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Abstract

Eukaryotic Initiation Factor 6 (elF6) is requireal 60S ribosomal subunit biogenesis and efficient
initiation of translation. Intriguingly, in both @eé and humans, endogenous levels of elF6 are
detrimental, as they act as tumor and obesityifatmts, raising the question on the evolutionary
pressure that maintains high elF6 levels. Here mvsthat in mice and humans, high levels of
elF6 are required for proper immune functions. tFiedF6 heterozygous (het) mice show an
increased mortality during viral infection and alwetion of peripheral blood CD4 Effector
Memory T cells. In human CDA4T cells, elF6 levels rapidly increase upon T-a@teptor
activation and drive the glycolytic switch and #eguisition of effector functions. Importantly, in
CD4" T cells, elF6 levels control interfergrdFN-y) secretion without affecting proliferation. In
conclusion, the immune system has a high evolutjopeessure for the maintenance of a dynamic

and powerful regulation of the translational maeinyn

Keywords: elF6, Immune system, CDZ cells, effector functions, metabolism, glycoyysi

Abbreviations: elF6: eukaryotic Initiation Factor 6; het: heteygous;
IEN-v: interferony; TCM: central memory T cell; TEM: effector memory T ceDN: double

negative; DP: double positive; SP: single positive.

Highlights

High levels of elF6 are required for a proper immuesponse
elF6 het mice succumb to viral infection

Generation of Effector Memory T cells requires hejR6 activity

elF6 positively regulates the glycolytic activatiohCD4 T lymphocytes
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1. Introduction

MRNA translation is a well-organized process dididieto four consequential phases: initiation,
elongation, termination and recycling. Initiatianhield as the rate limiting step for the transtatd
most mMRNAs (Sonenberg and Hinnebusch, 2009). Eokarynitiation factor 6 (elF6) was
originally characterized as a monomeric anti-as$ion ribosomal factor binding 60S ribosomal
subunits and blocking 40S subunit recruitment, timyseding formation of a translationally active
80S (Valenzuela et al., 1982). Later studies unexpailly demonstrated that elF6 is necessary for
60S maturation (Sanvito et al., 1999) and is péarthe 66S pre-ribosomal particle (Volta et al.,
2005). elF6 release from the 60S during ribosomatlnation can be due to the combined action of
Shwachman-Bodian-Diamond Syndrome (SBDS) and Elongd-actor Like GTPase 1 (EFL1)
proteins (Finch et al., 2011; Menne et al., 2007).

In spite of its nucleolar role, elF6 is more abumda the cytoplasm than in the nucleus (Biffo et
al., 1997): elF6 partial depletion in mice leadsataleficit in its cytoplasmic pool, resulting in
inefficient translation downstream of insulin anmdwth factor administration (Gandin et al., 2008).
A current model proposes that elF6 prevents unmtbdriribosome joining by clamping free 60S
ribosomal subunits and impairing their binding he hon MRNA-loaded 40S ribosomal subunits
(Miluzio et al., 2009). elF6 is phosphorylated autivated by the Receptor for Activated C-Kinase
1 (RACK1)/Protein kinase C beta (PRCaxis (Ceci et al., 2003). Such phosphorylati@votirs
elF6 removal from the 60S ribosomal subunit andctiresequent formation of translationally active
80S ribosomes. In mice, RACKL1 depletion partly plempies elF6 depletion (Volta et al., 2013),
and in fruitfly, RACK1 itself has been shown to tah the specific translation of viral IRES
regulated mRNAs (Majzoub et al., 2014). Thus,6eéfahd RACK1 may affect translation either

alone or by cooperating with one another (Gallo lstaghfrini, 2015).
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The importance of elF6 is clear in pathologicalditaons (Miluzio et al., 2016). elF6 levels have
been shown to correlate with insulin resistance @vebity. In fact, elF6 het mice are protected by
diet-induced obesity and lipid steatosis and, ipatecytes, elF6 controls lipogenesis and glycolysis
through translational regulation of transcriptiorfactors (Brina et al., 2015b). elF6 is also
important in regulating tumor progression, as isrexpression correlates with poor prognosis in
certain human cancers (Miluzio et al., 2015; Sanwt al., 2000). Evidence for elF6 gene
amplification has been recently presented in hubraast cancer (Gatza et al., 2014) and restriction
of elF6 activity dramatically protects from oncogemediated transformatioir vitro, and from
Myc-induced lymphomagenesisy vivo (Miluzio et al., 2011). It was also shown that elF6
depletion impairs lactate and ATP production inigrant pleural mesothelioma cells, leading to
growth reduction (Miluzio et al., 2015). In summagfF6 acts as a rate-limiting initiation factor
downstream of insulin and growth factors signalangd regulates metabolism in physiological
conditions, cancer, and metabolic syndromes. S2ii€é het mice, which express half the levels of
elF6, are healthier than wild type (wt) littermatbsing overall less prone to metabolic syndromes
(Brina et al., 2015b) and resistant to oncogen@4iisizio et al., 2011), we asked whether there was
a physiological pressure for maintaining high levefl elF6.

Recent RNAseq (Bonnal et al.,, 2015) and proteathaia (Mitchell et al., 2015) revealed that
elF6 is highly expressed in lymphoid cells. Whatnigre, high levels of elF6 mRNA were detected
in T cells within hours oin vivo activation (Orr et al., 2012). Thus, we hypothedithat high elF6
levels are required for immune regulation. Thissideration together with the observation that
elF6 het mice succumbed to an unwanted viral ildactked us to characterize elF6 role in T
lymphocytes. Our results suggest that elF6 is macgsfor overall immune system functionality
and in particular for the metabolic switch requifedCD4 T cell activation. In this context we can
envisage elF6 as a novel regulator of the immuseamse and speculate that its functions are

exerted as a translational regulator acting upstreitranscription (Brina et al., 2015b) .
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2. Materials and methods

2.1. Mouse colony

elF6” mice were generated as previously described (@agtdal., 2008) and backcrossed to the
C57BL6/N strain for 22 generations, to obtain agpgenetic background. The health status of mice
was monitored every month according to the Fedsradi European Laboratory Animal Science
Associations (FELASA) recommendations. Animals wgesotyped and randomly analyzed and
all experiments were performed on age-matched mmate. Primary cells were derived from
thymus and blood of littermates of the specifiedagpes.
All the experiments involving mice were performeddccordance to Italian national regulations
and experimental protocols were reviewed and amgatdy the local Institutional Animal Care and
Use Committees of the San Raffaele Research ItestftACUC n. 688). At the German Mouse
Clinic (GMC), mice were maintained according to GBBIC housing conditions and German laws.
All tests performed at the GMC were approved byrésponsible authority of the Regierung von

Oberbayern.

2.2. Immunology screen, blood samples from mice

Blood samples were collected from isoflurane-aredsted mice (14 weeks old males; 10 wt, 8
elF6 het) by puncturing the retro-bulbar sinus watin-heparinized glass capillaries (1.0 mm in
diameter; Neolab; Munich, Germany). Blood was thelected in heparinized tubes (Li-heparin,
KABE, Art.No. 078028; Numbrecht, Germany). Eachetwias immediately inverted and then left
at RT for two hours. Cells and plasma were thermsged by centrifugation (10 minutes, 5000G;
8°C). Plasma was collected while the cell pelleswaed for FACS analyses. From this pellet,
frequencies of the main circulating peripheral bldeukocytes (PBLs) were measured by flow

cytometry. PBLs were isolated from the cell pedé&500 pl whole blood samples. The cell pellet
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was dissolved in 600 pl Nil-based, TRIS-buffered erythrocyte lysis soluti@md 150 pl
transferred into 96-well micro titer plates. Afteashing steps with FACS staining buffer, PBLs
were incubated for 20 minutes with Fc block (cléhG2, PharMingen, San Diego, USA). Cells
were then stained with fluorescence-conjugated mional antibodies (PharMingen). After
incubation propidium iodide was added for the tdmation of dead cells (Zamai et al., 1996)
which might unspecifically bind to antibodies andi@se specific antigens upon apoptosis (Diaz et
al., 2004). Samples were acquired from 96 wellgglaand measured with a three laser 10-color
flow cytometer (LSRII, Becton Dickinson, USA; Galli, Beckman Coulter, USA). At least 30,000
living CD45" cells per sample were analyzed. Intact cells wdestified by their FSC/SSC profile
and dead cells were gated out according to thepigium iodide signal. Living cells were then
gated through the SSC/CDA45 signal (Weaver et @01p The following stainings were performed
to identify the different leukocytes populations:

Staining 1) T cells (CD3, CD4 T cells, CD8 T cells (see also Manfrini et al., 2017).

Staining 2) on CD4 T cells, naive (CD62L CD44), Cm (CD62L CD44") and Em (CD62L

CD44).

2.3. Isolation and activation of human CD#% cells

Blood buffy coat cells of healthy donors were om¢al from Fondazione I.R.C.C.S. Ca’ Granda
Ospedale Maggiore Policlinico, Milan, Italy. Pergoal blood mononuclear cells were isolated by
Ficoll-paque density gradient centrifugation. Thiiel committee of I.LR.C.C.S. Ca’ Granda
Ospedale Maggiore Policlinico Foundation approveel ase of PBMCs from healthy donors for
research purposes and all methods and experimenésperformed in accordance with the relevant
guidelines and regulations. Informed consent wdainoed from all subjects. Human blood primary
CD4" naive T cells were purified > 95% by negative ctid@ with magnetic beads with the

isolation kit for human CD4Naive T cells (Miltenyi Biotec) followed by celbging using the
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following combination of surface markers: CDL£D62L", CD45RO. Experimentsn vitro were
performed by activating naive CDZ cells with Human T-Activator CD3/CD28 Dynabedtife
Technologies) and cultured for the indicated timienvals in RPMI medium with 10% FBS, 0.1%
Penicillin/Streptomycin (EuroClone), 0.1 % nonessg¢ramino acids (Lonza), and 0,1% Sodium

Pyruvate (Lonza) at 37°C and 5% £@-2 was added at 20 IU/ml (202-IL; R&D Systems).

2.4. Lentiviral production
HEK 293T cells were transfected with: packagingspial ENV, pMDG, @#8.74 and pGIPZ
plasmids carrying scramble shRNA or elF6-specifiRNAs (Open Biosystem). Viral supernatant

was collected and titrated 48-72 hours later.

2.5. mRNA extraction and real-time RT-PCR

Total RNA was extracted from cells with TRIzol reag (Invitrogen). RNA was then purified
with the RNeasy extraction kit (Qiagen). DNA wasmed from RNA samples by using the on-
column RNAse free DNAse set (Qiagen). Reverse trgstgon was performed with the SuperScript
lIl First-Strand kit (Invitrogen) using random hewers and according to the manufacturer's
instructions. Reverse transcribed complementary BN200ng) were amplified with specific
primers. The Tagman probe specific for elF6 (MM@ZEH_m1l) was used. Target mRNA
guantification was assessed by quantitative reveasescriptase realtime PCR (QRT-PCR) using a
Tagman Universal PCR Master Mix (cat no. 4324018plfed Biosystems), with 18S rRNA as an
internal standard (Applied Biosystems, cat no. Z&88%). Reactions were performed on a
StepOnePlus Real-Time PCR System (Thermo Fisheznffat). The data are expressed as
absolute mRNA levels of the target genes. Resutsepresented as means +/- standard deviation

of three independent experiments.

2.6. Western blotting and antibodies
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SDS-PAGE was performed on protein extracts obtafrmd human CD4+ naive T cell samples
differentiated in vitro. See “Isolation and activation of human CO4cell” paragraph for details.
Samples were homogenized in RIPA buffer (i Tris-HCI, pH 7.4, 1% sodium deoxycholate,
1% Triton X-100, 0.1% SDS, 150M NaCl and InM EDTA, pH 8.0). The following antibodies
were used: mouse monoclonal antibody against elF80Q0) (Biffo et al., 1997) an@-actin
(1:10.000; AC-15) A5441 Sigma. Chemiluminescenhalg were detected using Amersham ECL
Prime (GE Healthcare Life Sciences) and images veerpiired using the LAS-3000 imaging
system from Fuji. elF6 protein levels were quaeatifby densitometric analysis using ImageJ and

were normalized t@-actin abundance.

2.7. Measurement of lactate secretion

Cell culture supernatants of naive anditro activated CDAT cells infected with the Scr-sh or
elF6-sh constructs were collected. Lactate seciatedhe medium was measured using the Lactate
Assay Kit (Biovision) following manufacturer’s insttions. The average fluorescent intensities
were calculated for replicates of each conditiomlugs were normalized to protein contents

obtained from the same wells (Duvel et al., 2010).

2.8. ATP content analysis

CD4" naive and 4 days-activated T cells previouslydtefe with the Scr-sh or elF6-sh constructs
were homogenized in 6% (v/v) ice-cold HGICExtracts were then centrifuged at 10,066r
10min at 4°C. The acid supernatant was neutralized wifC® and used for luminometric
determination of ATP (ATP determination kit, Molé&u Probes) using the method of Lundin

(Lopez-Lluch et al., 2006) as modified in (Calanatal., 2017).

2.9. Measurement of IFIdproduction
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Cell culture supernatants of naive anditro activated CD4T cells infected with the Scr-sh or
elF6-sh constructs were collected and analyzed IFdN-y content using the DuoSet ELISA
development system for human IRMletection (R&D Systems cat no. DY285). Samples were
prepared according to the manufacturer's instrastiolFNy levels for each sample were

normalized to total protein content.

2.10. Proliferation assay

Proliferation was assessed by CellTrace-CFSE (TbEisher Scientific) staining of 5 x 10
FACS-purified CD4+ naive T cells isolated from thieod of three healthy donors. Cells were
grown in RPMI media with 10% FBS, 0.1% Penicillitvéptomycin (EuroClone), 0.1 %
nonessential amino acids (Lonza), and 0.1% Sodiyrav@te (Lonza) at 37°C and 5% ¢@nd
activated with Human T-Activator CD3/CD28 Dynabgddife Technologies) and IL-2 20 1U/ml
(202-IL; R&D Systems) for five days. At day 5 p@sttivation cells were FACS-analyzed for CFSE

content. Naive unstimulated cells were also staameanalyzed as a control.

2.11. Statistical analysis
All the results were analyzed with the two-tailetest. A p-value of <0.05 was considered
significant (}p <0.05; **p<0.01; ***p<0.001; NS: not significant). Kaplan-Meier curve was

validated by the Log-rank (Mantel-Cox) test.

3. Results

3.1. elF6 het mice show a reduction of peripherB4CT cells and succumb to infections
In physiological conditions elF6 het mice are pligpally normal, resistant to diet-induced

obesity and less susceptible to Myc-induced lympdngenesis compared to wt littermates (Brina et

9
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al., 2015a; Miluzio et al., 2011). elF6 het micedhalf elF6 protein levels compared to wt animals
and reduced insulin- and growth factor-stimulatehglation (Gandin et al., 2008). Preliminary
studies on humoral antibody response did not shrowsgdifferences between elF6 wt and het mice.
This notion was revived by the observation thatiawanted mouse norovirus (MNV) infection in
the animal house claimed victims only in the el population and not in the wt. Quantification
of the affected subcolonies indeed confirmed ti&6 énet mice had higher mortality compared to
wt controls (Fig. 1A). Death was accompanied by timgsand diarrhea. Next, we quantified
immune cells in the peripheral blood of wt and elé® mice (Fig. 1B and Fig. 1 in Manfrini et al.,
2017). We did not see significant differences i@ thumber of total leukocytes in peripheral blood
(9.86x10/mm® for wt elF6 mice vs 8.72xEOnm’ for het elF6 mice;p-value: 0.083) and no
significant differences in the frequencies of glaoytes, monocytes and B cells (see Fig. 1A and
1B, left in Manfrini et al., 2017). Although we didot see any significant difference in the
proportions of CD3T cells in the blood (see Fig. 1B, right in Manfrét al., 2017), by subdividing
the CD3 T cell compartment into CD4or CD8 subpopulations, we found a significant lower
frequency of CD4 T cells in het mice compared to contrgisv@lue: 0.04) (Fig.1B, left), but no
significant difference in the proportions of CD& cells p-value: 0.39) (Fig. 1B, right). This
apparent discrepancy can be explained by the sifaptethat CDZ T cells are a subgroup of the
more vast CD3 T cell repertoire and that relevant differencesundng in the abundance of the
CD4" T cell subset are not necessarily able to caugefisiant alterations in overall CD3T cell
abundance. Taken together these data indicateutitidr baseline conditions elF6 levels are rate
limiting for T cell homeostasis.

The reduction in CD4positive T cells in elF6 het mice coupled to theréased mortality upon
infection suggest that the generation of speciffector cells could be impaired. We therefore
analyzed if there were significant alterations lwe fproportions of CD4naive, central memory
(TCM) and effector memory (TEM) T cells subpopidatin the blood of wt and elF6 het mice

(Fig. 2A). In line with the expectations, the perages of naive and TCM cells were not altered in
10
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elF6 het mice compared to controls (Fig.2A, leftl aenter histograms). In contrast, the TEM
subpopulation showed a drastic decrease (Fig.igAt histogram).

We asked whether differences in the T cell repextaiere only observed in the peripheral blood
or also evident in the thymus where T cells devdlomugh positive and negative selection.
Precursor cells enter the thymus as double negddd) CD4 CD8 thymocytes but then
upregulate both CD4 and CD8 co-receptor molecuddsetome CD4CD8" double positive (DP)
thymocytes. DP thymocytes develop into C» CDS8 lineages as single positive (SP) T cells
(Luckheeram et al., 2012). Therefore, we soughdetermine whether the observed reduction of
CD4" T cells in the blood of elF6 het mice might haweb the result of impaired CDZ cell
selection in the thymus (Weinreich and HogquistD&0 To test this possibility, we analyzed
thymocyte populations in elF6 het mice and in aanémimals taking advantage of the fact that
different stages of thymocyte maturation can balyedsllowed by the expression of different
surface markers (Germain, 2002). Among the DN patpant we found no significant differences
neither in the proportions of CD44£D25 early T lineage progenitors cells, nor in thaiGi44"
CD25’, CD44 CD25 and CD44CD25 cell populations (see Fig. 2A in Manfrini et £Q17). The
overall proportions of thymic DN (CD£DS8), DP (CD4 CD8") and SP (CD4CDS8, CD4 CDS§")
cells also remained unchanged between elF6 hetarathimals (see Fig. 2B in Manfrini et al.,
2017). These data raise the point that the redpeecentage of peripheral blood CD# cells in
elF6 het mice cannot be ascribed to defective 'CDdell selection in the thymus.

In summary, in mice haploinsufficient for elF6, ieased mortality upon infection is accompanied
by a reduced number of TEM cells in the periphtgding us to ask whether also in humans elF6

played a role in peripheral lymphocyte activatiowl @olarization.

3.2. In human CD4T cells elF6 expression is triggered by TCR statiah

11
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At first, we interrogated a human lymphocyte RNAs@ataset for elF6 expression levelevivo
isolated naive, TCM and TEM cell subpopulationsr(ial et al., 2015). Both TCM and TEM cells
showed increased levels of elF6 compared to resi#ige T cells (Fig. 3A), suggesting that elF6
might have an important role in preserving thegderal T cell milieu also in humans.

In vivo, commitment and thus full activation of a CDdaive T cell requires CD3 activation and
co-stimulation of the CD28 receptor (Seo and Tdmiu2016). Similarlyin vitro, human naive
CD4" T cells can be easily fully activated and stimedato proliferate, using magnetic beads
conjugated with anti-CD3/CD28 monoclonal antibodiesibs) and interleukin 2 (IL-2) (Trickett
and Kwan, 2003). We isolated peripheral blood maietear cells (PBMCs) from blood of healthy
donors and performed a detailed analysis of edpBession both at the RNA and protein levels in
naive CD4 T cells left untreated or activat@ulvitro for 1, 2 or 3 days with anti-CD3/CD28 beads
and IL-2 (Fig. 3B)We found that elF6 mRNA levels drastically pealeaft day of activation and
tend to slowly decrease towards baseline levelsesthird day of culture (Fig. 3C). Untreated CD4
naive T celldeatured a modest but detectable amount of elF&ipr@Fig. 3D). elF6 protein levels
increased after 1 day of T-cell receptor (TCR)wation and the accumulation continued over the
entire time course of the experiment (Fig. 3D). drakogether, these results show that, upon T cell
activation, elF6 expression is induced both atrtii®NA and protein levels and suggest a role for

elF6 during CDAT cell activation.

3.3. elF6 downregulation in human CDZ cells affects proper acquisition of effector dtions

and impairs TCR-dependent stimulation of glycolysis

Upon activation, CD4 naive T cells undergo a precise and fast metatrelizogramming,
including a rapid activation of aerobic glycolygiShang et al., 2013). In mice hepatocytes and
human mesothelioma elF6 upregulation drives a dyyicoswitch (Brina et al., 2015b; Miluzio et

al., 2015). We investigated whether elF6 may betaivn orienting metabolic fluxes also in human

12
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lymphocytes. We analyzed the glycolytic and engsgpduction capacity of human CDZ cells
activatedin vitro for 4 days and transduced with lentiviral vectexpressing either a constitutive
elF6 shRNA (elF6-sh) or a scramble control (Scr{ginj. 4A). We confirmed elF6 downregulation
both at the RNA and protein level at day 4 postvatibn (Fig. 4B-C). Our analysis revealed that
glycolysis was significantly decreased in activa@d4 T cells depleted for elF6 compared to
control cells, as determined by a reduction indtecsecretion. (Fig. 4D). Consistent with decreased
glycolysis, CD4 T cells depleted for elF6 displayed a decreasestggnproduction capacity
compared to controls, as indicated by a drastiagtah of ATP levels (Fig. 4E).

Next, we exploredin vitro, the consequences of elF6 depletion on the atiguisof effector
functions by activated CDA4T cells. After activation, following an initial gwth phase, naive
CD4" T cells rapidly divide, acquire effector functioasd start producing inflammatory cytokines,
among which IFNy (Van der Pouw-Kraan et al., 1992). Therefore walyaed cytokine secretion
and found that elF6-depleted CD# cells produced less IFiX-compared to control cells (Fig.
4F). In some cell types, elF6 downmodulation canseaa reduced G1/S phase progression and
impaired proliferation (Miluzio et al., 2015; Rieedi et al., 2015). To exclude the possibility that
the effects of elF6 depletion on acquisition ofeefbr functions in T cells were an indirect
outcome of defective proliferation, we evaluated gercentage of cells entering the cell cycle by
carboxyfluorescein succinimidyl ester (CFSE) analy&fter 5 days of induction the percentage of
dividing cells was comparable between Scr-sh aké-eh samples (Fig. 4G), indicating that, as
previously reported, elF6 depletion does not affaet cell cycle entry of activated CD# cells

(Orr et al., 2012).

4. Discussion
In this study we unequivocally demonstrate thathhigvels of elF6 are required for proper
immunological functions. The fact that elF6 het ensuccumb to infections reconciles with the

paradox that, in the lab, elF6 het mice are mdrénéin wt littermates. Indeed, elF6 het mice are
13
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resistant to B cell lymphomas (Miluzio et al., 2pHhd to insulin resistance upon a high fat diet
(Brina et al., 2015b). We conclude that the evohary pressure for high elF6 levels may be
particularly strong in the CDA4T lineage. This finding will be discussed in thentext of the
relevance of translational control in immune cells.

Primary human T cells are also highly sensitiveelie6 depletion. In spite of the relatively low
downregulation of elF6 by shRNAs, which may be ditlker to technical issues such as incomplete
lentiviral infection of primary human cells, or tioe fact that the high transcriptional activitytbé
elF6 gene during activation supplies a steady-$¢ate of translated mRNA, we observe reduced
glycolysis, ATP depletion and reduced cytokine picitbn. These observations confirm the general
model by which translational activity of elF6 isrpeularly relevant in the regulation of metabolism
(Brina et al., 2015b). Given that, on one side €etiéé mice are much more susceptible to MNV
infection than wt littermates, and on the othettjvated CD4 T cells depleted for elF6 show
defective inflammatory cytokine secretion, it isnging to hypothesize that high elF6 levels are
essential for both innate and adaptive immune systesponse to viral infection. Moreover,
considering that the I differentiation program strongly depends on N{Lighvani et al., 2001,
Zhu et al., 2010) and thatTCD4 T cells act as helper cells for the antiviral agtbtoxic activity
of CD8' T cells, elF6 could act as a regulator gfl-Bependent immune responses. In general,
however elF6 levels seem particularly relevanthe glycolytic switch observed in the effector
response.

The mechanistic role of translation in the immuesgponse is far from being understood in spite
of the evidence of its importance (Piccirillo et, &2014). Initiation is the rate limiting step of
translation (Loreni et al., 2014; Sonenberg andheliousch, 2009) and mounting evidence indicates
that targeting the translational machinery is felasand leads to specific effects (Bhat et al.,5201
Specifically, triggering initiation of translatioby positive signals such as growth factors and
cytokines can be regulated through sequential @obiv of the 48S complex by elF4F formation,

followed by the release of elF6 from the 60S suband the formation of an active 80S ribosome
14
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(Loreni et al., 2014). Importantly, 48S activatistnongly depends on mTORCL1 that, through the
phosphorylation of 4E-BPs, releases the cap-bindnotein elF4E allowing it to be recruited into
the elF4F complex (Sonenberg and Hinnebusch, 2@&)etic evidence in mice demonstrates that
4E-BPs levels completely control the sensitivityndd@ ORC1 inhibition (Dowling et al., 2010).
Indeed T lymphocytes contain high levels of the BE2 isoform which regulates rapamycin-
sensitive growth and proliferation (So et al.,, 201%he effect of rapamycin on T cells is
pleiotropic, but it consistently induces a tramsititowards an immunosuppressive phenotype,
accompanied by a reduction of glycolysis (Macio&tkal., 2014). In summary, mTOR activation
leads to a robust translationally-driven programt tls essential for full differentiation of effecto
cells thanks to a strong translational and metalaattivation. In this context, our data on elF6 are
intriguing and exciting because they demonstraa¢ also activation of elF6, which is not directly
dependent on mTOR, is rate limiting for switchiing tmetabolism of T cells and for a complete
immunological response. Since elF6 is activated rtgam of the Ras-PCK pathway and
functions by allowing 60S recruitment and 80S fatiorg events which mechanistically follow 48S
formation (Miluzio et al., 2016), we conclude tlall activation of an immune response requires
the simultaneous activation of both the mTOR and-R&C cascades which are independent and
rate limiting.

Next, it will be important to define the specificRNAs whose translation is strongly dependent
on elF6 activity. The use of novel technologieshsas ribosome profiling will be pivotal to define

which mRNAs are essential in T cell activation.
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526  Figure 1. elF6 het mice show higher mortality upon spontaségarovirus infection and decreased
527 levels of peripheral CD4T cells compared to control animals.

528 (A) Kaplan-Meier curve of elF6 mice (n = 100) compared to elFBanimals (n = 100).

529 Kaplan-Meier curve was validated by the Log-rankafitel-Cox) test p-value : 0.0003).

530 (B) Among the living CD3 T cell subpopulation of samples described in Bgot Manfrini et al.,
531 2017, proportions of CD4and CD8 T cells were assessed.

532  Error bars represent Standard Deviation. Statispiealues were calculated using the two-taited
533 test (NS:p-value > 0.05; *:p-value < 0.05; CD4T cell %p-value: 0.04; CD8T cell % p-value:
534  0.39).

535

536 Figure 2. elF6 het mice have a decreased level of periphEEM cells compared to control
537 animals.

538  (A) Proportions of naive, TCM and TEM cells wersessed among the CDZ cell population
539 described in Fig. 1B. Representative gating strasegre shown (left).

540 Error bars represent Standard Deviation. Statispiealues were calculated using the two-taited
541 test (NS:p-value > 0.05; ***:p-value < 0.001; naive T cells pevalue: 0.211; TCM cells %-
542  value: 0.222; TEM cells Yp-value: 0.0002 ).

543

544  Figure 3. elF6 expression is induced upon activation of hu@Bd’ T cells.

545 (A) RNAseq data regarding elF6 levels among naiv@M and TEM cell subpopulations. elF6
546 levels are represented as mean PFKM values (n=5).

547 (B) Naive CD4 T cells were purified from the peripheral bloodhafalthy donors. Cells were then
548 activated for 3 days vitro with anti-CD3/CD28 beads and 20U/ml IL-2. Samplese collected
549  every day to assess elF6 expression by RT-gPCRvasigrn blot.

550 (C) RT-gPCR for elF6 was performed on samples ds=ttiin (B). mRNA levels are normalized to

551  18S rRNA abundance and are relative to the exmesdidO.
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(D) Whole cell lysates from samples described ipnWBre separated by SDS-page and analyzed by
western blotting using anti-elF6 and aftiactin antibodies. Error bars represent Standard
Deviation and statisticgb-values were calculated using the two-taitegst (**: p-value <0.01;

***. p-value < 0.001; TCM-value: 0.0062; TEM-value: 0.0034; dp-value: 0.0002; dp-value:
0.00014; d3p-value: 0.00044). Data for (C) and (D) are represtére of three independent

experiments (& 3).

Figure 4. In human CD2Z T cells, shRNA knockdown of elF6 dramatically reds glycolysis and
inflammatory cytokine secretion.

(A) Human naive CD4 T cells, isolated from blood of healthy donors,revenfected with
lentiviruses expressing a scramble shRNA (Scr-shamm shRNA against elF6 (elF6-sh) and
activatedin vitro for 4 days. Samples were collected at the timdxated to assess lactate, ATP
and IFNy levels.

(B) elF6 mRNA levels were analyzed by RT-gPCR & times indicated. mRNA levels are
normalized to 18S rRNA abundance and are relabitbd expression in the Scr-sh control.

(C) Whole cell lysates from samples described ihware separated by SDS-page and analyzed by
western blotting using anti-elF6 and aftactin antibodies. The representative gel shown was
cropped as indicated by the dividing lines. Pro@iindance of elF6 was quantified and data are
presented as ratios over the levels of elF6 irSitresh control.

(D) The level of secreted lactate was detectedunydscence assays.

(E) ATP levels were detected by luminometric assaygd (F) IFNy levels were detected by
fluorescence assays performed on the samples fadica

(G) Proliferation was assessed using CFSE and oreditafter 5 days ah vitro anti-CD3/CD28
stimulation. Representative plots for day 5 posthsiation are shown (left). In the CFSE profiles

the fitted gaussians, required to determine thadswof division, are shown in red. Actual CFSE
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signals are plotted in blackistograms (right) represent the mean percentageotiferating Scr-
sh and elF6-sh cells. Error bars represent Stdndaviation, statisticgb-values were calculated
using the two-tailed-test (NS:p-value > 0.05; *: p-value < 0.05; **: p-value < 0.01; ***: p-
value < 0.001; (Bp-value: 0.032; (Cp-value: 0.01; (D)p-value: 0.017; (Ep-value: 0.01; (F)-
value: 0.00026; (Gp-value: 0.63). Data are representative of threepeddent experiments (n =

3).
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Figure 4
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High levels of eukaryotic Initiation Factor 6 (elF6) are required for immune system
homeostasis and for steering the glycolytic flux of TCR-stimulated CD4" T cellsin both mice

and humans

Highlights

High levels of elF6 are required for a proper immune response

el F6 het mice succumb to viral infection

Generation of Effector Memory T cells requires high el F6 activity

el F6 positively regul ates the glycolytic activation of CD4" T lymphocytes
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