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Abstract

Since its discovery, diverse functions have been attributed to the Go/G; switch gene 2 (G0S2),
from lipid metabolism to control of cell proliferation. Our group showed for the first time that
GO0S2 promotes quiescence in hematopoietic stem cells by interacting with and retaining nucleolin
around the nucleus. Herein, we report the role of G0S2 in the differentiation and function of CD8*
T cells examined in mice with an embryonic deletion of the G0s2 gene. GOS2 expression in naive
CDS8™* T cells decreased immediately after T-cell receptor activation downstream of the MAPK,
calcium/calmodulin, PI3K, and mTOR pathways. Surprisingly, G0S2-null naive CD8* T cells
displayed increased basal and spare respiratory capacity that was not associated with increased
mitochondrial biogenesis but with increased phosphorylation of AMPKa. Naive CD8* T cells
showed increased proliferation in response to in vitro activation and in vivo lymphopenia;
however, naive CD8* T cells expressing the OT-1 transgene exhibited normal differentiation of
naive cells to effector and memory CD8* T cells upon infection with Listeria monocytogenes in a
wild type or a GOs2-null environment, with increased circulating levels of free fatty acids.
Collectively, our results suggest that GOS2 inhibits energy production by oxidative
phosphorylation to fine-tune proliferation in homeostatic conditions.
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INTRODUCTION

Quiescence and proliferation are actively regulated processes that are able to control bursts
of naive CD8" T cell expansion in response to homeostatic and pathogen-driven stimuli
without leading to lymphoproliferative disorders 1. The emerging paradigm is that the
modulation of energy metabolism is critical for lymphocyte proliferation, as well as for the
transcriptional regulation of cell cycle and lineage determination genes 2 3. The
identification of inhibitors of T cell proliferation is critical for better understanding immune
responses, lymphoproliferative disorders, and leukemia.

Naive CD8* T cells produced in the thymus circulate in peripheral tissues in a non-
proliferative state of quiescence and enter the cell cycle to restore the numbers of T cells
during homeostasis or upon encountering activated dendritic cells. A transient lymphopenia
induces homeostatic polyclonal proliferation of T cells by increasing the availability of 1L-7
and interactions with specific self-pMHC (reviewed in 4). However, pathogens induce the
clonal expansion of antigen-specific CD8* T cells, which is followed by a contraction that
aims to reduce the numbers of activated T cells after pathogen clearance, and finally, the
establishment of immunological memory. Memory T cells reacquire the properties of naive
T cells, such as quiescence and self-renewal, and remain in a ‘primed’ state pre-charged
with cyclins involved in the G1 to S transition, which allows for faster responses during
secondary exposures to the same antigen °. There is emerging evidence that T cell
proliferation is modulated by the choice of energy source in addition to the transcriptional
activation of genes involved in the exit from quiescence and entry into cell cycle 8 7. Naive
T cells oxidize pyruvate via oxidative phosphorylation (OXPHOS) to generate ATP,
whereas activated T cells switch to glycolysis because this catabolic pathway allows cell
growth by producing intermediate metabolites required for the synthesis of
macromolecules 3. A balanced metabolism between OXPHOS and oxidation of free fatty
acids and glycolysis most likely plays a critical role in the maintenance and release of naive
T cells from a quiescent state.

The GO0/G1 switch gene 2 (G0S2) is a small protein first identified in activated lymphocytes
with ascribed functions in the lipid metabolism and proliferation of hematopoietic and
leukemic cells 8-12, Studies of subcellular localization indicate that GOS2 can be found in the
endoplasmic reticulum and mitochondria of hematopoietic cells 1°. It is believed that G0S2
exerts these seemingly disparate functions, at least in part, via protein-protein interactions of
its hydrophobic domain with different partners: adipose triglyceride lipase 12, nucleolin 10,
bcl-2 13, and more recently, FoF1-ATP synthase 14. In addition to its physiological functions,
GO0S2 has also been associated with tumor suppression in head and neck cancers, squamous
lung cancer, and acute myeloid leukemia 15-17. The function of G0S2 in immune cells is
largely unknown, even though GOS2 expression was found to be elevated in various
inflammatory disorders, such as endometriosis 18, rheumatoid arthritis 19, vasculitis 29, and
psoriasis 21,

We recently identified a previously unknown function of GOS2 as an inducer of quiescence
in hematopoietic stem cells and chronic myeloid leukemia cells, mediated at least in part by
a protein-to-protein interaction with nucleolin in the cytosol 1922, |n this study, we report
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the generation of GOs2-null mice to study T cell proliferation. We found that G0s2~/~ CD8*
T cells are endowed with higher basal and spare respiratory capacity (SRC) than wild type
controls, which was not due to increased mitochondrial mass or membrane potential but
rather due to a deregulated activity of AMPK and mTOR pathways. Therefore, GOS2 fine-
tunes the exit from quiescence during homeostatic T cell proliferation and in vitro TCR
activation. However, loss of GOS2 seems to have a redundant role in antigen-driven
proliferation in primary and secondary infection with Listeria monocytogenes. Our study
reveals a novel function for G0S2 in the energy metabolism and proliferation of CD8* T
cells.

Expression of GOS2 in CD8* T cells

In a previous study, we found that resting naive CD8" T cells express high levels of

G0S2 23, Herein, we show that GOS2 transcripts rapidly decreased in CD8" T cells activated
in vitro with plate-bound anti-CD3 and anti-CD28 (Figure 1a). Furthermore, GOS2 levels
inversely correlated with the expression of cyclin E2, used as surrogate marker of cell
proliferation, suggesting a potential role in the regulation of cell division. To elucidate
which pathway downstream of the TCR leads to suppression of GOS2 transcription, we then
activated naive CD8" T cells in the absence or presence of the inhibitors PD98059 (MAPK),
cyclosporin A (calcium/calcineurin), LY294002 (PI13K), and rapamycin (mTOR). Inhibition
of GOS2 expression triggered by TCR activation was prevented by all inhibitors, suggesting
that the MAPK, calcium/calcineurin, PI13K, and mTOR pathways are all involved in G0S2
suppression during activation of CD8* T cells (Figure 1b,c). This observation was consistent
with a previous report that cyclosporin A inhibits the expression of GOS2 in human
mononuclear cells 24, Based on our findings, we hypothesized that GOS2 may have an
inhibitory role in T cell proliferation, and thus its expression needs to be repressed following
TCR-mediated activation. Consistent with this model, we found increased reconstitution of
T cells in mice transplanted with G0S2-silenced bone marrow cells 19,

Generation of GOS2-null mice

For this study, we generated G0s2~/~ mice using embryonic stem cells with a targeted
deletion of the entire GOs2 gene generated by the insertion of a LacZ cassette (Velocigene)
(Figure 2a,b). At the time of manuscript preparation, a publication reported the generation of
G0s2~~ mice using a similar approach 25. Mice with homozygous GO0s2 deletion are born
healthy, although heterozygous females were used for breeding because of the perinatal
mortality of G0s2~/~ pups born from a homozygous null mother. Consistent with G0S2
inhibition of adipocyte lipolysis 11: 26, the levels of free fatty acids, but not triglycerides,
were significantly elevated in G0s2~/~ mice kept on a normal chow diet (Figure 2c). We
evaluated potential alterations of blood cells because ectopic GOS2 expression lowers the
multi-lineage reconstitution of HSCs 10. However, flow cytometric analysis showed no
alterations in the distribution of granulocytes, B cells, and T cells in the peripheral blood of
G0s2~'~ mice monitored up to 8 months of age (Figure 2d.e).
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Naive CD8* T cells have increased mitochondrial respiratory capacity

In the last few years, many reports have indicated that the modulation of fatty acid
metabolism is critical for CD8* T cell function 27- 28, Based on the localization of GOS2 in
the mitochondria 19, we investigated whether G0S2 modulates energy metabolism in
lymphocytes. The oxygen consumption rate (OCR) of activated CD8* T cells was measured
in real time in the presence of mitochondrial inhibitors to block ATP synthesis (oligomycin),
uncouple ATP synthesis from the electron transport chain (FCCP) and to block complexes |
and 111 of the electron transport chain (rotenone and antimycin A, respectively). The basal
OCR and spare respiratory capacity (SRC) were significantly higher in G0s2~/~ CD8* T
cells (Figure 3a,c), suggesting that GOS2 inhibits OXPHQOS. In addition, the extracellular
acidification rate (ECAR) after the addition of glucose was higher in G0s2~/~ CD8* T cells
compared to wild type CD8* T cells (Figure 3b,c). Because ECAR is predominantly driven
by lactic acid production during glycolysis, this finding suggests that GOS2 modulates
glycolytic activity during T cell activation to a lower extent than OXPHOS, and therefore,
that the increase in SRC is primarily due to OXPHQOS (Figure 3c). To further investigate
whether G0s2 modulates glycolysis, we examined the expression levels of enzymes
involved in glucose metabolism (glycolysis, gluconeogenesis, tricarboxylic acid cycle,
pentose phosphate pathway, and glycogen metabolism) both in resting and activated CD8* T
cells. In non-activated G0s2~/~ CD8* T cells, we observed increased levels, greater than 2-
fold, in the glycolytic enzymes HK3 (hexokinase 3) and Pklr (pyruvate kinase), which feed
the TCA cycle and OXPHOS. On the other hand, we found that the enzyme Fbpl involved
gluconeogenesis was downregulated in activated G0s2~/~ CD8* T cells in addition to
Phkg-1 (glycogen metabolism), with no other significant changes of glycolytic enzymes
(Figure 3d). Collectively, our findings support a greater role of G0s2 in OXPHOS. Contrary
to our finding, a recent report proposed that GOS2 positively regulates OXPHOS in
cardiomyocytes via direct interaction with the FoF1-ATP synthase 14. These data indicate
that GOS2 likely interacts with proteins involved in OXPHQOS in the mitochondria in a cell
type-dependent manner.

To evaluate whether the improved metabolic fitness endowed G0s2~/~ CD8* T cells with a
proliferative advantage, we measured the proliferation of CD8* T cells cultured in similar
conditions to those listed above for the determination of oxygen consumption. The MTT
colorimetric assay revealed increased proliferation of G0s2~/~ CD8* T cells (Figure 3e). In
addition, we found increased ATP production in G0s2~/~ CD8* T cells compared to wild
type controls, correlating with the increased OXPHQOS (Figure 3f). Because the oxidation of
pyruvate in the tricarboxylic acid cycle (TCA) generates NADH, the quantification of NAD*
and NADH demonstrated an increase in the NAD/NADH ratio consistent with augmented
OXPHOS (Figure 3g). Finally, no significant differences were found in the transcript levels
of the carnitine palmitoyltransferase 1 (Cptla) in wild type and G0s2~/~ CD8* T cells
(Figure 3h). Since Cptla transports fatty acids from the cytosol into the mitochondria for
fatty acid oxidation, this data suggests no changes in the usage of fatty acids for energy
generation in the absence of GO0s2.

To correlate GOS2 function with mitochondrial metabolism, we examined the co-
localization of COXIV and G0S2 in CD8* T cells. For this experiment, we overexpressed
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V5-tagged GOS2 by retroviral transduction and transplantation of bone marrow cells; then,
CD8™ T cells were isolated from the spleen after hematological reconstitution of the ablated
mice. Immunofluorescence analysis of COX IV and G0S2 in resting CD8* T cells showed
mitochondrial co-localization similar to that observed in hematopoietic stem cells (Figure
4a) 10, Next, we determined the mitochondrial content because an increased respiratory
capacity could be caused by increased mitochondrial biogenesis. Flow cytometric detection
of mitochondria was carried out in resting and activated CD8* T cells (plate-bound anti-CD3
and anti-CD28) using MitoTracker. As expected, T cell activation led to a clear increase in
mitochondrial mass; however, the loss of GOS2 did not affect the mitochondrial mass in
CD8™* T cells (Figure 4b). To further demonstrate that there was no change in mitochondrial
biogenesis, we quantified mitochondrial and nuclear DNA by gPCR. The mDNA/nDNA
ratio in G0s2~/~ CD8* T cells was similar to that in control cells (Figure 4c). Next, we
determined the mitochondrial membrane potential (Ay) by flow cytometry using the
lipophilic fluorochrome JC-1 to rule out functional differences. Resting and activated
G0s2~/~ CD8* T cells showed similar patterns of mitochondrial membrane potential than
wild type CD8* T cells (Figure 4d). Since apoptosis can be associated with depolarization of
mitochondrial membrane potential, we also examined cell death by detection of Annexin V
positive cells by flow cytometry and found no significant differences between naive and
activated CD8" T cells (Figure 4e). Furthermore, intracellular levels of the anti-apoptotic
Bcl2 protein in G0s2~/~ CD8* T cells showed normal levels compared to controls
(Supplementary Figure 1).

Naive CD8" T cells oxidize pyruvate, converted from glucose during glycolysis, via
OXPHOS and alternatively via fatty acid oxidation. CD8* T cells switch their source of
energy upon activation from OXPHQOS to an anabolic metabolism to allow for the
generation of glycolytic byproducts required for the synthesis of biomolecules; in this way,
activated T cells can increase cell mass despite the inefficient production of ATP compared
to OXPHOS 27-30, This balance between OXPHOS and glycolysis is regulated by the AMP-
activated protein kinase (AMPK) and mammalian target of rapamycin (mTOR) signals
activated by the deprivation of intracellular ATP or TCR activation, respectively 31. AMPK
is a heterotrimeric complex (a, B, y subunits) that becomes activated by phosphorylation at
threonine 172 in the catalytic subunit AMPKa by LKB1 or CAMKK2 32, which results in
the stimulation of fatty acid oxidation to replenish cellular ATP levels 33. Immunoblot
analysis showed increased levels of phosphorylated AMPKa in G0s2~/~ CD8* T cells
activated in plate-bound anti-CD3 and anti-CD28 for 12, 24, and 30 hours (Figure 5).
Interestingly, freshly isolated GOs2~/~ CD8* T cells also exhibited increased levels of
phosphorylated AMPKa as early as 12 hours of activation, suggesting a state primed for
proliferation (Figure 5). In addition, this activation of AMPKa correlated with increased
phosphorylation of its target, acetyl-CoA carboxylase (ACC), which is an enzyme inhibited
by phosphorylation that promotes oxidation of fatty acid in mitochondria (Figure 5).
G0s2~/~ CD8* T cells also showed increased phosphorylation of S6K, a downstream target
of the mTOR complex 1 (TORC1), after 24 and 30 hours of activation (Figure 5). These
data indicate that activation of AMPK may precede mTOR signals in G0s2~/~ CD8* T cells,
supporting our finding of increased basal OXPHOS and spare respiratory capacity in
G0s2~/~ CD8* T cells. It seems as if activated CD8* T cells retain OXPHOS as source of
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energy instead of switching to aerobic glycolysis, implying an impaired Warburg effect.
Finally, the activation of AMPKa in G0s2~/~ CD8* T cells correlated with accelerated
release from quiescence as evidenced by increased levels of cyclin E and phosphorylated
retinoblastoma (Figure 5).

GO0S2 controls in vitro proliferation of CD8* T cells

The suppression of GOS2 expression upon activation and increased mitochondrial
respiratory capacity and levels of cyclin E in G0s2~/~ cells suggested that GOS2 might
control proliferation in CD8* T cells. To investigate the role of GOS2 in T cell proliferation,
naive CD44!°W CD8* T cells harvested from the spleens of G0s2~/~ mice were analyzed for
DNA content and nuclear expression of the proliferation marker Ki67 by flow cytometry.
Purification of naive CD8* T cells yielded greater than 95% purity with an
immunophenotype corresponding to naive cells: CD44!° CD69~ CD25'° CD62L*
(Supplementary Figures 2 and 3). Freshly isolated CD44!°% CD8* T cells showed a
significant increase in the number of proliferating CD8* T cells, Ki67 positive, in G0s2~/~
mice (Figure 6a). In addition, G0s2~/~ CD8* T cells activated for 24 and 30 hours also
showed increased percentages of Ki67 positive cells (Figure 6b). Of note, the levels of
cyclin E were higher in “resting” G0s2~/~ CD8" T cells (Figure 5), suggesting a
proliferative priming to enter the cell cycle in the absence of G0S2. To further confirm
increased proliferative capacity using a different approach, T cells were labeled with CFSE
and activated in vitro on plates coated with anti-CD3 and in the presence of anti-CD28. Loss
of G0S2 showed increased dilution of CFSE dye in CD8* T cells (Figure 6c), indicative of
augmented proliferation, with no significant differences in the activation marker CD25 or
the capacity to produce IL-2 (Figure 6d).

We next evaluated the proliferation of CD8" T cells in vivo by systemic infection with
Listeria monocytogenes expressing OVA (Lm-OVA). Naive CD44!°W CD8* T cells from
G0s2~/~ OT-I and wild-type OT-1 mice were adoptively transferred into congenic recipient
hosts. The next day, mice were infected with Lm-OVA and the immune response of donor
CD8* T cells was monitored in the peripheral blood by flow cytometry (Figure 7a). Overall,
we did not detect significant differences in the kinetics of expansion and contraction despite
an increase in G0s2~/~ OT-1 CD8* T cells at the peak of the response (Figure 7b). Because
G0s2~~ mice displayed increased levels of free fatty acid in circulation, an important
substrate for energy production, we transferred wild type OT-I1 CD8" T cells into wild type
or G0s27~/~ recipient mice (Figure 7c). No significant differences were observed in the
kinetics of the immune response of wild type CD8* T cells in recipient mice with targeted
deletion of the G0s2 gene. Next, we re-challenged mice with Lm-OVA to test the role of
GO0S2 in the function of memory CD8™" T cells generated in the primary infection. Again, no
differences were observed in the capacity of memory G0s2~/~ CD8* T cells to expand in a
recall response (Figure 7d). Finally, we studied the differentiation of CD8* T cells during
infection by measuring the expression of the adhesion molecule CD62L (L-selectin). In
naive T cells, CD62L protein is shed from the cell surface by proteolysis during activation
whereas the expression of the CD62L gene is silenced or activated during differentiation of
central and effector memory T cells, respectively. Loss of GOS2 did not affect the
expression of CD62L throughout the progression from naive to effector and memory CD8*

Immunol Cell Biol. Author manuscript; available in PMC 2016 February 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 7

T cells (Figure 7e). Altogether, our findings show that G0OS2 modulates the proliferation of
naive CD8* T cells in vitro but not following in vivo Lm-OVA infection.

Loss of GOS2 leads to increased homeostatic proliferation of CD8* T cells

In addition to TCR-driven proliferation of CD8* T cells either by TCR crosslinking in vitro
or by dendritic cell-mediated activation during infection with intracellular pathogens, naive
CD8* T cells undergo homeostatic proliferation to maintain the pool of circulating T cells.
Likewise, it is possible that the abundance of nutrients and therefore the usage of energy
sources may be different at sites of pathogen-driven versus homeostatic T cell activation. To
study the homeostatic proliferation of CD8* T cells, we used the well-established model of
lymphopenic mice, in which the proliferation of naive CD8* T cells is driven predominantly
by weak interactions with self peptide-MHC complexes and availability of I1L-7 34. We
adoptively transferred CD441°W CD8* T cells purified from wild type or G0s2~/~ mice that
were labeled with CFSE into lymphopenic mice (Figure 8a). Nine days after adoptive
transfer, the recovery of donor G0s2~/~ CD8* T cells in the spleen was greater than that of
wild type CD8* T cells (Figure 8b). Furthermore, the CFSE dilution indicated an increased
percentage of G0s2~/~ cells undergoing more than 5-6 divisions, which is reflected by a
higher proliferation index (Figure 8c). Collectively, our data suggest that G0OS2 modulates
proliferation of CD8* T cells in greater extent during homeostasis than in response to
infection with an intracellular pathogen.

DISCUSSION

The non-transcriptional mechanisms regulating the maintenance of T cell quiescence and
their exit into cell division have not been well studied. Naive T cells utilize OXPHOS to
generate just the amount of ATP that is required during a dormant quiescent state 31,
Conversely, antigen-activated T cells switch to an anabolic metabolism, aerobic glycolysis,
to satisfy the high demand for energy and biomolecules during clonal expansion. In this
study, we show that GOS2 expression is repressed upon T cell receptor activation, and
homozygous deletion of the GOs2 gene leads to increased mitochondrial respiratory capacity
by increasing AMPK activity without increasing mitochondrial biogenesis. GOS2 controls
the proliferation induced by anti-CD3/anti-CD28 TCR activation, and more significantly, by
homeostatic signals, but not that induced by dendritic cell-mediated activation of naive T
cells.

We previously reported that the ectopic expression of GOS2 induces quiescence in
hematopoietic stem cells 19, In CD8* T cells, the observed GOS2 repression downstream of
TCR signaling suggested a putative role in promoting exit from quiescence. Embryonic
deletion of the G0s2 gene was viable, although heterozygous females must be used to
generate G0s2~/~ live pups, suggesting a defect in milk production, as recently reported by
another group 2. Consistent with a role for GOS2 as an inhibitor of adipocyte

lipolysis 11:12.35 we found elevated levels of free fatty acids in adult G0s2~/~ mice
maintained on a normal chow diet. In addition, we described a new function for GOS2 in the
energy metabolism of CD8" T cells, primarily in the inhibition of OXPHOS by preventing
the activation of AMPK in naive and activated T cells. In contrast to our findings, G0S2 was
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recently described as a positive regulator of OXPHOS activity via a direct interaction with
the FoF1-ATP synthase in cardiomyocytes 14. This differential regulation of OXPHOS may
be caused by different energetic requirements between cardiomyocytes and CD8* T cells
and how they cope with a fluctuating availability of oxygen and nutrients at steady state.
Similar to cancer cells, CD8* T cells undergo a metabolic switch from predominantly
OXPHOS in resting cells to aerobic glycolysis in activated effector CD8" T cells, a process
known as the Warburg effect 36. It is possible that GOS2 modulates the transition from
OXPHOS to glycolysis in CD8* T cells by restricting AMPK activation. Strikingly, memory
CD8* T cells showed a similar increase in SRC compared to effector and naive T cells 37,
indicating that GOs2~/~ CD8* T cells are metabolically primed as memory T cells. Although
GO0S2 can be localized to the mitochondria, we ruled out the possibility that the increased
OXPHOS is mediated by increased mitochondrial biogenesis by measuring mitochondrial
mass by flow cytometry. Instead, immunoblot analysis revealed increased phosphorylation
of AMPKa, which drives cells to OXPHOS, with a moderate increased phosphorylation of
the mTOR target S6K at later stages of activation. This deregulated activation could be
caused by an increase in the activity of LKB1, accelerated cellular deprivation of ATP, or
increased activation of AMPK by calcium downstream of the TCR.

Surprisingly, loss of GOS2 did not result in a greater impact on T cell proliferation in vivo
given the increased basal and spare respiratory capacity. It is possible that the requirement
for GOS2 in the release of T cell quiescence may depend not only on TCR signals but also
on the type and strength of co-stimulation. For example, in vitro TCR crosslinking and
CD28 co-stimulation, a potent mitogenic stimulus, led to a significant increase in the
proliferation rate of naive CD8" T cells. Paradoxically, despite increased AMPK activation,
naive OT-1 G0s2~/~ CD8* T cells were able to expand and differentiate into effector and
memory T cells as well as the wild type controls in conditions with maximized co-
stimulatory and cytokine signals, such as infection with Listeria monocytogenes.
Furthermore, re-challenge of OV A-specific memory G0s2~/~ CD8" T cells resulted in
expansion similar to the controls. Notably, the activation of wild-type OVA-specific CD8* T
cells in a GOs2-null environment did not affect T cell expansion upon infection, even though
G0s2~/~ mice, with elevated levels of circulating free fatty acids, would have an increased
probability of generating acetyl-coenzyme A for further metabolism in the tricarboxylic acid
(TCA\) cycle. However, naive G0s2~/~ CD8* T cells in leukopenic hosts, driven by a
“relative abundance” of IL-7 in addition to weak interactions with self-peptide in the context
of self-MHC 4 34.38-40 showed a significant increase in homeostatic expansion. Although
AMPKa1 is not essential for T cell homeostasis in loss-of-function mouse models 41, G0S2
mediated regulation of AMPK activity may modulate bursts of T cell expansion at steady
state. AMPK is a sensor of small variations in energy by limiting ATP consumption while
promoting ATP production via OXPHOS during peripheral T cell homeostasis 32,
Therefore, it is possible that increased basal respiratory capacity offers a proliferative
advantage of G0s2~/~ CD8* T cells at steady state, whereas the spare respiratory capacity, a
maximal energy available to CD8" T cells, may not be utilized in the infection model and
may require further stress, such as chronic infections or aging.
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Our work highlights a novel function for GOS2 in the control of energy homeostasis in CD8*
T cells by promoting catabolic pathways of ATP production during peripheral T cell
homeostasis but not when T cells encounter foreign antigens presented by APCs with full
co-stimulatory signals. Therefore, GOS2 potentially acts as a rheostat by modulating the
bioenergetic requirements between homeostasis and antigen-driven proliferation and
differentiation.

G0s2~~ mice were generated in our laboratory using embryonic stem cells with targeted
deletion of the GOS2 gene (VelociGene, Regeneron), purchased from the Knockout Mouse
Project (KOMP) repository. The embryonic stem cell line VGB6 (C57BL/6NTac strain)
contains the ZEN-Ub1 cassette inserted in the G0s2 gene. Embryonic stem cells were
injected into the blastocoels of 3.5 d.p.c. C57BL/6 albino mouse embryos in the Genetically
Engineered Mouse Core at Baylor College of Medicine. Chimeras were crossed to C57BL/6
albino mice to assess germline transmission, and then heterozygous mice were backcrossed
to C57BL/6 and intercrossed to establish a colony of GOs2~/~ mice. For the infection model,
we bred mice with OT-I transgenic mice to generate OT-1 G0s2—/— mice. Mice were
genotyped by PCR using tail genomic DNA. Heterozygous females and homozygous males
were used for the generation of null mice because G0s2~/~ females failed to nourish
newborn pups. C57BL/6 (B6) and B6.SJL mice were purchased from The Jackson
Laboratory (Bar Harbor, Maine, U.S.A.). Mice were maintained under specific pathogen-
free conditions at the Baylor College of Medicine. All experiments were performed with the
approval of the Institutional Animal Care and Usage Committee of Baylor College of
Medicine.

Flow cytometry

The following antibodies were used: allophycocyanin (APC)-anti-CD45.1, phycoerythrin
(PE)-anti-CD19, PE-anti-CD11b, APC-anti-Gr-1, biotin-anti-CD3e, PE-Cy7-anti-Sca-1,
fluorescein isothiocyanate-anti-CD4, APC-anti-CD8, PE-anti-Ter119 and APC-Cy7-anti-c-
kit. All antibodies and streptavidin-APC were from BD Biosciences (San Jose, California,
U.S.A.). The mitochondria content was evaluated using MitoTracker Green MF
(LifeTechnologies, Grand Island, New York, U.S.A.). The mitochondrial membrane
potential was determined using mitoscreen (JC-1) kit (BD Biosciences, San Jose, California,
U.S.A.). Apoptosis was estimated using the Annexin V apoptosis detection kit (BD
Biosciences, San Jose, California, U.S.A.). For cell cycle analysis, cells were fixed in 70%
ethanol and stained with anti-Ki67 and 7-AAD (BD Biosciences, San Jose, California,
U.S.A.). Samples were analyzed by flow cytometry using a FACSCanto flow cytometer (BD
Biosciences, San Jose, California, U.S.A.). Cell surface and intracellular staining profiles
were analyzed using FlowJo software (TreeStar, Ashland, Oregon, U.S.A)).

T cell activation and proliferation

Naive CD44!°W CD8* T cells were purified from the spleen by negative selection using the
BD-1Mag system (BD Biosciences, San Jose, California, U.S.A.). To measure G0S2
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expression, CD8* T cells were activated in 96-well plates coated with 10 pg/ml anti-CD3
(BD Biosciences, San Jose, California, U.S.A.) in the absence or presence of rapamycin
(Sigma-Aldrich), LY294002 (Sigma-Aldrich, St Louis, Missouri, U.S.A), cyclosporin A
(Millipore, Billerica, Massachusetts, U.S.A.), or PD98059 Millipore, Billerica,
Massachusetts, U.S.A.) for 24 hours.

For in vitro stimulation, CD44!°W CD8* T cells labeled with 4 pM CFSE (LifeTechnologies,
Grand Island, New York, U.S.A.) or 5 uM eFluor 670 (eBioscience, San Diego, California,
U.S.A.) were cultured for 2 or 3 days at a density of 1x10° cells per well in RPMI 1640
medium containing 10% (vol/vol) FBS in 96-well plates coated with 10 pg/ml anti-CD3 (BD
Biosciences, San Jose, California, U.S.A.) in the presence of anti-CD28 (2 ug/ml; BD
Biosciences). For homeostatic proliferation, CFSE-labeled CD441°W CD8* T cells from
CD45.2* WT or G0s2~/~ mice were transferred into sub-lethally irradiated B6.SJL
(CD45.1%) mice. Dilution of CFSE dye was analyzed by flow cytometry and the
proliferation index (PI) was calculated using FlowJo software (TreeStar, Ashland, Oregon,
US.A).

Metabolism studies

CD44low cD8* T cells purified from WT and G0s2~/~ mice were activated in 96-well plates
with plate-bound anti-CD3 (10 pg/ml) and 2 pg/ml anti-CD28 (BD Biosciences, San Jose,
California, U.S.A.) for 36 hours and then transferred to a 24-well plate coated with BD Cell-
Tak Adhesive reagent (BD Biosciences, San Jose, California, U.S.A.). Oxygen consumption
rates (OCR) and extracellular acidification (ECAR) were measured using the XF24
Extracellular Flux Analyzer (Seahorse Bioscience, Massachusetts, U.S.A.). The XF assay
media contained 25 mM glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, 1 uM
oligomycin, 1.8 pM fluorocarbonyl cyanide phenyl-hydrazone (FCCP), 1 uM rotenone, 10
mM glucose, and 100 mM 2-deoxyglucose (2-DG) (Sigma-Aldrich, St Louis, Missouri,
U.S.A). The MTT assay was performed using a CellTiter-Glo kit (Promega, Madison,
Wisconsin, U.S.A.). ATP content was measured using an ATP determination kit, according
to the manufacturer’s instructions (LifeTechnologies, Grand Island, New York, U.S.A.).
NAD/NADH was measured using a NAD+/NADH Quantification Kit (BioVision, Milpitas,
California, U.S.A.). To quantify mitochondrial content, genomic DNA was extracted from
CDS8™* T cells using a Blood and Cell Culture DNA mini kit (QIAGEN, Valencia, California,
U.S.A)), and the ratio of mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) was
determined as previously described 2. To study expression levels of enzymes involved in
glucose metabolism, we analyzed RNA extracted from naive and activated CD8* T cells
using the RT2 Profiler PCR assay (QIAGEN, Valencia, California, U.S.A.).

Infection with Listeria monocytogenes

Naive CD8" T cells were purified from the spleens of OT-I (CD45.1*) and OT-I G0s2—/—
(CD45.2%) mice using the BD-Imag magnetic separation system (BD Biosciences, San Jose,
California, U.S.A.), following protocol of manufacturer, with the addition of biotinylated
anti-CD44 antibody (1-2 pg per spleen). Then, naive CD8" T cells (approximately 95%
purity) were adoptively transferred to B6.SJL (CD45.1%) recipients (1,000 cells/mouse i.v.
to approach the physiological frequency). Recipient mice were infected 24 h later with
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recombinant OVA-expressing Listeria monocytogenes (Lm-OVA) strain (4x103 CFU, i.v.).
For recall responses, mice were challenged 30 days after the first infection with a lethal dose
of Lm-OVA (200x103 CFU).

Immunoblot analysis

CD8™ T cells were lysed with RIPA buffer (50mM Tris-HCI, pH 8.0, 1% NP-40, 0.5%
Sodium deoxycholate, and 150mM NaCl) with addition of Halt Protease & Phosphatase
Inhibitor Cocktail (Thermo Scientific, Waltham, Massachusetts, U.S.A.) and protein
concentration was determined using the Bio-Rad protein assay (Hercules, California,
U.S.A)). Proteins were resuspended in LDS Sample Buffer, loaded (15 pg/lane) onto
NuPAGE Bis-Tris gels, and transferred to polyvinylidene difluoride (PVDF) membranes
using iBlot2 system (LifeTechnologies, Grand Island, New York, U.S.A.). Proteins were
detected using rabbit anti-S6K, phospho-S6K, AMPKa, phospho-AMPKa, Acetyl-CoA
carboxylase (ACC), phospho-ACC, cyclin E, cdk2, phospho-Rb (Ser780), tubulin, and anti-
rabbit IgG HRP-linked antibody from Cell Signaling Technology (Danvers, Massachusetts,
U.S.A.). Primary antibodies were used at a 1:1,000 dilution whereas secondary antibody was
used at a 1:50,000 dilution. PVDF membranes were developed using ECL Western Blotting
Substrate (Thermo Scientific, Waltham, Massachusetts, U.S.A.) and exposed to Amersham
hyperfilm ECL (GE Healthcare Life Sciences, Piscataway, New Jersey, U.S.A.)

Quantitative real-time PCR

Total RNA was extracted from CD8* T cells using the RNeasy Mini kit (QIAGEN,
Valencia, California, U.S.A.) and cDNA was synthesized from 100-500 ng RNA using
random hexamer primers and the SuperScript 111 kit (LifeTechnologies, Grand Island, New
York, U.S.A.). Quantitative real time PCR was performed using LightCycler FastStart DNA
Master SYBR Green | (Roche, Nutley, New Jersey, U.S.A.) as specified by the
manufacturer. Primer sequences for PCR were as follows: mouse p-actin forward, 5’-
GTGGGCCGCTCTAGGCACCA-3’ and reverse, 5’-
CGGTTGGCCTTAGGGTTCAGGGG-3’; mouse GOS2 forward, 5’-
GTGCTCGGCCTAGTTGAGAC-3’ and reverse, 5’-CACCTGGGTCATGATCTGTG-3;
mouse cyclin E2 forward, 5’- AGGAATCAGCCCTTGCATTATC -3’ and reverse, 5’-
CCCAGCTTAAATCTGGCAGAG -3’; mouse Cptla forward, 5’-
CCAGGCTACAGTGGGACATT-3’ and reverse, 5’-GAACTTGCCCATGTCCTTGT-3".
Thermocycler conditions consisted of an initial step at 95°C for 10 min, followed by 35
cycles of a 3-step PCR program consisting of 95°C for 15 sec, 55°C for 30 sec, and 72°C for
30 sec. The relative expression for each gene was calculated by normalizing to B-actin.

Immunofluorescence detection

CD8™ T cells transduced with MIGR1-G0S2-V5 were cytospun onto glass slides (Thermo
Scientific, Waltham, Massachusetts, U.S.A.) and immediately fixed with 1% (vol/vol)
paraformaldehyde. Fixed cells were permeabilized with 0.1% (vol/vol) Triton X-100. Slides
were stained with mouse anti-V5 and a mouse-specific secondary antibody conjugated to
Alexa Fluor 555 (LifeTechnologies, Grand Island, New York, U.S.A.). Mitochondrial
localization was detected with rabbit anti-COX IV (Abcam, Cambridge, Massachusetts,
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U.S.A)) and a rabbit-specific secondary antibody conjugated to Alexa Fluor 488
(LifeTechnologies, Grand Island, New York, U.S.A.). The slides were mounted with a
mounting solution containing 4’,6-diamidino-2-phenylindole (DAPI) (LifeTechnologies,
Grand Island, New York, U.S.A.) to stain the nuclei and analyzed on an Eclipse 90i
microscope using the NIS Elements imaging software (Nikon Instruments Inc., Melville,
New York, U.S.A)).

Retroviral expression of G0S2

V5-tagged GOS2 cDNA was cloned into the retroviral vector MIGR1 to generate CD8* T
cells with VV5-G0S2 expression. 293T cells were co-transfected with a plasmid containing -
eco and MIGR1-V5-G0S2 vector. Bone marrow cells were isolated from wild type mice
treated with 5-FU (150 mg/Kg) 4 days earlier and then cultured for two days in the presence
of SCF (100 ng/ml), IL-3 (10 ng/ml), and IL-6 (6 ng/ml) from R&D Systems (Minneapolis,
Minnesota, U.S.A.) in X-vivo 15 medium (Lonza, Houston, Texas, U.S.A.) 19, Bone marrow
cells were transduced by spinoculation (60 min at 1,400 rpm) in the presence of Polybrene
(8 pg/ml). Transduced bone marrow cells were then injected into the lateral tail veins of
cytoablated mice (950 Rad). After 5 months of transplantation, GFP* CD8* T cells were
purified from the spleen by cell sorting using a dual-laser MoFlo cell sorter (Beckman
Coulter, Brea, California, U.S.A.).

Statistical analysis

Statistical differences were determined by paired two-tailed Student’s t-test using Prism
(GraphPad Software Inc., La Jolla, California, U.S.A.). A p value <0.05 was considered
significant. Statistics are indicated in each figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GOS2 expression is regulated downstream of TCR signaling pathways
(@) Kinetics of G0S2 and cyclin E2 transcripts were measured by qPCR in CD8* T cells

activated with plate-bound anti-CD3 and anti-CD28. (b) G0S2 expression in the presence of
PD98059 (PD), cyclosporin A (CyA), LY294002 (LY), and rapamycin (Rapa). (c) Diagram
depicting regulation of GOS2 expression downstream of TCR signals. Data are
representative of three independent experiments.
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Figure 2. Targeted deletion of the G0s2 gene

(a) G0s2~/~ mice were generated using Velocigene ES cells with deletion of the entire G0s2
gene. (b) Mice were genotyped by PCR using genomic DNA from tail biopsies and primers
for the GOS2 hydrophobic domain and LacZ-gene insertion as indicated in (a). (c) Serum
was collected from 8-10 week old mice for measurements of triglyceride, glucose, and free
fatty acid (FFA) levels (n = 5). (d,e) Flow cytometric analysis of Grl and CD11b
(granulocytes, monocytes), CD19 (B cells), and CD3 (T cells) content in the peripheral
blood of 10-12 week old mice. *, P < 0.05 (two-tailed Student’s t-test).
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Figure 3. Increased mitochondrial respiratory capacity in GO0s2~/~ CD8™ T cells
(a) Oxygen consumption rates (OCR) were measured in real time in wild type and G0s2~/~

CD8* T cells activated with plate-bound anti-CD3 under basal conditions and after addition
of oligomycin, FCCP, and rotenone (n = 4). (b) Extracellular acidification rates (ECAR)
were measured as described in (a). (c) Calculated spare respiratory capacity (SRC) and
glycolysis. (d) Scatter plot of glucose metabolism gPCR array comparing resting and
activated (18 hours) wild type and G0s2~/~ CD8* T cells. (e) Cell growth of activated CD8*
T cells was determined using the colorimetric MTT assay (n = 4). (f) ATP levels of activated
CD8* T cells (n = 4). (g) Content of NAD and NADH in activated CD8* T cells (n = 3). (h)
Relative Cptla mRNA expression was determined by qPCR (n = 4). *, P < 0.05; **, P <
0.01 (two-tailed Student’s t-test).
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Figure 4. Normal mitochondrial biogenesis in G0s2~/~ cD8* T cells
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(a) Subcellular localization of GOS2 (red), COX IV (green), and DAPI (blue) in CD8* T
cells with retroviral expression of VV5-tagged G0S2. (b) Flow cytometric detection of
mitochondrial content in resting and anti-CD3/anti-CD28 activated CD8* T cells using
MitoTracker. (c) Mitochondrial DNA (mDNA) and nuclear DNA (nDNA) were determined
by gPCR in CD8* T cells (n = 3). n.s., no statistical significance. (d) Flow cytometric
detection of mitochondrial membrane potential using JC-1 dye in resting and activated
CD8* T cells. (e) Detection of apoptotic cells by Annexin V staining in resting and activated

CD8* T cells.
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Figure 5. Loss of G0S2 deregulates activation of AMPK and mTOR pathways in CD8* T cells
CD8* T cells from wild type and G0s2~/~ mice were activated by plate-bound anti-CD23

and anti-CD28 for 12, 24, and 30 hours. Immunoblot analysis of AMPKa (AMP-activated
protein kinase a), ACC (Acetyl-CoA carboxylase), S6K (ribosomal protein S6 kinase),
Cyclin E, cdk2, phospho-Rb (Ser 780), and tubulin is shown. Data represent three
independent experiments.
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Figure 6. GOS2 restricts the proliferation of CD8* T cells
(a) Dual detection of the proliferation marker Ki67 and DNA content in naive CD8" T cells

freshly isolated from the spleen of wild type and G0s2~/~ mice. (b) Expression of the
proliferation marker Ki67 and DNA content in CD8* T cells cultured on plates coated with
anti-CD3 antibody and anti-CD28 in the media. (c) Cell division of purified CD8" T cells
activated with anti-CD3/anti-CD28 was examined by dilution of the CFSE dye.
Corresponding proliferation indexes are plotted as bar graphs (mean + SD, n=3). (d) Cell
surface expression of CD25 and intracellular IL-2 content in wild type and G0s2~/~ CD8* T
cells activated in vitro.
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Figure 7. Redundant role of G0S2 in CD8" T cells during immune response to infection
(a) Diagram depicting the adoptive transfer approach to study immune response of wild type

or knockout CD8* T cells in wild type or knock out recipient mice. (b) To study the immune
response of G0s2~/~ CD8" T cells, wild type B6.SJL (CD45.1*) mice adoptively transferred
with either OT-1 or OT-1 G0s2~/~ naive CD8" T cells were infected with Listeria
monocytogenes-OVA (Lm-OVA) (n = 5). (c) To study the effect of the G0s2~/~
environment on the activation of CD8* T cells, G0s2~/~ and wild-type mice adoptively
transferred with CD8* T cells purified from the spleens of OT-1.B6.SJL (CD45.1+) mice
were infected with Lm-OVA (n = 5). (d) The recall response was evaluated in mice 30 days
after primary infection with Lm-OVA. The percentage of donor (CD45.27) CD8* T cells is
shown. Primary (1°) and secondary (2°) infections are indicated with arrows. (e)
Distribution of CD62L positive cells throughout primary and secondary infection with Lm-
OVA. Data represent three independent experiments. *, P < 0.05 , ***, P < 0.001 (two-
tailed Student’s t-test).
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Figure 8. G0S2 modulates the homeostatic proliferation of CD8" T cells
(a) Naive CD8* T cells purified from the spleens of wild type and G0s2~/~ mice (CD45.2+)

were labeled with CFSE dye and injected into B6.SJL mice (CD45.1%) that were made
lymphopenic by sub-lethal radiation. Cell division was determined by flow cytometric
analysis of CFSE dilution at 9 days. (b) Donor-derived (CD45.2*) CD8* T cells in the

Page 22

spleens of recipient lymphopenic mice (n = 5) is shown on the top and statistical analysis in
the bottom. (c) CFSE profile of CD45.2* CD8+ T cells is shown on the top and proliferation
index in the bottom. Data represent three independent experiments. **, P < 0.01 (two-tailed

Student’s t-test).
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