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Abstract. During immune responses T cells are subject to clonal competition, which
leads to the predominant expansion of high-affinity clones; however, there is little
understanding how this process is controlled. We demonstrate that transcription factor
IRF4 is induced in a T cell receptor (TCR) affinity-dependent manner and functions
as a dose-dependent regulator of the metabolic function of activated T cells. IRF4
regulates the expression of key molecules required for aerobic glycolysis of effector T
cells, and is essential for clonal expansion and maintenance of effector function of
antigen-specific CD8" T cells. Thus, IRF4 is an indispensable molecular rheostat that
translates TCR affinity into appropriate transcriptional programs linking metabolic

function with clonal selection and effector differentiation of T cells.



T cell responses are guided by multiple cell extrinsic cues, including antigen, co-
stimulatory molecules and cytokines, which lead to the induction of transcriptional
regulators that ultimately control the differentiation of activated T cells into effector
and memory T cells. Several critical transcriptional regulators and some of their
down-stream targets involved in this process have been identified'. The best-known
transcription factors that control CD8" T cell differentiation in the periphery are the
T-box transcription factors T-bet and Eomes, which act in concert during the
differentiation of effector and memory T cells’. In addition the transcription factor
Blimp1 was found to drive terminal differentiation of short-lived cytotoxic effector T
cells at the expense of memory T cells*®, and the opposing activities of inhibitor of
DNA binding (Id)2 and Id3, which antagonize the DNA binding activity of E-

: 6,7
proteins, were revealed™’.

The interaction between antigen and its cognate T cell receptor (TCR) is a critical
determinant of the outcome of T cell responsess. While the early phase of T cell
responses is characterized by the expansion of a diverse array of antigen-specific
clones with a broad range of affinities for the antigen-derived peptide epitopes, the
later phase is dominated by a limited number of clones, in particular those with higher
affinities. This ‘focussing’ of the T cell response is the result of clonal competition
and leads to the establishment of dominant epitope-specific T cell clones of high

13 that are critical for the control of pathogens'*'®. Recruitment, proliferation

affinity
and acquisition of effector function are comparable between CD8" T cells responding
to a high or low affinity antigen, respectively'’. However, T cells responding to a low-
affinity antigen fail to accumulate during infection, thus contribute only minimally to
the effector population at the peak of the response'’. Differential migration and

2022 were linked to the diminished expansion

survival'”" or ‘diversion’ into memory
of low-affinity stimulated CD8" T cells. Thus, differences in clonal expansion of T
cells are the consequence of multiple effects including proliferation and cell death. It
was, however, unclear how TCR signals resulting from interactions with ligands of
various affinities could be translated into distinct transcriptional programs and

differentiation outcomes.



The transcription factor IRF4 has been shown to be required for multiple functions in

2425

the immune sys‘[em23 including plasma cell differentiation™"", regulatory T (Ty) cell

function®®?’ and for the development of several CD4" T cell helper (Th) subsets™™.
Its role in the differentiation and function of cytotoxic effector T cells, however, has
not been examined in any detail. We show here that /7f4-deficient mice fail to mount
a productive CD8" T cell response during viral or bacterial challenge and demonstrate
that IRF4 is required for ongoing expansion of antigen-specific CD8" T cell clones
and for the maintenance of effector functions. We establish that IRF4 expression is
strictly controlled by TCR affinity, and that IRF4 acts in a dose dependent manner to
promote the preferential expansion of high affinity T cell clones. Finally, we reveal
that IRF4 is a key regulator of metabolic function of effector CD8" T cells whose
graded expression determines the level of aerobic glycolysis after T cell activation.
Thereby, our data lead to a model in which IRF4 occupies the centre of a
transcriptional network, which controls metabolic programming and underlies affinity

selection, clonal competition and maintenance of effector function of CDS8" T cells

during an immune response.



Results
IRF4 is essential for a productive CD8" T cell response

IRF4 is required for the cytotoxic response during infection of mice with
Lymphocytic choriomeningitis virus (LCMV)>. However, it was unclear whether this
was due to diminished effector functions, failed differentiation or reduced numbers of
antigen-specific CD8" T cells in the absence of IRF4. To examine in detail the roles
of IRF4 in CD8" T cells responding to a pathogen we intranasally infected IRF4-
deficient (Irf4”") and wildtype control mice with influenza virus (strain HKx31). Ten
days later at the peak of the response we examined CDS8" T cells specific for the two
dominant epitopes (NP3 and PAj»4) using tetrameric complexes. While we detected
antigen-specific CD8" T cells at the expected frequencies in wildtypes, such cells
were almost undetectable in Irf4'/ " mice (Fig. 1a). This was true for all organs
examined, including the spleen, the lung-draining mediastinal lymph node and the
lung itself (Fig. 1a, Supplementary Fig. 1a). Similarly, expression of KLRGI, a
marker for short-lived effector cells, was not detectable on IRF4-deficient CD8" T
cells (Fig. 1a), and restimulation of these cells did not result in detectable interferon-
v (IFN-y) secretion or granzyme B (GzmB) expression (Fig. 1b).

As IRF4 is expressed in various lymphoid and non-lymphoid cells and has multiple
critical functions in the immune system, it was possible that the lack of a CD8" T cell
response in Irf4-deficient mice was due to CD8" T cell extrinsic defects. To address
this question, we generated mixed bone marrow chimeric mice containing
congenically marked wildtype cells (Ly5.1) and Irf4-deficient (Ly5.2) cells. These
mice showed normal development of wildtype and ]rf4'/ " T cells in the thymus and the
spleen, and similar to their wildtype counterparts ]rf4'/ “CD8" T cells were largely of a
naive phenotype (Supplementary Fig. 1b). Infection of these chimeric mice with
influenza virus with or without prior priming with a heterologous influenza virus
strain (PR8) resulted in a robust CD8" T cell response in the wildtype but not in the
Irf4-deficient compartment, clearly indicating a CD8" T cell intrinsic requirement for
IRF4 (Fig. 1c-f, Supplementary Fig. 2c-f).

To assess whether the defective CD8" T cell response observed in the absence of

IRF4 also occurred in a systemic infection model, we challenged mixed bone marrow



chimeric mice intravenously with LCMV. Analysis of these mice revealed a strong
activation and effector T cell differentiation of large proportions of wildtype CD8" T
cells as measured by downregulation of the adhesion molecule L-selectin (CD62L)
and upregulation of KLRGI1, which was largely abolished in the absence of IRF4
(Fig. 1g). Similarly and consistent with the data obtained in the influenza model we
detected very few antigen-specific CD8" T cells in the /rf4-deficient compartment of
LCMV infected chimeric mice (Fig. 1h, Supplementary Fig. 2g-h).

To test the impact of IRF4 deletion after activation, we made use of a floxed allele of
Irf4, which was bred to a transgenic mouse strain expressing Cre recombinase under
the control of GzmB gene regulatory elements’'. Deletion of the Irf# allele occurred
upon induction of GzmB, i.e. after T cell activation, and was marked by expression of
green fluorescent protein (GFP)** (Supplementary Fig. 2a). In line with our previous
results, infection with LCMV revealed a strong reduction of antigen-specific cells in
the CD8" T cell population that had deleted /rf4 (Supplementary Fig. 2b, ¢). The few
remaining Irf4-deficient antigen-specific CD8" T cells showed a marked loss of
KLRGI1IL-7R" short-lived effector cells, and an increased proportion of CD62L"
cells. These cells also showed an overall reduction of IL-7R expression, even in the
KLRGI1" fraction (Supplementary Fig. 2d, e). In summary, these data demonstrate

that IRF4 is required for a productive CD8" T cell response in a cell-intrinsic manner.

IRF4 is required for the survival of activated T cells

To examine the expression pattern of IRF4 in CD8" T cells during activation, we
cultured naive CD8" T cells with anti-CD3 and anti-CD28 antibodies in vitro. IRF4
was not expressed in naive T cells, but was rapidly induced following stimulation and
remained expressed at high levels for the time points examined (Fig. 2a, upper
panel). Subsequent culture of stimulated CD8" T cells in cytokines in the absence of
TCR stimulation resulted in down-regulation of IRF4 (Fig. 2a, lower panel). Thus,
IRF4 is induced by TCR signalling and high expression of IRF4 requires ongoing
stimulation.

We then examined T cell activation in the absence of IRF4 in vitro. Expression of

early activation and memory markers such as CD69, CD25, CD62L and CD44 was



comparable in wildtype and Irf4-deficient CD8 T cells, indicating that early
activation events were not impaired by /rf4-deficiency (Fig. 2b; Supplementary Fig.
3a). Proliferation of Irf4” CD8" T cells as measured by the dilution of the cell
division tracker CTV was unchanged, as was expression of the effector molecules
IFN-y, GzmB and T-bet (Fig. 2¢, d; Supplementary Fig. 3b). Thus, IRF4 was not
required for activation, proliferation or early effector differentiation of CD8" T cells
in vitro. Further analysis of the T cell cultures, however, revealed that Irf4'/ "CDS' T
cells did not expand to the same numbers as wildtype cells (Fig. 2e), suggesting
increased cell death. Consistent with this possibility a larger fraction of /rf4-deficient
CDS8" T cells showed Annexin V staining and more IRF4-deficient CDS" T cells
expressed the active form of Caspase 3, two hallmarks of apoptosis (Fig. 2f). To test
if programmed cell death was the cause for the reduced CD8" T cell numbers in the
absence of IRF4, we crossed [rf4'/ " mice onto transgenic mice that overexpress the
pro-survival molecule Bcl-2 in all hematopoietic cells (Vav-Bcl2tg)* or to mice
deficient in the pro-apoptotic molecule Bim™. However, neither combination could
restore the antigen-specific CD8" T cell compartment in the absence of IRF4
(Supplementary Fig. 3¢, d), indicating that deregulation of the intrinsic death
pathway is not the primary cause for the diminished cell survival in the absence of

IRF4.

IRF4 is required for ongoing T cell expansion and effector function

In order to examine T cell expansion and effector differentiation in vivo in more
detail, we generated Irf4-deficient TCR-transgenic mice (1rf4'/ " OT-I), in which CD8"
T cells are specific for a peptide epitope of the model antigen ovalbumin (OVA)*.
We co-transferred equal numbers of congenically marked /rf4” (Ly5.2) and Irf4+/ "
(Ly5.1) OT-I T cells into F1 (Ly5.1 x Ly5.2) recipient mice, which were infected with
an influenza virus that expressed OVA®. This allowed us to track T cell activation,
expansion and acquisition of effector function in a competitive situation with both cell
populations in a wildtype environment. Examination of the donor T cells early after

cell transfer indicated that neither recruitment, phenotype, nor initial expansion of the

CD8" T cells depended on IRF4 (Fig. 3a-c, Supplementary Fig. 4a). Over the course



of the immune response, however, Irf4'/ “OT-I T cells were grossly outcompeted by
their wildtype counterparts in all organs examined (Fig. 3b, ¢) with the most
pronounced cell loss occurring in the Iungs (Supplementary Fig. 4b). Expression of
effector molecules such as IL-2, IFN-y, TNF and GzmB could be observed in both
populations early during infection; however, Irf4-deficient cells progressively lost
their effector functions (Fig. 3d, Supplementary Fig. 4¢) and showed strongly
increased surface expression of CD62L (Fig. 3e). Similar to our in vitro data,
proliferation was similar up to day 3, but was markedly impaired by day 5
(Supplementary Fig. 4d). When we performed the above-described experiments with
Irf4+/' CDS8" T cells, we observed a pronounced effect of IRF4 dosage on expansion
and phenotype of the cells (Fig. 3f, Supplementary Fig. 4e-h). In summary, these
data indicate that IRF4 is dispensable for early events of CD8" T cell activation and
differentiation but is required for the maintenance of expansion and effector function

in a dose dependent manner.

Induction of IRF4 is T cell receptor affinity dependent

As TCR stimulation induced IRF4 expression, which was essential for efficient T cell
expansion, we reasoned that IRF4 might be involved in translating TCR affinity
signals into appropriate CD8" T cell expansion and differentiation. To test this
hypothesis, we used OVA peptide variants of different affinities for the OT-I T cell
receptor, including the high affinity wildtype peptide SIINFEKL (N4), and the
peptides Q4 and V4 that bind with intermediate and low affinity, respectively™®. In
vitro stimulation of OT-I T cells with wildtype OVA-peptide (N4) induced high
amounts of IRF4 protein. In contrast, the altered affinity peptide variants induced
intermediate (Q4) or low (V4) amounts of IRF4 protein, indicating that IRF4

expression depends on the affinity of antigen-TCR interactions (Fig. 4a).

To validate these findings in vivo, we inoculated naive congenically marked recipient
mice with recombinant Listeria monocytogenes expressing N4, Q4 or V4 OVA
peptide variants'” and subsequently transferred wildtype OT-I T cells into these mice.

After infection with Listeria-N4, IRF4 expression was heterogeneous early during the



T cell response; however, the majority of OT-I T cells were homogenously high for
IRF4 by day 5 post infection (Fig. 4b). Analysis of CTV labelled OT-I T cells
transferred into Listeria-N4 infected mice showed that OT-1 T cells expressing high
amounts of IRF4 protein (IRF4hi) underwent much more pronounced proliferation
than those with low amounts of (IRF41°) (Fig. 4¢) consistent with the idea that IRF4
drives expansion of CD8" T cells. IRF4 expression in OT-I T cells in mice infected
with Listeria-Q4 or V4 was much lower, confirming that affinity signals control the

level of IRF4 expression in vivo (Fig. 4d).

To test if loss of or lower amounts of IRF4 had an impact on CD8" T cells responding
to antigens of different affinity we co-transferred equal numbers of congenically
marked IRF4-deficient (Irf4'/ ") or IRF4-haploinsuffcient (Irf4+/ ) OT-I T cells together
with wildtype (Irf4+/ ") OT-I T cells into recipient mice and infected them with
Listeria-N4 and Listeria-V4, respectively. Similar to the data obtained in the
influenza model, initial proliferation was comparable between Irf4” and wildtype
OT-I T cells as assessed by CTV dilution (Fig. 4e); however, Irf4” OT-I1 T cells
showed severely impaired expansion in comparison to wildtype OT-I T cells, and
even Irf4" OT-I T cells were outcompeted by wildtype OT-I T cells (Fig. 4f,
Supplementary Fig. 5a). Early after infection, Irf4'/ “and wildtype OT-I T cells were
present in similar numbers in the spleens and showed an even somewhat elevated
representation in lymph nodes (Supplementary Fig. 5b), suggesting that differential
access to antigen and lymphoid structures was not responsible for the gross under-
representation of IRF4-deficient cells at later time points. We did, however, detect a
smaller proportion of Irf4” OT-I T cells in the liver, suggesting that IRF4 impacts on
the ability of CD8" T cells to migrate to non-lymphoid tissues (Supplementary Fig.
5b). In line with our data from mice with a conditional deletion of /74, IRF4-deficient
OT-I T cells showed strongly reduced KLRG1 expression indicating impaired
differentiation of short-lived effector cells (Fig. 4g).

As expected, expansion of wildtype OT-I T cells was strongly enhanced in the high
affinity infection model. In contrast, high affinity signals did not result in increased
numbers of /rf4-deficient cells (Fig. 4h, Supplementary Fig. 5c¢). Similar results
were obtained when isolated OT-I T cells were stimulated in vitro with peptides of

different affinity (Fig. 4i, Supplementary Fig. 5d). These data indicate that IRF4 is



required for the ‘translation’ of affinity signals from the TCR into appropriate T cell

expansion.

IRF4 drives most TCR-affinity dependent transcriptional changes

To identify the transcriptional program regulated by IRF4 during TCR affinity-driven
expansion of CD8" T cells, we performed RNA-sequencing analysis on wildtype or
IRF4-deficient OT-I T cells stimulated with either high or low affinity OV A peptides.
683 genes showed statistically significant differential expression (>2 fold; false
discovery rate <0.05) between wildtype cells stimulated with high (N4) or low affinity
(V4) peptides, respectively (Fig. 5a, b). In contrast, a comparison between Irf4'/ “cells
stimulated with N4 versus V4 peptide recovered only 45 genes that were differentially
expressed, indicating that the majority of TCR affinity driven transcriptional changes
in CD8" T cells depend on IRF4 (Fig. 5a, b, Supplementary Table S1). This was
confirmed by the finding that most genes (73.8%) that were differentially expressed
between high and low affinity peptide stimulated wildtype OT-1 T cells (affinity-
driven DE genes) were also found to be differentially expressed between Irf4'/ “and
Irf4+/+ OT-I T cells stimulated with high affinity N4 (IRF4-driven DE genes) (Fig.
5b). A Pearson’s correlation analysis between these two data sets revealed a strong
correlation in the directional expression changes, which was lost when this analysis
was performed on /rf4-deficient cells (Fig. Sc¢).

As expected, known targets of IRF4, including Prdmli (encoding Blimpl), and other
key-regulators involved in CD8" T cell differentiation and function, such as Eomes,
Runx3, Tcf7, 11 7237 (Fig. 5d-e) were amongst the differentially expressed genes, for
some of which differential expression was confirmed on a protein level
(Supplementary Fig. Se-h). Ingenuity Pathway Analysis identified ‘Carbohydrate
Metabolism, Molecular Transport, Small Molecule Biochemistry’ as the functional
molecular network most significantly associated with transcripts differentially
expressed between wildtype and [Irf4-deficient CD8" T cells (P=0.0002,
Supplementary Fig. 6a), and key regulators of cellular metabolism including Foxol,
Foxo3 and Hifla®®*" were found to be significantly reduced in their mRNA

expression (Fig. 5f). Thus, the TCR-affinity dependent transcriptional program of
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CDS8" T cells includes key-regulators of T cell differentiation and cellular metabolism

and requires IRF4.
IRF4 binds genes required for key metabolic functions

To identify direct transcriptional targets of IRF4 in CD8" T cells during activation and
expansion we performed genome wide chromatin immuno-precipitation (ChIP)
sequencing using IRF4-specific antibodies. Analysis yielded 3338 IRF4 binding sites (P
value <107), 91% of which could be mapped to a total of 2268 known genes. Of these
binding sites 36% (1095) were found in the 20kb upstream of the transcriptional start site,
56% (1716) in gene bodies and 8% (227) in the 5kb downstream of the transcriptional
end site. 470 (75%) of the differentially expressed genes (N4, ]rf4'/ " versus Irf4+/ M to
which IRF4 binding sites were assigned showed significantly downregulated
expression (>2 fold; false discovery rate <0.05), suggesting that IRF4 acts largely as a

transcriptional activator in CD8" T cells.

De-novo binding motif analysis of the high confidence sites revealed a strong
enrichment for AP1 binding sites, with many conforming to the recently described
IRF4-AP1 composite DNA binding site (AICE) motifs, IRF4-AP1 or IRF4-NNNN-
AP1*"™* (Fig. 6a, b). Genes directly bound by IRF4 included known IRF4 targets,
such as Prdml, 1110, 1123r and Ctla4’™*'*  as well as other genes with critical
functions in CD8" T cells, including Runx3, Tcf-7, Ccr7 and 117r (Fig. 6¢, and data
not shown). Importantly, two transcription factors that regulate T cell quiescence and
glycolytic metabolism following antigen exposure, Foxol and Hifla, were directly
bound by IRF4 (Fig. 6d), supporting a central role for IRF4 in integrating
downstream factors that regulate differentiation and metabolic programming in T

cells.
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IRF4 is required for metabolic function of CD8" T cells

Activation of T cells induces a dramatic rewiring of metabolic processes as cells shift
from oxidative phosphorylation (OXPHOS) to aerobic glucolysis to fulfil the
bioenergetic and biosynthetic demands of rapid proliferation and differentiation***’.
To examine if IRF4 plays a role in cellular metabolism we measured mitochondrial
membrane potential by MitoTracker staining. Mitochondrial membrane potential was
intact or even elevated up to 24 hours post activation, but decreased at 48 hours in the
absence of IRF4 (Fig. 6e). To study the function of IRF4 in more detail, we measured
the bioenergetic profiles of naive as well as activated wildtype and Irf4-deficient
CDS8" T cells using extracellular flux assays. As expected, the oxygen consumption
rate (OCR) was strongly induced upon activation of control CD8" T cells (Fig. 6f) In
contrast, Irf4-deficient CD8" T cells, while initially increasing OCR relative to naive
T cells, were not able to further induce OCR 48 h after activation (Fig. 6f). Similarly,
ATP production, measured in response to the ATP synthase inhibitor oligomycin, and
maximal respiratory capacity, determined by treatment with the electron transport
chain uncoupler FCCP, were impaired in the absence of IRF4 (Fig. 6g,
Supplementary Fig. 6b, c).

In addition to the reduced OCR, we found that the glycolytic capacity of activated
Irf4-deficient T cells, as measured by the extracellular acidification rate (ECAR), was
strongly reduced (Fig. 6h, Supplementary Fig. 6d, e). In line with this result, /rf4-
deficient T cells demonstrated reduced uptake of a fluorescently labelled glucose
analogue (2NB-DG) at 24 h (Fig. 6i), and produced significantly less extracellular L-
lactate compared to wildtype cells at 48 h after activation (Fig. 7a). As expected the
OCR/ECAR ratio dropped dramatically in wildtype cells as they switched from
OXPHOS to aerobic glycolysis during activation, however, this was markedly
impaired in /rf4-deficient cells (Fig. 7b). In line with their reduced glycolytic capacity
Irf4-deficient T cells, in addition to Hifla, showed reduced expression of several
genes encoding key regulators of glycolysis including glucose transporters Glutl and
Glut3 (Slc2al and Slc2a3), hexokinase 2 (Hk2) and 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (Pfkfb3), aldolases (4dldoa, Aldoc, Aldoart])*® as
well as other genes required for metabolic function of proliferating T cells, some of
which were direct targets of IRF4 (Fig. 7c, d, Supplementary Fig. 7a). Most of the

genes regulated by IRF4 were induced during CD8" T cell activation whereas genes
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that were constitutively expressed (such as HkI or Gapdh) were not impacted on by
the loss of IRF4 (Supplementary Fig. 7a, b, and data not shown). Quantitative RT-
PCR analysis confirmed that expression of key regulators of glycolysis but not
OXPHOS required IRF4 for their transcription early after activation and subsequently
for their sustained expression during proliferation (Fig. 7e). In line with the finding
that T cells in the absence of available glucose can sustain proliferation at least
partially through OXPHOS®, we observed that a large number of genes involved in
this process were upregulated in the absence of IRF4 (Supplementary Fig. 7c¢).
However, the vast majority of these genes did not show binding of IRF4, suggesting
that this upregulation was a compensatory mechanism in response to the reduced
glycolytic capacity of T cells in the absence of IRF4. In line with their ability to
undergo blastogenesis and to induce early glycolysis, we found that the transcription
factor Myc, which induces metabolic reprogramming in activated T cells*®, was
expressed at comparable levels in wildtype and /Irf4-deficient T cells (Fig. 7f). IPA
identified Myc as the “Top Upstream Regulator” (p value of overlap 4.57x10°'*)
suggesting that many of the Myc regulated genes are also regulated by IRF4. Thus,
although IRF4 was not required for the initial activation-induced metabolic switch
from fatty acid oxidation to glycolysis it was essential for high-level glycolytic

turnover and for sustained mitochondrial activity in activated T cells.

IRF4 links TCR affinity, metabolism and migration of CD8 T cells

To test if impaired metabolic function may be responsible for the aborted clonal
expansion of IRF4-deficient T cells we performed a series of metabolic tests on OT-I
T cells responding to Listeria-OVA early during infection. IRF4-deficient OT-I T
cells isolated from Listeria-OVA (N4) infected mice exhibited significantly impaired
oxygen consumption and glucose turnover as measured by ECAR (Fig. 8a), as well as
diminished response to glucose challenge (Fig. 8b). Similar to our in vitro results we
also observed an increased OCR/ECAR ratio as well as a reduced rate of 2NB-DG
uptake and lactate production in the IRF4-deficient OT-I T cells (Fig. 8c-e). In line
with their reduced metabolic activity, responding Irf4” OT-I T cells were
significantly smaller than their wildtype counterparts and showed reduced expression
of the transferrin receptor CD71 (Fig. 8f, g). In keeping with our finding that low
affinity TCR ligands induce little IRF4 protein expression (Fig. 4d), the reduced

13



metabolic rates, cell size and CD71 expression in the absence of IRF4 were strikingly
similar to wildtype OT-I T cells responding to Listeria expressing the low affinity

OVA-V4 (Fig. 8d-g).

Metabolic function of T cells as well as affinity driven signals critically control CD8"
T cell homing and migration®®*. We thus hypothesised that IRF4 may be involved in
linking these two pathways. Consistent with this idea, we found that the reduction of
Irf4-deficient cells during influenza and Listeria infection was most pronounced in
non-lymphoid organs such as lung and liver (Supplementary Fig. 4b, Sb), suggesting
that IRF4 is required for correct tissue localization of T cell responding to antigen. In
summary these data indicate that IRF4 is required for the metabolic programming and
for the change of migratory capacities of CD8" T cells after activation in a TCR

affinity dependent manner.

IRF4 is limiting for low-affinity CD8" T cell responses

Overall our data suggested that IRF4 expression is a critical and limiting factor in the
expansion of CD8" T cells and that low expression of IRF4 is responsible for the loss
of low-affinity CD8" T cells from ongoing immune responses. To directly test this
model we retrovirally over-expressed IRF4 along with a GFP reporter gene in
wildtype OT-I T cells. These cells or cells transduced with a control virus were then
adoptively transferred into congenically marked recipient mice, which were
subsequently infected with Listeria-V4. OT-I T cells overexpressing IRF4 expanded
significantly better (Fig. 8h), directly demonstrating that IRF4 expression is the

limiting factor during a low-affinity T cells response.

Discussion

IRF4 is critically involved in the differentiation multiple lymphocyte lineages and T
cell subsets. Its coordinated activity and interaction with lineage-specific transcription
factors is exemplified in a recently described network of transcription factors required
for Thl7 differentiation*”. We have here identified a new IRF4-dependent
transcriptional network in CD8" T cells that is driven by TCR affinity and required

for the transcriptional regulation of the metabolic program operating during clonal
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expansion of antigen-activated T cells. Due to a tight requirement for IRF4, low-
affinity stimulated T cells that express limited amounts of IRF4 or T cells that lack
IRF4 show dramatically diminished antigen-specific responses and exhibit impaired

effector differentiation and function.

Effector and memory CDS8" T cell differentiation is controlled by the coordinated and
dynamic expression of a series of transcriptional regulators, including T-bet, Blimp1,
Runx3, Eomes, Bcl6, Tcf-1, 1d2, and 1d3"*¥. Our data reveal IRF4 as another central
transcriptional regulator of antigen-stimulated CD8" T cells that is essential for a
productive CD8" T cell response. During an immune response antigen-specific Irf4-
deficient CDS8" T cells rapidly lose effector function and undergo aborted clonal
expansion. While this can be largely attributed to a failure of metabolic function, as
discussed below, dysregulation of several transcription factors required for the
coordinate development of effector and memory T cells may also contribute. Similar
t0 Treg cells’” IRF4 in CD8" T cells is directly required for the induction of Prdmi
(encoding Blimp1). IRF4-deficient CD8" T cells also show diminished expression of
Runx3 and Tcf-7 (encoding Tcf-1), both of which we identify here as direct target
genes of IRF4. Conversely, IRF4-deficient antigen-specific CD8" T cells display
higher amounts of Eomes, but there was no evidence for direct binding of IRF4 to the
Eomes gene locus. As the balance between Blimp1 and T-bet on one side and Eomes
on the other side is critical for differentiation of cytotoxic effector versus memory T
cells'?, IRF4 appears to promote effector differentiation at the expense of memory
development. Our data suggest that during the clearance of an infection, IRF4
expression diminishes along with the reduced antigenic load thus allowing the

upregulation of Eomes and the development of memory cells.

T cell activation induces a tightly controlled metabolic shift from OXPHOS to aerobic
glycolysis to provide energy required for rapid proliferation, differentiation and

44-47

effector function™"'". Our experiments demonstrate that IRF4 is a central regulator of

this process. It is required for the expression of transcription factors, including Hifla

3840 and controls

and Foxol, that are essential for the metabolic functions of T cells
expression of genes encoding rate-limiting components of the glycolytic pathway
including glucose transporters and enzymes involved in glycolysis, which are induced

during normal T cell activation (Supplementary Fig. 7). Although IRF4 was
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dispensable for the initial induction of aerobic glycolysis, it was essential at later time
points for high levels of glycolytic turnover, resulting in a marked increase in the
OCR/ECAR ratio in Irf4” cells, suggesting that antigen-activated IRF4-deficient T
cell depend on oxidative phosphorylation rather than glycolysis. Interestingly, IRF4-
deficient cells initially maintained proliferation but rapidly lost effector function,
which is in line with a recent report indicating that OXPHOS is sufficient to at least
partially sustain proliferation but not effector function®. IRF4-deficient T cells not
only showed a pronounced defect in glycolysis but also displayed severely diminished
mitochondrial function, in particular at later time points after activation. Our
experiments, however, provided little evidence for a direct role for IRF4 in regulating
genes involved in OXPHOS (Fig. 7e). Since reduced glycolysis preceded the
reduction of oxygen consumption in Irf4'/' cells, we propose that reduction in
glycolysis is responsible for the diminished OCR. The observed defects in OXPHOS,
however, may also be due to deregulation of redox state and increased oxidative
stress, which could be contributed to by decreases in expression of Foxol and
Fox03*. Overall, Irf4” T cells fail to efficiently metabolize glucose and show
impaired OXPHOS, but it is currently unclear whether failure of glycolysis or
mitochondrial function or both are the ultimate cause of the aborted clonal expansion

in the absence of IRF4.

Myc has been identified as a key regulator during the induction of aerobic
glycolysis*™. Importantly, Irf4-deficient T cells were able to induce Myc upon
activation and to undergo normal blastogenesis, supporting the view that Myc is a
main driver of the early metabolic switch that occurs upon activation. In line with
recent reports that showed that the activity of IRF4 in requires coordinated binding

41-43
, most

with API1 transcription factors to an AP1-IRF4 composite motif (AICE)
IRF4 binding sites revealed by our ChIP sequencing experiments in CD8" T cells
were AP1-IRF4 composite sites. These data suggest that IRF4, AP1 and Myc act in
concert to regulate metabolic programming of T cells upon activation and may be part

of a conserved transcriptional program that acts in all activated T cells.

The process of clonal selection and competition during an immune response results in

9-13

increased overall affinity of the antigen-specific T cell population and is of

fundamental importance for pathogen control'*'®. While several mechanisms have
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1722 the molecular foundation for this

been proposed to explain this observation
phenomenon was poorly understood. We show here, that TCR affinity regulates the
magnitude of IRF4 expression and demonstrate that IRF4 acts in a dose dependent
manner to control the expression of the majority of TCR-affinity regulated genes,
most notably genes involved in cellular metabolism. IRF4 can therefore operate as a
molecular link between TCR affinity and an appropriate T cell response, including
expansion and effector differentiation. These results in conjunction with our
observation that low-affinity T cells show diminished uptake of glucose strongly
suggest that IRF4 regulates clonal expansion of T cells by maintaining metabolic
activity in a TCR affinity dependent manner. Our data indicate that only antigen-
specific T cells bearing TCR’s of sufficient affinity to their cognate peptide-antigen
induce high IRF4 expression. Thereby, they can efficiently switch to aerobic
glycolysis, sustain high metabolic activity and thus maintain ongoing clonal
expansion and effector differentiation. In contrast, clones of lower affinity, which
express diminished amounts of IRF4, will be selectively lost or diverted into early
memory development during the course of the immune response. The result of such a
process is a ‘focussed’ antigen-specific T cell population that at the peak of the
response is dominated by a small number of high-affinity T cell clones
(Supplementary Fig. 8). Thus, our data identify IRF4 as the central molecular
rheostat in a transcriptional network that links metabolic function to clonal expansion
and effector differentiation and provides a molecular framework for the clonal

selection and competition of T cells during an immune response.
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Figure legends

Figure 1 IRF4 is essential for a productive CD8" T cell response. (a) Wildtype
(Irf4™") or Irf4-deficient (Irf4”) mice were infected with influenza virus (strain
HKx31). 10 days later splenic CD8" T cells were analysed by flow cytometry for the
presence of antigen-specific cells by tetramer staining or effector T cells using an
anti-KLRG1 antibody (left panel). Frequencies of CD8" T cells specific for two
epitopes (NP3¢ and PAy4) (right panel) in the spleen. (b) CDS" T cells as in (a) were
restimulated with NPses peptide and analysed for effector molecule expression. (c-e)
Analysis of antigen-specific CDS8" T cells in chimeric mice generated by
reconstituting lethally irradiated Ly5.1 mice with Zrf4” or wildtype (both Ly5.2) bone
marrow mixed with Ly5.1 bone marrow as indicated. Chimeric mice were infected
with influenza virus (HKx31) without prior priming (c) or 6 weeks after priming with
a heterologous influenza virus (strain PR8, d-f). (e) Frequencies of NPs¢s specific
CDS8" T cells in the spleen. f. CD8" T cells as in (d) were restimulated with NP3
peptide and analysed for effector molecule expression. (g-h) Chimeric mice as in (c)
were infected with LCMV. Frequencies of effector CD8" T cells were measured by
staining for KLRG1" or CD62L" cells (g) or by tetramer detection of CD8" T cells
specific for the LCMV epitopes GP33 or NPsos in the spleen (h). Flow cytometry is
representative for 2-3 individual experiments containing 2-3 mice per group. Data
points in graphs represent cell frequencies in individual mice as indicated (*

P<0.0001, NS - not significant). Horizontal line shows the mean +S.E.M.

Figure 2 IRF4 in CD8" T cells is not required for activation, proliferation and
effector molecule expression but for prevention of cell death. (a) MACS-sorted
CD62L"CDS" T cells (upper panel) or naive flow-sorted CD44 CD62L" CD8" T cells
(lower panel) of the indicated genotypes were cultured in the presence of anti-CD3
and CD28 antibodies and IL-2. Protein extracts were prepared at the indicated times.

Some cells were re-cultured for further expansion in medium containing IL-2 or IL-15
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alone for 2 days (lower panel). (b) Expression of activation markers on CD8" T cells
as in (a) after 40 h in culture. (c) Naive CD8" T cells of the indicated genotypes were
flow-sorted, labelled with cell division tracker dye CTV, cultured as in (a), and
analysed at times as indicated. (d) Intracellular staining of effector molecules of CD8"
T cells as in (c) after 4 days in culture. (¢) Mean numbers of live CD8" T cells + S.D.
cultured on plates coated with anti-CD28 and varying concentrations of anti-CD3
antibody as indicated (* P<0.0001, 2-way ANOVA). (f) Staining of Annexin V and
intracellular Caspase 3 (Casp 3) of cells cultured for 3 days as in (a). Experiments in
a-f are representative of 3-5 independent experiments, b-e each performed in

triplicates.

Figure 3 IRF4 is dispensable for early T cell proliferation and effector molecule
expression in vivo but required for ongoing clonal expansion and maintenance of
effector function in a dose-dependent manner. 2.5x10° CD8" T cells isolated from
OT-I TCR transgenic mice either on a wildtype (Ly5.1) or IRF4-deficient (Irf4”") and
haploinsufficient (Irf4+/ ) (both Ly5.2) background as indicated were transferred into
congenically marked F1 recipients (Ly5.1 x Ly5.2), which were infected with
ovalbumin-expressing influenza virus (HKx31-OVA) one day prior to cell transfer.
(a-b) Flow cytometric analysis of CD8" T cells in the organs as indicated of influenza
infected recipient mice at indicated times after transfer of wildtype and Irf4'/ "OT-IT
cells (left panels), and ratios of donor cells as indicated (right panels). mLN —
mediastinal lymph node. (¢) Cytokine (left) and GzmB (right) expression of donor
OT-I T cells of the indicated genotypes as in (b) analysed after restimulation by flow
cytometry at indicated time points. (d) Expression of CD62L on OT-I T cells of the
indicated genotypes at day 5 after infection. (e) Ratios (left) and phenotype (right) of
OT-I T cells of indicated genotypes. Flow cytometry is representative of 3
independent experiments with 2-3 mice per group. Data points in graphs represent

individual mice. Horizontal line shows the mean +£S.E.M.

Figure 4. IRF4 expression and T cell expansion is TCR affinity dependent. (a)
Wildtype OT-I T cells were stimulated in vitro with different affinity variants of OVA
peptide as indicated. IRF4 protein expression was measured by immunoblotting. (b)
IRF4 expression in donor wildtype OT-I T cells in vivo measured by intracellular

staining and flow cytometry after infection with HKx31-OVA (N4). (c¢) IRF4
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expression in CTV labelled wildtype OT-I T cells 2 or 3 days after transfer in
Listeria-N4 infected congenically marked recipient mice. (d) IRF4 expression in OT-I
T cells 5 days after infection with Listeria variants as indicated. (e) Each 1x10° OT-I
T cells of the indicated genotypes were transferred into congenically marked F1
recipients (Ly5.1 x Ly5.2) and subsequently infected with Listeria-N4 (Lm-N4) or V4
(Lm-V4). The graph shows proportion of donor T cells in comparison to the
endogenous CD8" T cells in the blood 5 days post infection. (f-g) Division profiles as
measured by CTV dilution (f) and phenotype (g) of donor OT-I T cells in Lm N4
infected mice at indicated times. (h) Expansion of OT-I T cells in response to
Listeria-N4 (Lm-N4) or V4 (Lm-V4) infection. Data is expressed as a ratio of OT-I T
cells present in Listeria-N4 (N4) versus V4 infected mice. (i) OT-I T cells of the
indicated genotypes were stimulated in vitro with N4 OVA peptide. Graph shows live
cell numbers in culture at indicated times (** P<0.02, 2-way ANOVA). Data in (d),
(f) and (h) represent cell frequencies in individual mice as indicated from 2-3
individual experiments. Horizontal line shows the mean =S.E.M. (* P<0.02, **

P<0.002, *** P<0.0001).

Figure 5 IRF4 regulates the affinity-driven transcriptional program in CD8" T
cells. Wildtype (Irf4"") and IRF4-deficient (Irf4") OT-I CD8" T cells were activated
in the presence of high (N4) or low (V4) affinity peptide for 3 days before being
subjected to RNA-sequencing. (a) Heatmap of expression levels (normalized log2
fragments per kilobase per million mapped reads) for the top 200 most differentially
expressed (DE) genes that are regulated by affinity (Irf4+/ ", V4 versus N4). Full list of
genes in Supplementary Table S1. (b) Venn-diagram of all DE genes, showing the
overlap between TCR affinity-regulated and IRF4-regulated genes. (¢) Scatterplots of
log2-fold changes showing strong correlation between IRF4-dependent changes (x-
axis) and affinity-dependent changes (y-axis) when IRF4 is present (left panel,
correlation coefficient 0.8) but little correlation when IRF4 is absent (right panel,
correlation coefficient 0.16). Plots include all expressed genes. (d) Example tracks
from RNA sequencing showing affinity and IRF4-dependent repression (Eomes) or
activation (SIprl), IRF4-independent affinity driven expression (Ccr2), and affinity-
dependent repressed, IRF4-activated (//7r). (e-f) Expression changes between
wildtype and Irf4-deficient cells stimulated with N4 peptide for selected genes as
indicated. Data are the ratio of FPKM values (Log2).
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Figure 6 IRF4 binding sites in genes regulating effector and metabolic functions
of CD8" T cells. Wildtype and Irf4'/ " CD8" T cells were activated for 3 days in vitro
in the presence of plate bound anti-CD3, anti-CD28 and IL-2 and subjected to IRF4
ChIP-sequencing (a-d) or metabolic assays (e-i). (a) Motif analysis of IRF4 binding
sites based on the 1338 most significant peaks (p<10'10). The 100 bp sequences
centred on the binding summit were used for analysis. (b) Motif analysis of IRF4
binding sites based on the 500 most significant peaks. (c-d) Examples of ChIP-
sequencing tracks showing IRF4 binding in previously known (Prdml, 1110), and
newly identified target genes. Boxes indicate significant peaks. (e) Mitochondrial
membrane potential measured by MitoTracker Orange staining of naive and activated
Irf4" and Irf4""" T cells. (f-h) Naive or for 24 h or 48 h in vitro activated CD8" T
cells of the indicated genotypes were subjected to an extracellular flux assay. (e)
Basal oxygen consumption rate (OCR). (f) OCR as a measure of ATP turnover
following the addition of 1 UM of oligomycin. (h) Basal extracellular acidification
rate (ECAR). i. Glucose uptake measured by flow cytometry after incubation with the
fluorescence labelled glucose analogue 2NB-DG of naive or activated T cells at
indicated times. Data in (e) and (i) are representative of two independent experiments.
Data in (f-h) are the mean £ S.E.M. from 2-3 biologically independent experiments
each performed at least in triplicates (* P<0.003, ** P<0.0001, NS - not significant, N

- naive).

Figure 7 IRF4 regulates metabolic function of CD8" T cells. (a) Lactate production
of naive or activated T cells at indicated times. (b) OCR/ECAR ratio as determined in
a mitochondrial stress test of naive or activated CD8 T cells of the indicated
genotypes. (¢) Change in expression of genes involved in metabolic function in Irf4'/ .
OT-I T cells in comparison to wildtype OT-I T cells after activation with N4 OVA
peptide. Data are the ratio of FPKM values (log2) derived by RNA-sequencing; *
indicates genes bound directly by IRF4. (d) Examples of ChIP-sequencing tracks
showing IRF4 binding at the indicated loci. Boxes indicate significant peaks. (e)
Transcript levels of genes involved in OXPHOS (upper panel) and glycolysis (lower
panel) in OT-I T cells of the indicated genotypes activated with N4 peptide,

determined by quantitative RT-PCR. The graphs show expression relative to naive
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cells and are representative of two biologically independent experiments performed in
triplicates. Data are mean £ S.D. (f) Immunoblot analysis of naive or activated CD8"
T cells as indicated, representative of two independent experiments. Data in (a) and
(b) are the mean + S.E.M. of 2 biologically independent experiments each performed
in triplicates (* P<0.04, ** P<0.007, *** P<0.0001, NS - not significant, N - naive).

Figure 8 IRF4 regulates metabolic function of CD8" T cells in vivo and can
rescue low affinity T cell responses. (a) Extracellular flux analysis of donor OT-1 T
cells of the indicated genotypes at day 4 post Listeria-N4 infection. (b) ECAR
measured in a glycolytic stress. (¢) OCR/ECAR ratio as in (a). (d) Glucose uptake of
OT-I T cells of the indicated genotypes isolated from mice infected with Listeria
strains as indicated, measured by flow cytometry after incubation with the
fluorescently labelled glucose analogue 2NB-DG (day 3). (e) Lactate production of
naive T cells or OT-I T cells of the indicated genotypes sorted from mice infected
with recombinant Listeria expressing high (Lm-N4) or low-affinity OVA peptide
(Lm-V4) three days previously. (f-g) Forward scatter as a measure of size of OT-I T
cells of the indicated genotypes (f), and expression of CD71 in response to infection
with Listeria strains as indicated (g) at day 3 after infection. (h) Rescue of T cells
responding to a low-affinity antigen by over expression of IRF4. 2x10* wildtype OT-I
T cells (Ly5.2) transduced with an IRF4 overexpressing (IRF4-GFP) or control (GFP)
retrovirus as indicated were adoptively transferred into congenically marked recipient
mice, which were infected with Listeria V4. Flow cytometry of CD8" T cells in the
blood 6 days post infection (left), quantitation (right). Flow plots in (d), (g), (h) are
representative for at least 2 biologically independent experiments containing each 3-4
mice. Graphs in (a), (¢c) and d-h are the mean +S.E.M. from 2-3 biologically
independent experiments each performed at least in triplicates (* P<0.02, ** P<0.002,

*#% P<0.0002, NS - not significant).
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Experimental Procedures

Mouse models. /r/4" mice were described previously” and maintained on a
C57BL/6 (Ly5.2) background. For some of the experiments they were crossed to OT-
I TCR transgenic34, Bim™>3 , Vav—Bchtg32, GzmBCre®' or PrdmI1°™!" mice. Mixed
bone marrow chimeras were generated from lethally irradiated (2 x 550R) wildtype
Ly5.1 mice reconstituted with a mixture of mutant or control bone marrow (Ly5.2)
and Ly5.1 bone marrow as indicated and mice were allowed 6-8 weeks to
reconstitute. Mice were maintained and used in accordance with the guidelines of the

Walter and Eliza Hall Institute Animal Ethics Committee.

Infections. Mice were anaesthetized with methoxyfluorane and then inoculated with

10* plaque forming units (p.f.u.) of the HKx31 (H3N2) influenza virus®>>>. In

some
experiments mice were first inoculated i.p. with 10" p.fu. of the heterologous
influenza virus A/PR/8/34 (HIN1, PR8, Mt Sinai strain) 4-6 weeks prior to the
infection with HKx31. Lymphocytic choriomeningitis virus (LCMYV) infections were
done by intravenous injection of 3x10° p.f.u (WE strain).

To measure responses of OT-I TCR transgenic CD8" T cells mice were infected with
either recombinant HKx31 (H3N2) virus expressing an OVA peptide (1.5 x 10°
p.fu)”, or with Listeria monocytogenes expressing altered affinity OVA peptide
variants (2.5x10° p.fu.) as previously described'’. 24 hours later 5x10° OT-I-TCR

transgenic CD8" T cells were transferred into infected animals by intravenous

injection.

Retroviral overexpression of IRF4. Retroviral supernatant was produced from
HEK?293 T cells transfected with retroviral expression plasmids (pMSCV) containing
either a GFP or IRF4-IRES-GFP expression cassette. For retroviral transduction naive
CDS8" T cells were isolated from spleens and lymph nodes of OTI transgenic mice and
activated in vitro with OVA peptides N4 (SIINFEKL) or V4 (SITVFEKL) (1 pg/ml)
in the presence of recombinant human IL-2 (100 u/ml, R&D systems) for 48 hours
before spin infection. After 24 hours, GFP" cells were sorted (BD Aria W) and re-
cultured in recombinant human IL-15 (50 pg/ml) (R&D Systems) for 4 days. 2x10*
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cells were then adoptively transferred into naive Ly5.1 recipients, which were

infected with Listeria OV A on the same day.

Tetramers and intracellular cytokine staining. LCMV specific CD8" T cell
responses were enumerated with MHC class I (H-2D") tetramers complexed with
either LCMV—-GP33_4; (GP33) or LCMV—NP396 404 (NP396) peptides were from Baylor
College of Medicine, Houston, Texas. Influenza (HKx31) specific responses were
enumerated by staining with phycoerythrin (PE)-labeled MHC class I tetrameric
complexes specific for the two H-2°-restricted immunodominant epitopes of influenza
virus, namely the nucleoprotein (NPsgs; DNPsgs374) and acid polymerase (PAjas;
DbPA224-233)53-

Restimulations were performed using either phorbol 12-myristate 13-acetate (PMA,
50 [g/ml) and ionomycin (0.5 [g/ml), or antigen-specific peptides (LCMV, GP33 and
NP396; HKx31, NP3¢6 and PAjy4) or N4 OVA peptide (1 pug/ml) in the presence of
GolgiPlug (BD Bioscience) for 5 hours. Intracellular staining of cytokines and
granzyme B was performed using the BD kit, staining of transcription factor was
performed using the FoxP3 staining kit (eBioscience) according to manufacturers

protocols.

Antibodies and flow cytometry. Fluorochrome-conjugated antibodies directed
against the following antigens were used for analysis by flow cytometry: CD8a (53-
6.7), CD62L (MEL-14), KLRG1 (2F1), IL-7R (A7R34), CD25 (PC61.5), Eomes
(Danl1mag), CD71 (R17217) (from eBiosicence), Ly5.1 (A20), Ly 5.2 (104), CD44
(IM7), IFNy (XMG1.2), TNFa (MP5-XT22), IL-2 (JES6-5H4), CD138 (281-2),
CD69 (H1.2F3) (from BD Pharmingen), GzmB (GB12, Invitrogen), and IRF4 (M17)
and normal goat IgG (from Santa Cruz Biotech). Propidium iodide or SytoxBlue
(Invitrogen) was used to exclude dead cells. In some experiments CDS8" T cells were
enriched prior to analysis by depletion using antibodies against CD11b (M1/70),
F4/80 (F4/80), Ter-119, Gr-1 (RB6-8C5), MHCII (M5/114), and CD4 (GK1.5).
Intracellular staining for IRF4 used a donkey anti-goat IgG FITC from Jackson
ImmunoResearch Laboratories. Active Caspase 3 (BD Pharmingen) intracellular
staining was performed using the FoxP3 staining kit (eBioscience) according to the

manufacturers protocols. Annexin V staining (BD Pharmingen) was performed in
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buffered solution containing 25 mM calcium chloride at room temperature for 20 min

prior to analysis by flow cytometry.

Cell Culture and Metabolic Assays. OT-I TCR transgenic cells were stimulated
with OVA peptides (1 [Ig/ml) in the presence of IL-2 (100 U/ml). CD8" T cells were
cultured using plate bound anti-CD3, soluble anti-CD28 antibodies and recombinant
human IL-2 (rhIL-2) as previously described.

For extracellular flux assays, activated cells were harvested at indicated times after
the start of the culture and rested in IL-2 (100 U/ml) overnight. Subsequently dead
cells were removed by Ficoll gradient centrifugation. Naive T cells were cultured in
IL-7 for 24 h prior to metabolic assays. Immediately prior to the assay, 750,000 cells
were seeded per well and the plate centrifuged at 2000 rpm for 20 mins so that the
cells would adhere to the bottom of the plate. Oxygen consumption rates (OCR) and
extracellular acidification rates (ECAR) were measured in DMEM containing 1 mM
L-Ala-Gln (glutamax), 1 mM sodium pyruvate and 25 mM glucose, under basal
conditions and in response to 1 UM oligomycin, 1 uM fluorocarbonyl cyanide
phenylhydrazone (FCCP), 1 UM rotenone and 1 uM antimycin A with the XF-24
Extracellular Flux Analyzer (Searhorse Bioscience). OCR and ECAR values from the
extracellular flux assays stress test were calculated as described™***. Glycolytic Stress
Tests were carried out as described above, except that cells were resuspended in
glucose and pyruvate-free DMEM before the addition of 10 mM glucose, 1 UM
oligomycin and 50 mM 2-DG during the assay.

To determined glucose uptake ex vivo splenocytes from Listeria-OVA infected mice
day 3 post infection were incubated with 30 UM of a fluorescence labelled glucose
analogue (2-NBDG, Invitrogen) for 2 h in glucose-free RPMI and washed twice with
PBS before staining with labelled antibodies against cell surface proteins.
Fluorescence was determined by flow cytometry. To determine glucose uptake in
vitro, naive CD8+ T cells were activated with anti-CD3 and recombinant IL-2 or
cultured with IL-7 before incubation with 2NB-DG for 1 h and subsequent analysis by
flow cytometry.

Extracellular L-lactate concentration were determined as follows: OT-I T cells were
flow sorted from Listeria-OVA infected mice three days post infection and were

recultured overnight at a density of 5x10° cells/ml in complete RPMI before
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extracellular L-lactate concentrations were determined using the Glycolysis Cell-

Based Assay Kit (Cayman Chemical) according to manufacturers protocols.

Chromatin Immunoprecipitation (ChIP)-Seq and bioinformatic analysis. ChIP
was performed following an adapted protocol by Upstate/Milipore (Massachusetts,
USA). In brief, naive CD8" T cells isolated from spleens and lymph nodes were
stimulated in vitro with anti-CD3 (5 pug/ml), anti-CD28 (1.8 pg/ml) and rhIL-2 (100
U/ml) for 72 h. Live cells were isolated by Histopaque gradient centrifugation. Cross-
linking was done by addition of 1% paraformaldehyde at room temperature for 10
min, followed by sonication and immunoprecipitation with 10 pg of anti-IRF4 (clone
sc-6059) and a corresponding goat polyclonal-IgG control (clone sc-2028) (Santa
Cruz Technologies). The DNA fragments were blunt-end ligated to the Illumina
adaptors, amplified, and sequenced with the HiSeq Genome Analyzer (Illumina).
Single-end sequenced reads of 49 bp were obtained with the Illumina Analysis
Pipeline and mapped to the mouse genome (mm9) using the Subread aligner’®. Ten
subreads were extracted from each read and at least three consensus subreads were
required to report a hit. Mapping quality scores were used to break the tie when more
than one best locations were found for a read. Only uniquely mapped reads were
retained. Supplementary Table S2 gives the total number of reads and percentage of
reads for the ChIP and input control libraries. IRF4 binding peaks were identified
using MACS v1.4.1 program® with a p-value cutoff of 10, with total sonicated
chromatin (input) used as a control. Genes with binding peaks falling within between
20 kilobases upstream and 5 kilobases downstream of the gene body were considered
to be IRF4 binding targets. NCBI RefSeq mouse annotation build 37.2 was used to
obtain chromosomal coordinates of genes. Entrez gene identifiers were used to match
genes in ChIP-seq data with those in RNA-seq data. MEME v4.8.1 program was used
to carry out a de novo motif discovery to find the binding co-factors of IRF4. 100 bp
genomic sequences centered on IRF4 binding summit positions were used for motif

search.
RNA-sequencing and bioinformatic analysis. Naive CD8" T cells were isolated

from spleens and lymph nodes of OT-I transgenic mice and activated in vitro with

OVA peptides N4 and V4 (1 ug/ml), respectively, and rhIL-2 (100 U/ml) for 72 h.

26



RNA purification was performed following the manufacturer’s protocol using the
RNAeasy Plus Mini Kit (Qiagen). Reads were mapped as for ChIP-seq except for that
paired-end information was used. The distance between paired reads was constrained
to be 50-600 bp. Subsequent analysis used Bioconductor software™. The
featureCounts function of the Rsubread package was used to count the number of
fragments mapped to the exome of each gene. Fragments overlapping exons in the
NCBI RefSeq mouse annotation build 37.2 were included. Supplementary Table S2
gives the total number of reads, percentage of reads mapped to mouse and percentage
of reads assigned to genes for each RNA sample. Genes were filtered from
downstream analysis if they failed to achieve at least § FPKM (Fragments Per
Kilobases per Million mapped reads) in at least one library. Counts were converted to
log2 counts per million, quantile normalized and precision weighted using the voom
function of the limma package®”. A linear model was fitted to each gene and empirical
Bayes moderated t-statistics were used to assess differential expression®. P-values
were adjusted to control the global false discovery rate (FDR) across all comparisons
using the global option of the limma package. Heatmaps were generated using the

gplots package, with negative log2 FPKM values reset to zero.

Immunoblotting. Whole cell extracts were produced by cell lysis in RIPA buffer
containing standard protease inhibitors. Proteins were resolved by denaturing SDS-
PAGE and transferred onto nitrocellulose membrane. The following primary
antibodies were used, anti-IRF4°°, anti-Myc (Cell Signalling) and anti-B-actin (I-19,

Santa Cruz).

Statistics. If not stated otherwise a paired or unpaired student t test as appropriate was

performed to test for statistical significance.

Ingenuity Pathway Analysis (IPA). The differentially expressed genes for Irf4” vs
Irf4""" from the N4 RNA-seq data were functionally analyzed using the knowledge
database IPA (Ingenuity Systems, version 11631407, date of analysis 1 April 2013,
www.ingenuity.com). IPA can design molecular networks of inter-related genes based

on previously published data and can assign the most important functionalities to
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these networks. We set IPA to build networks based on both direct and indirect

relationships with our differentially expressed genes.
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virus (PR8). c-d. Frequencies of antigen-specific CD8" T cells determined by tetramer staining and
flow cytometry in gated CD8" T cells as indicated. e. CD8" T cells as in (c) restimulated with NP,
peptide for 5 h and analysed for effector molecule expression as indicated by flow cytometry. f. CD8"
T cells from influenza infected chimeric mice analysed by flow cytometry in organs as indicated. g-h.
Chimeric mice were infected with Lymphocytic choriomeningitis virus (LCMV, WE). g. Frequencies
of antigen-specific CD8" T cells determined by tetramer staining and flow cytometry as indicated. h.
CD8" T cells from chimeric mice infected with LCMYV restimulated with GPs; peptide and analysed by
intracellular staining and flow cytometry for expression of effector molecules as indicated. Graphs
show mean frequencies +S.E.M.
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Supplementary Fig. 2. Conditional deletion of Irf4 cripples antigen-specific CD8" T cell
responses during acute LCMYV infection. Mice carrying floxed Irf4 alleles were crossed to a
transgenic mouse strain expressing Cre recombinase under the control of granzyme B gene
regulatory elements and infected with LCMV. Deletion of the Irf4 allele occurs after T cell
activation, and is marked by expression of green fluorescent protein (GFP). a. Genomic PCR
confirms the presence of the floxed allele in tail DNA and its deletion in sorted GFP* CD8* T
cells specific for the LCMV epitope GP,,. b-e. Frequencies (b-c) and phenotype (d-e) of
antigen-specific CD8" T cells were measured by tetramer detection of cells specific for the
LCMV epitopes GP,, or NP, and staining with antibodies specific for the surface markers as
indicated at day 9 post infection. Flow cytometry plots are representative and graphs are a
summary of three independent experiments containing 2-3 mice each per group.
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Supplementary Fig. 3. IRF4 is dispensable for activation, proliferation and effector
molecule expression in vitro, and blockade of the intrinsic death pathway does not rescue
antigen-specific IRF4-deficient CD8" T cells in vivo. a-b. CD44 CD62L" naive CD8" T cells
of the indicated genotypes were flow-sorted, labelled with cell division tracker dye CTV and
cultured in the presence of anti-CD3, anti-CD28 and IL-2. a. Expression of activation markers
after 40 h in culture. b. Cell division profile as measured by CTV. Data are representative of 3
independent experiments. ¢-d. Irf4"* or Irf4" bone marrow on a Vav-Bcl2 transgenic (c),
Bim-deficient (d) or wildtype background as indicated were used to generate congenically
marked mixed bone marrow chimeras in irradiated Ly5.1 recipient mice. After reconstitution
mice were infected with influenza virus (HKx31). 10 days later splenocytes were stained with
tetrameric complexes to identify antigen-specific CD8" T cells as indicated. Data in (c) are
combined from three individual mice; horizontal line shows the mean +S.E.M.; data in (d) are
representative of 6 individual mice.
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Supplementary Fig. 4. IRF4 is required for a productive CD8* T cell response in a dose
dependent manner. a-d. Each 2.5x10° OT-I CD8" T cells of indicated genotypes were
transferred into F1 recipients (Ly5.1 x Ly5.2), which were infected with influenza virus
expressing ovalbumin (HKx31-OVA) 1 day prior to cell transfer. a. Flow cytometric analysis
of donor OT-I T cells in the lung-draining mediastinal lymph node 1 day after transfer. b.
Ratio of Irf4*"* and Irf4” OT-1 T cells at indicated times after transfer. NS - not significant. c.
Flow cytometric analysis of restimulated donor-derived Irf4** OT-1T cells (upper panel) and
endogenous CD8" T cells (lower panel) in the spleens 10 days after transfer. d. Division
profiles measured by CTV dilution of donor OT-I T cells in HKx31-OVA infected mice at
indicated times. Numbers indicate corresponding individual divisions. Shaded - freshly CTV
stained cells. e-h. Chimeric mice generated from Irf4™*, Irf4*" or Irf4" (all Ly5.2) bone
marrow mixed with Ly5.1 bone marrow as indicated were infected with influenza virus
(HKx31) (e, f) or LCMV (g, h). Relative contribution (e) or expression of CD62L (f) on
NP, -specific CD8" T cells in influenza-infected mice. Frequencies of effector cells measured
by KLRGI staining (g), and LCMYV specific cells by tetramer detection of CD8" T cells (h).
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Supplementary Fig. 5. Impaired expansion and differential expression of selected
molecules in IRF4-deficient CD8* T cells. a-b. Each 1x10° OT-I T cells of the indicated
genotypes were transferred into F1 mice (Ly5.1 x Ly5.2), which were infected with Listeria
N4 (Lm-N4) or V4 (Lm-V4). Frequencies of OT-I T cells 3 days post infection. NS - not
significant. ¢. 1x10° Irf4** OT-1 CD8"* T cells were adoptively transferred into congenically
marked recipient mice, infected with Listeria N4 (Lm-N4) or V4 (Lm-V4). Graph shows
proportion of donor T cells in comparison to endogenous CD8" T cells in spleen 5 days post
infection. d. 2x10* OT-I T cells of the indicated genotypes were stimulated in vitro in the
presence of N4 or V4 OVA peptide and IL-2. Cell numbers were determined at the times
indicated after the start of culture. e. Mixed bone marrow chimeric mice as in Suppl. Fig. 1
were infected with LCMV. Ly5.2"CD8" T cells in the lymph nodes were analysed by flow
cytometry for expression of IL-7R and KLRGI on antigen specific cells. f-g. Naive CD8" T
cells of the indicated genotypes were labelled with cell division tracker dye CTV, cultured
with CD3 and CD28 antibodies, IL.-2 and IL-12, and analysed at times as indicated by
intracellular staining (f). Blimp1 expression as measured using a PrdmI%” reporter allele (g).
h. Prdmi-GFP and Eomes expression in antigen-specific (NP,,) CD8" T cells in the lymph
nodes of influenza infected bone marrow chimeric mice gated as indicated.
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ID _ Associated Network Functions Score
1 Carbohydrate Metabolism, Molecular Transport, Small Molecule Biochemistry 37
2 Cell Morphology, Hematological System Development and Function, Cell Cycle 36
3 Nucleic Acid Metabolism, Small Molecule Biochemistry, Amino Acid Metabolism 36
4 Dermatological Diseases and Conditions, Developmental Disorder, Hereditary Disorder 36
5 RNA Post-Transcriptional Modification, DNA Replication, Recombination, and Repair, Gene Expression 36
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Supplementary Fig. 6. Impaired metabolic function of IRF4-deficient CD8" T cells in
vitro. a. The five top scoring networks identified by Ingenuity Pathway Analysis (IPA) of
genes differentially expressed between Irf4'/' and Irf4+/+ OT-I T cells stimulated with N4
OVA peptide as in Fig. 5. The dataset was used to run a Core analysis based on Ingenuity
Knowledge Base, which included direct and indirect interactions based upon experimentally
observed data curated from published literature sources. b-e. Extracellular flux analysis of in
vitro activated (48 h) CD8" T cells of the indicated genotypes. Oxygen consumption rate
(OCR, b-c¢). Extracellular acidification rates (ECAR, d-e). Data are the mean +S.E.M. from 3
biologically independent experiments.
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Supplementary Fig. 7. IRF4 and T cell activation regulate genes involved in glycolysis. a.
Model of cellular glycolysis, adapted from Wang et al. (2011). Genes differentially expressed
between wildtype and IRF4-deficient cells stimulated with N4 peptide are shown in red with
log2 fold changes in brackets. Genes marked with * show binding of IRF4 as found in ChIP
sequencing analysis. Numbers indicate log2 fold changes as determined by RNA sequencing.
b. Changes in expression levels of genes involved in glycolysis after activation of wildtype
CDS8" T cells. c. Transcript levels of differentially expressed genes related to OXPHOS in OT-
I'T cells. Data in b, ¢ were determined by RNA-sequencing and are the ratio of FPKM values
(log2).
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Supplementary Fig. 8. Model of clonal competition in CD8" T cells based on affinity-
driven IRF4 expression. CD8" T cell clonotypes bearing TCR’s of different affinity to the
MHClI/peptide complexes presented by antigen presenting cells (left). Clonotypes with
sufficiently high affinity undergo proliferation and dependent on the affinity of the TCR-
MHCl/peptide interaction express different amounts of IRF4 (middle). Dependent on the
amounts of IRF4 expressed cells undergo extensive clonal expansion during which clones of
lower affinity that show lower expression of IRF4 will be outcompeted by high-affinity
clones that express high levels of IRF4. The result is a dominance of a limited number of
high-affinity clones at the peak of the CD8" T cell response (right). Low affinity clones will
die during the course of the response or contribute to memory T cell development. Different
amounts of IRF4 are depicted by different font size; different TCR affinity by different
numbers of ‘+’; horizontal arrow represents progression through the T cell response in time

(days).



Supplementary Tabe 1. The 200 genes most differentially expressed between
OT-1 CD8T cells stimulated with low affinity (V4) and high affinity (N4) OVA

peptide (V4 vs N4), as depicted in Figure 5a.
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0.004399887
0.003221772
0.047517573
0.006771551
0.013753832
0.012502205

0.03639323
0.016021715
0.018590815
0.010219466
0.030266445
0.041042644
0.028417619
0.007751685
0.034502609
0.019387961
0.058697345
0.018794167
0.005099602
0.023718768

0.00555657
0.019641193
0.012183811
0.003605982
0.004186077
0.026347435
0.004753988
0.009962219
0.010766464
0.015553361
0.023933216
0.015804362
0.003221772

0.02656653
0.007362796

0.03148832
0.010488874

0.04222426
0.021669395
0.014646373
0.019554396
0.066150716
0.016006644



20425
64011
209378
15983
228730
52065
20527
108960
13170
381290
69902
286940
69890
83490
30058
66230
20649
26922
20539
74104
276770
51793
65960
66973
11951
16439
14453
338523
77862
53600
69928
58801
105689
28126
14062
67880
69573
13877
80981
66257
68278
22256
18415
54369
14190
22223

Shmtl
Nrgn
Itih5
Ifrd2
Plk1s1
Mfhas1
Slc2a3
Irak2
Dbp
Atp2b4
Mrto4
Finb
Zfp219
Pik3ap1l
Timm8al
Mrps28
Sntb1
Mecr
Slc7a5
Abcb6
Eif5a
Ddah2
Twsgl
Mrps18b
Atp5gl
Itpr2
Gas2
Jhdm1d
Thyn1l
Timm23
Apitdl
Pmaipl
Mycbp2
Nop1l6
F2r
Dcxr
Hilpda
Erh
Arldd
Nicnl
Ddx39
ung
Hspadl
Nme6
Fgl2
Uchll

1.73991964
-1.738021109
-1.734035332

1.732176245
-1.718183698
-1.712980678
-1.711902035

-1.70594745
-1.705897103
-1.702025638

1.694093327
-1.693044996
-1.691394843
-1.680545547

1.673734057

1.66943274

-1.669086852
1.662273305
1.650562436
1.643985279

1.64137848

-1.63639501
-1.635228221

1.630805068

1.630459418
-1.629364421
-1.628163157
-1.621597226

1.614454498

1.611443242

1.611188576
-1.608486309

-1.6061847

1.605376944

1.597596208
-1.596605717
-1.594296876

1.592214688
-1.591804533
-1.591316141

1.585370117

1.584314584
-1.582880129

1.580797793

1.579722737

1.572882434

0.002365656
0.001939574
4.23E-05
0.003083508
0.000487059
0.000510744
0.006966487
0.003345177
3.62E-05
0.000322798
0.001170202
0.000284956
0.000297566
0.002566315
0.001906785
0.000664153
0.005572806
0.000476747
0.006995786
0.002739378
0.000774525
0.000421193
0.000555917
0.001820172
0.000315054
1.68E-05
0.000117663
1.81E-05
0.000423495
0.000639857
0.005597931
0.001792538
0.000121037
0.001092557
1.72E-06
0.001831818
0.003665597
0.000106624
0.001292884
0.00047675
2.79E-05
0.000234516
0.000317201
0.001902465
3.49E-05
0.001625279

0.032975168
0.029900693
0.00574222
0.037667133
0.016132083
0.016361386
0.057608596
0.039032656
0.00555657
0.013775644
0.024285609
0.013477762
0.013753832
0.034202022
0.029659615
0.018342093
0.050853863
0.016006644
0.057646106
0.035391788
0.019641193
0.014997932
0.017027384
0.029212098
0.013775644
0.003547965
0.009926946
0.003605982
0.014997932
0.018188759
0.050910511
0.029044529
0.009926946
0.023308633
0.001050485
0.029212098
0.040947218
0.0094254
0.025290912
0.016006644
0.004751452
0.012502205
0.013775644
0.029655945
0.005544061
0.027887304



108037
15064
17122
327987
69071
18604
237256
18263
71375
67239
20393
104444
12514
17992
17472
78749
66253
105638
50784
101612
13025

Shmt2
Mrl
Mxd4
Med13
Tmem97
Pdk2
Zc3h12d
Odc1l
Foxn3
Rpf2
Sgkl
Rexo2
Cde8
Ndufa4
Gbp4
Filipal
Aigl
Dph3
Ppap2c
Grwdl
Ctla2b

1.571561496
-1.568799044
-1.567603234
-1.560181142

1.559345655
-1.554188899
-1.548867664

1.545023158
-1.541182716

1.54022574

1.537384184

1.536154001
-1.535200665

1.533321648

1.532854517
-1.528977169
-1.526415903

1.524999574
-1.524705054

1.524654632

1.522855275

0.002276024
0.000803506
0.00642489
2.21E-05
0.001325123
0.007395111
3.85E-05
0.00034528
0.000111966
0.000809426
0.000138708
3.77E-05
0.004606912
0.005299814
0.000326921
8.76E-05
0.005205825
0.000263063
0.00146762
0.002622133
0.008781055

0.032404921
0.019756643

0.05498556
0.004062154
0.025598885
0.059122788
0.005608311
0.013947432
0.009713223
0.019833787
0.010219466

0.00555657
0.046251291
0.049546524
0.013775644
0.008376202

0.04902883
0.013264285
0.026852509
0.034469922
0.066001631






Supplementary Tabe 2. Mapping results of RNA and ChlIP sequencing data.

Sample Total number ofl% mapped to[%  assigned to

reads mouse genome  |RefSeq genes (out
of total # of reads)

14" V4 12919854 99.5 78.4

I V4 12334822 994 76.5

Irf4" N4 12454324 99.3 755

Irf4" N4 18595382 994 76.1

Irf4" N4 19119234 994 759

It V4 13217130 99.3 69.7

It V4 13273338 99.5 76.3

Irf4** naive 19897364 99.1 743

Irf4" naive 18906594 97.8 72.9

IRF4-ChIP, CD8 [25090966 87.7

chromatin input 25820698 88.2
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