 1:1 v/v ratio and incubated 5 min at 95°C
to form duplexes at a final concentration of 44 uM. Next, Cas9 protein (Invitrogen,
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ThermoFisher, 5 mg/mL stock) was added at a 1.5:1 v/v ratio (QRNA:Cas9) and incubated
for 20 min at 21°C. Freshly isolated naive CD4* T cells were washed twice with PBS, re-
suspended in Buffer T (Neon™ Transfection System Kit, cat #MPK1025) and mixed with
the Cas9 RNP complex. Then, Cas9 Electroporation Enhancer (Alt-R® Cas9
Electroporation Enhancer, IDT, stock 10.8 pM) was added to the mix to a final concentration
of 1.8 pM. A total of 1 x 108 cells was electroporated under the following conditions:
voltage (2200 V), width (20 ms), pulse (one), 10 WL tip, Electrolytic Buffer E. Immediately
after electroporation, cells were incubated at 37°C in 200 uL of pre-warmed media. After 24
h and 72 h post-transfection, cells were stained with an antibody to MHC-I (eBioscience,
HLA-ABC-FITC, clone W6/32) and analyzed by flow cytometry.

Serial block-face scanning electron microscopy and 3D reconstruction

Human T cells were fixed in 2.5% glutaraldehyde (50 mM sodium cacodylate adjusted to
pH 7.2, 50 mM KCI, 2.5 mM CaCly) for 60 min at 21°C*8. Afterwards, the mixture was
gently centrifuged (250 x g for 5 min), the supernatant was reduced, resuspended and
introduced into cellulose capillary tubes*® and sealed. After several rinses in cold buffer (50
mM sodium cacodylate pH 7.2), the specimens were immersed in freshly prepared reduced
osmium mix (40 mM potassium ferrocyanide, 2% osmium tetroxide, 50 mM sodium
cacodylate, 2 mM MgCls,,) for 1 h at 4°C. Later, the samples were washed with deionized
water at 21°C and immersed in 100 mM aqueous thiocarbohydrazide solution for 20 min at
21°C. Samples were then washed with deionized water and incubated in 2% osmium
tetroxide for 30 min on ice. This was followed by overnight incubation in 0.5 % uranyl
acetate on a rotating wheel at 4°C. Next, the samples were washed in deionised water and
incubated in freshly prepared 20 mM lead aspartate solution for 30 min at 60°C. Samples
were washed and dehydrated in graded ethanol series and propylene oxide, followed by
embedding in epoxy resin and placed at 60°C for 48 h for polymerization. The final sample
blocks were trimmed and glued to an aluminium SEM stub with conductive carbon cement
(Ted Pella) to preserve conductivity and then placed in an incubator overnight at 37°C. Resin
blocks were imaged by serial block face-scanning electron microscope (Quanta 200 FEG
ESEM; FEI). To prevent charging artifacts, we used a chamber pressure of 0.32 Torr. The
RAW images had a pixel size of 6.6 x 6.6 nm and were collected using a BSE detector at 4
kV accelerating voltage using digital micrograph software. The thickness of the slices was
100 nm. Image stacks were aligned using the TrackEM2 plugin for ImageJ®°. Image analysis
and quantification were performed using the IMOD software package®’.

Sample preparation for proteome analysis

Samples were processed as described by in10. Cell pellets were washed with PBS, lysed in
8M urea, 10 mM HEPES (pH 8), 10 mM DTT and then sonicated at 4°C for 15 min (level 5,
Bioruptor, Diagenode). Alkylation was performed in the dark for 30 min by adding 55 mM
iodoacetamide (IAA). A two-step proteolytic digestion was performed. First, samples were
digested at 21°C (RT) with LysC (1:50, w/w) for 3 h. Then, they were diluted 1:5 with 50
mM ammonium bicarbonate (pH 8) and digested with trypsin (1:50, w/w) at 21°C overnight.
The resulting peptide mixtures were acidified and loaded on C18 StageTips®2. Peptides were
eluted with 80% acetonitrile (ACN), dried using a SpeedVac centrifuge (Savant,
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Concentrator plus, SC 110 A), and resuspended in 2% ACN, 0.1% trifluoroacetic acid
(TFA), and 0.5% acetic acid.

LC-MS/MS for analysis of proteomes

Peptides were separated on an EASY-nLC 1200 HPLC system (Thermo Fisher Scientific)
coupled online to a Q Exactive mass HF spectrometer via a nanoelectrospray source
(Thermo Fisher Scientific)®3. Peptides were loaded in buffer A (0.1% formic acid) on in
house packed columns (75 pm inner diameter, 50 cm length, and 1.9 um C18 particles from
Dr. Maisch GmbH). Peptides were eluted with a non-linear 180 min gradient of 5%—60%
buffer B (80% ACN, 0.1% formic acid) at a flow rate of 250 nl/min and a column
temperature of 50°C. The Q Exactive was operated in a data dependent mode with a survey
scan range of 300-1650 m/z and a resolution of 60,000 at m/z 200. Up to 10 most abundant
isotope patterns with a charge = 2 were isolated with a 1.8 Th wide isolation window and
subjected to higher-energy C-trap dissociation (HCD) fragmentation at a normalized
collision energy of 27. Fragmentation spectra were acquired with a resolution of 15,000 at
m/z 200. Dynamic exclusion of sequenced peptides was set to 30 s to reduce the number of
repeated sequences. Thresholds for the ion injection time and ion target values were set to 20
ms and 3E6 for the survey scans and 55 ms and 1E5 for the MS/MS scans, respectively. Data
were acquired using the Xcalibur software (Thermo Scientific).

Analysis of proteomics data

MaxQuant software (version 1.5.3.54) was used to analyze MS raw files®*. MS/MS spectra
were searched against the human Uniprot FASTA database and a common contaminants
database (247 entries) by the Andromeda search engine>®. Cysteine carbamidomethylation
was set as fixed and N-terminal acetylation and methionine oxidation as variable
modification. Enzyme specificity was set to trypsin with a maximum of 2 missed cleavages
and a minimum peptide length of 7 amino acids. A false discovery rate (FDR) of 1% was
required for peptides and proteins. Peptide identification was performed with an allowed
precursor mass deviation of up to 4.5 ppm and an allowed fragment mass deviation of 20
ppm. Nonlinear retention time alignment of all measured samples was performed in
MaxQuant. Peptide identifications were matched across different replicates within a time
window of 1 min of the aligned retention times. A minimum ratio count of 1 was required
for valid quantification events via MaxQuant’s Label Free Quantification algorithm
(MaxLFQ). Data were filtered for common contaminants and peptides only identified by
side modification were excluded from further analysis. Copy numbers were estimated based
on the protein mass of cells®5. We set the protein mass of a naive T cell to 25 pg and of an
activated T cell to 75 pg.

Calculation of protein synthesis rates

Total protein copy numbers were estimated based on total LFQ values (heavy and light
proteins). The number of newly synthesized protein copies was calculated based on the
proportion of heavy proteins. For naive T cells, the number of newly synthesized proteins
within 6, 12, 24 and 48 h was analyzed and the highest rate (proteins/h) was selected.
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RNA sequencing

Total RNA was isolated from flow sorted naive CD4* T cells using the RNeasy Plus Mini
Kit from Qiagen. RNA samples from two healthy donors were pooled and sent to IGA
technology services. The TruSeq Stranded mRNA Sample Prep kit (I1lumina) was used for
library preparation starting with 1-2 pg of RNA (R.I.N. >7) as input. The poly-A mRNA was
fragmented 3 min at 94°C and every purification step was performed by using 1X Agencourt
AMPure XP beads. Both RNA samples and final libraries were quantified using the Qubit
2.0 Fluorometer (Invitrogen) and quality tested by Agilent 2100 Bioanalyzer RNA Nano
assay (Agilent Technologies). Libraries were processed with Illumina cBot for cluster
generation on the flowcell and sequenced on single-end mode at the multiplexing level
requested on HiSeq2500 (Illumina). The CASAVA 1.8.2 version of the Illumina pipeline was
used to process raw data for format conversion and de-multiplexing.

Estimation of absolute transcript copy numbers

To determine the total mRNA content per T cell, total RNA was isolated from naive and
activated T cells by using the E.Z.N.A. total RNA Kit | (Omega BIO-TEK). From total
RNA, polyA-mRNA was isolated using polyT-coated dynabeads (dynabeads mMRNA
purification kit, Thermo Fischer Scientific). The amount of purified mMRNA was quantified
on a Qubit fluorometer (Thermo Fischer Scientific). The proportional mass (M) of each
transcript was calculated using equation (1), where M ,ppn4 is the mass of total polyA-
MRNA, FPKM,the FPKM value of each transcript determined by RNA-Seq and /;the
transcript length.

FPKM; * I

M;=Mpupna* M)
ij 1FPKMj*Ij

Copy numbers of each transcript (C/N)) were calculated using equation (2), where N4 is the
Avogadro constant, MW the average molecular weight of a ribonucleotide monophosphate,
and /;the length of the transcript.

Ny

CNi:Mi*li*M—W (2)

ATAC sequencing

Accessible chromatin mapping was performed using the ATAC-seq method as previously
described?!, with minor adaptations. In each experiment, 5x 10% cells were centrifuged for 10
min at 8°C, resuspended in 50 pul ATAC-seq lysis buffer (10 mM Tris-HCI pH 7.4, 10 mM
NaCl, 3 mM MgCl, and 0.1% NP-40) and centrifuged for 30 min at 500g and 8 °C. After
centrifugation, the pellet was incubated in 25 pl transposase reaction mix (12.5 pl 2x TD
buffer, 1 pl transposase (Illumina) and 11.5 pl nuclease-free water) for 60 min at 37 °C.
After DNA purification with the Clean and Concentrator kit (Zymoresearch), 50 pl PCR
reaction was setup (10 pl transposed DNA, 10 ul nuclease-free H,0, 2.5 ul PCR primer 1,
2.5 pl barcoded PCR primer 2 and 25 pl KNEBNext Ultra 11 Q5 master mix (New England
Biolabs Inc.). After 5 cycles, 5 pl of the eluted DNA was used in a quantitative PCR (qPCR)

Nat Immunol. Author manuscript; available in PMC 2021 March 19.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wolf et al.

Page 15

reaction to estimate the optimum number of amplification cycles. Remaining 45 pl were
amplified for the determined cycle number. Library amplification was followed by 2 rounds
of AMPure XP bead (Agencourt) size selection to exclude fragments larger than 1,200 bp.
DNA concentration was measured with a Qubit fluorometer (Life Technologies). The
libraries were sequenced by the Genomic Core Sequencing Facility at EMBL using the
Illumina HiSeq2500 platform and the 50-bp single-end configuration.

Processing of the ATAC-seq data

Reads were aligned to the GRCh38/hg38 assembly of the human genome using Bowtie with
the “--best and -m 1’ parameters to eliminate strand bias and report only best alignment in
terms of quality values at mismatched position and to allow only one (depending on quality
value) alignment per read, respectively. All downstream analyses were performed on the
filtered reads. Greater than 100 million reads were obtained for the library, and reads
mapping to mitochondrial DNA were excluded from the analysis. Between 22, 4 million and
27, 6 million high-quality reads per sample that mapped uniquely to genomic DNA were
retained. Peaks were called for each sample using HOMER with parameters ‘-style factor
and -L 20’, to analyze transcription factors and call peaks with 20-fold greater tag density
than in the surrounding 10kb region, respectively. Differential peaks were identified using
‘getDifferentialPeaksreplicates.pl -balanced —edgeR (statistical program) -L 10 (10-fold
greater tag density than background)’. Peaks were merged for the same cell type using
mergePeaks and annotated with annotatePeaks.pl. One non-annotated file was generated
with the option "-noann’, uploaded to Rstudio and with the package ggplot2 principal
component analysis was performed. Motif analysis on peak regions was performed by
HOMER function findMotifsGenome.pl with the parameters ‘-size 200 (peak size) and -len
8,10,12,15 (motif length)’. With the ‘-size 200 -hist 400 (bin size in bp) -ghist (outputs gene
profiles for each gene)’-parameters from HOMER a data matrix file was generated and
uploaded to Cluster 3.0 for clustering (parameters: normalize genes, cluster genes and array,
similarity metric: correlated uncentered) and visualized with Java Tree View.

ChIP sequencing

ChIP was performed as previously described®’. In brief, 50 x 106 CD4* T cells, pooled from
three different healthy donors, were fixed in 1% formaldehyde (Sigma-Aldrich) for exactly
10 min at 20 °C under rotation. The crosslinking reaction was quenched by the addition of
125 mM Tris-HCI, pH 7.6, for 5 min at 20°C. Cells were washed three times with ice-cold
PBS. The cell pellet was then resuspended in 1.5 ml RIPA buffer (without Triton X-100)
supplemented with protease inhibitors (Halt Protease Inhibitor Cocktail, Thermo Scientific)
and was frozen at —80°C. After thawing, chromatin was sheared with a Bioruptor Plus bath
sonicator (Diagenode) with the following settings: ten cycles of 30 s “on” and 60 s “off”,
five times (50 cycles in total), at high intensity and 4°C. Every ten cycles, samples were
briefly vortexed and spun down. The shearing of DNA into 200- to 300-bp fragments was
evaluated by electrophoresis through a 1.5% agarose gel. Before the immunoprecipitation,
1% Triton X-100 was added to the sample, and an aliquot was stored at —20°C as input
control. Antibody-bound Protein G Dynabeads (Life Technologies) were added to each
sample, and immunoprecipitation was performed overnight at 4°C on a rotating wheel. 10 pg
of ChlP-grade anti-ETS-1 antibody (Santa Cruz Biotechnology, cat. num. sc-350 X, clone
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C-20) was used for the immunoprecipitation. The next day, the Dynabeads were thoroughly
washed, and the eluted DNA was subjected to RNAse A and proteinase K treatments before
overnight de-crosslinking at 65 °C. Finally, de-crosslinked DNA was purified with SPRI
magnetic beads and was eluted in 10 mM Tris-Cl, pH 8.0. ChIP DNA was quantified with
the dsDNA HS assay kit (Life Technologies, cat. num. Q32854) on a Qubit 2.0 device.
ChIP-seq libraries were prepared as previously described 7. Illumina-compatible universal
and indexed adapters and amplification primers were synthesized by Microsynth AG.
Sequencing was performed on an Illumina HiSeq platform. About 25 million reads and 50
million reads (each unique single-end 50 bp reads) were generated for the ChIP sample and
the input sample, respectively.

ChlIP-seq data were analyzed with the Fish the ChIP’s automated genomic annotation tool°8.
Enriched DNA motifs in the ETS-1 ChIP-seq dataset were identified by MEME-ChIP
(v.5.1)%. ETS-1 peaks were assigned by proximity to the neighboring genes using the
GREAT (v.3 or later) web-based software®.

Statistical Analysis

Statistical analyses were performed in the R programming environment (version 3.3.3) or
with GraphPad Prism 7 (GraphPad Software).

Extended Data
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Extended Data Fig. 1. Viability of resting T cells in culture.

(a) Protein mass of naive T cells does not change after 72h of culturing. Proteomes of T
cells that were either analyzed immediately after isolation or after 72h of culturing were
analyzed by LC-MS. Protein content was estimated using the proteome ruler approach?®’.
n=5 for freshly isolated and n= 2 for 72h-cultured T cells from different donors. Bars
represent the S.E.M (b) FACS-purified naive and memory T cells were cultured in complete
medium without the addition of growth factors. To measure cell viability, T cells were
stained with Annexin-V-FITC directly after sorting or after 24h and 96h of culturing and
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then analyzed by flow cytometry. n=4, Four independent experiments with T cells from two
different donors. Bars represent the S.E.M. (c) FACS-purified naive T cells were cultured for
24h in complete medium containing either DMSO, 50 pug/ml CHX or 50 pug/ml CHX
together with 10 uM bortezomib (CHX + PS). n=8 from three different donors. Bars
represent the S.E.M
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Extended Data Fig. 2. Analysis of hallmark transcription factors.
(a) Frequency of ATAC-Seq peaksannotated to different genomic regions. (b) Frequency of

ETS1 ChIP-Seq peaksannotated to different genomic regions. (c) Examples of activation
markers that were up-regulated in TILs (CD69 and PD1) and proteins that were
downregulated (KLF2, CD62L, and FAM65B). n=1627 for T cells from blood, n=2170 for T
cells from tumors. Violin plot width is based on a Gaussian kernel density estimate of the
data (estimated by the density function with standard parameters), scaled to have maximum
width = 1. Data are from Zheng et al. 2016.
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Extended Data Fig. 3. Increased turnover of glycolytic enzymes following activation.
(a) Naive or 6h-activated T cells were analyzed on a Seahorse analyzer. Shown is the Extra

Cellular Acidification Rate (ECAR), which is a measure of the glycolytic rate. n=6 from
three donors. Bars represent the S.E.M (b) Gene ontology analysis of the proteome of naive
T cells. Glycolytic proteins (blue) contributed 11% to the cytosolic protein mass. (c)
Fraction of newly synthetized (heavily labeled) glycolytic proteins after a 12-hours pulse in
naive or 12h-activated T cells. n=3 from three different donors. Box plot elements are
defined as in Fig. 2b

Nat Immunol. Author manuscript; available in PMC 2021 March 19.



syduasnuepy J0yINy Siapun4 DA adoing ¢

sidiiosnuelA JoyINy sispun4 DIAd adoin3 ¢

Wolf et al.

a

Page 19

Extended Data Fig. 4. 3D reconstructions of seven naive and eight 72 h-activated T cells.
(a) Reconstructions of naive CD4* T cells. For the first two cells every layer of the plasma

membrane (purple) was drawn, while for the other cells only every third layer was drawn.
Scale bar = 2 um (b) Reconstructions of 72 h-activated CD4" T cells. For the first four cells
every layer of the plasma membrane (purple) was drawn, while for the other cells only every
third layer was drawn. Scale bar = 2 um
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Extended Data Fig. 5. Estimation of the number of ribosomes.
(a) Copy numbers of 82 ribosomal proteins in naive T cells. n=7 from seven different

donors. Box plot elements are defined as in Fig. 2b (b) Distribution of the copy numbers of
ribosomal proteins in naive T cells. Average values from n=7 are shown. Dashed line shows
the median, which was used as an approximation of total ribosomes. (c) Total RNA in naive
and activated T cells. To estimate the number of ribosomes, it was assumed that 83% of total
RNA was ribosomal RNA. n=7 for naive, 6h and 12h-activated T cells. n=4 for 24h, 48h and
72h activated T cells from different donors. Bars represent the S.E.M (d) mRNA to protein
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ratio. n=7 for naive, n=3 for 6h and n=4 for 24h activated T cells from different donors. Bars
represent the S.E.M (e) Total amount of mMRNA per T cell. n=9 for naive and 24h activated T
cells,n=7 for 6h and 12h activated T cells from different donors. Bars represent the S.E.M (f)
Average mRNA copy numbers per T cell. (g) MRNA processing rate in naive and 6h-
activated T cells. Average values from n=3 from different donors are shown.
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Extended Data Fig. 6. Posttranscriptional regulations.

(a) Absolute copy numbers of CD40LG and JUNB proteins in resting and activated T
cells.n=7 for naive T cells, n=3 for 6h, 12h, 48h, 120h-activated T cells, n=4 for 24h, 72h,
96h activated T cells. Box plot elements are defined as in Fig. 2b (b) Absolute protein
synthesis rates in resting and 6h-activated T cells that were untreated or treated with Torin-1.
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Extended Data Fig. 7. Rapidly turned over proteins in naive and memory T cells.
(a) Comparison of protein turnover kinetics in resting naive and memory CD4* T cells of
selected proteins. n=3 for naive 6h andnaive 12h; n=4 for naive 24h, memory 6h, memory
12h andmemory 24hfrom different donors.
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Fig. 1. A pulsed SILACapproach shows that a small set of important proteins is rapidly renewed
in naive T cells.

(a) Schematic of the pulsed SILAC workflow. (b) Shown are 205 protein species, which
incorporated heavy amino acids after a 6 h pulse, ranked according to the fraction that was
newly synthetized within 6 h. Average values from n=3 are shown. The inset shows protein
species that were renewed by more than 80% in 6 h. Dots are colored according to turnover
rate (Red to blue; Fast to slow) (c) Shown are1,313 protein species, which incorporated
heavy amino acids after a 24 h pulse, ranked according to the fraction that was newly
synthetized within 24h. Average values from n=3 are shown. The first inset shows protein
species that were renewed by more than 90% in 24 h. A second inset shows components of
the TCR. (d) Renewal kinetics of selected proteins. The half time (t1,2) was calculated by
fitting a cumulative Weibull distribution. n=3 from three different donors.
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Fig. 2. Constitutive protein degradation in naive T cells
(a) Naive CD4* T cells were cultured in the presence or absence of 50 pg/ml cycloheximide
(CHX) for 24 h, after which their proteomes were analyzed by mass spectrometry. Volcano
plot fromdifferential abundance analysis (two-tailed Welch’s t test) between control and
CHX-treated cells. Each dot represents a protein; a negative Log2 foldchange means that the
protein is less abundant in CHX-treated T cells. Only the 1,313 proteins shown in Fig. 1C,
for which a renewal rate was also determined, are shown. The color code shows the renewal
rate as determined by pulsed SILAC. n=4 from four different donors. (b) Naive CD4* T
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cells were treated with 50 pg/ml CHX alone or together with 10 uM bortezomib/PS341 (PS).
Boxplot shows copy numbers of selected membrane proteins. n=5 for Ctrls, n=4 for CHX,
n=6 for CHX+PS. Box plots denote the medians and the IQRs. The whiskers of each box
plot are the lowest datum still within 1.5 IQR of the lower quartile and the highest datum
still within 1.5 IQR of the upper quartile.(c) Same as in (b) but selected transcription factors
and regulatory proteins are shown. Box plot elements are defined as in Fig. 2b (d) Naive
CD4* T cells were treated with 50 pg/ml cycloheximide (CHX, blue points) and analyzed by
flow cytometry at different time points. Shown is the fluorescence intensity relative to
control cells that were not treated with CHX. n=3 from three different donors. Bars indicate
the S.D. of the mean. (e) Naive CD4* T cells were electroporated with Cas9, ATTO550-
labeled tracrRNA and two sgRNA targeting the B2M locus. Cells were stained with an
antibody to HLA-A/B/C and analyzed by flow cytometry 24 h and 72h after electroporation.
NT: Non-targeting SgRNA control. The experiment was repeated three times with similar
results.
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Fig. 3. Rapid turnover and tunability of transcription factors
(a) Ranking of transcription factors in naive T cells according to the renewal half time.
Average values from n=3 are shown (b) Time course ofthe abundances of selected proteins
in copy numbers per cell. Data points that were identified by MS/MS are shown. Each dot
represents a different donor. n=7 for naive, resting T cells. n=3 for 6h, 12h, 48h activated T
cells. Box plot elements are defined as in Fig. 2b (c). Volcano plot showing results from
differential expression analysis (two-tailed Welch’s t test) between mRNA levels in
circulating (n=1627) and tumor-infiltrating CD4* T cells (n=2170). Data were from Zheng
et al. 2016. Shown are only mRNAs for which the turnover rate of the corresponding
proteins was determined. mRNAs that are induced in TILs, i.e. PD-1 are not shown as these
proteins are not present in naive T cells and accordingly no turnover rate could be
determined. The color code shows the protein turnover rate according to the pulsed SILAC

data shown in Fig. 1c. n=3 from three different donors.
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(a) Comparison of protein copy numbers in naive and 12 h-activated CD4* T cells. Each dot
represents a protein. Average values from n=7 for naive and n=3 for 12h-activated T cells
are shown. Glycolytic enzymes are shown as turquois dots. Hexokinase-2 (HK2) is marked
in red. (b) Illlustration of the glycolytic pathway. Highly abundant (> 300,000 copies)
proteins in naive T cells are shown in turquois. (c) The barplots show the fraction of pre-
existing (turquois) and newly synthesized proteins (red) after a 6h and 12h pulse in naive
and activated T cells. Average values from n=3 are shown. Examples of LDHA, GAPDH,

ALDOA and PGK1 are shown.
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Fig. 5. Translational preparedness of naive T cells.
(a) 3D reconstruction of a naive CD4* T cell based on scanning block face electron

microscopy images. The plasma membrane is drawn in purple, the nucleus in green and
mitochondria in blue. Scale bar = 2 pm (b) 3D reconstruction of a 72 h-activated CD4* T
cells. Both cells (A+B) are drawn at the same scale. (c) Examples of electron microscopy
images of a naive (left) and 72 h-activated T cell (right) that were used for the 3D
reconstructions. A total of 7 naive and 8 activated T cells were analyzed and quantified in
(d). All cells were fixed and embedded together. Scale bar = 2 um (d) Quantification ofcell
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and organellar volumes based on 3D reconstructions of naive CD4* and 72h-activated T
cells. n=7 for naive T cells, n=8 for 72h-activated T cell. Bars indicate the S.E.M. P values
were determined by a two-tailed unpaired t-test. (¢) Thenumber oftotal proteins that
aresynthesized in a minute in resting, naive and activated CD4* T cells are shown. For
resting cells, data from three different pulse durations (6h, 12h, 24h) are shown. n=3 from
three different donors. Box plot elements are defined as in Fig. 2b (f) Boxplot showing the
synthesis rates of the five proteins with highest synthetic rates in naive T cells. n=3 from
three different donors. Box plot elements are defined as in Fig. 2b (g) Comparison of the
total protein synthesis in naive T cells tosynthesis of Actin B in 24h-activated T cells. n=7
for naive, n=3 for memory. Box plot elements are defined as in Fig. 2b (h) Estimations of
ribosomal proteins based on quantifications of ribosomal RNA and the median of ribosomal
proteins.Sample numbers are indicated on the graph. Bars represent the S.E.M (i)
Averagetranslation rate per ribosome in resting, naive and activated CD4* T cells. n=3 from
three different donors.
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Fig. 6. Posttranscriptional regulations.
(a) Comparison ofabsolute mMRNA copy numbers and average protein synthesis rates (from

three donors) in resting (left panel), 6h-activated (middle panel) and 24h-activated T cells
(right panel). Ribosomal proteins are colored in blue, all other colored dots are labeled with
the protein name (b) Transcript translation rates of selected factors in resting (left panel), 6h-
activated (middle panel) and 24h-activated T cells (right panel). Rates were calculated by
dividing absolute protein synthesis rates by the number of respective mRNA copies.
Theserates indicatehow many times a single transcript is read off by ribosomes per minute.
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n=3 from three donors. Bars represent the S.E.M (c) Analysis of the Spearman’s rank
correlation between mRNA levels and protein synthesis rates in resting, 6 h and 24 h
activated T cells. (d) Interaction network of proteins encoded by the 242 mRNAs that are
repressed in naive T cells. Each node represents a protein and edges represent protein-
protein interactions based on the STRING database. (e) Absolute copy numbers of CD69
proteins in resting and activated T cells as determined by mass spectrometry. n=7 for naive T
cells,n=3 for 6h, 12h, 48h, 120h activated T cells,n=4 for 24h, 72h, 96h activated T cells.
Box plot elements are defined as in Fig. 2b (f) Density plots showing the distribution of the
protein synthesisrates (average from three different donors) in control T cells(blue) and T
cells treated with 250 nM Torin 1 (yellow). The two panels on the left show the distribution
of synthesis rates of proteins encoded by non-TOP mRNAs in naive and 6h-activated T cells,
respectively. The two panels on the right show the distribution of synthesis rates of proteins
encoded by TOP mRNAs in naive and 6h-activated T cells, respectively. (g) Subnetwork
form Fig. 6d. The 15 nodes represent proteins encoded by repressed mRNAs that were
engaged following activation independent on mTOR. The 15 mRNAs were identified by
comparing activation-induced changes in synthesis rates of proteins that are encoded by the
242 repressed mRNAs. In the presence of Torin 1, the increase in the synthesis of these 15
proteins was not affected (Log2 Foldchange < 1). The color code is the same as in Fig. 6d.
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Fig. 7. Preparedness of memory T cells.
(a) Comparison of protein turnover kinetics in naive and memory CD4" T cells of selected
proteins. n=3 for naive 6h and naive 12h; n=4 for naive 24h, memory 6h, memory 12h and
memory 24hfrom different donors. (b) Same as in (a)but two ribosomal proteins (RPS6 and
RPL21), two glycolytic enzymes (GAPDH and LDHA)and two proteasomal proteins
(PSMA1 and PSMAG) are shown. (c) Comparison oftotal protein synthesis in resting, naive
and memory T cells.n=9 for naive, n=12 for memory. Box plot elements are defined as in
Fig. 2b (d) Averagetranslation rate per ribosome in amino acids per second and ribosome in
resting, memory and activated CD4" T cells. The grey area shows the baseline ribosomal
output in naive T cells. n=4from threedifferent donors.
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