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Activation of the integrated
T helper cell differentiation
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Adaptive immune responses require clonal expansion and differentiation of naive T cells into cytokine-secreting effector cells.
After priming via signals through the T cell receptor, naive T helper cells express cytokine mRNA but do not secrete cytokine
protein without additional T cell receptor stimulation. Here we show that primed T cells demonstrated phosphorylation of
eukaryotic initiation factor 2-a (elF2a), a ‘collapsed’ polysome profile, increased expression of stress-response genes and
accumulation of cytoplasmic granules associated with RNA-binding proteins, all features of the integrated stress response.
Restimulation of the cells resulted in rapid elF2a dephosphorylation, ribosomal mRNA loading and cytokine secretion.
Interference with the function of granule-associated proteins or accumulation of phosphorylated elF2« enhanced release of
interleukin 4 during T helper type 2 priming. Therefore, T lymphocytes require components of the integrated stress response
to uncouple differentiation from the execution of effector functions.

T lymphocytes mediate adaptive immunity by differentiating from
naive, quiescent precursors into cytokine-secreting effector cells. At
present, models suggest both temporal and spatial separation of CD4*
helper T cell differentiation and effector function. At the onset of an
infection, dendritic cells carry antigens and information regarding the
nature of the pathogen from the site of infection to secondary
lymphoid tissues, where they direct the clonal expansion and differ-
entiation of naive T cells over many hours!. Differentiated effector
T cells then migrate into adjacent B cell follicles or exit the secondary
ymphoid tissues for peripheral sites of infection, where their cytokines

=""are produced in abundance after re-encountering antigen to mediate

help for B cells or activation of myeloid cells.

In vitro, effector cytokines such as interleukin 4 (IL-4) and inter-
feron-y (IFN-y) are poorly detected after initial priming of naive
T cells but are abundantly secreted after a second T cell receptor
(TCR) stimulation. Those observations are thought to reflect the need
for chromatin alterations necessary to decondense the cytokine
genomic loci to establish their accessibility?. Transcription is initiated
at cytokine loci within hours of priming?, however, leaving it unclear
why the proteins are not detected. In an attempt to track cytokine-
producing cells by a more sensitive method, bicistronic IL-4 and
IFN-y reporter mice, called ‘4get’ (IL-4 green fluorescent protein
(GFP)—enhanced transcript) and ‘Yeti’ (yellow fluorescent protein—
enhanced transcript for IEN-y), respectively, have been generated.
These mice contain bicistronic cytokine ‘knock-in’ genes linked by an
internal ribosomal entry site (IRES) with downstream fluorescent
marker genes that, when translated into protein, ‘tag’ cells that are

signaled to express IL-4 or IEN-y with green or yellow intracellular
fluorescent protein, respectively®>.

The integrated stress response (ISR), a general stress-response
program conserved from yeast to mammals, is known to modulate
protein biosynthesis by integrating various types of stress signals,
including endoplasmic reticulum stress, amino acid deprivation,
infection with double-stranded RNA viruses, heme deficiency and
oxidative stress®™. Those diverse signals activate specific stress kinases,
each of which converges on the phosphorylation of serine 51 of the
a-subunit of eukaryotic initiation factor 2 (eIF2), which has GTPase
activity. That modification alters the capacity of elF2a to be
‘recharged’ by the nucleotide-exchange factor eIF2B, which subse-
quently leads to a decrease in the availability of active initiation
complexes and thus attenuates translation. At the same time, depend-
ing on the type of initiating stress and the cells involved, activation of
the ISR also mobilizes stress-induced gene expression involved in cell
growth and differentiation!?. Defects in the ISR are associated with the
development of several important pathologies, including diabetes,
Alzheimer disease and viral infection!'~!3, Here, we report a pre-
viously undescribed mechanism of effector cytokine production by a
pathway that shares many features with the ISR.

RESULTS

Uncoupled production of cytokine mRNA and protein

When we primed naive CD4* T cells from 4get, Yeti or wild-type mice
with complexes of peptide and major histocompatibility complex in
T helper type 1 (Tyl)- or Ty2-polarizing conditions, we detected
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Figure 1 Cytokine mRNA and protein expression are dissociated in primed Ty2 cells from IL-4 (4get) and IFN-y (Yeti) reporter mice. (a) Flow cytometry

for GFP or YFP expression and intracellular IL-4 or IFN-y protein (horizontal axes) in DO11.10 4get (left four histograms) or DO11.10 Yeti (right four
histograms) T cells (shaded histograms) and DO11.10 T cells (dashed lines) stimulated for 6 d in T42 conditions (left four histograms) or T41 conditions
(right four histograms) with complexes of peptide and major histocompatibility complex, before (top) and after (bottom) restimulation. Bracketed lines
indicate positive gates; numbers above correspond to percentage of 4get or Yeti cells (first number) or plain DO11.10 cells (second number) in the gates.
(b) Percentage of cells expressing GFP (left) and secreting IL-4 protein (right; capture assay) for 4get CD4* T cells stimulated for 5 d in Ty2 conditions with
irradiated antigen-presenting cells plus anti-TCRB and anti-CD28, assessed during the priming period. (c) GFP expression and surface human CD2 (huCD2;
left four dot plots) and IL-4 protein (right two dot plots; capture assay) of 4get and 4get KN2 CD4* T cells on day 5 of the Ty2 priming phase (as in b),
analyzed before (top) and after (bottom) restimulation. Numbers in quadrants indicate percent cells in each. (d) Quantitative RT-PCR for IL-4 expression
(normalized to expression of hypoxanthine guanine phosphoribosyl transferase) of DO11.10 T cells that were naive, primed, restimulated, or restimulated and
N treated with actinomycin D (Restim + ActD). (e) ELISPOT assay for IL-4 in primed or primed and restimulated (Restim) DO11.10 T2 cells with or without
© actinomycin D (ActD) or cycloheximide (CHX). Number of IL-4-producing cells are presented as mean + s.d. Data are representative of three to seven

experiments for each set of conditions.

little IL-4 or IFN-y by intracellular protein staining. Unexpectedly,
however, most naive CD4" T cells from reporter mice became
fluorescent during priming in the respective conditions, starting as
early as the second day of the priming culture (Fig. lab). In
accordance with previous studies, TCR restimulation resulted in
rapid cytokine protein production, and IFN-y was secreted from
more primed Ty1 cells than was IL-4 from primed Ty2 cells'“. Kinetic
analysis using a sensitive cytokine capture assay demonstrated IL-4
protein from a small number of Ty2 primed cells on day 2 when cells
became GFP?, but protein production ceased as cell division began,
and it became undetectable by day 4 (Fig. 1b and data not shown).
In contrast, primed T cells remained GFP" up to 8 d, although the
GFP decayed with a half-life of 18 h in the presence of translation
inhibitors in vitro, consistent with its ongoing translation (data not
shown). To support that observation, we adoptively transferred Ty2-
primed, GFP* DO11.10 4get CD4* T cells into recipient BALB/c mice.
After 5-7 weeks, approximately 70% of DO11.10 T cells recovered
from the spleen remained GFP*, whereas comparably ‘parked’ naive,
DO11.10 4get CD4™ T cells that were GFP~ before transfer remained
GFP~ over similar periods. Although none of the recovered DO11.10
cells generated IL-4 protein spontaneously, as assessed by enzyme-
linked immunosorbent assay (ELISA) or enzyme-linked immunospot
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(ELISPOT) assay, the GFP* cells produced IL-4 rapidly after stimula-
tion, whereas the GFP~ cells produced only small amounts of IL-4 and
after substantial delay (Supplementary Fig. 1 online). To rule out the
possibility that those results reflected limited sensitivity of the anti-
bodies to IL-4, we used mice containing a human CD2 reporter gene
‘knocked into’ T4 on one allele!® and the IL-4-IRES-GFP reporter
cassette on the other allele. When we stimulated T cells from these
mice in the same conditions as above, detection of CD2 precisely
mirrored the detection of IL-4 protein, as assessed by intracellular
cytokine staining. Although both primed and restimulated cells were
GFP?, only restimulated cells had high expression of surface CD2 and
IL-4 protein (Fig. 1c). The high expression of IL-4 and CD2, despite
the positioning of genes on separate alleles, is consistent with the
predominance of biallelic activation of both IL-4 choromosomal loci
during CD4" T cell priming, as noted before*. Because apoptosis
complicates the further analysis of cells stimulated in Tyl condi-
tions'%, we did additional studies in Ty2 conditions to explore
the mechanisms that result in attenuation of IL-4 translation during
T cell priming.

We used quantitative RT-PCR to measure IL-4 transcripts during
the differentiation of Ty2 cells; we evaluated only spliced and poly-
adenylated IL-4 transcripts, as we used oligo(dT) to prime the reverse
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transcription reaction and primers spanning exon junctions in the
PCR assays. IL-4 transcripts in primed cells increased about 1,000-fold
compared with those in naive T cells, whereas IL-4 protein was
undetectable without restimulation (Fig. 1d,e). After restimulation,
IL-4 transcripts increased 30- to 100-fold further, whereas the number
of protein-producing cells increased more than 1,000-fold (Fig. 1d,e).
The increase in IL-4 transcripts after restimulation of wild-type cells
was accompanied by an enhanced mean fluorescence intensity of GFP
from the 4get cells after restimulation, demonstrating that the GFP
fluorescence was not already saturated in primed cells (Fig. 1c,d). The
transcriptional inhibitor actinomycin D ablated transcripts induced by
restimulation but not the amount of primed mRNA, and inhibition of
transcription (with actinomycin D) or translation (with cyclohexi-

mide) blocked IL-4 protein production (Fig. 1e).

=1, Translation efficiency in primed and restimulated Ty2 cells

ne explanation for the discordance in IL-4 and GFP protein
expression in the reporter cells is that translation of GFP is potentiated
(over that of IL-4) by the IRES in the reporter allele?. IRES elements
confer translational competency during periods of translational
arrest!” and are ‘preferentially’ active during cell division'$. To assess
the global translation activity in wild-type cells, as reflected by the
amount of ribosomes loaded onto mRNAs, we compared the total
cellular polysome profiles of primed naive T cells with those of
restimulated Ty2 cells. The polysome profile of primed (but not
restimulated) Ty2 cells was consistent with global translation attenua-
tion, with abundant free ribosomal subunits and a paucity of poly-

Figure 3 Increased phosphorylation of elF2a serine 51 in T2 cells after
priming. (@) Microscopy of naive CD4* T cells, primed and restimulated
T2 cells and Ty2 cells sorted from draining lymph nodes of L. major-
infected mice (far right), stained for elF2a phosphorylated at serine

51 (elF20 P-Ser 51; top; red) or total elF2a (bottom; green). Nuclei

are blue (DAPI). Original magnification, x400. (b) Immunoblot for

elF2a phosphorylated at serine 51 (top) or total elF2a (bottom) in lysates
from equal numbers of NIH 3T3 cells treated for various times (above lanes)
with 0.4 uM thapsigargin (Tg; left) and in lysates from equal numbers of
naive, primed or restimulated T2 cells (right). Numbers below lanes
indicate intensity relative to that of unstimulated 3T3 fibroblasts or

naive T cells. Data are from one of three representative experiments.
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some-bound mRNAs (Fig. 2a); control cells, including Jurkat T cells
and NIH 3T3 fibroblasts, had polysome profiles consistent with active
translation (data not shown). Restimulation of primed Ty2 cells,
however, caused rapid recovery of a polysome profile consistent with
active translation and was coincident with the appearance of IL-4
protein (Fig. la,c).

We next determined the position of IL-4 transcripts across fractions
of a continuous sucrose gradient of polysomes from primed and
restimulated Ty2 cells. In primed cells, which produce little 1L-4
protein, IL-4 transcripts were present at the top of the gradient,
reflecting inefficient association with the dense ribosomal machinery
(Fig. 2b). In contrast, IL-4 transcripts from restimulated cells were
present in fractions corresponding to the density of loading by six to
seven ribosomes (Fig. 2b,c), which is consistent with optimal transla-
tion, given that IL-4 mRNA is about 500 nucleotides in length and has
a ribosomal spacing of 1 every approximately 80 nucleotides. How-
ever, not all cellular transcripts were present in the same gradient
fractions: we recovered mRNA encoding BiP, an endoplasmic reticu-
lum chaperone, from higher fractions of the gradient in both primed

a Naive T cell Primed Restimulated L. major 120 h
aive 1 cells T2 cells T2 cells LN T cells
elF2a
P-Ser 51
DAPI
Total
elF2a
DAPI
b 3T3 fibroblasts T cells
S &
. L © EN
Tg (min) 0 20 40 60 & & oF
elF2a P-Ser 51 T — — e
Intensity 1 6.83 9.65 10.20 1 3.58 1.08
Total elF20. W - — -—
Intensity 1 0.85 1.06 1.20 1 225 250
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and restimulated cells, indicating comparable association with ribo-
somes in both conditions (Fig. 2b,c). The endogenous BiP mRNA,
similar to the ‘knock-in’ cytokine transcripts in the reporter mice,
contains an IRES!®. These data suggest that naive CD4" T cells primed
by TCR engagement are initially restricted in cytokine translation that
is then ‘released” after TCR re-engagement.

Phosphorylation of elF2« in primed and restimulated Ty2 cells

An important checkpoint in the eukaryotic translation initiation
process is the availability of a charged ternary complex, consisting of
elF2 bound to GTP and the methionyl-initiator tRNA. This ternary
complex delivers the charged methionyl-initiator tRNA to small
ribosomal subunit-mRNA complexes. Energy for eIF2 activity is

ARTICLES

generated by hydrolysis of its associated GTP by eIF5, and the resulting
eIF2-GDP complex is recharged by the exchange factor eIF2B, allow-
ing eIF2 to recycle?’. In the presence of cell stress, eIF2 is phosphory-
lated at serine 51 of its o-subunit, abolishing its capacity to be
recharged by eIF2B and hence attenuating translation. To assess
possible involvement of elF2o. phosphorylation in the observed
translational arrest, we compared immunofluorescence staining of
total and phosphorylated eIF2o (phospho-elF2a) in naive T cells and
primed and restimulated Ty2 cells. In contrast to naive cells, which
contained little phospho-elF2a, primed Ty2 cells stained uniformly
with an antibody specific to phospho-elF2a. The intensity of phos-
pho-elF2a staining was much less after restimulation, whereas it
remained stable for total eIF2a (Fig. 3a). To assess the in vivo relevance
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Figure 4 Expression of stress response-induced genes and the presence of TIA-1-associated granules in naive and Ty2-primed CD4* T cells. (a) Quantitative
RT-PCR for expression of GADD34, HERP, CHOP and BiP (normalized to expression of hypoxanthine guanine phosphoribosyl transferase) in naive and Ty2-
primed T cells or naive T cells treated for 4 h with 0.1 puM thapsigargin or 2 pug/ml of tunicamycin. Results are presented as means + s.e.m. or are one
representative of two comparable experiments. (b) Quantitative RT-PCR, as described in a, of NIH 3T3 cells treated with 0.1 puM thapsigargin or 2 pg/ml of
tunicamycin for various times (horizontal axes). Data are one representative of two experiments. (c) Immunoblot for ATF4 in lysates (15 ug protein per lane)
from naive and primed T2 cells (top) and lysates from NIH 3T3 cells left unstimulated (Unstim) or treated for 3 h with 0.1 uM thapsigargin (Thaps;
bottom). Lower blots, a-tubulin or a nonspecific band (Nonspec) from blotting for ATF4 serves as a loading control. Data are from one of two representative
experiments. (d) Immunofluorescence of TIA-1 (red) in naive, Ty2-primed and restimulated CD4* T cells. DAPI nuclear fluorescence is blue. Control,
secondary antibody alone. Original magnification, x1,000. Staining is representative of six independent experiments.
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Figure 5 Expression of dominant negative TIA-1 or constitutively active
GADD34 in T cells during T2 priming potentiates IL-4 secretion. Naive
CDA4* T cells were infected with empty vector (Vector control) or ARRM TIA-
1 RV (a,b) or AN GADD34 RV (c,d). (a,c) Flow cytometry of Ty2-primed
cells sorted for CD4 and Thy-1.1 expression after 5 d. Numbers beside
boxed areas indicate percent CD4*Thy-1.1* cells. (b,d) IL-4 in supernatants
of sorted cells incubated for 48 h without further stimulation in fresh media.
P < 0.06 (b) or P < 0.05 (d). Data are one of four representative
experiments; error bars represent mean + s.d.
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of those findings, we sorted primed Ty2 cells from the draining
lymph nodes of mice infected with Leishmania major; these parasites
stimulate a robust Ty2 response that peaks between 96 and 120 h after
infection?!. The primed CD4" T cells had more phospho-eIF2a than
did naive T cells, suggesting that the translation inhibition we noted in
vitro occurs in vivo during clonal expansion in lymph nodes (Fig. 3a).

We confirmed the immunofluorescence microscopy findings by
immunoblot analysis of lysates from naive and primed Ty2 cells
= (Fig. 3b). As a control, lysates from NIH 3T3 fibroblasts showed a
substantial increase in elF2o phosphorylation after treatment of
cells with thapsigargin, a potent inducer of oxidative cell stress. In
accordance with the immunofluorescence staining results, there was
more total and phospho-elF2a in primed Ty2 cells than in naive
T cells. Densitometric quantification showed a 1.6-fold increase in the
ratio of phospho-elF2a to total elF2a in primed cells. TCR restimula-
tion, which led to restoration of the polysome profile and the
production of IL-4 protein, was associated with rapid dephosphoryla-
tion of elF2a.

At least four kinases, activated by different types of cell stress,
mediate the phosphorylation of elF2a: PERK, an endoplasmic reticu-
lum-resident kinase activated by unfolded proteins; GCN2, which
couples amino acid availability to translation rates and has been linked
to CD8* T cell anergyzz; the double-stranded RNA-dependent kinase
PKR, which attenuates translation in response to viral infection; and,
in erythroid cells, heme-regulated kinase (HRI), which balances
heme availability with globin synthesis!?. Mutational analysis has
suggested that some of these elF2o kinases overlap the binding
‘footprint’ of the guanine nucleotide—exchange factor eIF2B?3.
Attempts to block elF2o phosphorylation by retroviral introduction
of dominant negative PERK or GCN2 kinases into T cells during

© 2006 Nature Publishing Group
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priming led to the death of all transduced cells (Supplementary Fig. 2
online). Retroviral expression of dominant negative IRE1-f, which
inhibits the endoplasmic reticulum-resident stress kinases IREl-o
and IRE1-B, which have a different substrate than eIF20%4, did
not affect T cell viability, however, and none of these kinase
mutants affected viability when introduced into 3T3 fibroblasts.
This suggests that the observed effects were related to the status
of elF2a phosphorylation.

Induction of a stress-response phenotype after Ty2 cell priming

Although phosphorylation of eIF2o causes overall attenuation of
translation, a subset of specific mRNAs are ‘preferentially’ translated
in those conditions. They include transcription factors such as ATF4,
which activate genes required for adaptation and survival during
stress, including Ppplri5a (GADD34), Ddit3 (CHOP), Herpudl
(Herp) and Hspa5 (BiP)®?>%7. As assessed by immunoblot analysis
for ATF4 and quantitative RT-PCR for ATF4 target genes, ATF4
protein and each of the target gene transcripts were more abundant
in primed T cells than in naive T cells, consistent with activation of the
ISR (Fig. 4). Induction of the ISR pathway in T cells was demonstrated
by stimulation of T cells with the known ISR inducers thapsigargin
and tunicamycin (Fig. 4a). Of note, transcriptional activation of these
genes during T cell differentiation was less than their activation
induced by classical but nonphysiological activators of the cell stress
response, such as thapsigargin or tunicamycin (Fig. 4a—c).

We next did microarray experiments to determine the relative
changes in polysome-associated mRNA in effector T cells. We com-
pared polysome-associated mRNA pooled from fractions 7-12 of
sucrose gradients from primed and restimulated cells to evaluate
apparent global changes in translation efficiency. We labeled cDNA
and hybridized it to an oligonucleotide array complementary to about
17,000 unique mouse transcripts. After restimulation, approximately
700 mRNAs increased more than threefold and about 1,900 transcripts
increased more than twofold in polysome association, whereas
about 350 transcripts decreased less than 30% and about 1,100
decreased less than 50% (a list of selected genes with known involve-
ment in the ISR or those containing a known IRES is provided in
Supplementary Table 1 online). Of note, the stress-response genes
Atf4, Ppplrl5a, Ddit3, Herpudl and Hspa5 analyzed above showed
either downregulation or only minimal upregulation in their associa-
tion with polysomes after restimulation, with high signal intensities
(A > 9) in at least one of two independent experiments, consistent
with a relatively high translational efficiency in primed cells (in
accordance with Fig. 4a,c). Additional genes known to contain an
IRES had an analogous pattern of translational efficiency, including
Naplll and Vim (vimentin)'®, Oazl (ornithine decarboxylase 1)%,
Lck®, Grp58 and Hsp70 (ref. 30). Transcripts with a strong shift
toward the polysomal fraction after restimulation included transcripts
encoding Ty2 effector proteins such as IL-4, IL-10 and IL-13
(Supplementary Table 1).

Studies have suggested that members of the RNA-recognition-motif
(RRM) family of RNA-binding proteins, TIA-1 and TIAR, associate
with untranslated mRNA in discrete cytosolic microdomains during
the ISR3132, The presence of phospho-elF2a is sufficient to induce
aggregation of these nuclear-cytoplasmic—shuttling RRM proteins
with stalled initiation complexes®!. In accordance with that, primed
but not naive CD4* T cells contained TIA-1-associated cytoplasmic
accumulations in essentially all cells (Fig. 4d). TIAR staining was
comparable to TIA-1 staining (data not shown). TIA-1-associated
granules did not dissipate immediately after restimulation during the
period in which IL-4 was secreted (Fig. 4d).
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Influence of TIA-1 and GADD34 activity on the release of IL-4
Expression of a truncated version of TIA-1 lacking the N-terminal
RNA-binding domains (ARRM TIA-1) prevents the formation of
stress granules by sequestering the endogenous TIA-1 and TIAR and
facilitates the increased translation of cotransfected reporter genes>!%>,
To elucidate the functional involvement of TIA-1 and TIAR in
suppressing IL-4 translation during T2 cell priming, we retrovirally
introduced expression of a dominant negative ARRM TIA-1 into
T cells during priming. As assessed by ELISA, the mutant protein
induced an increase in IL-4 release during priming without additional
T cell restimulation, in contrast to the vector control (Fig. 5a,b).

In the recovery phase of a cellular stress response, the serine-
threonine phosphatase PP1 and its nonenzymatic component
GADD34 are at least partially responsible for the dephosphorylation
of elF20 and ‘release’ of the translational block. As demonstrated
before, expression of a constitutively active N-terminal deletion
mutant of GADD34 (AN GADD34) can efficiently dephosphorylate
elF20 and attenuate the induction of stress-inducible genes?>**, Using
retroviral transduction, we introduced expression of AN GADD34
into T cells during T2 priming. Similar to ARRM TIA-1, the mutant
GADD?34 induced a substantial increase in IL-4 release during priming
(Fig. 5¢,d). Of note, the IL-4 release occurred in the absence of the
additional induction of IL-4 transcription noted after restimulation of
the TCR (Fig. 1c).

DISCUSSION

Our data have shown that primed CD4* T cells use components of the
ISR during their differentiation into cytokine-secreting effector cells.
The ISR denotes the coordinated cellular response to environmental
perturbations, which converge on the need to match the biosynthetic
capacity of the endoplasmic reticulum with the transcriptional and
translational needs of the cell'?. We speculate that the requirements for
differentiation and rapid clonal expansion generate imbalances in
nutrients and induce oxidative or endoplasmic reticulum stress, which
is sufficient to cause elF2a phosphorylation, thus attenuating general
translation. Alternatively, TCR priming might activate this pathway in
an ‘anticipatory’ way. Precedent exists for each model'?. Two of the

=Ye) kinases that phosphorylate elF20. (GCN2 and PERK) are expressed in

cells, and attempts to block their activity using dominant negative
proteins expressed during priming proved lethal for differentiating
cells. Although various components of the ISR, such as the latent
endoplasmic reticulum transcriptional factor ATF6 and the endoplas-
mic reticulum kinase IREl, use pathways not including elF2a,
successful activation of the stress response requires elF2o. phosphor-
ylation, as many crucial ISR target genes are translated more efficiently
in such conditions!?.

Although T cell priming induced increases in both phosphorylated
and total elF2q, the increase in phopho-elF2a was greater. The total
amount of elF2a in relation to the total amount of eIF2B and other
components of the ribosomal machinery ultimately determines the
overall effects of phospho-elF2a on protein synthesis. However, as we
demonstrated by global polysome profile analysis, primed T cells were
translationally attenuated, in contrast to restimulated T cells, and the
attenuated state correlated with decreased phospho-elF2a in restimu-
lated cells. We corroborated those findings by microarray analysis of
polysome-associated transcripts from primed and restimulated Ty2
cells, which indicated that twice as many genes were translationally
activate after restimulation. The experimental design strengthened
those conclusions, as we used equivalent amounts of mRNA from the
two culture conditions, and the primed fractions contained substan-
tially fewer polysome-associated transcripts than did the restimulated

NATURE IMMUNOLOGY VOLUME 7 NUMBER 6 JUNE 2006

ARTICLES

fractions. Phosphorylation of eIF2a is a central checkpoint of the ISR,
and increased phospho-elF2a in primed T cells is consistent with
activation of the ISR in these cells.

As noted before, many mRNAs are paradoxically translated in
conditions of general translational attenuation, including transcription
factors, kinases, phosphatases and proto-oncogenes that have been
linked to diverse differentiation pathways?>273%3¢, In yeast, these
pathways are critical for adaptation of the organism to environmental
alterations®”. Also, many mammalian genes contain IRES elements?®,
which confer ‘preferential’ translational activity during cell division!8,
as supported by our observations of the positioning of BiP in the
polysome profile and the effective translation of GFP when ‘down-
stream’ of an IRES sequence. Evidence has suggested that translation
attenuation favors stalling of ribosomes at ‘upstream’ open reading
frames that in turn facilitates mRNA remodeling, formation of an
active IRES and translation of the ‘downstream’ open reading frame?®,
Similar processes underlie reinitiation at alternative 5" open reading
frames for other targets of the ISR?. Indeed, several transcripts of
genes that contain an IRES or 5" open reading frame and are known to
be involved in the ISR showed polysomal association in primed Ty2
cells, in contrast to restimulated Ty2 cells. However, not all known
mRNAs that contain IRES elements?® were translated actively during
T cell priming, suggesting that specific IRES sequences are differen-
tially regulated in the course of T cell activation. Alternatively,
suppression of translation of key inhibitors may also contribute to
activation of critical pathways, such as gene expression mediated by
transcription factor NF-kB, during T cell priming®®. Thus, cells
activate a distinct genetic program during periods of translational
attenuation, and distinct mechanisms exist that facilitate translation of
the key proteins involved in this process.

Despite having linked various components of the ISR to T cell
priming, we emphasize that our findings are not entirely concordant
with descriptions of this pathway generated using traditional agents to
induce cell stress in vitro, such as thapsigargin and tunicamycin.
Indeed, we have shown that transcriptional activation of ISR target
genes was lower in primary T cells after priming than in cells treated
with these classical, although nonphysiological, stimuli. Cytoplasmic
accumulation of the RRM proteins TIA-1 and TIAR was smaller and
more dispersed in primary T cells than in tumor cell lines*?, and the
accumulations did not immediately disaggregate during the period of
TCR restimulation. The exact nature and function of these cytosolic,
RNA-containing microdomains remains unclear, and even the
nomenclature describing the microdomains as ‘processing bodies’ or
‘stress granules’ remains imprecise*’. As for the original observation of
efficient translation of GFP coinciding with translational repression of
IL-4 from the same bicistronic transcript, the actual subcellular
localization of the IL-4 transcripts remains debatable because they
are potentially subject to dual regulation. One possibility is that the
ongoing loading and translocation of ribosomes at the 3° GFP-cistron
prevents efficient compartmentalization of the complete message into
TIA-1-TIAR-containing granules, as would be the case for the wild-
type IL-4 messages. We found that introduction of dominant negative
TIA-1 induced IL-4 release during priming from wild-type T cells,
which is consistent with functional involvement of TIA-1-TIAR in
restricting robust T cell function. Cytosolic structures (granules) have
been shown to incorporate nontranslated mRNA in both yeast and
mammalian cells, and their formation has been tightly linked to
translational attenuation and sites of mRNA decay*02,

Competence for cytokine expression is gained by transcription
through the loci required for ‘imprinting’ of chromatin changes
necessary to achieve epigenetic stabilization of cytokine genes?. At
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the same time, immediate translation of those effector proteins might
contribute additional stress to the expanding endoplasmic reticulum
during a period of increased need for amino acids and protein-folding
capacity. Similar toxicity to antibody-secreting B cells occurs in the
absence of XBP-1, a stress-induced transcription factor whose mRNA
is processed by the latent lumenal kinase IRE1 (refs. 36,43). Transla-
tional attenuation avoids the toxic side effects associated with a rapid
increase in the endoplasmic reticulum load due to an expanded
protein repertoire!’. After second antigen contact in the periphery
or in the follicles, the translational block of T cells is relieved and the
appropriate effector functions can be executed. Further studies of
T cell differentiation should provide a model system for investigating
components of the ISR pathway in this previously unknown physio-
logical function.

METHODS

Mice, parasites and flow cytometry. The 4get, Yeti, DO11.10 4get, DO11.10
Tera™~ and KN2 mice have been described>!%2144, Female mice 5-10 weeks of
age were maintained in accordance with institutional guidelines in the specific
pathogen—free facility of the University of California San Francisco. Lympho-
cytes were isolated and stained for flow cytometry and sorting as described?!.
Cells were analyzed and sorted to more than 99% purity using flow
cytometry (Mo-Flo; Dako-Cytomation). Passage of L. major and infection of
mice have been described?!. Additional methods are in the Supplementary
Methods online.

Cytokine and proliferation assays. Stimulation of naive CD4" T cells in Tyl
and Ty2 conditions was done as described®?!. ELISPOT assay, ELISA, surface
staining by antibody-mediated capture and quantitative RT-PCR for cytokine
analysis were done as described®?1%>,

Quantitative RT-PCR for stress-induced genes. Stimulation of naive CD4*
T cells in T2 conditions was done as described®?!. Naive T cells and 3T3
fibroblasts were stimulated with 100 nM thapsigargin (Sigma-Aldrich) or 2 pg/
ml of tunicamycin (Calbiochem) for 4 h or the times indicated in Figures 3b
and 4b. A DNA Engine Opticon 2 thermal cycler with Opticon Monitor 2
Software (Bio-Rad) was used for quantitative RT-PCR. Primers are available in
the Supplementary Methods online.

Polysome analysis. DO11.10 Tcra’~ T cells stimulated for 6 d in Ty2
conditions were centrifuged over Histopaque (Sigma), were washed and were
allowed to ‘rest’ for 20 min at 37 °C in complete media with 0.1 mg/ml of
cycloheximide (Sigma) added for the final 10 min. Cells were washed with ice-
cold PBS with cycloheximide and were resuspended in polysome extraction
buffer. Restimulated cells were activated for 3 h with 10 pg/ml of plate-bound
complexes of I-Ad and ovalbumin peptide (amino acids 247-265)2!, then were
washed and resuspended in extraction buffer. Extracts were separated over
10-50% sucrose gradients by ultracentrifugation. For isolation of fractions,
60% sucrose was pumped into the bottom of the tube and the displaced
volumes were collected as different fractions with constant monitoring
of absorbance at 254 nm. Extracted RNA was analyzed by RNA blot with
32P_labeled probes specific for Il4 or Hspa5 (BiP) sequences. Additional
methods are in the Supplementary Methods online.

Immunofluorescence and immunoblot analysis. DO11.10 4get—primed Ty2
cells from the draining popliteal lymph nodes of mice infected with L. major
were sorted and were spun onto coverslips. Stimulation of naive CD4" T cells
in T2 conditions was done as described®?!. Samples were incubated with
rabbit antisera to total eIF2a (Santa Cruz) or to elF2o phosphorylated at serine
51 (Biosource) or with goat antiserum to TIA-1 (Santa Cruz) before being
washed and then incubated with indocarbocyanine-labeled antibody to goat
(anti-goat) for TIA-1 or indocarbocyanine-labeled antisera to rabbit (Jackson
Immunoresearch). Coverslips were counterstained with DAPI (4’,6-diamidine-
2’-phenylindole dihydrochloride; Roche). For immunoblot analysis, 1 x 107
T cells were analyzed with antisera to elF2a phosphorylated at serine 51 (Cell
Signaling Technologies), total eIF20, ATF4 or a-tubulin (Santa Cruz). Bound
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antibodies were detected with horseradish peroxidase—conjugated protein A
(for phospho-elF20. and total elF20; Biorad) and horseradish peroxidase—
conjugated anti-rabbit (for ATF4; Promega) or anti-mouse (for a-tubulin;
Promega) by enhanced chemiluminescence (Amersham). Additional methods
are in the Supplementary Methods online.

Retrovirus infection. The C-terminal fragments of mouse TIA-1 (amino acids
241-386; ARRM)?! and mouse GADD34 (amino acids 241-657; AN)?> were
amplified from mouse spleen cDNA, were confirmed by sequencing and were
ligated into MSCV-IRES-Thy-1.1 retroviral vector*® immediately upstream of
the IRES-Thy-1.1 sequence. Retrovirus was produced in the PHOENIX packa-
ging cell line and CD4" T cells were transfected as described?’. After being
washed, designated Ty2 cells were incubated undisturbed in media without
cytokines. For experiments using GADD34, 10 pg/ml of anti-IL-4 receptor
(clone M1; BD Biosciences) was included. Supernatants were collected 48 h
later and were analyzed for IL-4 by ELISA with a detection limit of 2 pg/ml
(R&D Systems).

Microarray analysis. This is described in the Supplementary Methods online.
Accession code. GEO: microarray data, GSE4500.
Note: Supplementary information is available on the Nature Immunology website.
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