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Abstract

Purpose—Glioblastoma (GBM) carries a dismal prognosis despite standard multimodal 

treatment with surgery, chemotherapy and radiation. Immune checkpoint inhibitors, such as PD1 

blockade, for treatment of GBM failed to show clinical benefit. Rational combination strategies to 

overcome resistance of GBM to checkpoint monotherapy are needed to extend the promise of 

immunotherapy to GBM management. Emerging evidence suggests that protein phosphatase 2A 
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(PP2A) plays a critical role in the signal transduction pathways of both adaptive and innate 

immune cells and that inhibition of PP2A could enhance cancer immunity. We investigated the use 

of a PP2A inhibitor, LB-100, to enhance antitumor efficacy of PD1 blockade in a syngeneic 

glioma model.

Methods—C57BL/6 mice were implanted with murine glioma cell line GL261-luc or GL261-

WT and randomized into 4 treatment arms: (i) control, (ii) LB-100, (iii) PD1 blockade and (iv) 

combination. Survival was assessed and detailed profiling of tumor infiltrating leukocytes was 

performed.

Results—Dual PP2A and PD1 blockade significantly improved survival compared with 

monotherapy alone. Combination therapy resulted in complete regression of tumors in about 25% 

of mice. This effect was dependent on CD4 and CD8 T cells and cured mice established antigen-

specific secondary protective immunity. Analysis of tumor lymphocytes demonstrated enhanced 

CD8 infiltration and effector function.

Conclusion—This is the first preclinical investigation of the effect of combining PP2A 

inhibition with PD1 blockade for GBM. This novel combination provided effective tumor 

immunotherapy and long-term survival in our animal GBM model.
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Introduction

Glioblastoma (GBM) is the most common primary malignancy of the central nervous system 

for patients older than 40 years of age [1]. Current standard of care, includes surgical 

resection combined with adjuvant chemotherapy and radiation, confers a dismal prognosis 

with a median survival of less than two years [2]. Novel strategies to improve GBM 

treatment are critically needed.

Immunotherapy, in particular checkpoint inhibitors targeting programmed dealth-1 (PD-1), 

can induce durable long-term immune responses in subsets of patients in many human 

cancers [3]. However, a large portion of patients fail to respond to monotherapy as varied 

mechanisms enable tumors to evade immune surveillance. Multiple clinical trials are 

currently on-going to investigate the use of PD-1/PD-L1 blockade for treatment of GBM. 

CheckMate 143 (NCT02017717) is the first large randomized controlled trial to evaluate the 

safety and efficacy of nivolumab for treatment of recurrent GBM comparing with 

bevacizumab. However, results reported in April of 2017 at the WFNOS conference revealed 

a failure of nivolumab to extend overall survival and this arm was prematurely terminated 

[4]. GBM, like other cancer types, is able to escape immunosurveillance via multiple 

mechanisms. It has been shown to induce tumor infiltrating lymphocyte anergy, recruit 

immunosuppressive regulatory T cells (Treg) and activate multiple immune checkpoints [5]. 

In addition, the blood brain barrier poses unique challenges to treatment using monoclonal 

antibodies, which is substantially larger than what is expected to cross an intact BBB [4,6]. 

Current evidence in GBM preclinical model suggest that antibody-mediated blockade of 

PD1/PD-L1 interaction occurs peripherally in circulating effector T-cells [4,7]. The inability 
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to access tumor infiltrating T-cells is posited as an underlying mechanism for the clinical 

ineffectiveness of nivolumab treatment for GBM. It is therefore critical to evaluate novel 

combination strategies with checkpoint inhibitors in preclinical studies using GBM models 

that could recapitulate the tumor immune microenvironment.

Protein phosphatase 2A (PP2A) is a ubiquitous serine/threonine phosphatase involved in 

diverse cellular processes. Emerging evidence suggests that PP2A plays a critical role in the 

signal transduction pathways of immune cells [8–14]. PP2A was first found to have a 

potential role as a negative regulator of cytotoxic T-cell effector function, as inhibition of 

PP2A resulted in enhanced antigen-specific cytotoxicity of lymphocytes [12]. It was later 

shown that PP2A mediated the inhibitory signaling of CTLA-4 by dephosphorylating Akt in 

activated T cells [15]. More recently, an in vivo shRNA screen for novel immunotherapy 

targets showed that inhibiting a regulatory subunit of PP2A, Ppp2r2d, produced the greatest 

enhancement of tumor infiltrating lymphocyte (TILs) proliferation[11]. In addition, PP2A 

activity was found to be essential for the function of Tregs. Transgenic deletion of PP2A 

resulted in Treg dysfunction and impaired immunosuppressive capability [13]. Our group 

demonstrated that pharmacologic inhibition of PP2A using a small molecule inhibitor, 

LB-100, could synergize the anti-tumor effect of PD1 blockade in a murine CT26 colon 

cancer model via preferential activation of the mTORC1 pathway [16]. Recently, we have 

also demonstrated that LB-100 could enhance the efficacy of CAR-T cells targeting carbonic 

anhydrase IX (CAIX) in preclinical models of GBM [17]. Taken together, inhibition of 

PP2A is a promising strategy to enhance anti-cancer immunity and its synergy with PD1 

blockade has only been recently explored. LB-100 is a first-in-class small molecule inhibitor 

of PP2A. In a completed Phase 1 study, LB-100 was shown to be well tolerated in adult 

patients bearing progressive solid tumors [18]. We hypothesize that inhibiting PP2A, using 

LB-100, could enhance immune activation and synergize with PD1 blockade for treatment 

of GBM. While this strategy has previously been shown to be effective in subcutaneous 

preclinical models of colon cancer and melanoma [16], it is critical to demonstrate it 

applicability to GBM using an orthotropic, immunocompetent model given the unique 

challenges of GBM tumor microenvironment in the brain. In addition, we also hypothesize 

that, mechanistically, LB-100 sensitizes GBM treatment by enhancing tumor inflammation 

by increasing IFN-gamma production by T cells. In turn, there is an adaptive increase in 

tumor PD-L1 expression, which render the tumor more amenable to PD1 blockade. To our 

knowledge, this is the first study demonstrating preclinical efficacy of combining PP2A 

inhibition and PD1 blockade for treatment of GBM.

Materials and Methods

Drugs

LB-100 was obtained from Lixte Biotechnology.

Antibody clones used are listed in Supplementary Table S1.
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Cells

GL261-WT cells, GL261-Luc cells and B16 melanoma were obtained from NCI, 

PerkinElmer and ATCC respectively. Tumor cells were cultured in complete RPMI medium. 

All cells lines used were tested and shown to be negative for mycoplasma contamination 

using PCR amplification.

Syngeneic Tumor Models

Mice were maintained and experiments were conducted with the approval of the NINDS and 

NCI Animal Use and Care Committees. C57BL/6 mice were purchased from Charles River 

Laboratory. To implant the tumor, the mouse was anesthetized and the head was fixated in a 

stereotactic apparatus. A longitudinal incision was made between the occiput and forehead. 

Using a high-speed drill, a small burr hole was made. 2 μl of single cell suspension was 

injected with a 28G microsyringe (Hamilton) into the right striatum (2 mm right of the 

midline, 2 mm posterior to the coronal suture, and 2 mm deep). After implantation, the 

animals were monitored daily by animal facility staff. The animals were euthanized when 

they reached survival endpoint, which was defined as (1) loss of greater than 20% of body 

weight, (2) hunched posture, or (3) head tilt.

GL261-WT tumor

6–8 weeks female mice were inoculated with 130,000 GL261 cells. Mice were randomized 

eight days after implantation into four groups: PBS, LB-100 (0.16 mg/kg), anti-PD-1 

(10mg/kg) and combination. Treatments were given every two days for 40 days or until mice 

reached survival endpoint. GL261-Luc tumor: 6–8 weeks old female mice were implanted 

with 130,000 GL261-Luc cells as above. Mice underwent bioluminescent imaging (BLI) 

every 2 days and were randomized when BLI intensity was between 1.3 million and 2.4 

million p/sec/mm2 into four groups: PBS, LB-100 (0.16 mg/kg), anti-PD-1 (10mg/kg) and 

combination. Tumor burden was assessed every 2 days until survival endpoint or complete 

regression of tumors.

In vivo BLI

Mice were anesthetized and given i.p. injection with 150 mg/kg D-luciferin. After 15 

minutes, animals were imaged using an In-Vivo Xtreme II imaging station (Bruker). Regions 

of interest (ROI) were defined and the total photons/s/mm2 (photons per second per square 

mm) were recorded.

T cell Depletion

Mice were implanted with GL261-WT cells as described. After eight days, mice were 

randomized to control (PBS), anti-CD8 alone (10mg/kg), anti-CD4 alone (10mg/kg), 

combination, anti-CD4 + anti-CD8, combination + anti-CD8, combination + anti-CD4 and 

combination + anti-CD4 + anti-CD8. Anti-CD8 and anti-CD4 depleting antibodies were 

given on day 6 and 8 after inoculation then weekly until survival endpoints. Combination 

was started 8 days after inoculation and given every two days until survival end point.
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Re-challenge Study

Mice with complete regression (CR) and age-matched naïve mice were inoculated with 

either 1.3×106 GL261-WT or 1.3×106 B16 melanoma cells in the brain. Mice were 

monitored until endpoint was reached. Flow Cytometry Cells were surface stained in PBS 

for surface markers. For both intracytoplasmic and intranuclear staining, cells were stained 

for surface molecules followed by fixation and permeabilization (eBioscience). For 

intracellular staining, cells were first stimulated with Cell Stimulation Cocktail 

(eBioscience) containing PMA/Ionomycin and protein transport inhibitor prior to 

undergoing staining. Cells were analyzed by flow cytometry (LSRII; BD Bioscience). Data 

analysis was performed using FlowJo software (TreeStar).

Isolation of TILs

C57BL/6 mice were injected with 130,000 GL261-WT cells as above. Mice were 

randomized eight days after implantation into four groups: PBS, LB-100, anti-PD-1 and 

combination. After four treatments, given every two days, mice were sacrificed and tumors 

were harvested. Mice with grossly undetectable tumors from the combination group were 

excluded from analysis. Tumors were subjected to mechanical disruption using a 

GentleMACS Dissociator (Miltenyi Biotec) in presence of enzymatic digestion using Tumor 

Dissociation Kit (Miltenyi Biotec). Single cell suspensions were stained for flow cytometry 

analysis.

Splenic T cells IFN-gamma Assay

CD8+ cells were isolated using CD8+ isolation kit (StemCell) from splenocytes of CR and 

naïve mice. CD8+ T cells (5 ×105) were co-cultured with either GL261 cells (5 ×105) or 

B16 melanoma cells (5 ×105) for 24 hours in the presence of 0.5 ug of soluble anti-mouse 

CD28 (Biolegend). Protein transport inhibitor (ebioscience) was added for the last 4 hours 

before cells were stained and analyzed with flow cytometry. Transwell in vitro assay of 

PDL1 expression: CD8+ and CD4+ T cells were isolated using CD8+ and CD4+ isolation 

kits (StemCell) respectively from splenocytes of C57BL/6 mice. 5 ×105 T cells were 

activated in the presence of soluble anti-mouse CD28 (2ug/ml) and immobilized anti-CD3 

(10ug/ml) for 3 hours. T cells were then transferred into transwells (Falcon), which were 

physically separated from co-cultured GL261 cells (5 ×105). LB-100 was added at the time 

of activation. Controls included non-activated T cells, activated T cells exposed to 1uM 

LB-100 in the presence of anti-IFN-gamma (2ug) and GL261 cells with LB-100 in the 

absence of T cells. LB-100 was replenished daily. Tumor and immune cells were collected 

and stained 72 hours after activation.

Statistics

If not stated otherwise in the figure legend, samples were analyzed with GraphPad Prism 

software. Scatter dot plots and bar graphs are depicted as means with SEM. p≤0.05 is 

considered as statistically significant.
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Results

LB-100 and PD1 blockade combination treatment synergistically improves survival and 
induces regression of GL261 tumors

LB-100 is a selective inhibitor of PP2A. Its molecular structure has been reported [19]. The 

pharmacokinetics of LB-100 and its known metabolite endothall in mice [16] and in human 

[18] have been previously published. To test the hypothesis that LB-100 synergizes with 

PD1 blockade for treatment of GBM, we used GL261, a murine glioblastoma cell line. We 

have shown that at a dose of 0.16 mg/kg given every other day, LB-100 could effectively 

inhibit PP2A in T-cell by 40%[16].

To ensure that we can initiate treatment in mice with similar tumor burden, we first used 

GL261-Luc cell line. Cells were implanted into the right striatum. Ten days later, tumor 

burden was assessed every two days with BLI. When the tumors reached a BLI intensity 

between 1.3 to 2.4 million p/sec/mm2, mice were randomized into one of the four treatment 

arms: control (PBS), PD1 blockade, LB-100, and combination. Mice were then treated and 

imaged every two days until survival endpoint or complete regression of tumors (Figure 1a). 

There was no difference in tumor BLI between groups at the time of randomization, but after 

one cycle of combination treatment there was a statistically significant decrease in tumor 

burden compared to control (p<0.01) (Figure 1b and Supplementary Figure S1). There was 

no significant difference in median survival between control and LB-100 (2 vs. 5 days, 

p=0.07) or PD1 blockade monotherapy (2 vs. 4 days, p=0.18) (Figure 1c). Mice treated with 

combination therapy, however, demonstrated a significant increase in survival (13.5 days) 

compared to monotherapy (p<0.005) or control (p<0.001). More importantly, complete 

regression (CR) of tumor was achieved in 25% of combination treated mice while none was 

observed in other groups (Figure 1c–d).

To rule out the possibility that luciferase expression increased tumor immunogenicity, we 

repeated the experiment using GL261-WT cells. Eight days after implantation, mice were 

randomized into four treatment groups. Treatments were administered every two days for 40 

days or until survival endpoint (Figure 1e). While monotherapy had no effect on median 

survival compared to control (LB-100 vs. control:18.5 days vs. 19 days, p=0.88; PD1 

blockade vs. control: 19 days vs. 19 days, p= 0.67), combination again significantly 

increased survival compared to all groups (26 days, p <0.001 compared to control or single 

treatment groups) (Figure 1f). Similar to the GL261-Luc tumors, 25% of the combination 

treated mice achieved CR.

Effect of LB-100 and PD1 blockade combination is dependent on CD8+ and CD4+ T cells

Given that PP2A is expressed in both tumor and immune cells, we would like to establish 

that the synergistic effect of LB-100 and PD1 blockade is T-cell dependent. GL261-WT 

bearing mice were subjected to temporary CD8+ and/or CD4+ T-cell ablation using 

depleting antibodies (Figure 2a). When CD4+ and/or CD8+ T cells were depleted, 

combination treatment no longer conferred any survival benefit (Figure 2b), suggesting that 

the potentiating effect of LB-100 on PD1 blockade was dependent on adaptive immunity.
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Mice cured with combination therapy develop antigen-specific long-term memory

To confirm the ability to achieve tumor regression was an immune mediated process, we 

examined whether CR mice obtained protective antitumor immunity against GL261 tumors. 

CR mice were re-challenged with GL261 or B16 murine melanoma tumor by implanting 

cells into the left striatum at least 80 days after initial inoculation (Figure 3a). Naïve mice 

were implanted with either GL261 or B16 cells in the same setting as controls. There was no 

difference in survival between CR and naïve mice implanted with B16 tumors (p=0.06) and 

all mice from both groups died. However, CR mice re-challenged with GL261 cells had 

significantly prolonged survival compared to naïve mice injected with the same amount of 

GL261 cells (P<0.01). More importantly, CR mice achieved 100% long term survival 

(Figure 3b) compared 0% of naïve mice. Histologic examination of brain specimens from 

GL261 re-challenged CR mice demonstrated no evidence of tumor formation 

(Supplementary Figure S2). This suggests that CR mice developed a durable but antigen-

specific secondary immune response to GL261 cells.

To further investigate the immunologic memory of CR mice, we collected splenic CD8+ T 

cells from CR or naïve mice then co-cultured them with either GL261 or B16 cells (Figure 

3c). We examined the ability of CD44+ CD8+ central memory T cells to produce IFN-

gamma when co-cultured with either GL261 or B16 tumors cells. Memory T cells from CR 

mice produced more IFN-gamma when exposed to GL261 than from naïve mice (p<0.0001). 

There was no difference in IFN-gamma production in T cells from CR and naïve mice when 

exposed to B16 cells (p=0.9755) (Figure 3d–e). In addition, memory T cells from CR mice 

produced more IFN-gamma when exposed to GL261 compared to B16 cells, suggesting that 

the enhanced IFN-gamma production is specific to previously exposed cells. Taken together, 

these results suggest that CR mice achieve durable protective immunity by producing CD8+ 

T memory cells that recognize GL261 specific antigens.

Combination therapy enhanced proliferation and activation of TILs

To further address the cellular mechanism mediating tumor rejection by LB-100/PD1 

blockade combination therapy, we performed a comprehensive analysis of the immune cells 

in the tumors. Mice were implanted with GL261-WT cells and treated as described above. 

After 4 cycles of treatment, tumors were harvested and analyzed by flow cytometry (Figs. 4, 

5 and Supplementary Figure S3). First, we examined the percentage of CD45+ cells of all 

live cells. There was a significant increase in overall CD45+ leukocytes in the combination 

group compared to control and LB-100 (50.9% vs. 35.8 and 36% respectively, p<0.05) 

(Figure 4a). Within the CD45+ population, there was as a significant increase in CD3+ T 

cells in the combination treated group compared to control, LB-100 and PD1 blockade alone 

(53.2 vs. 30.8, 32.6, and 39.4% respectively; p<0.0005, p<0.005, and p<0.05) (Figure 4b). 

More importantly, this increase in CD3+ T-cell population was attributed to a significant 

increase in CD8+ T cells relative to control, LB-100 and PD1 blockade alone (37.6 vs. 13.6, 

12.4, and 19.6% respectively; p=0.0001, p<0.0001, and p<0.005) (Figure 4c–d), while the 

total CD4+ T-cell population remained unchanged (Figure 4e). However, consistent with our 

previous finding that LB-100 alone enhanced Th1 differentiation of naïve CD4 cells, Tbet 

expression, as measured by MFI, was significantly increased in LB-100 and combination 

compared to control (1125, 1126 vs. 959 respectively; p<0.05 for each comparison) (Figure 
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4f). This result suggests that while combination is necessary to elicit enhanced infiltration of 

cytotoxic CD8 cells and tumor response, LB-100 alone had the effect of skewing CD4 

towards Th1 differentiation, which in turn should increase tumor inflammation via enhanced 

IFN-gamma production. On the other hand, the ratio of CD8+ to CD4+ cells was markedly 

increased in the combination group compared to control, LB-100 and PD1 blockade alone 

(2.9 vs. 1.16, 1.1 and 1.4 respectively; p<0.005, p<0.005, and p=0.01) (Figure 4g). This 

indicated that combination resulted in enhanced CD8+ T cells infiltration to the tumor, 

which has consistently been shown to be one of the most important predictors of response to 

immunotherapy [20–22]. We further examined the subpopulation of CD8+ TILs by labeling 

the effector phenotype markers CD44+ and CD62L-. There was a significant increase in 

CD8+CD44+CD62L- T cells in combination relative to control (5.61 vs. 2.01; p<0.05) 

(Figure 4h).

We further characterized the immune components other than the lymphocytes population, 

including B-cells, dendritic cells, NK-cells, macrophages and monocytes [23] (Figure 4i). 

The marked increase in CD8+ T cells contributed almost exclusively to the observed 

increase in CD45+ cells. Combination treatment did not synergistically alter the relative 

frequency of tumor infiltrating B-cells, NK-cells and dendritic cells. However, combination 

therapy did also decrease the CD45+ CD11clow CD11b+ Ly6G- Ly6Chigh monocyte 

population (supplementary Figure S4), which has been found to be tumor promoting [24,25] 

and therefore beneficial when diminished. This observation points to an unexplored effect of 

LB-100 on innate immune cells. Next, we assessed the functional consequence of 

combination treatment in the CD8+ TILs. We analyzed intracellular expression of IFN-

gamma in response to ex vivo stimulation with PMA/ionomycin. Combination treatment 

significantly enhanced IFN-gamma producing CD8+ TILs relative to control, LB-100 or 

PD1 blockade alone (24.5 vs. 5.7, 5.0 and 6.5% respectively; p<0.005 for each comparison) 

(Figure 5a–b). This increase was not simply driven by an increase in CD8 infiltration, as 

IFN-gamma production measured by MFI in CD8+ cells was significantly increased in 

combination compared to PD1 blockade alone (298 vs. 109; p<0.05) (Figure 5c) and a trend 

towards increase compared to control and LB-100 alone. In addition, the frequency of tumor 

necrosis factor-α (TNF-α)-producing (Figure 5d) CD8+ TILs were significantly increased 

with combination treatment compared to LB-100 alone (1.4 vs. 0.4%; p<0.05 for each 

comparison) and a trend towards increase compared to control and PD1 blockade alone. 

CD8+ TILs doubly expressing both IFN-gamma and TNF-α were also increased in the 

combination group compared to LB-100 or PD1 blockade alone (0.8 vs. 0.08 and 0.13% 

respectively; p<0.05 for each comparison) and a trend towards increased compared to 

control (Figure 5e). We also assessed the proliferative capacity of the CD8+ TILs by staining 

for the cell cycle associated protein Ki-67. The proportion of CD8+Ki67+ TILs, which 

represented CD8+ cells that were proliferating in the tumor microenvironment were 

significantly increased in combination compared to control, LB-100 or PD1 blockade alone 

(25.4 vs. 5.9, 5.5 and 9.7% respectively; p=0.0001, p=0.0001, and p<0.005) (Figure 5f). We 

also examined the frequency of tumor infiltrating immunosuppressive Tregs. We found no 

difference in Treg frequency among CD3+ T cells (supplementary Figure S4g), but the 

relative CD8+ to Treg ratio remained significantly enhanced with combination treatment 

(Figure 5g).
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LB-100 upregulates PD-L1 expression in GL261 cells by enhancing T cell secretion of IFN-
gamma in vitro

Next, we further investigated the mechanism underlying the synergy between PP2A 

inhibition and PD1 blockade. Previous studies have demonstrated that PP2A inhibition has a 

direct pro-inflammatory effect on T cells [11,15,16]. However, we failed to see any 

beneficial effect in vivo in GL261 or other syngeneic tumor models in our previous study 

[16] with LB-100 treatment alone. We hypothesized that while inhibiting PP2A increased T-

cell activation, the enhanced production of IFN-gamma in the tumor microenvironment 

induced an increase in PD-L1 expression in the tumor that attenuated tumor immunity [26]. 

However, by enhancing PD-L1 expression, the tumor would in turn be sensitized to PD1 

blockade, as PD-L1 expression has consistently been shown to be a predictive biomarker for 

PD1 blockade therapy [27].

We first examined in vitro if LB-100 alone has a direct effect on T cell proliferation. Mouse 

T cells were labeled with cytosolic dye CFSE. Cell proliferation was assessed 72 hours after 

activation with titration concentration of LB-100. There was no significant increase in 

proliferation in CD8+ (Figure 6a) or CD4+ cells (supplementary Figure S5a). However, 

IFN-gamma production was significantly enhanced in both CD8+ and CD4+ cells (Figure 6b 

and supplementary Figure S5b) at concentration from 100–1000 nM. We then tested whether 

this increase in IFN-gamma could induce an increase in PD-L1 expression in GL261 cells in 

a paracrine fashion. Activated T cells were co-cultured with GL261 in a transwell plate in 

which T cells were physically separated from the tumor cells but secreted cytokines could 

pass freely in the shared medium. Cells were exposed to a titration concentration of LB-100 

for 72 hours and the PD-L1 expression of GL261 tumor cells was assessed by flow 

cytometry. PD-L1 positive GL261 cells were significantly increased when LB-100 was 

present from a concentration between 100–1000 nM (Figure 6c). To confirm this effect was 

IFN-gamma mediated, we added IFN-gamma blocking antibody to the medium and the 

increase in PD-L1 expression was abolished (Figure 6c). A similar pattern was seen in 

CD4+ co-culture, but was not statistically significant (supplementary Figure S5c). Given 

PP2A is expressed in tumor cells, to rule out the possibility that LB-100 has a direct effect 

on GL261 PDL-1 expression, GL261 cells were treated with similar concentration of 

LB-100 for 72 hours. No change in PD-L1 expression was seen (Figure 6d). In summary, we 

showed that LB-100 could enhance IFN-gamma secretion and that resulted in enhanced PD-

L1 expression in GL261 tumors, which likely contributed to its sensitization to PD1 

blockade.

Discussion

Immunotherapy, in particular checkpoint inhibition, represents a milestone in the 

advancement of cancer therapy. Monoclonal antibodies against PD-1/PD-L1 are now 

approved by the FDA for many cancers. In a small subset of patients, checkpoint inhibitors 

confer dramatic responses even in advanced stages of disease. However, it is also clear that 

most patients have no or only partial response to mono-immunotherapy [28]. Rational 

combination to target non-redundant pathways of PD1/PD-L1 is critical to realize the full 

potential of checkpoint immunotherapy. While kinases have been the prime pharmacologic 
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targets for cancer therapy for many years, phosphatases have gained increasing attention as 

potential novel targets for treatment of cancer [29]. PP2A is a ubiquitous serine/threonine 

phosphatase that is implicated in a broad array of regulatory cellular functions [30]. We have 

initially shown that inhibiting PP2A can enhance the effect of chemo- or radiation- therapy 

in a number of preclinical models of human xenografts using immunocompromised mice 

[31–33]. However, there is mounting evidence to suggest PP2A plays a critical role in the 

signaling pathways of both the adaptive and innate immune system [8,12–15,34,35]. PP2A 

was first identified as a negative regulator of T cell activation by de-phosphorylation of Akt 

[15]. PP2A, when inhibited, was identified in an in vivo shRNA screen to have the greatest 

effect of increasing T cell activation in TILs among all the genes examined [11]. Our group 

was first to demonstrate that pharmacologic inhibition of PP2A using a clinically relevant 

inhibitor, LB-100, could synergize anti-PD1 therapy in a preclinical model of colon cancer 

and melanoma [16]. The unique challenges of the tumor microenvironment of GBM justify a 

separate investigation into the feasibility of using LB-100/PD1 blockade combination as a 

novel strategy for GBM treatment. The recent reported failure of nivolumab to extend 

overall survival in recurrent GBM despite marked success in other cancers, is a stark 

reminder of the additional challenges GBM poses to effective immunotherapy. In particular, 

the BBB poses a significant barrier to the diffusion of large molecules such as monoclonal 

antibodies. While the bulk of the tumor has variably impaired BBB in GBM [36], the 

infiltrative edges of the tumor has intact BBB and are frequent source of recurrent disease 

[37]. The observation that combination therapy can regress established tumors in an 

orthotropic model of established GBM demonstrate that, at least in cured mice, the enhanced 

immunity is able to eradicate infiltrative margins of tumor with intact BBB. This is an 

important finding with translational significance for application to GBM treatment. Whether 

LB-100 derives its effect by activating circulating or tumor infiltrated lymphocytes or a 

combination of both remains to be elucidated. Pharmacokinetic studies of LB-100 in rats 

showed that the small molecule compound is able to penetrate the brain, but with 

significantly lower concentration than systemic circulation [16].

The enhancing effect of LB-100 on cancer immunity appeared to be more robust and durable 

than the sensitizing effect on chemotherapy and radiation, as a significant portion of tumors 

achieved complete regression with LB-100 and PD1 blockade combination. It is also of 

interest to note the relatively consistent portion of regressed GL261 tumor, about ~25%, 

which is lower than ~50% in CT26. The mechanism underlying selective durable response is 

unclear, but it is remarkably similar to the response characteristics seen in immune-mediated 

therapy reported in human clinical trials. For example, using anti-PD1 monotherapy, durable 

response is achieved in 10–19% and 16% of patients with melanoma and non-small cell lung 

cancer respectively [38]. Given the multitude of resistance pathways employed by tumors to 

escape immune surveillance, tumors could develop a number of adaptive changes to evade 

immune-checkpoint treatment, including shifting in antigen repertoire or mutations leading 

to defects in interferon-receptor signaling and antigen presentation. The addition of LB-100 

to PD1 blockade significantly enhanced the durable response rate but further rational 

combination would be necessary to achieve even higher response rate.

We have chosen to use a significantly lower dose of LB-100 for immune activation than 

studies for chemo- or radio sensitization. Based on our previous in vitro finding, low dose of 
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LB-100 enhanced activation of lymphocytes, while higher dose had the opposite effect [16]. 

It is known that PP2A inhibition, using other chemical inhibitor, has a dose-dependent 

dualistic response between inducing apoptosis and cell proliferation. In hepatocytes, low 

dose PP2A inhibition could promote cell proliferation by activating kinases such as MAPK, 

while high dose PP2A inhibition could induce cell death via blockage of cell cycle at G1/S 

[39]. The specific differential downstream pathways altered by different level of PP2A 

inhibition in lymphocytes has yet to be elucidated. The in vivo dose of LB-100 used to 

synergize with PD1 blockade was significantly lower than the human-equivalent maximum 

tolerated dose demonstrated in the phase 1 clinical trial [18], suggesting that the synergism 

of LB-100 with checkpoint inhibitors is achievable using a clinically relevant dose.

We have previously demonstrated that inhibiting PP2A in T cells could hyperactivate 

mTORC1 signaling and induce naive CD4+ T cells towards Th1 and away from Treg 

differentiation [16]. While we did see an increase in Th1 differentiation of CD4+ TILs of 

GL261 tumor, we did not observe a decrease in Tregs as in CT26. The significance of this is 

unclear. Tregs were initially reported to correlate with poor prognosis in ovarian cancer [40], 

but more recent studies suggest that the prognostic significance of Tregs is mixed and cancer 

type dependent [41]. In GBM, a study showed that Tregs, as measured in tumor and blood, 

did not correlate with patient survival and analysis of TCGA data also demonstrated no 

correlation between FoxP3 expression and survival [42]. It is also important to note that the 

relative frequency of Treg may not be reflective of its immunosuppressive capacity. Tregs 

with PP2A transgenically knocked down has diminished ability to suppress proliferation of 

effector T cells compared to wild-type in vitro [13]. It is possible that despite a relatively 

unchanged frequency of Tregs among TILS in GL261 tumors, Tregs in LB-100 treated 

group could have diminished functional capacity to suppress cytotoxic CD8 cells. Further 

functional characterization of Tregs in LB-100 treated tumors would be needed to address 

this important question.

Our previous study also did not elucidate the mechanism underlying the synergy between 

PP2A inhibition and PD1 blockade. It is unclear why the combination of LB-100 and PD1 

blockade is required to achieve a dramatic immunologic response when neither monotherapy 

is able to. In this study, we demonstrated a plausible explanation. Similar to its human 

counterpart, GL261 glioblastoma responded poorly to PD1 blockade alone. While there are 

many steps within the cancer-immunity cycle [43,44] that could confer resistance to 

checkpoint therapy, it is well accepted that expression of PD-L1 in tumors is one of the 

critical biomarkers for predicting response to PD1 blockade treatment [27]. On the other 

hand, expression of PD-L1 in tumors is known to be induced by IFN-gamma secreted by 

cytotoxic lymphocytes as an adaptive mechanism to suppress immune activation[45]. We 

hypothesized that while LB-100 alone could induce greater immune activation, this effect 

was blunted by an increase in tumor PD-L1 expression that suppressed T cell activation. 

This is supported by our in-vivo TILS analysis showing that LB-100 alone induced a more 

robust Th1 differentiation in tumor infiltrating CD4 cells, which is associated with enhanced 

IFN-gamma production and would thereby induce a higher PD-L1 expression in tumor. 

Therefore, LB-100 sensitized a previously PD1 blockade non-responding tumor into a 

responding one. We tested this hypothesis in a transwell co-culture experiment in which 

tumor cells were exposed to activated CD8+ T cells without direct contact. T cells treated 
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with LB-100 induced enhanced production of IFN-gamma that was sufficient to induce 

greater expression of PD-L1 in tumors. Importantly, we showed that this effect was 

completely abolished by blocking anti-IFN-gamma antibody, confirming that IFN-gamma 

mediated the increase in PD-L1 expression. Taken together, we propose that one of the 

mechanisms mediating LB-100 synergy with PD1 blockade is by inducing increased 

expression tumor PD-L1 through enhanced paracrine secretion of IFN-gamma from 

cytotoxic T-cells.

A potential shortfall in our study is that we have not fully explored the effect of PP2A 

inhibition on glioma-associated macrophages and microglia (GAMs). It is estimated that 

GAMs constitute up to 30–50% of total cellular composition of GBM and play a critical role 

in shaping an immunosuppressive TME [46]. Since PP2A is also highly expressed in 

myeloid cells, it is possible that PP2A inhibition in GAMs contributed to the antitumor 

response. In fact, a recent study showed that PP2A is implicated in inhibiting Type I 

interferon (IFN) signaling in macrophages. Knock out of PP2A in macrophage resulted in 

enhanced IFN production in vitro and protection against lethal VSV infection in vivo [47], 

suggestive of an immunostimulatory effect in the setting of an antiviral response. If 

inhibiting PP2A can similarly enhance IFN production by GAMs, it would be highly 

complementary to its effect on T-cells. Further investigation is needed to dissect the relative 

impact of PP2A inhibition on different immune cell types and their contribution to 

enhancing immune mediated antitumor response.

Conclusion

Our study demonstrates that PP2A is a novel pharmacologic target to enhance checkpoint 

inhibition for treatment of glioblastoma. We believe our results carry great translational 

potential and argue for a clinical trial to evaluate LB-100 in combination with PD-1 

blockade.
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Fig. 1. LB-100 and PD1 blockade elicit tumor rejection in murine glioblastoma.
(a) C57BL/6 mice were inoculated with 1.3×105 GL261-Luc cells. When tumors reached 

1.3 to 2.4 million p/sec/mm2, mice were randomized and treated every 2 days until survival 

endpoint or tumor regression. (b) BLI on the day of randomization, day 0, and after one 

cycle of treatment, day 2. (c) Cumulative survival of mice over time. (d) Representative BLI 

images of mice treated with each therapy over time. (e) C57BL/6 mice were similarly 

inoculated with GL261-WT cells. Mice were randomized on post-operative day 8. (f) 

Cumulative survival of mice with GL261-WT tumor over time. Survival experiment with 

GL261-Luc were performed in duplicate with ≥ 4 mice per arm. The combined data was 

presented. Survival experiment with GL261-WT were performed in duplicate with 8 mice 

per arm. The combined data was presented. **P<0.01, ***P<0.001 (log-rank test)
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Fig. 2. LB-100 and PD-1 blockade synergistically elicit tumor rejection in a CD8+ and CD4+ T 
cell dependent manner.
(a) C57BL/6 mice were inoculated with 1.3×106 GL261 cells and treated as above with 

combination therapy beginning on post-operative day 8. Mice were given CD8+ and/or 

CD4+ T cell depleting antibodies on post-operative day 6 and 8, then weekly until endpoint. 

(b) Cumulative survival of mice over time. All experiments were duplicated with 8 mice per 

group. The combined data was presented
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Fig. 3. LB-100 and PD1 blockade result in a long-term antitumor antigen-specific memory of 
cured animals.
(a) C57BL/6 CR and age-matched naïve control mice were re-challenged with 1.3×106 

GL261 or B16 melanoma cells in the left striatum approximately 80 days after initial 

implantation. (b) Cumulative survival of mice over time. **P<0.01 (log-rank test). (c) CD8+ 

T cells collected from CR or naïve mice were exposed to either GL261 or B16 melanoma 

cells in the presence of α-CD28 for 24 hours. Golgi block was added after 20 hours. (d) 

Flow cytometry demonstrated enhanced IFN-gamma production by CD44+ CD8+ central 

memory T cells from cured mice when co-cultured with GL261 compared to B16. Memory 

T cells from cured mice had significantly enhanced IFN-gamma production when co-

cultured with GL261 compared to memory T cells from naïve mice. (e) Representative 

FACS plots of IFN-gamma -γ+ CD8+ CD44+ T cells. Survival experiment was performed 

with 5 mice per group. CD8+ T cell data was obtained from the 5 surviving CR mice and 2 

age-matched naïve controls. *P<0.05, **P<0.01 (one-way ANOVA with Tukey’s multiple 

comparison test)
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Fig. 4. LB-100 and PD1 blockade increase CD8+ infiltration and activation.
Tumors the respective groups were harvested after 4 treatment cycles and analyzed by flow 

cytometry. (a) CD45+ cells as a percentage of live cells were significantly increased in 

combination compared to control and LB-100 alone. (b) CD3+ and (c) CD8+ cells as a 

percentage of CD45+ cells were significantly increased in combination compared to control 

or single treatments. (d) Representative FACS plots of CD8+ CD3+ T cells. (e) CD4+ cells 

as a percentage of CD45+ cells were not significantly changed. (f) Expression of Tbet by 

CD4+ cells were significantly increased in LB-100 alone and combination group compared 

to control. Tbet expression was measured by geometric Mean Fluorescent Intensity (MFI) in 

CD4+ cells. (g) Ratios of CD8+ to CD4+ T cells were significantly increased in combination 

compared to control or single treatment groups. (h) CD44+ CD62L- CD8+ T cells expressed 

were significantly increased in combination compared to control. (i) Summary of CD45+ 
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immune cell subsets and CD45- cells. Subsets are depicted as percentage of all acquired live 

events (left) and CD45+ cells (right). Diagram on the right: CD4+ (blue; CD45+ CD3+ 

CD4+), CD8+ (red, CD45+ CD3+ CD8+), B cell (green; CD45+ CD19+), NK cell (purple; 

CD45+ CD161+), Monocyte (orange; CD45+ CD3- CD11clow CD11b+ Ly6G- Ly6Chigh), 

Macrophage (grey; CD45+ CD3- CD11clow CD11b+ Ly6G- Ly6Clow), DC (yellow; CD45+ 

CD11chigh). Experiments were duplicated with 4 mice per arm. The combined data was 

presented. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA with Tukey’s 

multiple comparison test)
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Fig. 5. LB-100 and PD1 blockade enhance CD8+ T cell effector function.
(a) Representative FACS plots of IFN-gamma+ CD8+ cells. (b) CD8+ IFN-gamma+ cells 

were significantly increased in combination compared to control or single treatments. (c) 

IFN-gamma production as measured by geometric MFI in CD8+ cells was significantly 

increased in combination compared to PD1 blockade alone. (d) CD8+ TNFa+ cells were 

significantly increased in combination compared to LB-100 alone and trended towards 

increase compared to control. (e) CD8+ IFN-gamma+ TNFa+ cells were significantly 

increased in combination compared to LB-100 and PD1 blockade alone and trended towards 

increase compared to control. (f) CD8+ Ki67+ T cells were significantly increased in 

combination compared to control or single treatments. (g) Ratios of CD8+ T cells to FoxP3+ 

CD25+ CD4+ T cells were significantly increased in combination compared to control. 

Experiments were duplicated with 4–5 mice per arm. The combined data was presented. 

*P<0.05 **P<0.01, ***P<0.001 (one-way ANOVA with Tukey’s multiple comparison test)
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Fig. 6. LB-100 increases expression of PD-L1 on tumor cells by enhancing IFN-gamma secretion 
of CD8+ T cells.
(a) LB-100 did not increase proliferation of CD8 T cells. Flow cytometry analyzing CFSE 

cytosolic dye as a marker of CD8+ T cell proliferation 72 hours after activation. 

Representative FACS histogram. (b) LB-100 increased secretion of IFN-gamma by CD8 T 

cells. Flow cytometry analyzing expression of IFN-gamma in CD8+ T cells 72 hours after 

activation in the presence of LB-100 dose titration. Representative FACS plots. (c) LB-100 

increased expression of PD-L1 in tumor cells in transwell co-culture with CD8+ T cells. 

LB-100 mediated increase in tumor PD-L1 expression was abolished by IFN-gamma 

antibody in the culture medium. Representative FACS histogram. (d) LB-100 did not 

directly enhance PD-L1 expression in tumor in the absence of CD8- T cells. Flow cytometry 

analyzing PD-L1 expression in tumor cells exposed to a titration concentration of LB-100 

alone. CFSE experiments were repeated in duplicate and a representative repeat was 

presented. Trans-well experiments were repeated in triplicate and a representative repeat was 

presented. *P<0.05 **P<0.01, ***P<0.001 (one-way ANOVA with Tukey’s multiple 

comparison test)
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