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Abstract

Leukemia can promote T cell dysfunction and exhaustion that contributes to increased
susceptibility to infection and mortality. The treatment-independent mechanisms that mediate
leukemia-associated T cell impairments are poorly understood, but metabolism tightly regulates T
cell function and may contribute. Here we show that B cell leukemia causes T cells to become
activated and hypo-responsive with increased PD-1 and TIM3 expression similar to exhausted T
cells and that T cells from leukemic hosts become metabolically impaired. Metabolic defects
included reduced Akt/mTORCL1 signaling, decreased expression of the glucose transporter Glutl
and Hexokinase 2 (HK2) and reduced glucose uptake. These metabolic changes correlated with
increased Treg frequency and expression of PD-L1 and Gal-9 on both leukemic and stromal cells
in the leukemic microenvironment. PD-1, however, was not sufficient to drive T cell impairment,
as in vivoand in vitro anti-PD-1 blockade on its own only modestly improved T cell function.
Importantly, impaired T cell metabolism directly contributed to dysfunction, as a rescue of T cell
metabolism by genetically increasing Akt/mTORC1 signaling or expression of Glutl partially
restored T cell function. Enforced Akt/mTORC1 signaling also decreased expression of inhibitory
receptors TIM3 and PD-1, and partially improved anti-leukemia immunity. Similar findings were
obtained in T cells from patients with acute or chronic B cell leukemia, which were also
metabolically exhausted and had defective Akt/mTORC1 signaling, reduced expression of Glutl
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and HK?2, and decreased glucose metabolism. Thus, B cell leukemia-induced inhibition of T cell
Akt/mTORCL1 signaling and glucose metabolism drives T cell dysfunction.
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Introduction

Immunological defects are frequent complications and lead to increased susceptibility to
infections in B cell leukemia patients (1, 2). Chemotherapeutic treatments, such as those
provided in acute leukemia, can reduce production of hematopoietic cells and disrupt bone
marrow niches to contribute to reduced immune function. Furthermore, targeted therapies
for chronic B cell malignancies can have major impacts on non-leukemic immune cells (3).
In addition, differentiated immune cells can also be actively suppressed prior to therapy (4—
7). Despite the distinct natures of B cell derived acute lymphoblastic and chronic
lymphocytic leukemia, each can lead to T cell dysregulation independent of treatment (7-9)
that resembles of functional impairment and exhaustion of T cells chronically stimulated
with viral antigen (10, 11). T cell exhaustion is thought to be important to prevent excessive
inflammation and tissue damage and is marked by phenotypic changes including expression
of inhibitory receptors such as PD-1 and TIM3 as well as decreased activation, proliferation,
and inflammatory cytokine production upon restimulation (12, 13). In B cell malignancies,
broad T cell stimulation (14, 15) and aberrant expression of immunomodulatory ligands or
cytokines by leukemic and stromal cells may also promote T cell exhaustion (16, 17). The
molecular mechanisms by which B cell leukemia promotes T cell dysfunction, however, are
uncertain.

Metabolic pathways must be tightly regulated to allow normal proliferation and T cell
effector function. Altered metabolic regulation may thus contribute to impaired T cell
function in leukemia. While resting T cells utilize an oxidative metabolism, T cell activation
promotes effector T cells (Teff) to induce the glucose transporter Glutl and Hexokinase 2
(HK?2) and upregulate a program termed aerobic glycolysis (18). The Phosphatidylinositide
3-kinase (PI3K)/Akt/mTORCL1 pathway is critical in this metabolic reprogramming and
activation of Akt/mTORCL1 drives expression and cell surface trafficking of Glutl (19, 20) as
well as promote glycolytic metabolism (21). Consistent with a key role for aerobic
glycolysis in Teff, Glutl-deficient T cells have impaired proliferation and are unable to
efficiently elicit inflammation /n vivo (22). As T cells differentiate into functionally distinct
subsets, however, each population is metabolically unique. In particular, CD4+ regulatory T
cells (Treg) primarily utilize oxidative metabolism and can be immune suppressive
independent of PISK/Akt/mTOR signaling and Glutl (22, 23). Pathways that impair T cell
metabolic reprogramming and induction of Glutl will thus prevent effector T cell
proliferation and function. Indeed, inhibition of T cell glycolysis can promote anergy and
expression of PD-1 that are consistent with T cell exhaustion (24, 25). Conversely, PD-1
ligation has been shown to inhibit glycolysis and promote lipid oxidation (26, 27). It is
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however unknown, whether changes in T cell metabolism contribute to T cell dysfunction in
leukemia.

Here we examine the mechanism of B cell leukemia-associated T cell dysfunction and show
that inhibition of T cell metabolism contributes to impaired T cell function in both acute and
chronic B cell leukemia. We show that functional exhaustion of T cells from leukemic hosts
occurs with reduced ability of T cells to activate Akt/mTORC1 signaling and upregulate
Glutl and aerobic glycolysis. Importantly, restoring T cell metabolism through Akt
activation or expression of Glutl was sufficient to improve T cell function and activation of
Akt in T cells delayed progression of leukemia. Together, these data demonstrate that
inhibition of T cell glucose metabolism is a mechanism by which leukemia promotes T cell
dysfunction. Restoring T cell metabolism may therefore provide a new avenue to promote
immunological function in leukemia.

Materials and Methods

Mice

C57BL/6J and BALB/c mice were purchased from The Jackson Laboratory (Bar Harbor,
ME). T cell specific Glutl transgenic (Glutl tg) and myristoylated Akt (mAKkt) mice on the
C57BL/6J background were previously described and metabolically characterized (28, 29).
Because FL5.12 cells were generated on the BALB/c background (30), mice were crossed
with BALB/c and (C57BL/6J x BALB/c) F1 mice were used as hosts for FL5.12 cell
transfers. Mice were bred and housed under specific pathogen-free conditions at Duke
University Medical Center. All experiments were performed under protocols approved by
the Institutional Animal Care and Use Committee. Six- to eight-week-old transgenic or non-
transgenic littermates were used for all experiments.

FL5.12 Leukemia Model

Murine Pro-B-cell FL5.12 cells retrovirally transduced with MSCV-BCR/AbI-IRES-GFP
were cultured in RPMI with 10% fetal calf serum (Gemini) as described (31) and tested
mycoplasma negative. In some experiments 0.03ug/mL IFN+y (eBioscience) was added to
culture media to induce inhibitory ligands. For /in vivo experiments, cells were washed in
PBS and 0.05-0.1 x 10° cells were injected intravenously. For immunization experiments,
0.02-1 x 10% BCR/AbI FL5.12 cells were irradiated (30 Gy) and injected subcutaneously
seven days prior i.v. injections. At specified time points, splenocytes were isolated and red
blood cells lysed using ACK buffer (Lonza). For anti-PD-1 treatment experiments, mice
were immunized with irradiated FL5.12 cells seven days prior injection of live cells. After
injection of leukemic cells, mice were treated with i.p. administration of PD-1 blocking
antibody (250 pg/mouse) or isotype control every three days for the course of 12 days.

Patients and Blood Samples

Peripheral blood mononuclear cells from 37 CLL patients [32 patients in cohort 1 (Duke
University, Durham, NC) and 5 patients in cohort 2 (Academic Medical Center, Amsterdam,
The Netherlands)] and healthy donors, and bone marrow mononuclear cells from 5 B-ALL
patients (Vanderbilt University, Nashville, TN) were isolated by density gradient
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centrifugation. All subjects were de-identified and gave written informed consent according
to protocols approved by Institutional Review Boards of the collecting center in accordance
with the Declaration of Helsinki. The diagnosis and staging (using the Rai system) of CLL
were determined according to IWCLL criteria (32). Samples were analyzed fresh (CLL
cohort 1) or after cryopreservation (CLL cohort 2 and ALL). Where fresh samples were
analyzed for /in vitro activation and metabolic assays, the distribution of patient subgroups in
relation to disease characteristics was not normalized.

T Cell Purification and Stimulation

Human PBMCs and murine splenocytes were cultured in complete RPMI with 10% FBS,
1% Pen-Strep and stimulated by addition of anti-CD3 with or without anti-CD28 to cell
cultures (eBioscience). For selected experiments, murine splenocytes were cultured with
0.03ug/mL IFNy (eBioscience). In some cases, T cells were purified using pan T cell
isolation kits (Miltenyi Biotec) and stimulated with plate-bound anti-CD3 and anti-CD28
(eBioscience) or anti-CD3, anti-CD2 and anti-CD28 coated beads (Miltenyi Biotec).

Flow Cytometry

Expression of T cell surface markers was measured by flow cytometry (MacsQuant,
Miltenyi Biotec) and analyzed with FlowJo software (Tree Star, Ashland, OR). Following
anti-human antibodies were used: CD4 Violet Blue (VB), CD25 Phycoerythrin (PE), CD8
Peridinin chlorophyll (PerCP; all Miltenyi Biotec), CD69 Fluorescein Isothiocyanate (FITC;
BD), CD8 Allophycocyanin (APC), CD19 VB, CD71 APC, CTLA4 PE, CD200 FITC,
CD200R PE, Gal9 PerCP, PD-L1 APC, PD-1 APC, TIM3 FITC, LAG3 PerCP, BTLA FITC,
CD160 FITC, CD244 APC (all eBioscience). Following anti-mouse antibodies were used:
Galectin-9 PerCP (Biolegend), CD4 VB, CD8 PerCP, CD8 APC, CD69 APC, CD25 PE,
CD71 PE, CTLA4 PE, CD200 FITC, CD200R PE, Gal9 PerCP, PD-L1 APC, PD-1 PerCP,
TIM3 APC, LAG3 PE, BTLA FITC, CD160 FITC, CD244 APC (all eBioscience). Glutl,
HK?2 and pS6 was measured by intracellular flow cytometry of PFA-fixed and methanol
permeabilized cells using monoclonal rabbit anti-Glutl (Abcam; ab652), anti-HK2 (Abcam,
131196) and anti-pS6 (Cell Signaling, 4858) in the presence of rat serum and Fc block,
followed by anti-rabbit PE. Intracellular cytokine production was measured after 5-hour
stimulation with PMA (50 ng/ml, Sigma-Aldrich) and ionomycin (750 ng/ml, Calbiochem)
in the presence of GolgiPlug (eBioscience). Cells were permeabilized with Cytofix/
Cytoperm Plus (BD) and stained with IL-2 PE and IFNy APC (BD). Transcription factor
staining was performed using the Mouse Regulatory T Cell Staining Kit (eBioscience) and
FOXP3 PE antibodies (eBioscience). Cell proliferation was measured using CellTrace Violet
(CTV; Invitrogen).

Metabolic Assays

Glycolysis measurements were normalized to cell number and have been described
previously (19). Glucose uptake was measured using fluorescent glucose analog 2-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG) as described
previously (33). Briefly, cells were cultured in glucose free media and incubated in 50uM 2-
NBDG for 45 min. Fluorescence of selected T cell subpopulations was measured by flow
cytometry.
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Data involving two groups were analyzed using paired or unpaired two-tailed Student’s t-
test. Data of more than two groups were analyzed using two-way ANOVA with Bonferroni
post-test. Statistical analysis was performed using Prism (Graphpad Software, La Jolla, CA,
USA).

Experimental B cell lymphoblastic leukemia induces T cell metabolic dysfunction in vivo

B cell leukemia can impair T cell function, but the molecular mechanisms and if changes in
T cell metabolism contribute to T cell dysfunction were unknown. To address this gap, a
murine model of B cell leukemia was employed in which BCR/ADI transduced murine pro-B
cell FL5.12 cells were adoptively transferred into syngeneic immunocompetent hosts.
Leukemic B cells accumulated in unimmunized mice and led to decreased survival
(Supplemental Fig. 1A). If immunized with irradiated FL5.12 cells prior to transfer of live
leukemic cells, however, recipients were capable to reject the leukemia, demonstrating
potential of immune regulation. Indeed, non-irradiated leukemic B cells did alter
endogenous T cells, as the percentage of activated, CD25, CD69 and CD71 positive splenic
T cells increased as leukemia progressed (Supplemental Fig. 1B). Expression of inhibitory
receptors was next measured on T cells from leukemia-bearing animals. Increased
expression of PD-1 was measured on CD4+ and CD8+ T cells. In addition, CD4+ T cells
showed elevated LAG3 expression and both CD4+ and CD8+ T cells showed a trend
towards increased TIM3 expression (Fig. 1A).

T cells from leukemia-bearing mice became functionally impaired independent of any
treatment and failed to respond to /n vitro activation over time. Consistent with /7 vivo T cell
activation, CD69, CD25 and CD71 each showed progressively impaired /n7 vitro re-induction
as leukemia progressed (Fig. 1B). The proliferative capacity of T cells was also reduced, as
both CD4+ and CD8+ T cells from leukemia-bearing mice became incapable of robust
proliferation upon /n vitro stimulation (Supplemental Fig. 1C). Importantly, splenic T cells
isolated from mice injected with FL5.12 leukemia were metabolically affected and failed to
increase cell size and glucose uptake upon /7 vitro anti-CD3 stimulation (Fig. 1C). These
defects correlated with a failure of stimulated T cells from leukemia-bearing animals to
induce Glutl and HK2 or activate the Akt/mTORC1 pathway and phosphorylate S6 (Fig.
1D). Nevertheless, the leukemic environment was required for the persistence of the T cell
metabolic dysfunction, as T cells purified and removed from leukemic cells showed elevated
stimulation-induced glucose uptake and cell size comparable to controls (Fig. 1E).
Collectively, these data show that leukemic cells alter the T cell microenvironment to induce
T cell stimulation and expression of inhibitory receptors and activation markers that
correlate with impaired T cell function and metabolism after restimulation.

Inhibitory ligands and regulatory T cells are present in leukemic microenvironment

The failure of T cells from leukemia-bearing animals to properly activate upon secondary
stimulation may have been due to insufficient activation or altered co-stimulation provided
by leukemic and stromal cells. However, leukemic cells (GFP+) and stromal cells expressed
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similar levels of B7-1, B7-2, and B7-H2 as splenocytes not exposed to leukemia
(Supplemental Fig. 1D). Further, increased TCR activation, CD28 co-stimulation, or
addition of IL2 each failed to restore T cell function from leukemia-bearing mice when
stimulated in the presence of leukemic cells (Supplemental Fig. 1E-H). Inhibitory pathways,
such as PD-1/PD-L1, can modulate PI3K/Akt/mTOR signaling (27, 34) and may contribute
to T cell metabolic dysfunction in leukemia. The expression of PD-L1 and Gal-9, a TIM3
ligand, was analyzed on leukemic cells and surrounding non-cancerous cells. IFN-y can
induce PD-L1 (35) and BCR/AbI FL5.12 cells expressed low levels of PD-L1 that increased
upon IFNy stimulation (Fig. 2A). A population of PD-L1-high cells was found in spleens
from leukemia-bearing animals that was comprised of both GFP+ leukemic and GFP- non-
leukemic cells. Gal-9 was similarly expressed on splenocytes from leukemia-bearing mice
and was predominantly from GFP- non-leukemic cells (Fig. 2B). The percentage of PD-L1
and Gal-9 positive splenic cells increased over time in animals with leukemia (Fig. 2C).
Inhibitory ligands can also induce suppressive Treg cells (36, 37) and spleens of mice
injected with FL5.12 leukemic cells were analyzed to determine if leukemia promoted Treg
cells. Consistent with induction of inhibitory signals, the percentage of FOXP3+ cells among
CDA4+ T cells increased as leukemia progressed (Fig. 2D).

Although multiple mechanisms may contribute to T cell dysfunction in leukemia-bearing
mice, PD-1 plays a prominent role in T cell exhaustion and is associated with poor outcome
in acute and chronic B cell leukemia (9, 38). To test whether PD-1 contributes to T cell
defects in this model of experimental B cell leukemia, we treated leukemic mice with anti-
PD-1 blocking antibodies /n vivo. Mice were immunized with a small number of irradiated
FL5.12 cells seven days prior to leukemia transfer to prime for an anti-leukemic T cell
response. Anti-PD-1 treatment of leukemia-bearing mice failed to significantly decrease the
percentage of GFP+ leukemic cells in spleens (Fig. 2E). Anti-PD-1 treated animals showed a
trend towards decreased splenocyte count (Fig. 2F) and a trend towards prolonged survival
(Fig. 2G). Baseline expression of LAG3, PD-1, TIM3, CD25 and CD71 as well as activation
induced T cell glucose uptake, cell size and expression of CD25 and CD75 were not
different between controls and anti-PD-1 treated mice (Supplemental Fig. 2A-C). However,
anti-PD-1 was sufficient to increase Glutl expression on CD8+ T cells from leukemia-
bearing animals (Figure 2H). Nevertheless, it appeared that PD-1 was, on its own,
insufficient to account for all T cell defects. Consistent with this conclusion, /in vitro PD-1
blockade also failed to restore the ability of T cells to properly activate (Supplemental Fig.
3A). To identify additional inhibitory molecules expressed on chronically stimulated T cells
that may contribute to T cell dysfunction, we repeatedly stimulated human T cells /n vitroto
mimic /n vivo chronic T cell activation (Supplemental Fig. 3B). Like T cells from leukemia
bearing mice, chronically stimulated T cells were unable to increase 2NBDG uptake and
phosphorylation of S6 upon restimulation (Fig. 2I). In addition to PD-1, chronically
stimulated T cells also increased expression of the inhibitory receptor CD200R (Fig. 2J,
Supplemental Fig. 3C). Thus chronic stimulation induces expression of T cell inhibitory
receptors that correlate with impaired ability to upregulate mTORC1 signaling and glucose
uptake upon restimulation.
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Rescue of T cell Akt/mTORC1 signaling and Glutl expression decreases leukemia-
associated T cell dysfunction

The Akt/mTORCL pathway is critical in T cell metabolic reprogramming (21) yet mMTORC1
activity was decreased in T cells in the murine leukemia model. Next, mice with T cell
specific transgenic expression of constitutively active Akt (mAkt) in which T cells show
increased glucose uptake and glycolysis (28) were used to test if restoration of Akt/
mTORC1 signaling could improve function of T cells from leukemia-bearing animals. mAkt
mice and control littermates were injected with leukemic FL5.12 cells and disease
progression and T cell phenotypes were assessed (Fig. 3A). mAKkt transgenic CD8+ T cells
from leukemia-bearing mice had smaller cell size, lower baseline expression of CD25 and
CD71 (Supplemental Fig. 3D) and higher levels of phosphorylated S6 upon stimulation (Fig.
3B). Stimulated mAkt transgenic T cells from leukemia-bearing mice showed increased
ability to induce CD69, CD25, and CD71 after in vitro stimulation (Supplemental Fig. 3E)
and also to produce inflammatory cytokines IL-2 and IFN+y (Fig. 3C, D). This was
accompanied by decreased expression of the inhibitory receptors TIM3 and PD-1 on a
subset of mAkt tg CD8+ T cells (Fig. 3E, F). Importantly, progression of leukemia was
significantly delayed in mAKkt transgenic mice (Fig. 3G-I) and disease burden positively
correlated with T cell expression of PD-1 (Supplemental Fig. 3F). Thus inhibition of Akt/
mTORC1 signaling mediates B cell leukemia-associated T cell dysfunction that both
functionally impairs T cells and may prevent anti-leukemic immunity.

The Akt/mTORC1 pathway affects a wide range of cellular functions, including, but not
limited to induction of Glutl and glucose metabolism (28, 39). Given that T cell Glutl
expression and glucose uptake were affected in mice with B cell leukemia, we tested if
leukemia-induced suppression of Glutl expression contributed to T cell dysfunction and
examined the effects of leukemia on T cells with constitutive Glutl expression. Animals
with T cell specific transgenic expression of Glutl and increased T cell glucose uptake (20)
were used as hosts for FL5.12 leukemia. Unlike with T cells with constitutively active Akt,
progression of leukemia was unaffected by T cell expression of Glutl (Supplemental Fig.
3G-1). Baseline expression of inhibitory receptors LAG3, PD-1 and TIM3 was also not
changed on T cells by constitutive Glutl expression in leukemia-bearing animals
(Supplemental Fig. 3J). However, Glutl expression was sufficient to partially rescue the
ability of T cells from leukemia-bearing mice to induce CD25, CD69 and CD71 expression
after anti-CD3 stimulation (Fig. 4A, B). The production of IL-2 by stimulated CD4+ T cells
was also significantly increased and IFN-y production showed a trend to increase in Glutl
transgenic CD8+ T cells (Fig. 4C, D). These data demonstrate that impaired Glutl induction
contributes to T cell functional defects in B cell leukemia bearing-hosts.

T cells from human B cell leukemia patients show decreased glucose transport, glycolysis
and mTORCL1 activity

Our data in the mouse model demonstrate that B cell leukemia leads to T cell functional
defects in part through metabolic suppression. To determine if similar impairments occur in
patients with B cell leukemia we examined T cell activation and metabolic phenotypes of
peripheral blood T cells from healthy donors and leukemia patients (described in
Supplemental Table 1A). Similar to our experimental model, T cells from CLL patients had
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increased expression of activation markers CD25, CD69 and CD71 ex vivo. PD-1 expression
was significantly increased on CD4+ T cells and CD160 was elevated on CD8+ T cells from
CLL patients (Fig. 5A and Supplemental Fig. 4A, B). While the expression of PD-L1 and
Gal-9 on peripheral blood mononuclear cells (PBMCs) was not increased, elevated CD200
was found on CD19+ B cells of CLL patients (Supplemental Fig. 4C, D). T cells from CLL
patients also showed impaired induction of activation markers CD25 and CD71 upon /n vitro
stimulation (Fig. 5B). T cells from CLL patients were next analyzed to determine if the
observed activation defects correlated to alterations in T cell glucose metabolism. While
resting T cells from CLL patients had similar glucose uptake capacity to those from healthy
donors, induction of glucose uptake (Fig. 5C) and glycolysis (Fig. 5D) was impaired in
activated T cells from CLL patients. Activated T cells in healthy donors showed an increase
in the expression of Glutl, HK2, and phospho-S6. T cells from CLL patients, however,
showed a mixed response with notable defects in the measured metabolic parameters (Fig.
5E). Similar metabolic defects were also observed in a second cohort of CLL patients when
compared to age-matched healthy control donors (Supplemental Fig. 4E). Likewise, T cells
from patients with acute BCR/Abl+ B cell lymphoblastic leukemia (described in
Supplemental Table 1B) also showed defects in glucose uptake, Glutl and HK2 expression
upon /n vitro stimulation (Fig. 5F—H, Supplemental Fig. 4F). While no correlation of disease
status and clinical parameters to the metabolic phenotype was observed, these data show that
T cells in human B cell leukemia patients are metabolically impaired. Metabolic suppression
of T cells is thus a mechanism of T cell dysfunction that may predispose to infections and
mortality in B cell leukemia.

Discussion

While having a distinct biology and prognosis, both acute and chronic B cell derived
leukemia share immune defects that predispose for infections and can contribute to
decreased anti-tumor immunity. These immune defects are mediated in part by treatment-
unrelated T cell dysfunction (7-9), but mechanisms are uncertain. Tight regulation of T cell
metabolism is critical for T cell fate and function (18) and dysregulation of key metabolic
pathways may contribute to T cell dysfunction. Here we show that T cells in leukemia
patients and leukemia-bearing animals are metabolically suppressed and unable to efficiently
increase glucose metabolism upon stimulation. This appears due to chronic /n vivo
stimulation leading to a phenotype similar to that described for T cell exhaustion.
Importantly, these metabolic impairments are critical for the T cell dysfunction as genetic
rescue of Akt signaling or glucose uptake partially restored T cell activation and function.

T cell exhaustion has been previously associated with altered cell metabolism, but this link
remained largely indirect. Myc is critical for increased T cell metabolism upon activation
(40) and decreased cMyc expression was reported in T cells exhausted upon chronic viral
infection (41). In addition, stabilization of HIF1a has been shown to reduce T cell
exhaustion (42) and overexpression of Phosphoenolpyruvate Carboxykinase 1 improved
anti-tumor immunity in a mouse melanoma model (43). Recently, intra-tumoral nutrient
competition was implicated as a regulator of T cell function in a mouse sarcoma model (44).
The metabolic impairments of exhausted and dysfunctional cells themselves and the role of
T cell metabolic dysfunction under normoxic conditions to mediate these states, however,
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remain unclear. Here we add to these findings and directly demonstrate that B cell leukemia
induces a metabolic dysfunction of endogenous T cells that is dependent on reduced Akt/
mTORC1 signaling and an inability to upregulate Glutl and glycolysis. These metabolic
defects became apparent after /n vitro stimulation and required presence of leukemic cells in
a co-culture model. Furthermore, these metabolic defects constituted a mechanism of T cell
functional dysfunction because rescue of metabolism improved T cell function and in the
case of increased Akt signaling delayed disease progression, suggesting restoration of anti-
leukemic immunity. While it remains unclear to what extent the dysfunction of T cells in
CLL reflects exhaustion of T cells in chronic viral infections or solid tumors, each shares
features of expression of inhibitory receptors and resistance to activation. Suppression of
metabolism may, thus, be a shared feature of these T cell impairments.

Despite an increase of reported leukemia-specific antigens, the source of T cell activation
and impairments remain uncertain (45-47). T cells in our murine and human models
appeared to be stimulated at a low level /n vivo, presumably in a polyclonal antigen non-
specific fashion. In addition, repeated polyclonal /n vitro stimulation of naive T cells
induced a phenotype similar to /n vivo stimulated T cells. The observed decrease of T cell
responsiveness and impaired upregulation of metabolism may therefore result from a
combination of chronic antigen stimulation and polyclonal activation. The relative
contribution of antigen specific and unspecific T cell activation in vivo may vary, thus
leading to heterogeneity in the phenotype of T cells from leukemic hosts. Consistent with
pre-existing activation, T cells from leukemic hosts showed a trend towards increased basal
expression of Glutl and a sub-population of these T cells presented increased baseline
glucose uptake. However, the T cell metabolic defects remained apparent only in the
presence of leukemic cells. These results support a model in which leukemia-associated
activation of T cells /n vivoinduces a T cell phenotype with increased expression of multiple
inhibitory receptors that suppress T cell metabolism and activation.

PD-1 was upregulated on a subset of T cells from leukemic mice and increased expression of
PD-L1 was detected on cells in leukemic micro-environment. PD-1 ligation inhibits
PI3K/Akt/mTOR signaling and reduces Myc expression (27, 34). These pathways are
critical to allow activated T cells to undergo metabolic reprogramming necessary for effector
function and their inhibition would prevent T cell activation and function (40, 48, 49). /In
vivo blockade of PD-1 alone was insufficient to completely restore T cell function and
induce anti-tumor immunity in our murine B cell leukemia model. Nevertheless, anti-PD-1
therapy increased Glutl expression on CD8+ T cells from leukemic hosts, suggesting that
PD-1 signaling contributed to leukemia-induced T cell dysfunction by metabolic
suppression. Blockade of PD-1/PD-L1 interaction has proven promising to re-activate
exhausted T cells in some solid tumors (50) and more recently in a mouse model of CLL
(17, 51). PD-1 expression is associated with poor outcome in CLL (9) and PD-1 blockade
alone or in combination with other therapies may therefore provide an approach for CLL
patients.

We found that T cells from leukemic hosts expressed inhibitory receptors whose ligands
were expressed in leukemic micro-environment. CD200 for example was highly upregulated
on CLL cells and CD200/CD200R signaling has been reported to suppress T cell effector
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functions by indoleamine 2,3-dioxygenase (IDO) induction. Furthermore, CD200 and
PD-1L can induce Treg cells (36, 37, 52). We observed increased percentage of FOXP3+
CDA4+ Treg cells in spleens from leukemia-bearing animals. Treg cells are able to suppress
the function of effector T cells and CD200 signaling might have contributed to metabolic
dysfunction of non-Treg cells in B cell leukemia by Treg induction. Furthermore, CD200
blockade can increase antigen-specific T cell responses in human CLL (52). Blockade of
multiple immune checkpoints may therefore be necessary to induce sufficient anti-tumor
immunity in B cell leukemia. In addition to inhibition of T cell inhibitory pathways, direct
metabolic modulation of T cells /n vivois also possible, but may impact leukemic cells to
potentially complicate therapy. It may be more feasible to modulate T cell metabolism ex
vivo. In this approach, modulation of T cell metabolic pathways or adjustment of in vitro
culture conditions prior to cellular therapies such as treatment with Chimeric Antigen
Receptor T cells may decrease the observed T cell exhaustion (53) and increase efficiency.

Together our studies show that alteration of key T cell metabolic pathways critical for T cell
activation and function such as Akt/mTORC1 and those involved in glucose uptake and
glycolysis is an important part of T cell dysregulation in B cell leukemia. It is likely that
similar metabolic impairments contribute to an altered T cell phenotype in other settings,
including chronic viral infection. As these metabolic pathways are essential for proper T cell
responses in both protective and anti-leukemic immunity, modulation of T cell metabolism
may represent a new therapeutic avenue for leukemia patients.
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FIGURE 1. Experimental B cell lymphoblastic leukemia induces T cell exhaustion and metabolic
dysfunction in vivo

Immunocompetent BALB/c mice were injected i.v. with BCR/Abl FL5.12 and splenic T
cells were analyzed on indicated days. (A) Expression of specified markers was measured on
T cells from not injected animals (Control, n=4) or T cells from animals 14 or 20 days after
leukemia transfer (Injected, n=3-4/group) by flow cytometry. (B) T cells from control
animals (n=2) or animals injected with leukemic cells (n=3/group) were stimulated with
anti-CD3 over-night and the expression of specified markers was analyzed by flow
cytometry. (C,D) 2-NBDG incorporation, Glutl, HK2 expression and S6 phosphorylation
were analyzed by flow cytometry in resting or stimulated splenic T cells from control or
injected mice on day 20 (n=4-5/group). The bar graphs represent values from stimulated
samples. (E) CD8+ T cells were stimulated on anti-CD3 and anti-CD28 coated plates after
enrichment by magnetic bead isolation and flow-sorting. Glucose uptake and cell size was
measured by flow cytometry on day 1. Data are representative of two samples, each pooled
from 3 leukemic or control mice. Data are representative of a minimum of one (A and B, day
14), two (B, day 20), or three (C,D) independent experiments. Data are mean + s.d. (A,C,D)
ors.e.m. (B). * P < 0.05, ** P < 0.01 and *** P < 0.001.

J Immunol. Author manuscript; available in PMC 2017 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Siska et al.

A FL5.12 (p190)

Splenocytes

Injected (ex vivo) Injected (+ IFNy)

i..ilsotype
- IFNy Control GFP neg. GFP neg.
[ +1Fny [ injected 1 GFPpos. [ GFP pos.
I i
c
[T Il
2 L LA
PD-L1
B FL5.12 (p190) Splenocytes
Injected (ex vivo) Injected (+ IFNy)
- IFNy Control GFP neg. GFP neg.
[+ IFNy [J injected [ GFPpos. [ GFP pos.
I
=
[
b
Gal-9 »
C D CD4+ T cells
* * Kk
20 14.7
[ —_—
215
5 Control £30; « NS
310 E
£ s 820
&
0 X 10
PD-L1 Gal-9 Q
3 Control E OC A0
B Injected (d14)  Injected 2 tf-ll__
B |njected (d20)  (d20) @ -
]

FOXP3 —»

Page 16
E Spleen (d20) F Spleen (d20)
=0.24 — =0.063
10 =222 S 10 PR
—
= 8 % 8
6 gs .
=3 L
& 4 8 4 e
ey . 82 )
0— &0
18G xPD-1 1gG xPD-1
G H CD4+ T cells CD8+ T cells
p— Immunized =0.69
e 5.0, P06
200 L i xPD1 > . o 7] p<005
S — =45 <6
'550 "immunized NS T 4.0 s
2 +1gG S35{oe = 2] 0
< = . T o . H
oA Co. 5 3.0{ e 5 4 -
0 U wZ‘SIG PD1®3IG PD-1
Days g2 XEDS 86 XFD-
I CD4+ CD8+ CD4+ CD8+
Tcells  Tcells Tcells  Tcells
1598 622 I s 1251 123 Not (re-)stimulated
135y a3 ) i 456 | | l1514

¥ | \
Control - i J I

Chr.stim. -

R

[ (Re-)stimulated

: I I A ] )
2-NBDG — > Phospho-56 —»

= Control
xxx [ Chr.stim. (9d) 12
= Chr.stim. (15d)
Il Chr.stim. (21d)

TIM3

200R

CD160 CD244 PD-1 CTLA4

FIGURE 2. Leukemia associated T cell dysfunction is correlated with immunosuppressive micro-
environment but can be recapitulated by chronic in vitro stimulation

(A,B) Expression of PD-L1 and Gal-9 on FL5.12 cells /n vitro and on splenocytes from
control mice (n=2) or injected mice (n=5) ex vivo or after over-night culture with or without
IFN7y. (C) Expression of PD-L1 and Gal-9 on control splenocytes (n=6) or splenocytes from
mice 14 days (n=3) or 20 days (n=4) after injection of FL5.12 cells. (D) FOXP3 expression
in CD4+ splenic T cells from control mice (n=2) or injected mice (n=3/group) analyzed by
flow cytometry. (E-H) BALB/c mice were immunized with low dose (0.02x10%) irradiated
BCR/ADI FL5.12 cells seven days prior injection of live cells. After injection of leukemic
cells, mice were treated with i.p. administration of PD-1 blocking antibody (250 pg/mouse)
every three days for the course of 12 days. Splenic T cells were analyzed 20 days after
injection. Percentage of GFP+ cells in spleen (E) and total splenocyte count (F) on day 20.
(G) Survival of FL5.12 injected mice without treatment (n=7), immunized and 1gG isotype
treated (n=7) and immunized and anti-PD-1 treated (n=7). (H) Glutl expression on T cells
from animals treated as in E-G was measured with flow cytometry. (1,J) Purified healthy
human blood T cells were repeatedly stimulated with low-dose anti-CD3, anti-CD28, anti-
CD2 coated beads for indicated times with or without rest until re-stimulation on day 21
(Supplemental Fig. 3B). Glucose uptake, pS6 on CD4+ and CD8+ T cells (1) and expression
of specified markers on CD4+ T cells (J) was measured with flow cytometry. Data in C,D
are mean + s.d. * P <0.05, ** P <0.01 and *** P < 0.001. Differences in survival were
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analyzed using Log-rank (Mantel-Cox) test. Data in | are representative of 4—7 chronically
stimulated and 4-6 control PBMCs samples. Data in J are mean +/- s.e.m. from 3 donors.
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FIGURE 3. Rescue of T cell Akt/mTORCL1 signaling decreases leukemia-induced T cell
dysfunction and improves anti-leukemic immunity

(A) Experimental design. (B) Splenocytes from FL5.12 injected mice with T cells with
(n=16) or without (n=14) mAkt tg were stimulated and analyzed for S6 phosphorylation.
(C,D) Production of IL-2 and IFNy in stimulated T cells from not injected control or
injected mice with or without mAKkt tg. Numbers in each quadrant represent % of events.

Expression of inhibitory receptors on splenic T cells (E,F) and percentage of GFP+ cells in
blood at day 14 and in spleen at day 18 (G). (H,1) Spleen size at day 18. Numbers in E
represent the percentage of positive cells in non tg and mAKkt tg animals. * P < 0.05, ** P <
0.01 and *** P < 0.001.
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FIGURE 4. Reduced Glutl expression contributes to dysfunction of T cells from leukemia-
bearing hosts

Splenocytes from not injected mice with T cells with (n=3) or without (n=3) Glutl tg and
FL5.12-injected mice with T cells with (n=20) or without (n=10) Glutl tg were stimulated
over-night with anti-CD3. (A) Representative data of CD25 expression. Numbers represent
% of positive cells in no tg and Glutl tg animals. (B) CD25, CD71 and CD69 expression
measured with flow cytometry. (C,D) Production of IL-2 and IFNy was assessed after
additional 5h stimulation with PMA/lonomycin. Numbers in each quadrant represent % of
events. * P < 0.05, ** P < 0.01 and *** P < 0.001.
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FIGURE 5. T cells from B cell leukemia patients show decreased glucose transport, glycolysis

and mTORC1 activity

(A) Peripheral blood mononuclear cells (PBMCs) from 5-8 healthy donors (N) and CLL
patients (n=6) were analyzed for the specified markers using flow cytometry. (B) PBMCs
from healthy donors (N, n=19) and CLL patients (n=16) were cultured /n vitro with or
without anti-CD3. After 3 days, expression of CD25 and CD71 was analyzed with flow
cytometry. Fold change in MFI was calculated as a ratio of MFI values of specified markers

of stimulated/not stimulated cells. (C) Glucose uptake measured with 2-NBDG

incorporation and analyzed by flow cytometry on N (n=8) and CLL patients (n=6). (D) T
cell glycolytic rate analyzed using samples from 5 healthy donors and 4 CLL patients.
Numbers in histograms represent MFI. (E) Cell size (FSC), expression of Glutl, HK2 and
phosphorylation of S6 measured with flow cytometry on T cells from N (n=8) and CLL
patients (n=6). Data in B are mean + s.e.m. Data in D are mean + s.d. from technical
triplicates. * P < 0.05, ** P < 0.01 and *** P < 0.001. (F-H) Samples form BCR/Abl+ B
Cell ALL patients (n=5) or healthy controls (n=6) were stimulated as in B and glucose
uptake (F), Glutl expression (G) and HK2 expression (H) was measured by flow cytometry.
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