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Abstract

We recently showed that 2B4 expression on memory T cells in human renal transplant recipients
was associated with reduced rates of rejection. To investigate whether 2B4 functionally underlies
graft acceptance during transplantation, we established an experimental model wherein 2B4 was
retrogenically expressed on donor-reactive murine CD8* T cells (2B4rg), which were then
transferred into naive recipients prior to skin transplantation. We found that constitutive 2B4
expression resulted in significantly reduced accumulation of donor-reactive CD8* T cells
following transplantation, and significantly prolonged graft survival following transplantation.
This marked reduction in alloreactivity was due to reduced proliferation of CD8" Thy1.1* 2B4rg
cells as compared to control cells, underpinned by extracellular flux analyses demonstrating that
2B4 deficient (2B4KO) CD8* cells activated in vitro exhibited increased glycolytic capacity and
upregulation of gene expression profiles consistent with enhanced glycolytic machinery as
compared to WT controls. Furthermore, 2B4KO CD8* T cells primed in vivo exhibited
significantly enhanced ex vivo uptake of a fluorescent glucose analog. Finally, the proliferative
advantage associated with 2B4 deficiency was only observed in the setting of glucose sufficiency;
in glucose-poor conditions 2B4KO CD8* T cells lost their proliferative advantage. Together, these
data indicate that 2B4 signals function to alter T cell glucose metabolism, thereby limiting the
proliferation and accumulation of CD8* T cells. Targeting 2B4 may therefore represent a novel
therapeutic strategy to attenuate unwanted CD8* T cell responses.

INTRODUCTION

A fine balance of costimulatory and coinhibitory signals regulates the activation,
differentiation, and proliferation of T cells following encounter with cognate allogeneic
peptide:major histocompatibility complexes (pMHC). As such, manipulation of these
cosignaling molecules may effectively inhibit unwanted T cell responses during
autoimmunity and transplantation. 2B4 (SLAMf4, CD244) is an immunoglobulin (1g)
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superfamily member expressed on natural killer (NK) cells and induced on some CD8* T
cells (1-3). 2B4 contains an immunoreceptor tyrosine-based switch motif (ITSM) and is
known to associate with the signaling lymphocytic activation molecule (SLAM)-associated
protein (SAP), an intracellular adaptor protein, and bind CD48, a surface 1g molecule widely
expressed on hematopoietic cells (4-10). Binding of CD48 to 2B4 can provide costimulatory
signals to neighboring T cells via direct cell-to-cell contact (11-13). SAP mediates its
function in NK cells via a dual mechanism of action: it augments cell activation by
recruiting the kinase Fyn, while simultaneously preventing inhibitory signals by uncoupling
SLAM receptors from inhibitory phosphatases (14-17).

Previous studies have shown that 2B4 can be expressed on CD8" T cells with activated and
memory-like phenotypes and the majority of studies suggest that it functions in a
coinhibitory capacity to regulate responses on these cells. In particular, 2B4-deficient mice
develop a spontaneous lupus-like disease dependent on aberrant T cell activation (18).
Further, in mouse models of chronic infection, 2B4 has been shown to limit the expansion
and functionality of secondary effector T cells (18, 19). More recently, we found that human
transplant recipients that went on to experience stable graft function for at least one year
post-transplant exhibited increased frequencies of 2B4* CD28"!! effector memory T cells
(20) at baseline as compared to patients that experienced acute rejection following
transplantation (21). These associative data implied that expression of 2B4 on T cells might
dampen alloreactive immune responses; however, this hypothesis has not been formally
tested, and potential mechanisms underlying it are unknown.

Studies over the last five years have described the impact of changes in cellular metabolism
during T cell activation on the programmed differentiation of effector and memory T cell
populations (22, 23). Broadly, resting T cells utilize oxidative phosphorylation as their
primary source of energy, while effector cells undergoing rapid proliferation switch to
aerobic glycolysis in order to meet the energetic needs of an exponentially expanding T cell
clonal population (24). Specifically, while oxidative metabolism transitions glucose-derived
pyruvate to the mitochondria for oxidation all the way down to carbon dioxide, glycolysis
instead generates several key intermediates that the dividing cell can use for biosynthesis
(25). Moreover, during aerobic glycolysis, some glucose is funneled through the
mitochondria and a portion of the tricarboxylic acid (TCA) cycle in order to generate citrate
for the synthesis of lipids necessary for construction of daughter cell membranes. These
critical changes are initiated via integration of signals generated by the ligation of the TCR
and costimulatory molecules on the T cell surface (26). Both TCR and costimulatory
receptors trigger the activation of key signaling pathways that alter gene expression,
including c-Myc and the nuclear hormone receptors ERRa, B, and y and NR3B1, 2, and 3
(26). In addition, CD28 signaling functions to activate the PI3K/Akt/mTOR pathway. Both
Akt and mTORC1 activation drive the cell toward aerobic glycolysis and promote the
growth and function of effector T cells (27). Importantly, ligation of T cell coinhibitory
receptors can also impact T cell metabolism. In particular, ligation of PD-1 was shown to
result in a shift from a glycolysis-dependent program to one in which T cells rely more
heavily on fatty acid oxidation and lipolysis (28). Additionally, a recent report describes that
in samples derived from human patients with gastric cancers, coinhibitory TIGIT signaling
on CD8* T cells inhibits glucose metabolism (29). However, the impact of 2B4 coinhibition
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on T cell metabolism and programmed differentiation has been less well studied. Here, we
used a retrogenic approach to express 2B4 on antigen-specific CD8* T cells, in order to
understand the effects of 2B4 signaling on CD8* T cell programmed differentiation and
cellular metabolism.

MATERIALS AND METHODS

Mice

C57BL/6 (H-2b) mice were obtained from the National Cancer Institute (Frederick, MD).
OT-1 (30) and OT-II (31) transgenic mice were purchased from Taconic Farms
(Germantown, NY) and bred to Thy1.1* background at Emory University. mOVA mice
(C57BL/6 background, H-2b) (32) were a generous gift from Dr. Marc Jenkins (University
of Minnesota, Minneapolis, MN). This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals. The protocol
was approved by the Institutional Animal Care and Use Committee of Emory University
(protocol number: DAR-2002050-092815GN). All surgery was performed under general
anesthesia with maximum efforts made to minimize suffering. All animals were housed in
specific pathogen-free animal facilities at Emory University.

Donor-Reactive T Cell Adoptive Transfers

In order to approximate the precursor frequency of donor-reactive cells in a fully MHC
mismatched model of transplantation, we utilized our previously described system in which
we adoptively transfer a higher frequency of OVA-specific TCR transgenic cells into naive
hosts prior to transplantation. For adoptive transfer of donor-reactive T cells, spleen and
mesenteric lymph nodes (mLN) isolated from Thy1.1* OT-1 and Thy1.1* OT-1l mice were
processed and stained with monoclonal antibodies for CD8 (Invitrogen), CD4, Thyl.1, and
Va2 (all from BD Pharmingen) for flow cytometric analysis. Cells were resuspended in 1x
phosphate buffered saline (PBS) and 10° of each Thy1.1* OT-I and OT-11 were injected i.v.
48 hours prior to skin transplantation. Where indicated, OT-1 T cells were isolated and
labeled with 5 uM CellTrace Violet dye (Life Technologies, Invitrogen) prior to adoptive
transfer. Proliferation was measured following sacrifice ten days post-transplantation via
flow cytometry on a BD LSR Il (BD Biosciences) and data were analyzed with FlowJo
(TreeStar) and Prism (GraphPad). Numbers of precursor cells recruited into the anti-donor
immune responses were calculated by first multiplying the absolute number of Thy1.1*
CDS8™ T cells by the frequency of cells within a given round of division. We then divided the
number of cells in each division by 2", where n is the number of divisions and the total
number of precursors that gave rise to the cells in each division were summed.

Skin Transplantation

Full thickness tail and ear skins were transplanted onto the dorsal thorax of recipient mice
and secured with adhesive bandages as previously described (33). Where indicated in Figure
1, recipients were treated with CTLA-4 Ig (abatacept, Bristol-Myers Squibb) (500 pg i.p. on
days 0, 2, 4, and 6). In all cases, grafts with less than 10% viable tissue remaining were
scored as rejected.
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2B4 Plasmid Construction and Transfection

The murine 2B4 gene was derived from mouse cDNA (OriGene: MC209044-113649) and
produced by PCR using the primers: (Forward: GCGAATTCGCACCATGTTGGGG
CAAGCTGTCCTGTTCACAA, Reverse: CGCTCGAGCTAGGAGTAGACATCAAAGTT
CTC). The resulting PCR fragment was cloned into the pMY-IRES-GFP retroviral vector
(Cell Biolabs, Rv-021) using EcoRI and Xhol cut sites. The Platinum-E retroviral packaging
cell line (Cell Biolabs, RV-101. Ecotropic for rat and mouse cells) was used to produce the
2B4-containing retrovirus. The cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS), 1 pg/mi
puromycin, 10 pg/ml blasticidine, 100 U/mL penicillin, and 100 pg/mL streptomycin at
37°C in a 5% CO», humidified atmosphere. The packaging cells were incubated in 10-cm
plates at 4.5x10%/plate overnight at 37°C. Transfections were performed with the reagent
Lipofectamine LTX (Invitrogen, 15338-100). Cells were transiently transfected with 10 ug
DNA (2B4 plasmid DNA or empty-vector control). After 48 hours incubation the culture
supernatant was harvested and virus was concentrated per manufacturer’s instructions (Cell
Biolabs, RV-201).

Retroviral transduction and generation of 2B4rg OT-I T cells

Two days before transduction, bone marrow (BM) cells (BMC) were harvested from 8 to 12
week old OT-I transgenic mice and cultured at 1.5x107 cells per 10 cm plate in 15 ml
DMEM supplemented with 15% heat-inactivated fetal calf serum (FCS), 100 U/mL
penicillin, and 100 pg/mL streptomycin, 10mM HEPES, 20 ng/ml murine interleukin-3
(IL-3), 50 ng/ml human IL-6 and 50 ng/ml murine stem cell factor (SCF) (R&D Systems).
Concentrated virus was transduced into the pre-cultured BMCs. After 48 hours incubation
bone marrow cells were collected and washed. 4x106 bone marrow cells in PBS were
injected into sub-lethally irradiated (800 rads) wild type (WT) B6 recipients. Splenocytes
from these BM chimeras were harvested 6-8 weeks post-transfer and were enriched by
negative selection using a CD8a.™ T cell Isolation Kit Il (Miltenyi Biotec,). Purity of CD8a.*
T cells was between 60 and 85%. Cells were then stained with anti-CD8 (Invitrogen), anti-
Thy1.1 (BD Biosciences), and anti-2B4 (BD Biosciences) and GFP* CD8* Thyl1.1* 2B4*
cells were purified by FACS sorting on a BD FACS Aria (BD Biosciences). Post-sort 2B4-
OT-I T cell populations were over 94% pure. Cells were resuspended in PBS with 10° wild-
type CD4" Thy1.1* OT-1I T cells and injected i.v. 48 hours prior to skin transplantation.
Where indicated, retrogenic cells were prepared from the spleen and transferred i.v. without
sorting along with wild-type CD4* Thy1.1" OT-II T cells 48 hours prior to skin
transplantation. Upon sacrifice of the recipients ten days following transplantation, these
cells were analyzed separately form bulk splenocytes via flow cytometric gating.

Flow Cytometry and Intracellular Cytokine Staining

Cells isolated from spleens and graft-draining axillary and brachial lymph nodes (dLN) were
stained with anti-CD4 (BD Biosciences), anti-CD8 (Invitrogen) and anti-Thy1.1 (BD
Biosciences). For phenotypic analysis cells were also surface-stained with anti-PD-1
(BioLegend), anti-2B4 (BD Biosciences or eBioSciences), anti-Thy1.1 (BD Biosciences),
anti-LAG-3 (BioLegend), anti-CD127 (BioLegend), anti-KLRG-1 (eBioSciences), anti-
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CD44 (BioLegend or BD Biosciences), and anti-CD48 (BioLegend). Absolute numbers of
lymphocytes from the spleen and draining lymph nodes were calculated using a Cellometer
Auto T4 Cell Viability Counter (Nexcelom) according to the manufacturer’s instructions.
Samples were analyzed on an LSRII flow cytometer (BD Biosciences). Data was analyzed
using FlowJo 9 software (Treestar, San Carlos, CA) and Prism 6 software (GraphPad
Software Inc.). For intracellular cytokine staining, lymphocytes were restimulated ex vivo
with 1 ug/mL phorbol 12-myristate 13-acetate (PMA) (Sigma Life Sciences) and 1 pg/mL
ionomycin (Sigma Life Sciences) where indicated, in the presence of 1 ug/mL Brefeldin A
(BD Biosciences) for 4 hours. The Fix/Perm intracellular staining kit (BD Pharmingen) was
used to detect IL-2 (BD Biosciences), TNF (BioLegend), and IFN-y (BD Biosciences),
according to manufacturer’s instructions.

RT-PCR Analysis

Splenocytes were isolated and prepared as a single-cell suspension. 3x108 WT and 2B4KO
OT-I T cells, respectively, were resuspended in 1.5 mL of complete media (RPMI-1640
supplemented with 10% FCS, 2 mM L-glutamine), 100 U/mL penicillin, 100 pg/mL
streptomycin, 10 mM HEPES, and 0.5 mM 2-mercaptoethanol) in a 24-well flat-bottomed
plate at 37°C in a 5% CO,, humidified atmosphere. Cells were then stimulated with
SIINFEKL N4 peptide at 1 nM for 4 days. After 4 days cells were collected and live cells
were isolated via Ficoll gradient separation. 1x10° live cells were plated with 5x106 naive
splenocytes stimulator cells isolated from WT C57BL/6 donors and restimulated with 1 nM
SIINFEKL peptide for four additional days in a final volume of 1.5 mL in a 24-well flat-
bottomed plate at 37°C in a 5% CO,, humidified atmosphere. Following restimulation, cells
were harvested and incubated with Pacific Orange anti-CD8 (Invitrogen), PerCP anti-Thy1.1
(BD Biosciences), and PE-Cy7 anti-CD244 (eBioSciences) for 30 minutes at 4°C. Following
staining, cells were washed with sterile 1x PBS and resuspended in ~1 mL of sorting buffer
(sterile 1x PBS with 2% serum and 1 mM EDTA). Cells were sorted on FACSAriall (BD
Biosciences) and 2B4KO and 2B4* OT-1 T cells were isolated to at least 90% purity. FACS-
purified cells were then resuspended in RLT buffer with B-ME (Qiagen, 350 pl for >5x106
cells, 600 pl for <5x10° cells) and flash frozen on dry ice for 10 minutes prior to storage at
-80°C. RNA was isolated from previously frozen cells using the RNEasy Mini Kit (Qiagen,
Germantown, MD) and quantified using a Nanodrop Microvolume Spectrophotometer
(Thermofisher, Waltham, MA). RNA was converted to cDNA using the RTZ First Strand Kit
(Qiagen), and RT-PCR was performed using the Qiagen Glucose Metabolism RT2 Profiler
PCR Array with the RT2 SYBR Green gPCR Mastermix (Qiagen) on a BioRad CFX384
Touch Real-Time PCR Detection System. Data was analyzed online via the Qiagen
GeneGlobe Data Analysis Center.

Seahorse XF Glycolysis Stress Test

Splenocytes were isolated and stimulated for four days as described above. Following Ficoll
separation, 2x10° OT-I live cells were then plated in buffer-free, glucose-free XF assay
media (Agilent Technologies) supplemented with 2 mM L-glutamine, pH 7.4+/0.1.
Extracellular acidification rate (ECAR) was measured and recorded at basal conditions as
well as at indicated time points following the addition of glucose (final concentration 10
mM/well), oligomycin (final concentration 1 uM/well), and 2-deoxyglucose (final
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concentration 50 mM/well), using a Seahorse XFe96 Analyzer (Agilent Technologies).
Basal ECAR readings were generated from the average of five measurements prior to the
addition of oligomycin, while maximal ECAR was calculated from the average of three
measurements following the addition oligomycin.

In vitro Glucose-limiting Stimulation Assays

Splenocytes were isolated and prepared as a single-cell suspension. 3x108 WT and 2B4KO
OT-I T cells, respectively, were resuspended in 1.5 mL of complete media (glucose-free
RPMI-1640 supplemented with 10% FCS, 2 mM L-glutamine), 100 U/mL penicillin, 100
ug/mL streptomycin, 10 mM HEPES, and 0.5 mM 2-mercaptoethanol) in a 24-well flat-
bottomed plate at 37°C in a 5% CO,, humidified atmosphere. A D-glucose solution of
200g/L (Gibco by Life Technologies) was titered into the glucose-free complete media and
diluted on a half-log scale. Cells were then stimulated with SIINFEKL N4 peptide at 1 nM
for 5 days. After 5 days in culture cells were harvested and stained with anti-CD8 (BD
Horizon), anti-Thy1.1 (BD Biosciences or BioLegend), anti-CD244 (eBioSciences), anti-
Va2 (BD), anti-CD127 (BioLegend), anti-CD62L (BD), anti-KLRG-1, anti-Vb5 (BD), anti-
CD44 (BD), 7AAD (BD) and AnnexinV (BioLegend), anti-1L-2 (BD), anti-IFN-g (BD) as
described by the manufacturer. As described above, samples were analyzed on an LSRII
flow cytometer (BD Biosciences) and data was analyzed using FlowJo 9 software (Treestar,
San Carlos, CA) and Prism 6 software (GraphPad Software Inc.).

2-NBDG Uptake Assay

To assess the ability of 2B4-deficient OT-1 T cells to take up glucose, 10* WT and 2B4KO
OT-I T cells were transferred into naive C57BL/6 hosts and infected them with 10% colony
forming units (CFU) of OVA-expressing Listeria monocytogenes (LM-OVA) two days. 14
days after infection, the animals were sacrificed and spleens were harvested. The cells were
isolated and resuspended in a single cell solution in PBS. 2x10° splenocytes were stained
with anti-CD4 (BD Biosciences), anti-CD8 (Invitrogen) and anti-Thy1.1 (BD Biosciences),
anti-CD44 (eBioSciences), anti-CD44 (BD Biosciences) for 30 minutes at 4°C. Cells were
washed twice in 250 pl of PBS and then resuspended in 200 ul of 50 uM 2-NBDG
(Thermofisher) and incubated at 37°C for 30 minutes. Cells were washed with PBS and then
analyzed on an LSRII flow cytometer (BD Biosciences). Data was analyzed using FlowJo 9
software (Treestar) and Prism 6 software (GraphPad Software Inc.).

Statistical Analysis

T cell responses were analyzed using unpaired, non-parametric Mann-Whitney t-tests.
Results were considered significant if p < 0.05. Survival curves were analyzed by log-rank
test and plotted on Kaplan-Meier curves. All analyses were done using Prism software
(GraphPad Software Inc.).
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Ectopic expression of 2B4 on donor-reactive CD8* T cells results in prolongation of
allograft survival

Given the observation that increased 2B4 expression was associated with reduced incidence
of rejection in renal transplant recipients treated with belatacept (21), we investigated the
causal role of 2B4 expression in attenuating donor-reactive CD8" T cell responses following
transplantation. To test this we utilized a retrogenic approach to generate donor-reactive
CD8™ T cells that constitutively express 2B4 (2B4rg). Though primary effector cells do not
express 2B4 at baseline (Figure 1E), we have previously identified an association between
2B4 expression on T cells and improved graft survival in both murine models and human
transplant recipients (21, 34). Thus, we aimed to create a system in which we could isolate
and interrogate this effect, and in which we would be able to determine if upregulation of
2B4 can functionally impact alloreactive T cell responses. To this end, we utilized
retrovirally-transduced bone marrow derived from OT-I mice with a 2B4-bearing construct
or an empty control vector. Transduced cells express GFP under the control of the IRES
promoter, allowing us to identify, isolate, and track these cells in both in vivo and in vitro
assays. Briefly, CD45.2* Thy1.1* OT-I bone marrow was transduced with a construct that
expresses 2B4 under a constitutively active viral promoter and contained an IRES-GFP to
facilitate tracking the cells. At day 2 post transduction, ~5-10% of Thy1.1* OT-1 BM cells
expressed GFP alone (for pMY control vector-transduced cells) or both GFP and 2B4 (for
2B4 vector-transduced cells) (Figure 1A). BM cells were then adoptively transferred into
irradiated CD45.1* Thy1.2* animals. At 8-10 weeks post-in vivo transfer, GFP labeled
Thy1.1* OT-I T cells were detectable in recipients of 2B4 vector-transduced and pMY
control vector-transduced BM cells at similar frequencies (Figure 1B), suggesting that 2B4
expressing OT-1 T cells mature normally in these animals. GFP™ CD8* Thy1.1* (for pMY)
or GFP* 2B4* CD3* Thyl.1* (for 2B4rg) OT-1 T cells were isolated from the spleen and
mesenteric lymph nodes of pMY or 2B4rg chimeric animals and then MACS and FACS
sorted to >86% purity (Figure 1C).

To determine the impact of constitutive 2B4 expression on graft-specific alloimmune
responses, naive B6 animals were adoptively transferred with 10 congenically labeled
2B4rg Thy1.1* OT-1 T cells (or pMY Thy1.1* OT-1 controls) along with 10% Thy1.1* CD4*
WT OT-II T cells and then challenged with an OVA-expressing skin graft (Figure 1D).
Animals were sacrificed at day 10 post-transplant, the magnitude of the CD8* Thy1.1*
response was assessed. Importantly, expression of 2B4 was maintained in the 2B4rg OT-1 T
cells during the /n vivoresponse (Figure 1E). To determine the impact of donor-reactive
CD8™ T cell 2B4 expression on graft survival, recipients of either 2B4rg or control OT-1 T
cells were monitored for graft survival. Under these conditions, we saw no difference in
graft survival (not shown). Likewise, there was also no difference in graft survival when OT-
I T cells were WT vs. 2B4 KO (data not shown). To test whether or not expression of 2B4
can prolong graft survival in the context of minimal immunotherapy, we adoptively
transferred 2B4rg OT-1 T cells into animals that received a low dose of CTLAA4Ig in the first
week following transplantation in order to extend graft survival enough to allow us to see
any potential differences in survival between animals that received the WT vs. 2B4KO cells.
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Results indicated a significant prolongation in survival in recipients of 2B4rg donor-reactive
CD8™ T cells as compared to recipients of control donor-reactive CD8* T cells (MST 31.5

vs. 23, p=0.01) (Figure 1F).

Ectopic expression of 2B4 resulted in reduced accumulation of antigen-specific CD8* T

cells

In order to investigate the mechanisms underlying the observed prolongation in graft
survival in CTLA-4lg-treated graft recipients possessing 2B4rg donor-reactive CD8* T cells,
spleens and draining LN were harvested on day 10 post-transplantation and the magnitude
and functionality of the Thy1.1* CD8" T cell response was assessed. Results revealed
detectable populations of CD44" Thy1.1* CD8* T cells in the spleens and lymph nodes
(data not shown) of mice that received either pMY or 2B4rg OT-1 T cells, respectively
(Figure 2A). Strikingly, constitutive expression of 2B4 resulted in significantly decreased
accumulation of donor-specific CD44" Thy1.1* CD8* T cells in the spleen following
transplantation in the absence of any further immune modulation, both in terms of frequency
and absolute number (Figure 2B). In contrast, retrogenic 2B4 expression did not
significantly impair production of IFN-vy on a per cell basis following ex vivo restimulation
(Figure 2C and 2D), though fewer total cytokine-secreting OT-1 T cells could be detected in
the spleen 10 days following transplantation (Figure 2E). Taken together, these results
indicate that expression of 2B4 on CD44M Thy1.1* CD8* T cells results in the attenuation of
graft-specific T cell responses in the spleen 10 days following transplantation.

Failure of 2B4 retrogenic cells to accumulate in the spleen is not due to differences in
expression of the 2B4 ligand CD48, T cell activation or exhaustion markers, or T cell death

We next investigated whether or not the reduced accumulation of Thy1.1* CD8* T cells in
the spleens of 2B4rg recipients was due to differences in the activation, differentiation, or
exhaustion status of these cells. In experiments similar to those described above, naive B6
animals were adoptively transferred with 108 congenically labeled 2B4rg Thy1.1* OT-1 T
cells or pMY controls, along with 108 Thy1.1* CD4* WT OT-11 T cells, challenged with an
OVA-expressing skin graft, and sacrificed at day 10 post transplant at which time splenic T
cells were stained for markers of activation, differentiation, and exhaustion and analyzed by
flow cytometry. Analysis of cell surface phenotypes indicates there was no difference in the
activation status of the 2B4rg Thy1.1* OT-1 T cells when compared to the pMY Thy1.1* OT-
| controls as measured by CD44 expression (Figure 3A). There was also no detectible
difference in the presence of short-lived vs. memory precursor effector cells as distinguished
by CD127 and KLRG-1 staining (Figures 3A, 3B and 3C). Additionally, no differences were
found in the expression of PD-1 and lymphocytes activation gene 3 (LAG-3) exhaustion
markers on 2B4rg vs. pMY Thy1.1* OT-1 T cells (Figures 3A, 3D and 3E). Finally, the
expression of the 2B4 ligand CD48 did not differ between the 2B4rg Thy1.1* OT-1 or pMY
Thy1.1* OT-I control cells (Figures 3A and 3F). Overall, these data suggest that the failure
of 2B4rg Thy1.1* OT-I cells to accumulate in the spleen after transplantation was not due to
differences in their expression of the 2B4 ligand or T cell activation or exhaustion markers.
We therefore next sought to determine whether the paucity of 2B4rg cells observed in the
spleen 10 days after transplantation was due to increased cell death. As depicted in Figure
3G, no increase in cell death as measured by Annexin V* 7-AAD* double-positivity was
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observed in the 2B4rg Thy1.1* OT-I T cells as compared to pMY controls. Instead, 2B4rg
OT-I T cells actually exhibited reduced frequencies of Annexin V* 7-AAD™ cells (Figure
3H). These data therefore demonstrate that the observed reduced accumulation of 2B4rg
graft-specific CD8* T cells was not due to increased cell death within the 2B4rg
compartment.

2B4 rg OT-I T cell population exhibits less division compared to pMY control OT-l due to
reduced recruitment into the anti-donor immune response

Because the above experiments failed to explain impaired accumulation of 2B4-expressing
CDS8™ T cells following transplantation, we next asked if the reduced accumulation of 2B4rg
graft-specific OT-1 T cells following transplantation was the result of differences in the
amount of cell division following activation. To test this, GFP* CD8* Thy1.1* OT-I T cells
were isolated from spleen and mLN of 2B4rg chimeric animals and stained with CellTrace
Violet prior to being adoptively transferred (10%/recipient) into naive B6 hosts that received
108 WT CD4* Thy1.1* OT-11 T cells and were grafted with an OVA-expressing skin graft.
As previously described, animals were sacrificed on day 10 post-transplant 2B4rg chimeric
cells were isolated from the spleen analyzed by flow cytometry. Our analyses revealed
striking differences between the frequency and number of GFP* CD8* Thy1.1* OT-I T cells
dividing in the 2B4rg and non-retrogenic compartments (Figures 4A, 4B and data not
shown). The frequency of OT-I cells that underwent 4 or more rounds of division was
significantly lower in the 2B4rg OT-I populations as compared to the GFP single-positive
controls (Figures 4C and 4D). Furthermore, we observed a statistically significant increase
in the number of 2B4rg OT-I that remained undivided 10 days following transplantation as
compared to pMY OT-I controls (Figure 4E). Additional analyses of cell division calculating
the number of precursors that were recruited into the response (based on the number of cells
present in each CTV peak at day 10 as described in materials and methods) revealed that
fewer 2B4rg OT-I precursors were recruited into the response as compared to pMY OT-I
precursors (Figure 4F). Taken together, these findings demonstrate that expression of 2B4
impairs expansion of the anti-donor CD8™ effector population by preventing cells from
entering the cell cycle.

2B4 expression limits glycolytic capacity of CD8* T cells

To determine the mechanism by which constitutive expression of 2B4 impairs proliferation
of anti-donor CD8" T cells, we next assessed T cell metabolism. It is known that T cells
undergo metabolic reprogramming as they differentiate into effectors, and that glycolysis is
the primary method by which these cells derive the energy needed to proliferate during this
process (35, 36). As bioenergetic needs of T cells are significantly augmented during this
critical time, it is possible to detect a notable increase in the uptake and utilization of glucose
soon after activation (37). To address whether or not glycolysis was altered in the absence of
2B4, we utilized a model in which we stimulated WT and 2B4-deficient (2B4KO) OT-1 T
cells in vitro and then probed their metabolic capacity. To test the hypothesis that 2B4
signaling limits CD8* T cell proliferation by inhibiting glycolysis, we established a model in
which WT and 2B4KO OT-I T cells were stimulated in culture for seven days with their
cognate peptide SIINFEKL, purified via Ficoll gradient centrifugation, and then restimulated
for four more days in vitro. After restimulation, 2B4* cells were purified to >90% purity
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from WT OT-I T cells by FACS sorting, and 2B4KO OT-1 T cells were confirmed to be 2B4~
by flow cytometry. Following sorting, we assessed the expression of 84 genes associated
with glucose metabolism in 2B4* WT vs. 2B4 KO cells using the Qiagen Glucose
Metabolism RT2 Profiler PCR Array. Of the 84 genes assessed in this array, we noted that 42
were differentially expressed between 2B4* OT-I cells isolated from WT animals and
2B4KO OT-1 T cells (Figure 5A). Of those, a number were associated with glycolytic shifts
in response to activation, the pentose phosphate pathway, the TCA cycle, and in aerobic
glycolysis (Figure 5B).

Based on the differential expression of genes in the glycolytic pathways identified via
transcriptional profiling, we next endeavored to assess functional changes in T cell
metabolism based on 2B4 expression using the Seahorse XFe96 Analyzer. As demonstrated
in Figures 5C, we found that the loss of 2B4 on antigen-specific T cells results in enhanced
glycolytic metabolism as measured by an increase in extracellular acidification rate (ECAR)
during glucose-induced glycolysis (38). Additionally, we observed that the ability of OT-1 T
cells to perform glucose-induced glycolysis was greater in the absence of 2B4, and that the
total glycolytic capacity of the 2B4KO cells was greater than that of the wild type controls
(Figure 5D-E). Next, to determine whether 2B4KO T cells achieved increased glycolytic
capacity in part via increasing their uptake of glucose from the extracellular environment,
we moved to an in vivo model of T cell stimulation followed by ex vivo incubation with the
fluorescent glucose analog 2-NBDG (Figure 5E-G). Because WT graft-elicited CD8* T cell
responses did not exhibit high frequencies of 2B4-expressing cells (Figure 2 and (34)), we
moved to a model of bacterial infection. Briefly, 14 days following infection with OVA-
expressing Listeria monocytogenes, 2x10° cells were plated directly ex vivo and incubated
with 2-NBDG for 30 minutes, and uptake was determined by assessing fluorescence via
flow cytometry. Data indicated that uptake of 2-NBDG was significantly increased in
2B4KO CD8* T cells as compared to WT CD8* T cells (Figure 5F-5G).

Proliferative advantage of 2B4 KO T cells is erased under glucose limiting conditions

Our data thus far demonstrated increased proliferation and increased glycolysis in the setting
of 2B4 deficiency. In order to identify a causal link between these two observations, we
queried whether the proliferative advantage observed in 2B4 KO T cells would persist under
glucose-restrictive conditions. To test this, WT and 2B4KO OT-I T cells were labeled with
CellTrace Violet prior to stimulation with SIINFEKL N4 peptide at 1 nM in media
containing varying concentrations of glucose as described in Materials and Methods and
Figure 6A. Our results demonstrate that 2B4KO OT-I T cells restimulated in glucose-replete
media exhibited a statistically significant increase in CTV dilution relative to WT control
cells (Fig. 6B-C) as expected, demonstrating that 2B4 deficiency confers a proliferative
advantage when glucose is abundant, in these experiments at the level of 3 mM or higher. In
contrast, when glucose was present only at low levels (1 mM or less) WT and 2B4KO OT-I
T cells exhibited similar levels of CTV dilution (Fig. 6B, 6C). To rule out the possibility that
measured proliferation of these cells may have been impacted by increased rates of cell
death in the cultures with low glucose, we assessed apoptosis by quantifying the frequency
of 7AAD and AnnexinV double-positive cells and show that there were no differences
between death of WT and 2B4KO cells in any culture condition (Fig. 6D). These data thus
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suggest that the observed differential proliferation of 2B4KO T cells is dependent on their
ability to undergo increased glycolytic metabolism.

2B4-mediated signals impact CD8* T cell memory recall potential

To determine whether or not enhanced glycolytic capacity following activation impacts the
functionality of 2B4KO T cells, we transferred WT and 2B4KO OT-I T cells into naive
C57BL/6 hosts and then infected them with OVA-expressing L/steria monocytogenes (LM-
OVA) two days later (Fig. 7A). Ten days later, each animal received an OVA-expressing skin
graft (Fig. 7A). Animals were sacrificed five days following transplantation, and spleens as
well as axillary and brachial draining lymph nodes were harvested for analysis. In
comparison to the wild type controls, graft-specific cells lacking 2B4 express less KLRG-1
(Figure 7B, 6C), which has been suggested to be associated with a senescent-like program
(40). Additionally, the 2B4KO cells express higher levels of CXCR3 and CD69 (Figure 7B,
6C), consistent with a model in which the loss of 2B4 results in a more activated phenotype.
CD44 expression was not different between the two cell types (Fig. 7B-C). Strikingly, we
found in addition to their activated phenotype, graft-specific 2B4 KO CD8* Thy1.1*
secondary effectors contained a higher frequency of IFN-y* IL-2* double producers upon
rechallenge with a skin graft as compared to WT CD8* Thy1.1" cells (Fig. 7D, 6E). These
data support the conclusion that loss of 2B4 coinhibitory signaling on CD8" donor-reactive
T cells results in enhanced metabolism and altered memory T cell differentiation that leads
to more robust secondary recall responses following rechallenge.

DISCUSSION

In this study, we showed that constitutive expression of 2B4 prolongs allograft survival and
limits alloreactivity by attenuating the accumulation of donor-specific CD8* T cells
following transplantation (Figs. 1A, B). Our data reveal increased T cell glycolytic
metabolism in the absence of 2B4, demonstrated both functionally using the Seahorse
extracellular flux assay as well as by analysis of changes in expression of 84 metabolism-
associated genes. Of note, genes upregulated in activated 2B4-deficient CD8* T cells were
associated with glycolytic machinery, the pentose phosphate pathway, the TCA cycle, and
aerobic glycolysis. For example, £no2and £no3, encode Enolases 2 and 3, metalloenzymes
responsible for the catalysis of the conversion of 2-phosphoglycerate (2-PG) to
phosphoenolpyruvate (PEP), the ninth and penultimate step of glycolysis. We also noted an
increase in G6pax in cells deficient in 2B4 (Fig 5B). G6pdx encodes glucose-6-phosphate
dehydrodgenase X-linked, a key enzyme in the pentose phosphate pathway, a mechanism of
generating energy that is strongly relied upon by proliferating T cells (43). Additionally, the
enhanced presence of transcripts for PakZ, which encodes pyruvate dehydrogenase kinase 1,
in the absence of 2B4, suggests that 2B4-mediated signaling may promote aerobic glycolysis
by inhibiting the activity of pyruvate dehydrogenases (22). Overall, these findings on the
impact of 2B4 on T cell metabolism are consistent with recent studies showing that T cell
coinhibitory molecules can impact immunometabolism. For example, signaling via PD-1 on
activated T cells was shown to prevent glycolysis (36). Similarly, work from Wherry and
colleagues recently showed that PD-1 signaling impacts early glycolytic activity in T cells
and represses the transcriptional regulator PCG-1a; forced overexpression of PGC-1a was
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able to improve the functionality of exhausted T cells (44). Interestingly, PD-1 signaling also
augmented lipolysis and B-oxidation of fatty acids, leading to a marked increase in
mitochondrial spare respiratory capacity (SRC) (36). PD-1-mediated reinforcement of FAO
may serve to explain long-term preservation of these cells during cancer and persistent viral
infection. In support of this, recent work has shown that signaling via PD-1 activates AMP-
activated protein kinase (AMPK), which is required for the survival and longevity of T cells
in nutrient-compromised microenvironments (45). Together with these published studies on
the role of PD-1, our data further highlight the emerging role for coinhibitory molecules in
the control of T cell bioenergetics and metabolism.

While our study demonstrates that signaling via 2B4 on antigen-specific CD8" T cells
modulates glycolytic metabolism, further studies are needed to assess the impact of this
coinhibitor on alternative mechanisms of energy generation, such as fatty acid oxidation.
Our data indicate that /dh2and /dh3aare increased in the absence of 2B4 (Figure 5B). These
genes encode isocitrate dehydrogenases that are critical in the tricarboxylic acid (TCA)
cycle, which has been shown to be increased in activated T cells, but not to the same degree
as glycolysis (46), more work is warranted to dissect a possible role of oxidative metabolism
in contributing to T cell function and fate in the presence or absence of 2B4.

Our data also reveal an impact of 2B4-mediated metabolic alterations on programmed T cell
differentiation; specifically, 2B4-deficient OT-I cells exhibited enhanced effector recall
potential after rechallenge when compared to the wild-type controls (Fig. 7). Thus, 2B4
deficient cells exhibit increased glycolytic metabolism during primary differentiation but
also augmented recall responses. These findings of increased glycolytic function being
associated with improved recall responses are seemingly at odds with work from Sukumar
and colleagues, which showed that enhanced glycolytic flux promotes a state of terminal
differentiation, while inhibiting it promotes the generation of long-lived memory CD8* T
cells (47). More recent work, however, has shown that the division of effector-like and
memory-like CD8* T cells into populations that rely on glycolysis and oxidative
phosphorylation of fatty acids, respectively, is not so clear cut. For example, van der Windt
et al. showed that memory CD8* T cells exhibit both increased glycolysis and oxidative
phosphorylation as compared to primary effectors (48), and a more recent study
demonstrated that elevated oxidative phosphorylation is dispensable for the ability of T cells
to form long-lived stable memory following an acute infection (38). In line with these
findings, the results that we present here demonstrate that the enhanced glycolytic capacity
and 2-NBDG uptake observed in the absence of 2B4 (Fig. 5) is correlated with enhanced
memory recall potential following rechallenge (Fig. 7). These findings further are supported
by a recent study demonstrating that the differentiation of CD8™ effector memory T cells
during persistent viral infection was supported by consistent glycolytic metabolism (38); the
mechanisms by which immunometabolism controls memory T cell differentiation remains
an area of intense investigation.

It is interesting to note that ectopic 2B4 expression resulted in a trend toward decreased
effector cytokine production by antigen-specific primary CD8" T cells on a per cell basis
(Fig. 2C-E), and a statistically significant decrease in the absolute number of IFN-vy-
secreting cells per spleen. Likewise, the absence of 2B4 on secondary effectors conversely
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enhanced cytokine production following antigenic rechallenge (Fig. 4B and C). We
speculate that this attenuation in cytokine effector function by 2B4 signaling is mediated by
altered immunometabolism. Indeed, a recent report demonstrated that conversion to
glycolysis is required for effective IFN-y production, and showed that this requirement is
due to the binding of the glycolysis enzyme GAPDH to AU-rich elements within the 3* UTR
of IFN-y mRNA (49). Thus, expression of GAPDH induced by aerobic glycolysis controls
effector cytokine production. These data support our hypothesis that 2B4-mediated
regulation of glycolytic metabolism in T cells affects effector function.

Finally, the results presented in our study suggest that as a regulator of metabolism, 2B4
may be an important therapeutic target in the design of new strategies to control donor-
reactive T cells following transplantation. Indeed, recent work demonstrated that the
blockade of both glycolysis and glutamine metabolism results in the prevention of allograft
rejection in a model of fully MHC-mismatched skin and cardiac transplantation, suggesting
that the manipulation of effector cell metabolism is an important mechanism by which
alloimmunity can be controlled (35). In this study we present data suggesting that
engagement of 2B4 can negatively regulate donor-reactive T cell responses in the context of
transplantation. This is of translational importance, as we have recently published that not all
alloreactive T cells are targeted by the CD28 costimulation blocker belatacept following
transplantation, and that those that express low levels of CD28 express high levels of 2B4
(20, 50, 51). In sum, our study suggests that agonistic ligation of 2B4 may be a novel target
for therapeutic manipulation to control unwanted T cell responses in the setting of
transplantation and autoimmunity.
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Figure 1. Generation of retrogenic graft-specific CD8' T cellsthat constitutively express 2B4
A, Frequencies of GFP* (pMY control vector) or GFP* 2B4* (for 2B4 vector) CD45.2*

Thyl1.1* OT-I1 BM cells at d2. B, BM cells were adoptively transferred into irradiated
CD45.1* Thy1.2* animals and were detectable at 8-10 weeks. C, GFP* CD8* Thy1.1*
(pPMY) and GFP* 2B4* CD3* Thy1.1* (2B4rg) OT-1 T cells sorted and D, adoptively
transferred (10%/recipient) into naive B6 hosts that received two OVA-expressing skin grafts
48 hours later. Data shown in A-D are representative of 11-12 mice/group from 3
independent experiments.

E, 2B4 expression is maintained on the retrovirally transduced retrogenic cells following
transplantation. F, 106 WT CD8* Thy1.1* or GFP* 2B4* CD3* Thy1.1* (2B4rg) OT-1 T
cells were adoptively transferred naive B6 hosts 48 hours prior to receiving two OVA-
expressing skin grafts. Animals received 250 ug of CTLA4Ig on post-operative Day 0, 2, 4,
and 6. Graft survival was measured, and rejection was scored based on a loss of +90% viable
tissue. Data shown in Figure 1 A—E are representative of 11-12 mice/group from 3
independent experiments. **"p<0.0001. Data shown in Figure 1F are representative of 12-18
mice/group from 2 independent experiments.
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Figure 2. Ectopic expression of 2B4 resultsin reduced accumulation of antigen-specific CD8* T
cells but does not impact function of antigen-specific CD8" T cells on a per cell basis

A, Representative flow cytometry plots gated on CD8* cells isolated from the spleen. B,
Frequencies and absolute numbers of CD44M Thy1.1* of CD8* cells. C, IFN-y* pMY or
2B4rg cells following ex vivo stimulation with PMA and ionomycin. D, Summary of the
frequency of IFN-y-producing Thy1.1* CD8* T cells, representative of 2 independent
experiments with 7-8 mice/group. E, Summary of the absolute numbers of IFN-y-producing
Thyl1.1* CD8* T cells, representative of 2-3 independent experiments with 7-12 mice/group.
*p<0.05, ™ p<0.001, ™ p<0.0001.
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Figure 3. Failure of 2B4 retrogenic cellsto accumulatein the spleen isnot dueto differencesin
expression of the2B4 ligand or of T cell activation or exhaustion markers

Naive B6 animals received 10% 2B4rg Thy1.1* OT-I T cells or pMY Thy1.1* OT-I controls
and were challenged with OVA-expressing skin grafts. A, Representative flow histograms
indicating expression intensity of CD44, CD48, CD127, KLRG-1, PD-1, and LAG-3 on
CD8* Thy1.1* T cells isolated from the spleen 10 days following transplantation. B-G,
Summary of the frequencies of CD44N, CD48*, CD127*, KLRG-1*, PD-1*, and LAG-3*
CD8* Thy1.1* T cells isolated from the spleen on day 10. H-I, Representative flow dot plots
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and summary bar graphs illustrating the frequency of Annexin V and 7AAD double-positive
OT-I T cells 10 days after transplantation.
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Figure 4. 2B4 rg cellsundergo less division compared to their empty-vector pMY control

counterparts

A and B, CTV dilution of Thyl.1* CD8* 2B4rg and Thy1.1* CD8" non-rg OT-I controls on
day 10. C-D, Summary of frequency of 2B4rg and control OT-I T cells in each round of
division. E, Frequencies of undivided CD8" T cells in the spleen on d 10. F, Summary of the
number of Thyl.1~ CD8* non-OT-I and Thy1.1* CD8* OT-1 T precursors recruited into the
anti-donor immune response. All data are representative of two independent experiments
with a total of 9-11 mice/group. p < 0.05.

J Immunol. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Laurie et al.

Page 22

284
WT KO

Enc3
Gush
Suclaz

Ogdh ®
Pckl g}
Idh3a
Suclgl .g
Idh2 Q
Pdk2 =)
Pdhb [=]
Gopdx w
Pdpr
Teil
Fbp1
Hepd q R}
Pck2 F L P g e
Eh1 S E XX R O(OQ P &
Gopc3
Suclg2
Dlat
Prps2
Gb21
sy G
Enal
Hk2 150
Pdkl =3
Ugp2 E 12
Pflcl T
Pkl s 10
Pdp2 E 7
Pgm1 o
Hk2 < 50
Pcx B
Tkt 2
Gysl -
==y T T T T
22‘: 7T 21 35 49 63 77 @
idh3b Time (Minutes)
Aldoa
Gapdg
Aldoc
Pgm2
D. Glucose-induced Glycolysis ~ E, Glycolytic Capacity
1
*
= 5
E £
: c ==
[=% [=%
E E
g g
o o
w w
WT 2B4KO WwT 2B4KO
WT 5 I
£ 8
3
O 604
G
+
o 44
Q
z
2B4KO &
L
WT  2B4KO

2-NBDG
Figure5. 2B4 signaling limits glycolytic capacity of CD8* T cells
A, cDNA was synthesized from 400 ng of RNA isolated from 2B4* WT or 2B4KO OT-1 T
cells following /n vitro activation (7d) and restimulation (4d) and subsequently used to
assess changes in glycolytic metabolism between 2B4* and 2B4KO cells via the Qiagen
Glucose Metabolism RT2 Profiler PCR Array. Representative of 2 independent experiments
with a total of 6-8 mice per group. B, Summary derived from the data set described above in
A of selected genes that were increased over baseline in OT-1 T cells in the absence of 2B4.
C, 3x10% WT or 2B4KO OT-1 T cells were stimulated with 1nM SIINFEKL for 4 d. 2x10°
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OT-I Ficoll-purified cells were then plated as described in Supplemental Methods. D-E, Rate
of ECAR during glucose-induced glycolysis was averaged from three measurements
following the addition of glucose, while glycolytic capacity was calculated from the average
of three measurements following the addition of oligomycin. C-E are representative of two
experiments, p < 0.0001. F, 10* WT or 2B4KO OT-I T cells were transferred into naive B6
hosts and infected with 10* CFU of LM-OVA two days later. After 14 days, recipients were
sacrificed, splenocytes were prepared as a single-cell suspension, washed with PBS, and
then incubated with 2-NBDG ex vivo and analyzed via flow cytometry. G, Summary of
expression of 2-NBDG as gated in part F. p = 0.01. F-G are representative of 4-5 mice/

group.
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Figure 6. Proliferative advantage of 2B4 KO T cellsis erased under glucose limiting conditions
A, 3x10% WT and 2B4KO OT-I T cells, respectively, were resuspended in complete media

and a D-glucose solution was titered into the glucose-free complete media and diluted on a
half-log scale. Cells were then stimulated with SIINFEKL N4 peptide at 1 nM for 5 days.
After 5 days in culture cells were harvested and stained for flow cytometry and CTV-dilution
of Thyl.1* CD8* antigen-reactive T cells was assessed. B-C, Representative flow cytograms
and summary data depicting dilution of CTV in Thy1.1* OT-I T cell compartments under
glucose-limiting culture conditions. D, Summary data depicting frequency of 7AAD and

J Immunol. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Laurie et al.

Page 25

AnnexinV double positive apoptotic cells from each culture condition. Data are
representative of 2 independent experiments with a total of 6-8 animals per group. p = 0.01
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Figure 7. 2B4-mediated signalsimpact memory recall potential

A, 104 WT or 2B4KO OT-I T cells were transferred into naive B6 hosts, which were
infected with 10* CFU LM-OVA 2d later. Animals received OVA-expressing skin grafts at
day 10 post-transplant and were sacrificed five days later. B-C, Representative flow
cytograms and summary data depicting the expression of CD44, KLRG-1, CXCR3, and
CD69 on Thy1.1* CD8* OT-1 T cells isolated from the spleen. D-E, Splenocytes were
restimulated ex vivo with PMA and ionomycin and analyzed by ICS. Data shown in A-E are
representative of 6-11 mice/group from 2 independent experiments. p = 0.0005.
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