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Abstract

Purpose: Adoptive T cell therapy (ACT) of cancer, which involves the infusion of ex vivo 
engineered tumor epitope reactive autologous T cells into the tumor-bearing host, is a potential 

treatment modality for cancer. However, the durable anti-tumor response following ACT is 

hampered either by loss of effector function or survival of the anti-tumor T cells. Therefore, 

strategies to improve the persistence and sustain the effector function of the anti-tumor T cells are 

of immense importance. Given the role of metabolism in determining the therapeutic efficacy of T 

cells, we hypothesize that inhibition of PIM kinases, a family of serine/threonine kinase that 

promote cell cycle transition, cell growth, and regulate mTORC1 activity, can improve the potency 

of T cells in controlling tumor.
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Experimental design: The role of PIM kinases in T cells was studies either by genetic ablation 

(PIM1−/−PIM2−/−PIM3−/−) or its pharmacological inhibition (pan-PIM kinase inhibitor, PimKi). 

Subcutaneous murine melanoma B16 was established subcutaneously and treated by transferring 

tumor epitope gp100 reactive T cells along with treatment regimen that involved inhibiting PIM 

kinases, anti-PD1 or both.

Results: With inhibition of PIM kinases, T cells had significant reduction in their uptake of 

glucose, and upregulated expression of memory-associated genes that inversely correlate with 

glycolysis. Additionally, the expression of CD38, which negatively regulates the metabolic fitness 

of the T cells, was also reduced in PimKi-treated cells. Importantly, the efficacy of anti-tumor T 

cell therapy was markedly improved by inhibiting PIM kinases in tumor-bearing mice receiving 

ACT, and further enhanced by adding anti-PD1 antibody to this combination.

Conclusion: The present study highlights the potential therapeutic significance of combinatorial 

strategies where ACT and inhhibition of signaling kinase with check-point inhibition could 

improve tumor control.
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INTRODUCTION

Harnessing the cytotoxic ability of T cells against tumor is a promising approach to devise 

effective T cell-based immunotherapy of cancer (1,2). Extensive studies have focused on 

optimizing the culture conditions for expanding tumor epitope-specific T cells. One of the 

important intrinsic parameters driving T cell differentiation and function is their metabolic 

commitment (3). It has been shown that dependence on glycolysis regulates the effector 

response of the T cells (e.g., IFNγ production) and leads to the generation of terminal 

effector T cells (4–6). Similarly, reliance on oxidative phosphorylation (OXPHOS) 

potentiates T cell memory response with improved persistence (7–9). Therefore, approaches 

to reinforce the differentiation of T cells to central memory phenotype (Tcm) have been 

successful by interfering with glycolytic activity of T cells either by blocking mTOR, AKT, 

or glycolytic pathway enzymes (6,10–17). Another strategy to increase the therapeutic 

efficacy of T cells for ACT is to reprogram the expanding T cells towards ‘stem cell-like 

memory’ (Tscm) phenotype (18–21). However, maintaining Tcm or Tscm phenotype in a 

tumor-bearing host has remained a challenge. Thus, understanding the mechanisms that lead 

to generation of stable anti-tumor Tcm phenotype in vivo has high translational potential to 

improve the quality of ACT.

PIM proteins are members of a family of short-lived, evolutionary conserved serine/

threonine kinases comprised of three isoforms (PIM1, PIM2 and PIM3) that act downstream 

of cytokine receptors and are critical for various aspects of cellular processes including 

signal transduction, cell cycle progression, apoptosis, and cell metabolism (22). It has been 

shown that PIM kinases can promote the activity of mTOR and thus regulate cell growth and 

protein synthesis in various cancer types (23). Our data suggests that T cells obtained from 

triple PIM isoform knock out (TKO) mice exhibit low glycolytic activity, as evident by the 
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lower glucose levels and reduced mTOR activity when compared to WT controls. 

Importantly, no significant difference in T cell activation or proliferation was detected in 

TKO vs. WT T cells. Similar observations were obtained when T cells were activated in the 

presence of the pan-PIM kinase inhibitor (PimKi) AZD1208. Moreover, PIM kinase 

inhibition in T cells led to higher Foxo1 activity, which translated to a T central memory 

phenotype (TCM, CD44+CD62L+) when compared with the control (vehicle-treated) T cells. 

Next, given the role of PIM kinases in down-modulating MYC,(24) which also controls PD1 

expression (25,26), we assessed if combining anti-PD1 + pan-PIM inhibitor + adoptive 

transfer of T cells (triple combination therapy, PPiT) could improve tumor response. We 

observed that when AZD1208 was administered with anti-PD1 antibody and tumor reactive 

T cells, there was long-term tumor control. Thus, we propose that targeting Pim kinase along 

with checkpoint blockade and adoptive T cell therapy offers potent tumor control.

Materials and Methods:

Mice

C57BL/6, B6-Thy1.1 (B6.PL-Thy1a/CyJ) and pMel mice were obtained from Jackson 

Laboratory (Bar Harbor, ME). PIM1−/−PIM2−/−PIM3−/− mice (triple knock out or TKO 

mice) were obtained in collaboration with Andrew S. Kraft, University of Arizona. Animals 

were maintained in pathogen-free facilities and experimental procedures were approved by 

Institutional Animal Care and Use Committees of Medical University of South Carolina, 

Charleston.

Reagents and cell lines

Penicillin, streptomycin, glucose-free RPMI-1640, and Iscove's Modified Dulbecco's 

Medium (IMDM) were purchased from Life Technologies, Grand Island, NY. FBS was 

procured from Atlanta Biologicals, Atlanta. hgp10025–33 peptide (KVPRNQDW) peptide 

was purchased from GenScript (Piscataway, NJ). Recombinant IL2 (rIL2) was procured 

from NCI, Biological Resources Branch. Fluorochrome conjugated anti-mouse CD8 (53–

6.7), CD71 (RI7217), CD25 (PC61), CD69 (H1.2F3), CD44 (IM7), CD62L (MEL-14), Sca1 

(D7), CD38 (90), PD1 (RPM1–30), IFN-γ (XMG1.2), IL-17a (TC11–18H10.1), CXCR3 

(CXCR3–173) and anti-human CD8 (SK1), CD44 (IM7), CD62L (DREG-56), CD28 

(CD28.2), CD27 (M-T271, PD1 (NAT105 were purchased from Biolegend, San Diego, CA. 

Anti-mouse Vβ13 (MR12–3) was procured from BD Biosciences, San Jose, CA. Anti-

human Vβ12 was from Thermo Scientific (Rockford, IL). Anti-mouse pS6 conjugated with 

Alexa647, pAkt (S473) conjugated with PE and pFoxo1 (S256) were purchased from Cell 

Signaling Technology, Danvers, MA. Anti-mouse PD1 (RMP1–14), CD3 (145–2C11), and 

CD28 (37.51) were purchased from BioXcell, West Lebanon, NH. B16-F10 melanoma (Cat 

# CRL-6475) was obtained from ATCC, Manassas, VA and 624-MEL from Dr. Michael 

Nishimura (Loyola University). PBMCs from healthy donors were obtained from a 

commercial vendor, Research Blood Components, LLC, after institutional approval by the 

Human Investigation Review Board.
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Cell Culture

Splenocytes from either TKO or WT (FvB) mice were activated with plate-bound anti-CD3 

(2 μg/ml) and anti-CD28 (2 μg/ml) in presence of rIL2 (100 U/ml) for three days. In some 

cases, splenocytes from pMel mice were activated using hgp10025–33 peptide 

(KVPRNQDW, 1μg/ml) either in presence of AZD1208 (3 μM) or vehicle (DMSO) for three 

days. rIL2 (100U/ml) was added during T cell activation. Complete IMDM media 

supplemented with 10% FCS, 4 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml 

streptomycin, 55 μM beta-mercaptoethanol was used for T cell culture. Purified CD4+ T 

cells were differentiated to either Th1 or Th17 type according to the protocol published 

recently (27).

Adoptive T cell protocol

Mouse melanoma tumor (B16-F10) and human melanoma (624-MEL) were maintained in 
vitro in complete IMDM. B16F10-ova (0.25 × 106) or 624-MEL (2.5 × 106) were injected 

subcutaneously (s.c.) into the left flank of C57BL/6 or NSG-A2 mice, respectively. On day 6 

following B16-F10 cell inoculation, the C57BL/6 recipient mice were injected 

intraperitoneally (i.p.) with cyclophosphamide (CTX) at 4 mg/mice. After 24 h of CTX 

injection, tumor-bearing C57BL/6 were either kept untreated or adoptively transferred with 

three–day-activated pMel cells (1 × 106/mouse). For xenograft tumor experiments, 15 days 

s.c.-established 624-MEL in NSG-A2 mice were either kept untreated or treated with three-

day-activated CD4+Vβ12+ (h3T) T cells (0.5 × 106/mouse). Recipient mice were given IL2 

(50,000 U/mouse; i.p) for 3 consecutive days after ACT. In some cases, following ACT, 

recipient mice were either kept untreated or injected (i.p) with vehicle (methyl acetate), 

AZD1208 (15 mg/kg of body weight), anti-PD1 Ab (200 μg/mouse), or both AZD1208 and 

anti-PD1 Ab. Both AZD1208 and anti-PD1 Ab was given every other day until day 21.

Flow cytometry

Detailed protocol for staining of cell surface molecules and intracellular proteins has been 

described earlier (27). Samples were acquired on LSRFortessa and analysed with FlowJo 

software (Tree Star, OR).

Real-time quantitative-PCR

Total RNA was isolated from pellets of the indicated T cell subsets (2 × 106 cells) using 

Trizol reagent (Life Technologies, Grand Island, NY). cDNA was generated from 1 μg total 

RNA using iScript cDNA Synthesis Kit (BioRad, Hercules, CA). SYBR Green 

incorporation quantitative real-time PCR was performed using a SYBR Green mix (Biorad, 

Hercules, CA) in the CFX96 Detection System (BioRad, Hercules, CA).

Activation-induced T cell death

Three-day-activated T cells from either WT or TKO mice were either left untreated or re-

stimulated overnight with plate bound anti-CD3 (2 μg/ml). Apoptosis was measured by 

Annexin V (BD Biosciences, San Jose, CA) vs. 7AAD staining according to the 

manufacturer’s protocol, followed by flow cytometry. Data were analysed with FlowJo 

software (Tree Star, OR).
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Glucose uptake, oxygen consumption and glycolytic flux

Glucose uptake by activated T cells were determined by incubating cells with 100 μM 

2NBDG (Cayman Chemical, Ann Arbor, MI) for 30 minutes before measuring fluorescence 

by flow cytometry. Extracellular acidification rate (ECAR) was evaluated as described 

earlier (27).

Foxo1 activity assay

Using equal amounts of nuclear protein extracted by NE-PER Nuclear and Cytoplasmic 

Extraction Reagents (Thermo Fisher Scientific, Waltham, MA), Foxo1 activity (FKHR 

transcription Factor Assay Kit, Active Motif, Carlsbad, CA) was determined as per 

manufacturer’s protocol.

Statistical analysis

All data reported are the arithmetic mean from three independent experiments performed in 

triplicate ± standard deviation (SD) unless stated otherwise. The unpaired Student’s t-test 

was used to evaluate the significance of differences observed between groups, accepting p < 

0.05 as a threshold of significance. Data analyses were performed using the Prism software 

(GraphPad, San Diego, CA). For tumor experiments, all analyses were performed using R 

version 3.2.3 and SAS version 9.4. Time-to-sacrifice was defined as the number of days 

from treatment to euthanasia (tumor size ≥ 400 mm2 or other criteria for sacrifice met). 

Time-to-sacrifice values for animals not meeting euthanasia criteria at the end of the 

experiment were right-censored. Kaplan-Meier (KM) curves were constructed for each 

treatment group, and comparisons relative to control were performed using log-rank tests. 

Because KM curves frequently overlapped, curves were shifted slightly to facilitate 

visualization. Tumor size at each time point was measured relative to tumor size at treatment 

initiation to adjust for differences in tumor size at baseline between animals. We transformed 

resulting fold-change (FC) values using a log base 2 transformation to achieve approximate 

normality, evaluated using histograms and quantile-quantile plots. To facilitate 

transformation, we added 0.5 to tumor sizes of 0 mm2. Using maximum likelihood, we fit 

linear mixed effects regression models of log2FC as a function of experimental group, time 

(as a continuous variable), group-by-time interaction and mouse-specific random effects to 

account for the correlation among measures obtained from the same animal over time. We 

evaluated the functional form of time in each model, and considered non-linear 

transformations as appropriate based on fractional polynomials (28). Group comparisons 

were performed using model-based linear contrasts.

RESULTS

Inhibition of PIM kinases in T cells reduces their glycolytic activity

Since different T cell subsets (i.e., effector, memory, or regulatory) have been shown to 

exhibit unique metabolic commitment (29), we determined the metabolic phenotype of T 

cells in the absence of PIM expression. We observed that Pim TKO T cells significantly 

reduced their ability to uptake fluorescent glucose (2-NBDG, Fig. 1A), which could be due 

to the reduced expression of Glut1 on activated TKO T cells as compared to WT T cells 
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(Fig. 1B). To further interrogate whether absence of PIM kinases in T cells affects 

glycolysis, we evaluated extracellular acidification rate (ECAR), a measure of lactate 

production by aerobic glycolysis, in activated TKO and WT T cells using a metabolic flux 

analyzer. As shown in Fig. 1C, following the addition of glucose, TKO T cells exhibited a 

decreased ECAR value as compared to WT T cells, indicating that the ability of the TKO T 

cells to metabolize glucose through glycolysis is lower as compared to WT T cells.

To further determine whether reduced ECAR in TKO T cells was due to differential 

expression of key enzymes involved in the glycolytic pathway, we evaluated the transcript 

levels of various glycolytic enzymes using qPCR. Our data indicates that the transcript level 

of various glycolysis-associated genes was significantly downregulated in TKO T cells as 

compared to WT T cells (Fig. 1D). In addition to decreased glycolysis, deletion of PIM 

kinases in T cells also reduced the surface expression of transferrin receptor, CD71, which 

correlates positively with the glycolytic activity of these T cells (Fig. 1E). Since glycolysis 

positively corelates with the activation of mTOR, we next evaluated the phosphorylation of 

ribosomal protein S6 (pS6), a downstream target of mTOR, in WT and TKO T cells. We 

observed that WT T cells had a higher level of phosphorylated S6 as compared to TKO T 

cells (Fig. 1F). These data together imply that PIM kinases are involved in glycolytic 

commitment of T cells.

PIM kinase-deficient T cells exhibit increased TCM phenotpe and reduced reactive oxygen 
species (ROS) generation

Since the glucose requirement is a key determinant of the IFNγ signature of T cells (5), we 

next determined if reduced glycolysis in TKO T cells affects the cytokine signature. 

Analysis of effector cytokines in activated T cells showed reduced IFNγ secretion by TKO T 

cells compared to WT T cells (Fig. 2A). Similarly, TKO T cells differentiated in vitro to 

either Th1 or Th17 cells exhibited reduced signature cytokine secretion compared to WT T 

cells (Fig. 2B).

Next, to determine if the reduced cytokine response exhibited by TKO T cells is due to lack 

of proper activation or differentiation, we compared the phenotype of activated WT and 

TKO T cells after three days. We observed that both WT and TKO T cell populations had 

similar level of CD25 and CD69 expression (Fig. 2C), indicating an equal degree of 

activation. However, we noticed that compared to WT T cells, the majority of the TKO T 

cells exhibited the CD62L+CD44+ phenotype (≈ 60% vs. 40%, Fig. 2D). This was also 

accompanied by increased expression of stem cell antigen (Sca1) on this Tcm fraction in 

TKO T cells (Fig. 2E). Thus, inhibition of PIM kinases results in an increased Tcm fraction 

with a stem cell phenotype. Various negative co-stimulatory molecules (PD1 and CD38) that 

have been shown to dampen the effector response of the T cells at the tumor site were 

markedly reduced on TKO T cells as compared to WT T cells (Fig. 2F and 2G). T cell 

receptor (TCR) restimulation results in ROS secretion that has been shown to be important 

for initial proliferation of the T cells (30). Thus, we examined if there is any difference in 

ROS accumulation between WT and TKO T cells. Our data shows that PIM TKO T cells 

secreted lower levels of ROS species H2O2 (measured using DCFDA) and reactive nitrogen 

species (RNS, measured using DAF; Fig. 2H and 2I). The anti-oxidant genes (such as 
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catalase, superoxide dismutase, thioredoxin; measured using qPCR) were also found to be 

elevated in PIM TKO T cells (Fig. 2J). Since excessive ROS/RNS accumulation upon 

chronic TCR activation leads to activation-induced cell death (AICD), we determined if 

there are any differences in susceptibility to AICD between the WT and PIM TKO T cells. 

Our data shows that TCR activated PIM TKO T cells, upon TCR restimulation, exhibited 

reduced cell death (as measured by Annexin V) as compared to WT T cells (Fig. 2K). Thus, 

loss of PIM in primary T cells seems to correlate with reduced ROS/RNS and a lesser degree 

of cell death. It should be noted that data showing reduced ROS in primary T cells is 

different from what we reported earlier for PIM TKO mouse embryonic fibroblasts (MEFs) 

(31), (Fig. 2L). This set of data gave us an impetus to target PIMs along with ACT for tumor 

control, since on one hand, PIM inhibition could lead to depletion of Nrf2 and ROS-

mediated tumor lysis, while on the other hand, T cells may exhibit the opposite phenotype—

reduced ROS/cell death.

Further, the RNA sequence analysis using the TCR activated WT and TKO derived T cells 

(Supplementary Fig. 1) also revealed inhibition of the glycolysis and glycogen pathway 

genes as Eno (enolase), Pygl (glycogen phosphorylase), Gbe (glycogen branching enzyme). 

While enolase has been shown to regulate regulatory T cells (32), the glycogen metabolism 

pathway genes primarily indicate declined cellular glycogen content and decreased rates of 

glycogenolysis or glycogenesis. The expression of bone morphogenetic protein family 

proteins and receptors (members of the TGF-beta superfamily) was decreased in TKO T 

cells as compared to WT counterpart. The expression of Bmp7 has also been shown to 

directly correlate with B cell apoptosis (35). TKO T cells showed increased expression of 

Cadm1 (cell adhesion molecule 1), Bcl2a1 (Bcl-2-related protein A1), Tnfsf4 (OX40L), and 

Sell (CD62L) which are known to promote lymphocyte adhesion, migration, survival (36–

38). Expression of several solute transporters as Slc12a2, Slc25a10 (malate transporter on 

mitochondrial membrane), Slc15a3, and Slc7a11 (cystine/glutamate transporter, xCT) were 

increased in TKO T cells. Several mitochondrial transporters or electron transport chain 

components as Nudt1 (Nudix hydrolase 1), mt-ND1, mt-CytB, Timm10, and Timm50 were 

also elevated in TKO T cells. While Nudt1 encodes protein that hydrolyzes oxidized purine 

nucleoside triphosphates to facilitate DNA repair (39), mt-ND1 and mt-CytB are important 

part of the electron transport chain. Similarly, Timm50 expression prevents the release of 

cytochrome c and apoptosis. Thus, deletion of PIM modulated the pathways that led to 

improved survival and function of the T cells.

Pharmacological inhibition of PIM kinases decreases T cell metabolism

We next determined the biologic outcome of pharmacological inihibition of PIM kinases in 

T cells, specifically whether using AZD1208 (40) treatment would produce a similar 

metabolic and functional phenotype as observed with TKO T cells. Our data indicates that, 

similar to TKO T cells, inhibition of PIM kinases by AZD1208 reduced the ability of T cells 

to uptake fluorescent glucose analogue (2NBDG, Fig. 3A), which further correlates with the 

reduced glycolysis rate of the cells as measured by ECAR (Fig. 3B). In both cases (Fig. 1C 

and 3B) only basal glycolysis rate was found to be significantly different between the groups 

whereas the glycolytic capacity (defined as the difference between ECAR following the 

injection of oligomycin and the basal ECAR reading) and glycolysis reserve (defined as the 
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difference in ECAR between the glucose and oligomycin injections) were comparable 

between the groups. Evaluation of intracellular metabolites futher confirmed that the 

inhibition of PIM kinases in T cells markedly reduces their glycolytic activity. The 

intracellular level of lactate, the terminal metabolite of aerobic glycolysis, was markedly 

reduced in T cells treated with AZD1208 as compared to vehicle-treated group (Fig 3C). 

Moreover, the expression of CD71 and phosphorylation of ribosomal protein S6 are 

substantially reduced in T cells treated with PimKi (Fig. 3D and 3E), indicating that 

AZD1208 treatment produces a comparable effect to genetic ablation of PIM kinases in 

altering the glycolytic comitment of the T cells.

We next determined the functional phenotype of the T cells activated in presence of 

AZD1208, and found that its treatment substantially increased the percentage TCM cells 

(CD44+CD62L+, Fig. 3F). The expression of chemokine receptor CCR7, a key molecule on 

Tcm cells (41), was also enhanced in T cells activated in presence of AZD1208 (Fig 3G). 

However, no significant difference in the activation status of the T cells, as determined by 

the expression of CD25 and CD69, was observed between vehicle vs. AZD1208 treatment 

groups (Supplementary Fig. 2A), implying that Tcm phenotype was not related to reduced 

activation. Moreover, similar to TKO T cells, AZD1208-treated T cells also exhibited 

marked reduction in the surface expression of co-inhibitory molecule PD1 (Fig. 3H, upper 
panel), and ectonucleotidase CD38 (Fig. 3H, lower panel), which was recently shown to 

inversly correlate with anti-tumor T cell function (27).

Next, we compared the cytokine production between vehicle vs. AZD1208-treated T cells 

and observed that pharamacological blockade of PIM kinases substantially reduced the 

IFNγ and IL17 secretion from in vitro differentiated Th1 and Th17 cells respectively (Fig. 

3I). The RNA sequence analysis also showed differences in similar metabolic pathway 

genes, and genes responsible for migration, proliferation and survival as was observed with 

TKO T cells (Supplementary Fig. 2B). These data together indicate that pharamacological 

blockade of PIM kinases using AZD1208 induced similar metabolic and functional 

phenotype of T cells to that observed for TKO T cells.

Reduced phosphorylation of Foxo1 in AZD1208-treated T cells

Given the increased expression of CD62L in AZD1208-treated T cells, we reasoned that the 

upstream transcription factor Foxo1, which regulates CD62L expression (42,43), should be 

activated. Since increased phosphorylation of Foxo1, mediated by Akt, leads to exclusion of 

this protein from the nucleus and reduction in its activity (44,45), we determined the 

phosphorylation levels of both Foxo and Akt. Our data shows that AZD1208-treated T cells 

indeed exhibit reduced phosphorylation of both Akt and Foxo1 (Fig. 4A and 4B).

Quantitative determination of the transcriptional acitivity of the Foxo1 (Fig. 4C) further 

correlated with the cofocal microscopy data (Fig. 4D), demonstrating that AZD1208 

treatment significantly increases the transcriptional activity of Foxo1 in T cells. As increased 

transcriptional activity of Foxo1 has been shown to regulate the expression of various 

memory-associated molecules like Tcf7, Bcl6 and β-catenin, we next evaluated the 

expression of these molecules in T cells treated with AZD1208. We observed significant 

upregulation in the mRNA expression of both Tcf7 (~2 fold) and Bcl6 (~1.5 fold) in T cells 
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treated with AZD1208 as compared to the vehicle-treated group (Fig. 4E). This data 

demonstrates that PIM inhibition corresponds to the upregulation of memory and stemness 

phenotype, likely mediated by increased Foxo1 activity.

In order to determine if pan-PIM inhibitor AZD1208 pre-treated T cells would establish 

memory in vivo, we activated melanoma epitope gp100 reactive T cells derived from pMel 

TCR transgenic T cells with cognate antigen for three days either alone or in presence of 

AZD1208 and transferred them i.v. into Rag1−/− mice. After 25 days of initial transfer of T 

cell, the recipient mice were sub-cutaneously injected with murine melanoma B16-F10 cells. 

Then homeostatically proliferating transgenic T cells were tracked after 5 days of tumor 

injection in different lymphoid and non-lymphoid organs. We observed that pMel+AZD1208 

T cells exhibited higher recall response to tumor challenge as compared to pMel control T 

cells, which was evident by its significantly increased expansion in each organ (Fig. 4F). 

Additionally, the AZD1208 treated pMel T cells tracked from the spleen of recipient mice 

also showed enhanced cytokine secretion upon restimulation, as compared to the untreated 

ones (Fig. 4G). This indicates that PIM kinase inhibition renders T cells with a functional 

memory phenotype.

PIM kinase inhibition leads to improved tumor control

Given that inhibition of glycolysis produces T cells with increased memory phenotype, 

which is crucial for exerting durable anti-tumor response (6), we determined if inhibition of 

PIM kinases will improve control of solid tumor. Thus, gp100 reactive T cells (from pMel 

TCR transgenic mouse) were pre-treated with PimKi, adoptively transferred to the C57BL/6 

mice bearing subcutaneously established murine melanoma B16-F10, and tumor growth was 

monitored (Fig. 5A). A maintenance dose of AZD1208 was also administered twice weekly 

for three weeks after adoptive transfer, and groups of mice with ACT alone and inhibitor 

alone were used as controls. Our data demonstrates that PIM inhibition along with 

adoptively transferred T cells showed improved tumor control and survival as compared to 

the groups treated with ACT or inhibitor alone (Fig. 5B). However, the increased survival 

was short-lived – likely due to dimished effect of pharmacological inhibition with time.

The inhibition of PIM kinase during TCR-mediated activation of human T cells also 

conferred a phenotype similar to the one observed for murine TKO cells or for AZD1208-

treated murine WT T cells. As shown in Fig. 5C, inhibition of PIM in human T cells resulted 

in increased Tcm phenotype as exhibited by the CD44+CD62L+ levels. Additionally, we 

found that despite TCR activation and proliferation, the human T cells maintained elevated 

expression of CD28 (Fig. 5D) and CD27 (Fig. 5E) when compared to the untreated T cells. 

Moreover, as observed in murine T cells, the human T cells activated in presence of 

AZD1208 also showed reduced expression of PD1 (Fig. 5F) and CD38 (Fig. 5G) as 

compared to those activated without it. Next, we analysed the metabolic phenotype of the 

human T cells treated with PimKi and found that similar to the murine T cells, inhibition of 

PIM kinases significantly reduced the ability of the human T cells to uptake fluorescent 

glucose (2-NBDG, Fig. 5H). This data indicates that, like in the mouse, inhibition of PIM 

kinases in human T cells hampered their glycolytic activity, which was further correlated 
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with the reduced phosphorylation of ribosomal protein S6 (pS6) in human T cells treated 

with AZD1208 (Fig. 5I).

To further evaluate whether ACT in the presence of PimKi is equally efficacious in 

controlling human tumors, we subcutaneously established HLA-A2+ human melanoma 

624MEL cells in NSG-A2 recipient mice. The h3T TCR trangenic mouse-derived human 

tyrosinase epitope-reactive T cells were used for adoptive transfer either alone or combined 

with AZD1208 treatment (Supplementary Fig. 3A). Our data shows that human tumors also 

showed the similar trend with slower growth and better survival in the mice that were treated 

with the combination of PimKi and tumor reactive T cells (Supplementary Fig. 3B, 3C). 
However, it seems that slow tumor growth was restricted to the three week duration when 

the maintenance does of PimKi was adminsitered (with p value being 0.0264 (d8), 0.001 

(d15), 0.0006 (d17), 0.0006 (d20), 01692 (d26)). Thus, the strategy to combine PimKi with 

ACT could be beneficial for achieving tumor control in immunotherapy protcols, but may 

require a long-term pharmacological inhibition of PimK.

The combination AZD1208 treatment with anti-PD1 antibody further improves ACT

The murine B16F10 melanoma cell line is resistant to checkpoint blockade with antibodies 

targeting the PD-1 and/or CTLA-4 (cytotoxic T lymphocyte–associated protein 4) receptors 

(46,47). Therefore, strategies that could increase efficiacy of immune check-point blackade 

are needed. Since PimKi increased Tcm/Tscm phenotype, we hypothesized that a 

combinatorial approach using anti-PD1 + pan-PIM inhibitor + adoptive transfer of T cells 

(triple combination therapy, PPiT) could improve monotherapy with anti-PD1 or ACT. Our 

experiments demonstrated that PPiT worked the best in controlling growth of established 

melanoma (Fig. 6A), and markedly enhanced the survival of tumor bearing mice (Fig. 6B). 

Importantly, the tumor growth was significanty lower when Pmel T cells were adminstered 

with PimKi with anti-PD1 (brown solid curve, PPiT group) as compared to PimKi alone (red 

solid curve). However, this reduced tumor growth in PPiT group was limited to the duration 

of PimKi administration, as the tumors grew back and reached to the size similar to one’s 

observed in the group treated with T cells and AZD1208. The statistical analysis showed 

that as compared to Pmel group, PPiT group remained statistically significant (<0.0001) 

from day 8–32, where as in Pmel+AZD group the p values were 0.0685 (d8), 0.012 (d11), 

0.0083 (d13), 0.0081 (d15), 0.0176 (d19), 0.0389 (d21), 0.2673 (d25), 0.5737 (d27, non 

significant), and 0.5859 (d32, non significant). Thus, it seems that the PPiT treated group did 

had a better overall tumor control as compared to pMel+AZD1208 group. This data 

indicates that adding AZD1208 throughout the anti-PD1 regimen could have potential 

clinical relevance for patients being treated with this antibody.

To determine if differences in T cell migration or persistence played a role in the enhanced 

tumor control observed with PPiT, we tracked the adoptively transferred T cells in the 

spleen, blood, and tumor site. A higher number of adoptively transferred gp100-reactive T 

cells were observed in mice that received triple combination (Fig. 6C). Importantly, for 

PPiT-treated mice, expression of PD1 (Fig. 6D) and CD38 (Fig. 6E) was reduced in T cells 

retrieved from the tumor site, but there was an increase in cytokine response (IFNγ, TNFα) 

along with granzyme B (Fig. 6F). We also observed that the expression of PD1 and CD38 
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was considerably lower on adoptively transferred T cells retrieved from the spleen or blood 

of tumor-bearing mice receiving PPiT (Fig. 6G and 6H). Moreover, the expression of 

CXCR3, which correlates with the improved migration of the anti-tumor T cells to the tumor 

site, was also elevated on the tumor epitope-specific T cells from spleen or blood of tumor-

bearing mice receiving PPiT (Fig. 6I and 6J). It must be noted that the data in Fig. 6C-6I was 

generated when the tumor size in pMel+AZD and PPiT group were almost similar, since the 

last adminsitration of PimKi was about two or more weeks before the experimental 

endpoint, which would have resulted in the diminished PimK inhibition leading the tumor to 

grow after day 21 and masking the diffrences in phenotype and function of infiltrated T 

cells. However, the data does indicate that PIM inhibitor and anti-PD1 produced quantitative 

and qualitative changes in T cell phenotype that leads to long-lasting tumor control. 

Together, these results suggest that the PPiT strategy could be potentially tarnslated to 

clinics for targeting tumors where anti-PD1 therapy has not yielded durable anti-tumor 

control.

DISCUSSION

Studies in animal models indicate that adoptive transfer of long-lived, central memory T 

cells (TCM) significantly improves their persistence and the therapeutic efficacy of adoptive 

immunotherapies. However, most adoptive cell transfer (ACT) trials use rapidly expanded T 

cells—either TCR- or chimeric antigen receptor-engineered or tumor infiltrating 

lymphocytes (TILs)—that are terminally differentiated and/or have an effector memory 

(TEM) phenotype (1,48). These terminally differentiated T cells also exhibit negative co-

stimulatory molecules (i.e. CTLA4, PD1, Tim-3) that correlate with T cell dysfunctionality 

or exhaustion and have limited life span in vivo, making them less likely to mediate clinical 

responses (49,50). Based on the promising results seen when using check-point blockade, it 

is important that the mechanisms underlying the resistance to these therapies are better 

understood and targeted for increasing the efficacy of tumor control across various tumor 

types (51–53). Thus, strategies that could potentiate anti-tumor immunotherapy are needed.

The three Pim kinases are members of a small family of serine/threonine kinases regulating 

several signaling pathways that are fundamental to cancer development and progression 

(54). It has been shown that similar to the rapamycin target TOR, the Pim kinases also 

contribute to the regulation of lymphocyte growth and proliferation (55). This study also 

showed that PiM1−/−PIM2−/− T cells have increased sensitivity to rapamycin. Since 

rapamycin-mediated mTOR inhibition has been shown to increase the T cell memory 

response (13,56,57), we hypothesized that targeting PIM kinases could produce an even 

stronger T cell memory phenotype and thereby potentiate tumor control. We show here that 

combining PIM kinase inhibition with anti-PD1 antibody renders T cells with Tcm/Tscm 

phenotype, which is maintained in vivo and improves tumor control when this approach is 

used to treat poorly immunogenic murine melanoma B16-F10 tumors. Importantly, the TILs 

obtained from the tumors of groups that were treated with PIM inhibitor showed decreased 

expression of both CD38 and PD1. A recent study has shown that discrete chromatin states 

correlate with reprogrammability and surface protein expression profiles, where high CD38 

expression was associated with non-reprogrammable PD1hi dysfunctional T cells within 

heterogeneous T cell populations (58). Reduced CD38 expression has also been shown to 
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result in increased levels of NAD+ within the T cells, which renders anti-tumor T cells with 

a “metabolic fitness” and result in improved tumor control(27). Thus, maintaining high NAD
+ by blocking CD38 expression due to PIM inhibition may have also contributed to the 

improved tumor response and needs to be further investigated.

It has been shown that blocking T cell differentiation promotes the generation of Tscm cells 

with CD44loCD62LhiSca-1hi phenotype that exhibit enhanced anti-tumor capacity (20). 

However, we observed that inhibition of PIM kinase leads to enhanced Tscm phenotype 

without hampering T cell activation, which could be due to differences in phosphorylation 

status of its downstream substrates that are involved in cellular differentiation (59). To our 

knowledge, the synergy between adoptive T cell immunotherapy, check-point blockade, and 

a protein kinase inhibitor, reported in this study, to significantly increase tumor control has 

not been demonstrated earlier.

PIM kinase and Akt are the two pro-survival kinases that are commonly amplified in cancer 

(60), and they are also known to cross-talk (60). These oncogenic proteins are serine/

threonine kinases that phosphorylate various substrates that control the cell cycle, cellular 

metabolism, proliferation, and survival (60). We observed that PimKi-treated T cells also 

exhibited reduced phosphorylation of Foxo, which is mediated by phosphorylated Akt (61). 

Foxo1 is required to maintain naive T cell homeostasis through the regulation of several 

genes crucially involved in T cell trafficking and survival (44). The Foxo subfamily of 

transcription factors also has a highly conserved role in the regulation of life span, cell cycle 

progression, apoptosis, glucose metabolism, and stress resistance, which works by 

integrating information pertaining to the abundance of nutrients, growth factors and stress 

signals (45). The increased nuclear retention of Foxo1 that correlates with its enhanced 

functional activity was likely responsible for the shift to a Tcm phenotype and higher levels 

of its downstream transcriptional target, i.e., CD62L (42). Systemic administration of PimKi 

in our approach could also have resulted in the continuous activity of Foxo1, which has 

recently been shown to be required for preventing anergy and maintaining the memory state 

of CD8+ T cells (62).

Our data also suggests that PIM kinases positively regulate glycolysis in T cells and its 

inhibition leads to reduced glycolysis, increased persistence and enhanced tumor control. 

This data recapitualtes the previous striking observation that inhibition of glycolysis in T 

cells potentiates tumor control by increasing persistence and maintaining effector function in 
vivo (6). The systemic administration of pan-PIM inhibitor may also have metabolically 

modulated other endogenous lymphoid and myeloid cells of the tumor-bearing host. 

Inhibition of mTOR promotes dendritic cell (DC) activation and enhances T cell response 

upon vaccination (63). The improved performance of DCs in which mTOR has been 

inhibited is correlated with an extended lifespan following activation and a prolonged 

increase in expression of costimulatory molecules (63). A recent study has also shown that 

glucose-deprived GM-DCs demonstrate increased costimulatory molecule and IL12 

expression, signals known to be important for the induction of T-cell proliferation and the 

acquisition of T cell effector function (64). Foxo1 also induces DC activity by regulating 

ICAM-1 and CCR7 (65) by binding to the CCR7 and ICAM-1 promoters, stimulating CCR7 

and ICAM-1 transcriptional activity, and regulating their expression (65).
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We observed that inhibition of PIM kinase does affect the human T cell survival and 

function. While there was an increase in Tcm phenotype, we also noticed reduced pFoxo, 

pAkt and enhanced Foxo activity in AZD1208-treated T cells in vitro. The FOXO binding 

site (TGTTTAC) and several FOXO target genes are conserved from worms to mammals, 

raising the possibility that the PIM mediated regulation of FOXO-dependent transcription 

may be conserved across species (66). We also noticed increased CD28, a positive co-

stimulatory molecule that controls mitochondrial dynamics and metabolic fate of T cells 

(67). Thus, the likelihood of translating the PPiT strategy into patients is high, as this 

combination approach may have the potential to increase tumor control by metabolically 

altering T cells in the tumor microenvironment.

While our data demonstrates that PimKi-treated T cells have reduced pAkt, pFoxo, and pS6, 

there still could be various substrates that may be hypo-phosphorylated, causing differences 

in TCR signalling or metabolic signalling. Recently, the role of protein phosphorylation as a 

major switch mechanism for metabolic regulation has been discussed (68). Protein kinases 

phosphorylate a substrate, modulating its activity. While it seems simple, multiple kinases 

can phosphorylate the same substrates, mostly on different sites within the same protein. 

This could lead to a highly connected network of metabolic control points. Future studies 

will be needed to identify the differences in phosphorylation state of different PIM substrates 

within diverse immune cells. These findings could help us identify the specific signalling 

pathways that are altered by kinase inhibitors and contribute to tumor control.

While we do observe high levels of effector cytokines (IFNγ, TNFα), along with enhanced 

levels of the cytolytic molecule, granzyme B, and reduced T cell exhaustion in the 

AZD1208- or PPiT-treated tumor-bearing animals, the administration of AZD1208 alone did 

not produce significant tumor control; thus, it is likely that this agent may affect tumor or the 

microenvironment, making the tumor more susceptible to lysis by adoptively transferred T 

cells, which alone were also less effective, yet in contrast these cells had remarkably 

preserved effector function and stemness in the PPiT treatment group. Identifying targets of 

modulation within transferred or host immune cells when using the PPiT strategy will be 

important for designing future target specific trials. Similarly, elucidating the role of 

individual PIM isoforms in T cells would be required to refine this approach for boosting 

anti-tumor T cell effector and memory responses (69,70). Importantly, this study establishes 

that strategies that target tumor tissues and boost the host immune response have the 

potential for achieving long-term tumor control.
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TRANSLATIONAL RELEVANCE

Adoptive T cell immunotherapy studies predominantly comprise of terminally 

differentiated T cells with effector memory (Tem) phenotype, which have a limited life 

span. We believe that targeting PIM kinases, which along with Akt phosphorylate 

overlapping substrates to activate common pathways that control various physiological 

processes, are important for controlling tumor growth by altering the anti-tumor T cell 

phenotype. This study shows that PIM inhibition not only leads to increased central 

memory phenotype of T cells, but it also results in a durable tumor control when used in 

combination with anti-PD1 antibody. Thus, these studies have high translational potential 

for tumor immunotherapy protocols being used to treat cancer patients.
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Figure 1. Inhibition of PIM kinases lowers glycolysis in T cells.
Purified CD8 T cells from either WT or TKO mice were activated and used to determine: A) 

2NBDG uptake, and B) cell surface expression of Glut1 using flow cytometry. For A & B, 

adjacent bar graph represents the cumulative data of mean fluorescence intensity (MFI) from 

three independent experiments. C) ECAR time course in response to glucose, oligomycin 

and 2DG (left panel). Adjacent bar graph shows ECAR level after glucose addition. D) 

qPCR analysis of various glycolysis-associated genes in activated T cells from either WT or 

TKO mice. E) Cell surface expression of CD71 using flow cytometry. Adjacent bar diagram 

represents the cumulative data as MFI from three independent experiments. F) Intracellular 

expression of pS6 in activated T cells. Adjacent bar graph represents the cumulative MFI 

data from three independent experiments. *p<0.05, **p< 0.01 and ***p<0.005.
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Figure 2. Increased stemness, reduced ROS generation and cell death in TKO T cells.
A-B) Intracellular cytokine secretion by WT and TKO T cells either activated three days in 

presence of IL2 (A), or in vitro differentiated Th1 and Th17 cells (B). For A & B, adjacent 

bar graph represents the cumulative data of MFI from five independent experiments. C-G) 

Cell surface expression of the following on activated WT and TKO T cells: CD25 vs. CD69 

(C), CD44 vs. CD62L (D), Sca1 (E), PD1 (F) and CD38 (G). For C-G, adjacent bar graph 

represents cumulative MFI data from three independent experiments. H-I) Flow cytometric 

analysis of activated WT and TKO T cells for intracellular ROS level (H), and NO level (I) 
measured using DCFDA and DAF respectively. Cumulative MFI data from 3 independent 
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experiments is represented in the bar graph alongside the histogram. J) qPCR analysis of 

anti-oxidant genes using mRNA obtained from activated T cells. K) Activation-induced cell 

death of WT and TKO T cells was evaluated after overnight re-stimulation with anti-CD3 (2 

μg/ml) and anti-CD28 (1 μg/ml). Scatter plot represents the frequency of annexin V+7AAD+ 

CD8 T cells before and after overnight re-stimulation. Data are representative of 3 

independent experiment with similar results. L) WT and TKO MEF were stimulated with 

PMA and accumulation of ROS (using DCFDA) and RNS (using DAF) was determined. 

Cumulative MFI from 3 independent experiments is represented in the bar diagram below 

the histogram. *p<0.05, **p< 0.01 and ***p<0.005.
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Figure 3. Pan-PIM kinases inhibitor AZD1208 mimics the phenotype observed with TKO T cells.
pMel T cells activated with the cognate antigen either in presence of vehicle control 

(DMSO) or AZD1208 (3 μM) were used to determine: A) uptake of 2NBDG, B) ECAR time 

course following addition of glucose, oligomycin, and 2DG (left panel), and ECAR level 

following addition of glucose (right panel), C) intracellular level of lactate using NMR, D) 

cell surface expression of CD71, E) intracellular expression of pS6, F) cell surface 

expression of CD44 and CD62L, G) CCR7, and H) PD1 (upper panel), and CD38 (lower 
panel). For panel A-H, the bar graph represents the cumulative MFI data from three 

independent experiments. I) intracellular cytokine production by Th1 or Th17 cells 
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differentiated in vitro either in presence or absence of AZD1208 (3 μM). The adjacent 

scatter plot represents the cumulative data of MFI from there independent experiments. 

*p<0.05, **p< 0.01 and ***p<0.005.

Chatterjee et al. Page 23

Clin Cancer Res. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. PIM inhibition decreases pAkt and pFoxo1 in T cells.
pMel T cells were activated with the cognate antigen either in presence of vehicle control 

(DMSO) or AZD1208 (3 μM) before flow cytometry analysis of: A) phosphorylated Akt 

(S473), B) phosphorylated Foxo1 (S256), and C) ELISA-based determination of Foxo1 

activity. For panel A & B, the adjacent bar graph represents the cumulative mean 

fluorescence intensity (MFI) data from three independent experiments; panel C shows 

representative data from one of three independent experiments. D) Confocal microscopy-

based localization of total Foxo1 (green) is shown. DAPI (blue) was used to stain the 

nucleus. E) qPCR analysis of various memory-associated genes in vehicle- or AZD1208-
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treated T cells. Average of three independent experiments is shown. F) Three day activated 

pMel or AZD1208 treated pMel transgenic T cells (1×106 cells/mouse) were adoptively 

transferred into Rag1−/− mice. After 25 days of T cell transferred mice were sub-cutaneously 

injected with B16-F10 solid tumors (0.25 × 106 cells/mouse). Upper panel shows 

representative flow cytometric analysis done to determine the percentage of TCR transgenic 

T cells retrieved from spleen, lymph nodes, blood, lung, liver after 5 days of tumor injection. 

Lower panel is the cumulative data from different mice. G) Splenocytes from (F) were 

stimulated overnight with hgp100 antigen before being analyzed for intracellular signature 

of IFNγ and TNFα. N=3. *p<0.05, **p<0.005, ***p<0.0005.
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Figure 5. Inhibition of PIM kinases improves the anti-tumor response of T cells.
A) B6 mice (n=5 mice/group) were inoculated via subcutaneous route (s.c.) with 0.25 × 106 

B16-F10 murine melanoma cells and after eight days mice were either injected (i.p) with 

vehicle control (methyl acetate) or AZD1208 or adoptively transferred with three-day-

activated pMel T cells (1×106 cells/mouse). Mice that received pMel T cells were further 

subdivided in two groups and either injected (i.p) with vehicle (methyl acetate) or AZD1208. 

Mice were given AZD1208 every other day until day 21. Tumor growth was measured using 

digital calipers in two dimensions (area (mm2) = length (mm) × breadth (mm)), every three 
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days. Schematic diagram (A) and fold-change (tumor size relative to tumor size at baseline) 

over time for each experimental condition is shown (B). Fold-change (tumor size relative to 

tumor size at baseline) over time for each experimental condition. Dashed lines are 

individual mouse trajectories, solid lines are fitted growth curves based on linear mixed 

effects regression model (see methods), and shaded regions are point wise 95% confidence 

regions. B) Kaplan-Meier curves for time-to-sacrifice across experimental conditions are 

shown. Curves have been shifted slightly to facilitate visualization. Comparisons between 

conditions based on a log-rank test (pMel only versus pMel + AZD, *p value = 0.020). C-I) 
Human T cells from the healthy donors were activated either in presence of absence of 

AZD1208 before determining: cell surface expression of CD44 and CD62L (C), CD28 (D), 

CD27 (E), PD1 (F), CD38 (G), uptake of 2NBDG (H), and phosphorylation of S6 (pS6; I). 
For panels C-I, the adjacent bar graph represents the cumulative MFI data from three 

independent experiments. *p<0.05, **p< 0.01, ***p<0.005 and **** p < 0.001.
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Figure 6. Combination of anti-PD1 with AZD1208 further improves ACT.
A) Experimental scheme showing that C57BL/6 mice (n=5 mice/group) were inoculated via 

subcutaneous route (s.c.) with 0.25 × 106 B16-F10 murine melanoma cells and after eight 

days mice either injected via intraperitoneal route (i.p) with vehicle (methyl acetate) or 

AZD1208 or adoptively transferred with three-day-activated pMel T cells (1×106 cells/

mouse). Cohorts that received pMel T cells were further subdivided in two groups and either 

injected (i.p) with vehicle (methyl acetate) or AZD1208. Both AZD1208 and anti-PD1 Ab 

were given every other day until day 21. Tumor growth was measured in two dimensions 

Chatterjee et al. Page 28

Clin Cancer Res. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(area (mm2) = length (mm) × breadth (mm)), using digital callipers every three days. Right 
panel shows fold-change (tumor size relative to tumor size at baseline) over time for each 

experimental condition. Dashed lines are individual mouse trajectories, solid lines are fitted 

growth curves based on linear mixed effects regression model (see text), and shaded regions 

are point wise 95% confidence regions. B) Kaplan-Meier curves for time-to-sacrifice across 

experimental conditions are shown. Curves have been shifted slightly to facilitate 

visualization. Comparisons relative to control based on log-rank tests (control vs. AZD, p = 

0.0035; control vs. PD1, p = 0.0035; pMel vs. pMel + AZD, p = 0.0016; pMel vs. pMel + 

PD1 + AZD, p = 0.0016). C) Frequency of adoptively transferred pMel T cells 

(Vβ13+CD3+) present at the tumor site, in spleen, and in blood of the tumor-bearing mice 30 

days following ACT. Aadjacent bar graph represents the cumulative data of frequency of 

Vβ13+CD3+ cells from three excremental mice. Tumor-infiltrating T cells retrieved from the 

tumor-bearing mice on day 30 were used to determine either surface expression of PD1 (D) 

and CD38 (E) or were activated in vitro with PMA and ionomycin and assessed for 

intercellular IFNγ, TNFα and GzmB production using flow cytometry (F). For F, the 

adjacent bar graph represents the cumulative data of frequency of cytokine secreting cells 

from three excremental mice. G-J) Bar diagrams represent the cumulative data of MFI of the 

cell surface expression of either PD1 and CD38 or CXCR3 on the adoptively transferred 

Vβ13+CD3+ T cells present either in the spleen (G and I) or blood (H and J) of tumor-

bearing mice. *p<0.05, **p< 0.01, ***p<0.005 and **** p < 0.001.

Chatterjee et al. Page 29

Clin Cancer Res. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	Materials and Methods:
	Mice
	Reagents and cell lines
	Cell Culture
	Adoptive T cell protocol
	Flow cytometry
	Real-time quantitative-PCR
	Activation-induced T cell death
	Glucose uptake, oxygen consumption and glycolytic flux
	Foxo1 activity assay
	Statistical analysis

	RESULTS
	Inhibition of PIM kinases in T cells reduces their glycolytic activity
	PIM kinase-deficient T cells exhibit increased TCM phenotpe and reduced reactive oxygen species (ROS) generation
	Pharmacological inhibition of PIM kinases decreases T cell metabolism
	Reduced phosphorylation of Foxo1 in AZD1208-treated T cells
	PIM kinase inhibition leads to improved tumor control
	The combination AZD1208 treatment with anti-PD1 antibody further improves ACT

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

