1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"% NIH Public Access

O
H%

Author Manuscript

Published in final edited form as:
Nature. 2009 July 2; 460(7251): 103-107. doi:10.1038/nature08097.

Enhancing CD8 T Cell Memory by Modulating Fatty Acid
Metabolism

Erika L. Pearcel, Matthew C. Walshl, Pedro J. Cejasl, Gretchen M. Harmsl, Hao Shenz, Li-
San Wangli3, Russell G. Jones4, and Yongwon Choil

1Department of Pathology and Laboratory Medicine, University of Pennsylvania School of Medicine,
Philadelphia, PA 19104, USA

2Department of Microbiology, University of Pennsylvania School of Medicine, Philadelphia, PA
19104, USA

3Penn Center for Bioinformatics, University of Pennsylvania School of Medicine, Philadelphia, PA
19104, USA

4McGill Cancer Centre, Department of Physiology, McGill University, Montreal, QC, H3G 1Y86,
CANADA

Abstract

CD8T cells, which play a crucial role in immunity to infection and cancer, are maintained in constant
numbers, but upon antigen stimulation undergo a developmental program characterized by distinct
phases encompassing the expansion and then contraction of antigen-specific effector (Tg)
populations, followed by the persistence of long-lived memory (Ty) cells!: 2. Although this
predictable pattern of CD8 T cell responses is well established, the underlying cellular mechanisms
regulating the transition to Ty remain undefined1: 2. Here we show that TRAFS, an adapter protein
in the TNF-receptor (TNFR) and IL-1R/TLR superfamily, regulates CD8 Ty, development following
infection by modulating fatty acid metabolism. We show that mice with a T cell-specific deletion of
TRAF6 mount robust CD8 Tg responses, but have a profound defect in their ability to generate

T that is characterized by the disappearance of antigen-specific cells in the weeks following primary
immunization. Microarray analyses revealed that TRAF6-deficient CD8 T cells exhibit altered
expression of genes that regulate fatty acid metabolism. Consistent with this, activated CD8 T cells
lacking TRAF6 display defective AMPK-activation and mitochondrial fatty acid oxidation (FAO)
in response to growth factor withdrawal. Administration of the anti-diabetic drug metformin restored
FAO and CD8 Ty, generation in the absence of TRAF6. Remarkably, this treatment also increased
CD8 Ty in wild type mice, and consequently was able to significantly improve the efficacy of an
experimental anti-cancer vaccine.

A prevailing paradigm in immunology is that antigenic signal strength drives progressive T
cell differentiation 3. To investigate this model regarding Ty, we studied CD8 T cell responses
to bacterial infection in mice with a T cell-specific deletion of TRAF6 (TRAF6-AT), a negative
regulator of antigen-specific T cell activation 4. Despite having fewer total CD8 T cells (S|
Fig. 1), TRAF6-AT mice mounted normal Ova-specific Tg responses to attenuated L.
monocytogenes expressing Ova (LmOva) (Fig. 1a and Sl Fig. 2). To examine CD8 Ty, in
TRAF6-AT mice, we immunized with LmOva and measured Ova-specific cells 60 days post-
infection. Although Ova-specific Tg responses were intact, CD8 Ty, generation in TRAF6-
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AT mice was severely compromised (Fig. 1b and SI Fig. 3), even with 10-fold higher or lower
immunizing doses (not shown). In mice lacking cbl-b®, a different negative regulator of
antigen-specific T cell activation, Ty, developed normally (Sl Fig. 4), indicating that failure
of Ty generation in TRAF6-AT mice cannot be entirely explained by loss of a negative
regulator.

A hallmark of Ty, is the ability to mount accelerated recall responses to challenge infection.
To confirm the impaired generation of CD8 Ty, in TRAF6-AT mice, we challenged previously
immunized CTRL and TRAF6-AT mice with LmOva and measured Ova-specific cells 7 days
later. TRAF6-AT mice failed to respond robustly to re-infection, suggesting that Ty, may not
have been generated and that the smaller Ova-specific population present in TRAF6-AT mice
was a new primary response (Fig. 1c). To determine if TRAF6-AT mice generate Ty, we
transferred equal numbers of Ova-specific cells from previously immunized CTRL and
TRAF6-AT mice 28 days post-infection, at which time a small population of Ova-specific cells
appeared to be present (Sl Fig. 3), and compared functionality on a per cell basis in response
to challenge. We reasoned that naive donor cells transferred into immune-competent animals
would not respond to infection because they would be vigorously outcompeted by endogenous
naive cells, and only Ty, donor cells would mount accelerated recall responses that could
outcompete endogenous naive cells. At day 7 post-challenge, donor-derived Ova-specific
secondary Tg cells from CTRL mice represented 11% of the engrafted population while
TRAF6-AT donor cells were undetectable (SI Fig. 5), demonstrating a severe impairment in
CD8 Ty development in TRAF6-AT mice.

TRAF6-AT mice accumulate CD4 T cells and develop multi-organ inflammatory disease “.
Since CD4 T cells can influence CD8 T cells responses 58 we wanted to rule out effects from
the TRAF6-deficient CD4 T cell compartment. To determine if defective CD8 Ty, generation
in TRAF6-AT mice was intrinsic to CD8 T cells, we crossed TRAF6-AT mice with MHCI-
restricted Ova-specific TCR-transgenic OT-I mice. Since OT-1 mice lack CD4 T cells,
generating OTI-TRAF6-AT mice allowed us to assay a pure population of uniformly naive
TRAF6-deficient CD8 T cells (SI Figs. 6-8). We transferred OTI-TRAF6-WT and OTI-
TRAF6-AT cells into congenic recipients, which possess a normal CD4 T cell compartment,
and then immunized with LmOva (Fig. 2a). By transferring only small numbers of transgenic
cells we could measure endogenous Ova-specific cells at the same time as the engrafted donor
response, allowing us to assume that the majority of donor cells were activated °. In addition,
following T cell responses by serially bleeding allowed us to compare the kinetics of
responding CD8 T cells within individual animals. Although both OTI-TRAF6-WT and OTI-
TRAF6-AT donor cells mounted strong Tg responses (days 4-6), OTI-TRAF6-AT cells were
not maintained during contraction (days 10-21) and were undetectable by 3 weeks post-
infection (Fig. 2b,c and SI Fig. 9). Donor Tg cells from both genotypes exhibited similar
expression of classical activation markers following primary immunization (Sl Figs. 10,11)
however, consistent with published data regarding killer cell lectin-like receptor 1 (KLRG1)
as a marker for short-lived Tg cells that do not form Ty, a greater percentage of the OTI-
TRAF6-AT Tg population expressed higher levels of KLRG1 (S Fig. 12) 10. Following
challenge infection, only donor OTI-TRAF6-WT Ty, cells responded robustly (Fig. 2b,c and
Sl Fig. 9). These results demonstrate that although TRAF6 is dispensable for CD8 Tg
responses, TRAF6 signaling within CD8 T cells is crucial to Ty, generation.

Antigen-specific CD8 T cells responding to infection are not a homogenous population, but
consist of small numbers of Ty precursors that express IL-7Ra 11. In conjunction with this
idea, numerous studies have delineated roles for the y. cytokines IL-7 and IL-15 as critical
factors for CD8 T cell homeostasis and Ty development 12715, Impaired y. cytokine signaling
in TRAF6-deficient CD8 T cells could explain the defect in their ability to form Ty,. We tested
the ability of CD8 T cells to respond to IL-15 and found that both OTI-TRAF6-WT and OTI-
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TRAF6-AT cells exhibit similar responsiveness to this cytokine (SI Fig. 13,14). To be sure that
the lack of Ty, development by TRAF-6-deficient CD8 T cells is not secondary to a defect in
survival, and to further investigate a possible defect in y. cytokine signaling, we crossed OT]I-
TRAF6-AT mice to mice constitutively expressing an active form of Stat-5 (CA-St5) 16, a
critical y, cytokine receptor downstream signaling molecule 16. CD8 T cells expressing CA-
St5 show augmented survival, proliferation, and Bcl-2 expression 17, and CA-St5 mice exhibit
selective expansion of memory-like CD8 T cells 16. We transferred CA-St5-OTI-TRAF6-WT
and CA-St5-OTI-TRAFG-AT cells into congenic mice, immunized, and followed the donor
and host Ova-specific responses (Fig. 2d and SI Fig. 15). Contraction of CA-St5-OTI-TRAF6-
WT populations was reduced compared to control OT-1 populations (Figs. 2c and 2d).
Surprisingly however, CA-St5-OTI-TRAF6-AT cells were not rescued from contracting to
undetectable levels 3 weeks post-infection (Fig. 2d and Sl Fig. 15). Importantly, we confirmed
that CA-St5 expression in TRAF6-deficient CD8 T cells enhanced survival in an ex vivo
survival assay (S| Fig. 16), suggesting that the severe contraction exhibited by the TRAF6-
deficient OT-I population (Fig. 2c,d and Sl Fig. 15) and the ensuing lack of Ty, development
is not secondary to a general survival defect. Animals primed with the challenge dose of
bacteria 3 weeks post-transfer showed no differences in the Tg response between the genotypes
(Fig. 2e and Sl Fig. 15), indicating that the loss of TRAF6-deficient CD8 T cells is exaggerated
in response to signals following infection, and not simply due to defects in homeostatic signals
following transfer.

We used a systems biology approach to identify unique gene expression signatures between
OTI-TRAF6-WT and OTI-TRAF6-AT CD8 T cells that could account for their differences in
survival following infection. We performed microarray analyses for both genotypes 6 and 10
days post-transfer and infection (SI Fig. 17). Due to similar survival rates between OTI-
TRAF6-WT and OTI-TRAF6-AT CD8 T cells during the peak of the Tg response, but striking
differences in survival during contraction, we reasoned that expression of genes related to
survival might begin to diverge between genotypes at d10 post-infection. We used the NIAID
DAVID website to look for pathways in the KEGG database that have significant overlaps
with differentially expressed genes in our microarray experiment. We discovered that TRAF6-
deficient cells from d10 post-infection displayed defects in the expression of genes which
function in several metabolic pathways, including fatty acid metabolism (Fig. 3a).

FAO is an important survival pathway in metabolically stressed cells 18 and the removal of
signals associated with infection, such as growth factor cytokines including IL-2, induces
metabolic stress in hematopoietic cells 1% 20, Therefore, we tested the ability of OTI-TRAF6-
WT and OTI-TRAF6-AT CD8 T cells to oxidize fatty acids following withdrawal of the pro-
proliferative growth factor cytokine IL-2 in vitro. After IL-2 withdrawal, only control OTI-
TRAF6-WT CD8 T cells increased FAO to a high degree (Fig. 3b). Consistent with normal
activation (SI Fig. 18), activated control and TRAF6-deficient CD8 T cells increased glycolysis
in response to IL-2 (data not shown). Also, TRAF6-deficient CD8 T cells displayed normal
upregulation of FAQ in response to glucose withdrawal, indicating that cells are not completely
unfit in the absence of TRAF6, but rather their inability to regulate catabolic fatty acid
metabolism is due to the lack of a specific signal from growth factor (SI Fig. 19). Importantly,
although transgenic-expression of CA-St5 did enhance T cell survival following infection (Sl
Fig. 16), it did not rescue the defect in FAO in TRAF6-deficient cells following growth factor
withdrawal (SI Fig. 20), suggesting that FAO defects are not secondary to survival defects.

Proliferating T cells use glycolytic metabolism rather than FAO for energy generation 21723,
and growth factors enable this bias 2. In the absence of glucose, cells can survive in part by
ceasing proliferation and switching to catabolic metabolism like FAO and autophagy 18 20,
OTI-TRAF6-AT CD8 T cells were notably less capable of effecting this metabolic switch than
OTI-TRAF6-WT CD8 T cells following IL-2 withdrawal (Fig. 3c). This suggested that
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TRAF6-deficient CD8 T cells responding to infection are unable to survive contraction and
persist as long-lived Ty, due to an inability to properly engage pathways of FAO when growth
factors like IL-2 become limiting after the peak of the immune response.

AMP-activated kinase (AMPK) and Akt are central regulators of FAO and glycolyis,
respectively 23, Consistent with reduced FAO, TRAF6-deficient CD8 T cells have lower active
AMPK levels following IL-2 withdrawal (Fig. 3d). To investigate whether AMPK defects
could underlie decreased FAO in TRAF6-deficient CD8 T cells, we measured the effect of the
anti-diabetic drug metformin, which promotes AMPK activation 22, on FAO following IL-2
withdrawal. Metformin increased AMPK activation (Fig. 3d) and rescued FAO in TRAF6-
deficient CD8 T cells (Fig. 3e). In contrast, FAO in TRAF6-deficient cells was unaffected by
the Akt inhibitor triciribine (Fig. 3e), suggesting that Akt may not regulate this metabolic
pathway. These data support that FAQ initiation following the peak of infection, accompanied
by the reduction in T cell survival signals, underlies Ty, development, and that commitment
to this metabolic pathway is affected when TRAF®6 is absent. In such a case, stimulating FAO
in TRAF6-deficient CD8 T cells would rescue the observed defects and promote Tyy.
Consistent with this hypothesis, OTI-TRAF6-AT CD8 T cells had lower levels of active AMPK
at the peak of the Tg response (Fig. 3f).

To explore if inducing FAO in vivo would rescue the observed defects in TRAF6-deficient
CD8 T cells and promote Ty, we administered metformin daily following T cell transfer and
infection. Remarkably, metformin not only promoted survival of OTI-TRAF6-AT CD8 T cells
throughout contraction, but also of endogenous Ova-specific cells, resulting in enhanced Ty
with the capacity to respond to re-infection (Fig. 4a and Sl Fig. 21). Metformin also promoted
OTI-TRAF6-WT CD8 T cell survival (Fig. 4b). Treatment with a second FAO-inducing drug
26728 the mTOR (mammalian target of rapamycin) inhibitor rapamycin, resulted in strikingly
increased Ty, development and ensuing recall response for both OTI-TRAF6-AT and OTI-
TRAF6-WT CD8 T cells (Fig. 4a,b and SI Fig. 21). Together these data strongly point towards
the commitment to FAO as a key requirement for Ty, development, and the pharmacological
modulation of this metabolic pathway as a potential target for vaccine design.

Promoting CD8 Ty, development is a major goal of vaccination. Our data showing increased
CD8 Ty, for donor OT-1 and endogenous Ova-specific cells following metformin treatment
suggested that commitment to FAO is generally important for CD8 Ty, development, and not
only in settings of TRAF6-deficiency. This led us to the idea that pharmacological modulation
of T cell metabolism could enhance vaccine efficacy. To test this we utilized an experimental
vaccine against an aggressive tumor 22, We immunized control mice with LmOva and then
began daily injections of PBS or metformin following the peak of the Tg response. After three
weeks, drug treatment ceased and mice were inoculated with EL4-Ova tumor cells (Fig. 4c).
Metformin was administered after Tg cell expansion to avoid the possibility of altering the
Tg response. To rule out direct effects of metformin on tumor growth, treatment was stopped
24 hours before tumor injection. Following EL4-Ova inoculation, 6/9 metformin-treated mice
survived >33 days compared to only 1/8 PBS-treated mice (Fig. 4c). This increase in survival
following metformin treatment correlated with an increase in Ty, cells prior to tumor
inoculation (SI Fig. 22), suggesting that metformin treatment enhanced Ty, cell generation
resulting in greater protective anti-tumor immunity.

Proliferating T cells utilize glucose as their main energy source and suppress fatty acid
metabolism, while quiescent cells (i.e. naive and Ty,) break down fatty acids, amino acids, and
glucose interchangeably for energy 23. As such, proliferating Tg cells display an anabolic
signature typified by increased glycolytic metabolism, while Ty, cells display a catabolic
signature. This implies that during contraction there is an active conversion of cellular energy
metabolism in order to generate Ty4. Current models suggest that during contraction T cells
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compete for growth factors such as IL-2, and we speculate that as these growth factors become
limiting, cells become stressed and undergo a metabolic transformation essential for Ty
generation. We propose a model where TRAF6 plays a critical role following infection by
regulating a metabolic switch in CD8 T cells that promotes survival and development into long-
lived Ty.

Investigating the role of TRAF6 in Ty, development led us to the surprising finding that energy
metabolism can be pharmacologically manipulated during an immune response to promote
CD8 T\ generation and protective immunity. Although the exact mechanism of metformin-
mediated CD8 Ty, enhancement remains unclear, our work suggests that metabolism-altering
drugs hold promise as immunotherapeutics and command further study as modulators of T cell
responses. Metformin has been shown to inhibit tumor progression 2% 30, although given our
results it is unclear how metformin-regulated changes in Ty, contribute to its anti-tumor
properties. Our findings highlight a critical link between metabolic transitions and cell fate
determination, and may have important implications for therapeutic and prophylactic vaccine
development.

Methods Summary

Methods

Mice

TRAF6MXfIXCD4-cre(—) (CTRL) and TRAF6X/IXCD4-cre(+) (TRAF6-AT) were bred in
house (backcrossed >10 generations to C57BL/6) and have been previously described 4.
C57BL/6 (WT) and OT-I transgenic mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). OT-I mice were bred to TRAF6X/fIXCD4-cre mice to generate control OT-I-
TRAF6MXfXCD4-cre(—) or OT-I-TRAF6/X*CD4-cre(+) mice (OTI-TRAF6-WT) and OT-I-
TRAF6X/fIXCD4-cre(+) (OTI-TRAF6-AT). Mice expressing the constitutively active Stat5
transgene (CA-St5) 16 were provided by Michael Farrar (University of Minnesota) and bred
to OT-I-TRAF6fX*CD4-cre(+) mice to generate control OT-I-CASt5-TRAF6fX/IXCD4-cre
(-) mice (OTI-CA-St5-TRAF6-WT) and OT-I-CA-St5-TRAF6MX/IXCD4-cre(+) mice (OTI-
CA-St5-TRAF6-AT). Age-matched CTRL and TRAF6-AT mice were injected i.v. with a sub-
lethal dose of 1x10% CFU of recombinant attenuated L. monocytogenes (LmOva) for primary
immunizations and challenged i.v. with 1x107 CFU for secondary immunizations. CD45.1
congenic mice from OT-I adoptive transfer experiments were injected with a sub-lethal dose
of 5x108 CFU of LmOva for primary immunizations and were challenged i.v. with 5x10” CFU
for secondary immunizations. Acute LmOva infections are resolved and bacteria are cleared
by day 7 in all mice. All p-values were calculated using unpaired two-tailed Student’s t test.

Cbl-b—/— mice were a gift from Josef Penninger. B6.Ly5.2/Cr (CD45.1 congenic) mice were
purchased from the National Cancer Institute (Frederick, MD). All animals were cared for
according to the Animal Care Guidelines of the University of Pennsylvania.

Immunizations

We used the attenuated strain of rLmOva deleted for actA (LmOva) 3! throughout this paper
for convention, however, challenging CTRL and TRAF6AT mice with 1x10% CFU of non-
attentuated recombinant Listeria expressing Ova 32, or priming and challenging CD45.1
congenic mice from an OT-1 adoptive transfer with 1x10% CFU and 1x106 of recombinant
Listeria expressing Ova respectively, yielded similar results. To determine bacterial clearance
CTRL and TRAF6-AT were immunized with 8x10% CFU LmOva and colony forming units
per spleen and liver were determined 2, 4, and 6 days after infection as described 31. 5x106
EL4-Ova (EG.7) tumor cells were injected into the right flank of mice as indicated.
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Flow cytometry and intracellular cytokine staining

All fluorochrome-conjugated monoclonal antibodies were purchased from BD Pharmingen
(San Diego, CA) or from eBioscience (San Diego, CA). All staining was performed as
previously described 31, For ex vivo intracellular cytokine staining, cells were cultured at 37°
C for 5hr in complete medium supplemented with 100U/ml of recombinant human IL-2, 1.0
pl/ml GolgiStop, in either the presence or absence of Ovays7_og4 peptide at 1.0 pg/ml. Ova-
specific CD8* T cells were also quantified by direct staining with H2-KP/Ovags7_64 (KP/Ova)
MHC/peptide tetramers, either by sacrificing animals and cells harvested from organs or by
collecting blood from a live animal (serial bleeds), as indicated.

Adoptive transfers

Splenocytes from CTRL and TRAF6-AT mice 28 days post-immunization were stained with
KP/Ova tetramer to determine numbers of Ova-specific CD8 T cells. Splenocytes containing
1x10* of Ova-specific cells were transferred intravenously to recipient mice followed by
challenge infection as indicated. For OT-I cell adoptive transfers, OT-I cells were obtained
from the blood or spleen and then stained with K/Ova tetramers to determine numbers of OT-
I cells and then <5000 OT-I cells were transferred into recipient mice. Adoptive transfer
experiments were done with either OTI-TRAF6/X/fXCD4-cre(-) or OTI-TRAF6X*CD4-cre
(+) cells, and this confirmed that CD4-cre-expressing cells are not rejected.

In vitro T cell stimulation

Naive T cells were activated with aCD3 (1.0pg/ml), aCD28 (0.5ug/ml), and 100U/ml of I1L-2
for 3 or 4 days and then assayed as indicated.

Metabolism assays

All activated T cells were rested in the absence of IL-2 for 3—4 hours (rest period) prior to
culturing in the absence or presence of IL-2 or glucose (withdrawal period). The glycolytic
rate of T cells was determined by measuring the conversion of 5-3H-glucose to tritiated water,
as described previously 33. Briefly, in vitro activated OT-I cells were plated at 1x10%/ml in 24
well plates and cultured +/— glucose and +/— IL-2 100U/ml as indicated for 14 — 16 hrs. Cells
were harvested, washed twice and resuspended in either glucose-free or glucose replete
medium +/— 100u/ml of 1L-2 (RPMI, Gibco), and then incubated with 10 umCi of 5-3H-glucose
(Perkin-Elmer) at 37°C for 1 h. The reaction was stopped by adding HCI (0.1M final). 3H,0
generated by enolase activity was separated from 5-3H-glucose by diffusion, and counts were
measured using a 1450 Microbeta scintillation counter (Wallac). Measurement of
mitochondrial-dependent p-oxidation of fatty acids was conducted as previously described
with modifications 34. In brief, 1x10° activated OT-I cells were cultured +/— glucose and/or
+/— IL-2 100U/ml as indicated for 14 — 16 hrs. [9,10-3H]-palmitic acid complexed to BSA
(essentially fatty acid free; Sigma) was added to the cultures and incubated for 6-8 hours.
Mitochondrial-independent B-oxidation was assessed by measuring [9,10-3H]-palmitate
oxidation in the presence of 200 uM etomoxir (Sigma), an irreversible inhibitor of carnitine
palmitoyltransferase | (CPT1), the rate-limiting enzyme for mitochondrial import of long-chain
fatty acids. Supernatant was applied to ion-exchange columns (Dowex 1X8-200, Sigma),
and 3H,0 recovered by eluting the columns with water. One-fifth of the recovered 3H,0 was
then used for scintillation counting. The rate of B-oxidation was calculated as the difference
between oxidation counts in the presence or absence of etomoxir, and expressed as CPM per
1x106 cells. Metformin (2mM) 3° or triciribine (1uM) 36 was added during the IL-2 withdrawal
period as indicated.
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In vivo drug treatment

Microarray

Mice were injected daily with 300ul of PBS or metformin (250mgxkg) 3 in 300ul of PBS.
Rapamycin was dissolved in PBS / 5% DMSO and injected daily (1.5mg/kg) 37. The PBS
vehicle for these experiments also contained 5% DMSO. No effect between PBS and PBS /
5% DMSO was detected.

Following OT-I cell adoptive transfer and LmOva infection, splenocytes and blood were
harvested (at d6 and d10 post-infection) from individual mice and donor cells were sorted
(FACS Vantage, BD bioscience) on the CD45.2 donor marker directly into Trizol LS
(Invitrogen). RNA was extracted and samples were analyzed using the Affymetrix Mouse
Genome 430 2.0 Array at the University of Pennsylvania Microarray Core Facility. We first
used the gcrma package 38 from the Bioconductor software 39 to generate log, probesets
expression levels. Hierarchical clustering showed one of the samples is an outlier and is
excluded in subsequent analyses. We used the limma software package 4° from Bioconductor
to assess the effect of time (d6 and d10) and genotype (WT and TRAF6 ") by fitting the
expression levels of each probeset i using R model specification “expr ~ genotype * timepoint”,
which translates to the following model:

x,-j:m;+a,-G,-j+b,- T;j+r;GT1j+e;j

where Xjj is the log; expression level in sample j, m; is the overall mean log, expression level,
Gij is the indicator variable whether sample j is TRAF6~/~ (Gjj=1 if sample j is TRAF6 /", 0
otherwise), Tjj is the indicator variable whether sample j is harvested at d10, and GTj; is the
genotype-timepoint interaction term (GTj; = 1 if and only if Gjj=1 and Tjj=1), aj, bj, and r; are
the coefficients of the genotype and timepoint effects to be estimated, and ejj is the normally-
distributed error term. We determined whether probesets are differentially expressed between
genotypes at d6 (d10) using the classify TestsF function (nested F-test) from limma with default
p-value cutoff 0.01 and generated Venn diagrams.

Western blot analysis

Cell lysate preparation, SDS-PAGE, electrophoretic transfer, immunoblotting, and
development using enhanced chemiluminescence were accomplished as previously described
41 To isolate ex vivo Tg, OT-I cells were adoptively transferred into CD45.1 congenic mice
followed by LmOva infection. Atd7 post-infection donor cells were isolated (at 4°C) by MACS
purification (Miltenyi Biotech). All antibodies for western analysis were purchased from Cell
Signaling. P-AMPK measures phosphorylation at Thr-172.
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Figure 1. TRAF6-AT mice mount normal Tg responses, but have impaired Ty, development

following immunization with L. monocytogenes

Control (CTRL) and TRAF6-AT mice were LmOva-immunized and spleen (a and c) or spleen
(SPL), lymph nodes (LN), and bone marrow (BM) cells (b) were Ova peptide-restimulated and
analyzed for intracellular IFN-y 7 days (a) (n=3-5 per group) or 60 days (n=3 per group) (b)
post-infection. (c) 60 days post-immunization mice were challenged with LmOva and Ova-

specific cells were analyzed 7 days post-challenge (n=3 per group). Dot plots and bar graphs
show percentages of CD8 T cells producing IFN-y (means + standard deviation) *p=0.02 (b),

0.0005 (c).
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Figure 2. TRAFG6 intrinsically regulates CD8 T generation
OT-I cells (<5000) from OTI-TRAF6-WT and OTI-TRAF6-AT (CD45.2) (a—c) or CA-St5-
OTI-TRAF6-WT and CA-St5-OTI-TRAF6-AT mice (CD45.2) (d,e) were transferred into
CD45.1 recipients (n=5-9 per group) and LmOva-immunized. Three weeks post-transfer
immune (a—d) or unimmunized mice (e) were LmOva-challenged. Mice were bled as indicated
and cells surface stained. Dot plots show donor cells by CD45.2 and KP/Ova tetramer (numbers
indicate total CD8 T cell percentages that are host- or donor-derived). Line graphs represent
percentages of donor-derived CD8 T cells (means + standard deviation).
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Figure 3. TRAF6-deficient CD8 T cells display defects in fatty acid metabolism that can be corrected
by metformin
OT-I cells (<5000) from OTI-TRAF6-WT and OTI-TRAF6-AT mice (CD45.2) were

transferred into CD45.1 recipients and immunized with LmOva. 6 (n= 3 per group) and 10
(n=5 per group) days post-infection donor cells were analyzed by microarray (a and Sl Fig.
17). Tables generated using NIAID DAVID and KEGG databases (a). FAO (measured as
mitochondrial B-oxidation) of activated OTI-TRAF6-WT and OTI-TRAF6-AT cells post-1L-2
withdrawal, *p value=0.012 (b). Ratio of B-oxidation to glycolysis in activated OTI-TRAF6-
WT and OTI-TRAF6-AT cells post-1L-2 withdrawal (c). Western analysis of cells 16 hours
post-1L-2 withdrawal +/— metformin (Acetyl CoA carboxylase (ACC) and Raptor are
examined as targets of AMPK) (d). Mitochondrial B-oxidation of activated OTI-TRAF6-WT
and OTI-TRAF6-AT cells +/— IL-2, where cells received nothing (=), triciribine (T), or
metformin (M) for 16 hours, *p value = 0.003 (e). Western analysis of purified OTI-TRAF6-
WT and OTI-TRAF6-AT Tg donor cells (7 days post-infection) (f).
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Figure 4. Metformin treatment promotes Ty, generation and protective immunity following
infection and tumor challenge

(a,b) OT-I cells (<5000) from OTI-TRAF6-WT and OTI-TRAF6-AT mice (CD45.2) were
transferred into CD45.1 recipients and immunized with LmOva. 8 days post-infection mice
were injected daily with PBS (n=7-9 per group), metformin (n=7-9 per group), or rapamycin
(n=5 per group) for three weeks and were then challenged with LmOva. Ova-specific responses
of host and donor cells in the blood were measured 5 days post-challenge. Dot plot numbers
reflect the percentages of total CD8 T cells that are host or donor-derived (Ova-specific). Bar
graphs represent percent of CD8 T cells that are donor-derived (means + standard error). *p
values (comparing to PBS) = 0.015 (Met) and 0.000038 (Rap)(a), 0.0373 (Met) and 0.00028
(Rap)(b). (c) C57BL/6 mice were immunized and daily injections of metformin or PBS began
7 days post-infection. Three weeks later treatments ceased and mice were inoculated with EL4-
Ova tumors. Tumors became palpable by 18 days post-inoculation and mice were euthanized
when tumors reached 2cm. Graph reflects percent survival (n=9, metformin and n=8, PBS).
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