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Abstract

We had shown previously that the PP2A regulatory subunit PPP2R2D suppresses IL-2 production 

and PPP2R2D deficiency in T cells potentiates the suppressive function of regulatory T (Treg) 

cells and alleviates imiquimod-induced lupus-like pathology. Here in a melanoma xenograft model 

we noted that the tumor grew in larger sizes in mice lacking PPP2R2D in T cells (LckCreR2Dfl/fl) 

compared to wild type (R2Dfl/fl) mice. The numbers of intratumoral T cells in LckCreR2Dfl/fl 

mice were reduced compared to R2Dfl/fl mice and they expressed a PD-1+CD3+CD44+ exhaustion 

phenotype. In vitro experiments confirmed that the chromatin of exhaustion markers PD-1, LAG3, 

TIM3 and CTLA4 remained open in LckCreR2Dfl/fl CD4 T conventional (Tconv) compared to 

R2Dfl/fl Tconv cells. Moreover, the percentage of Treg cells (CD3+CD4+FoxP3+CD25hi) was 

significantly increased in the xenografted tumor of LckCreR2Dfl/fl mice compared to R2Dfl/fl mice 

probably because of the increase in the percentage of IL-2-producing LckCreR2Dfl/fl T cells. 

Moreover, using adoptive T cell transfer in mice xenografted with melanoma, we demonstrated 

that PPP2R2D deficiency in T cells enhanced the inhibitory effect of Treg cells in anti-tumor 

immunity. At the translational level, analysis of publicly available data from 418 patients with 

melanoma revealed that PPP2R2D expression levels correlated positively with tumor-infiltration 

level of CD4 and CD8 T cells. The data demonstrate that PPP2R2D is a negative regulator of 

immune checkpoint receptors and its absence exacerbates effector T cell exhaustion and promotes 

Treg expansion. We conclude that PPP2R2D protects against melanoma growth and PPP2R2D 

promoting regiments can have therapeutic value in patients with melanoma.

Introduction

The function and numbers of cytotoxic T cells in the tumor microenvironment are critical 

in the immune-mediated control of cancer (1–3). T cell exhaustion, one of the reasons that 

T cells lose their effector function, is associated with their inability to exert successful 

antitumor immune responses (4–6). Programmed cell death 1 protein (PD-1) is well 

characterized as the dominant inhibitory receptor regulating T cell exhaustion that is 

upregulated during immune evasion (7). Within the tumor microenvironment, PD-L1, the 

ligand of PD-1, is expressed on the surface of tumor cells and binds to PD-1 on T cells, 

which, in turn, suppresses T cell effector functions (6, 8). Blockade of PD-1 that restores 
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T cell cytotoxic capacity in vivo has been licensed for use in immunotherapy of several 

different cancers (9). On the other hand, regulatory T ( Treg) cell numbers are increased in 

the circulation and within tumor sites of various tumor types, which represent another force 

that mitigates intratumoral effector T cell function (10–12). The intratumoral accumulation 

of Treg cells has been associated with metastatic disease in several mouse tumor models 

(13, 14), and, more importantly, with advanced-stage disease and decreased survival in 

patients with cancer (15). Furthermore, a reduced CD8+ T to Treg cell ratio in the tumor 

site is predictive of poor clinical outcome (16). Therefore, several approaches have been 

considered to deplete Treg cells, limit their entry into the tumor tissue and/or disrupt their 

function (12).

Protein phosphatase 2A (PP2A) is a ubiquitously expressed and highly conserved serine/

threonine phosphatase that is important in multiple cellular processes including cell division, 

cytoskeletal dynamics and various signaling pathways (17). The PP2A core enzyme consists 

of the scaffold subunit A (PP2AA) and the catalytic subunit C (PP2AC). To form a functional 

holoenzyme, the core enzyme interacts with one of the many regulatory subunits (PP2AB), 

which define substrate and tissue specificity (18). Previously, we found that silencing PP2Ac 

increases IL-2 production in T cells (19), and PP2Ac is requisite for Treg cell function 

(20) while it enables the expression of IL-17 in T cells (21). In subsequent studies, we 

showed that PP2A regulatory subunits serve distinct T cell functions with PPP2R2B being 

responsible for the IL-2 deprivation-induced T cell apoptosis (22), PPP2R2D for limiting 

IL-2 production and Treg cell function (23) and PPP2R2A for promoting Th1 and Th17 

differentiation (24).

Because we previously demonstrated that PPP2R2D deficiency in T cells potentiated the 

suppressive function of Treg cells and alleviated imiquimod-induced lupus-like pathology 

(23), we sought to determine the function of PPP2R2D in the control of the anti-tumoral 

capacity of T cells after we noted in publicly available data that PPP2R2D expression 

correlated with melanoma tumor growth. In this study, using a melanoma xenograft model, 

we proved that PPP2R2D deficiency in T cells promotes tumor growth by limiting the 

number of tumor-infiltrating T cells. Among the infiltrating T cells the effector cells 

displayed an exhausted phenotype whereas Treg cells were expanded.

Materials and methods

Mice

PPP2R2D flox (R2Dfl/fl) and LckcreR2Dfl/fl mice were generated using CRISPR/Cas9 

technology as described previously (23). Both age- and sex-matched male and female mice 

at the age of 10–12 weeks (unless indicated otherwise) were used for experiments. All 

mice were bred and housed in a specific pathogen-free environment in a barrier facility in 

accordance with the Beth Israel Deaconess Medical Center (BIDMC) Institutional Animal 

Care and Use Committee (IACUC).
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Flow cytometry

Cells were stained with fluorescence-tagged antibodies purchased from eBioscience, BD 

Pharmingen, or BioLegend (Supplemental Table 1) and analyzed using a Cytoflex flow 

cytometer. Flow cytometry data were analyzed using CytExpert version 2.0 or Flowjo 

version 10.6.1. For intracellular cytokine staining, cells were stimulated with 50 ng/mL of 

phorbol myristate acetate (PMA), 1 μM of ionomycin, and 1 μg/mL of brefeldin A for 

4 hours; they were then harvested, fixed, and stained with BD Cytofix/Cytoperm Fixation/

Permeabilization Solution Kit.

Melanoma model

The B16-ova mouse melanoma cells were kindly donated and authenticated by Dr. Cox 

Terhorst (Division of Immunology at the BIDMC). YUMM1.7 mouse melanoma cells were 

purchased from ATCC (CRL-3362). The cells were cultured in RPMI medium with 10% 

fetal bovine serum (FBS) and 1% penicillin/streptomycin (Corning Life Sciences). R2Dfl/fl 

or LckcreR2Dfl/fl mice (8–9 weeks-old) were implanted subcutaneously with B16-ova cells 

(2 × 105) or YUMM1.7 (3.5 × 105) for 21 days. Tumor sizes were measured using digital 

caliper. Tumor volume was calculated as V=LxW2/2, where L is the length and W is the 

width of tumor. At the end of the experiment, spleens, draining lymph nodes and tumors 

were collected. For tumor infiltration lymphocyte enrichment, tumors were digested with 

collagenase type IV (300 U/ml, Worthington Biochemical) and DNAse I (100 μg/ml, Roche) 

in Hank’s balanced salt solution (HBSS) for 30 min at 37 °C. The red cells were lysed with 

ACK lysis buffer for 2 min at room temperature and then cell suspension was loaded onto 

lymphocyte separation medium (Corning) to enrich lymphocytes. For ex vivo stimulation, 

cells were co-treated with PMA/ionomycin, and brefeldin A (Sigma) for 4 hours and then 

processed for live/dead, surface, fixation, and intracellular staining.

In vitro inducible (i)Treg cell differentiation

Naive CD4+ T cells were purified using the mouse CD4+CD62L+ T Cell Isolation Kit II 

(Miltenyi Biotec). Purified naive T cells were stimulated with plate-bound goat anti-hamster 

antibodies, soluble anti-CD3 (1 μg/ml,145-2C11; Biolegend) and anti-CD28 (1 μg/ml, 

37.51; Biolegend), anti-IL-4 (10 μg/ml) and anti-IFNγ (10 μg/ml) and cytokines such as 

IL-2 (20 ng/ml; R&D Systems), TGF-β1 (3 ng/ml), for iTreg cells polarization.

Isolation of Tconv cells

Conventional T (Tconv) cells (Thy1.2+CD4+CD25loCD127lo and 

Thy1.2+CD8+CD25loCD127lo) were sorted from freshly isolated mice splenocytes by 

FACSAria II. Before adoptive T cell transfer, Tconv cells were stimulated with plate-bound 

goat anti-hamster antibodies, soluble anti-CD3 (1 μg/ml,145-2C11; Biolegend) and anti-

CD28 (1 μg/ml, 37.51; Biolegend) for 48 hours.

Adoptive T cell transfer

B16-Ova tumor cells (2 × 105) were injected subcutaneously into Rag1 null (Rag1−/−) mice 

(10-weeks old, Jackson Laboratory) which do not have CD3+ or T cell receptor (TCR) 

alpha-beta positive cells. On day 6, mice bearing tumors of similar size were divided into 
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5 groups: receiving no T cells, R2Dfl/fl CD4 and CD8 Tconv cells (2 × 106), LckcreR2Dfl/fl 

CD4 and CD8 Tconv cells (2 × 106), R2Dfl/fl CD4 and CD8 Tconv cells (2 × 106) plus 

R2Dfl/fl inducible (i)Treg cells (0.25 × 106), or LckcreR2Dfl/fl CD4 and CD8 Tconv cells (2 

× 106) plus LckcreR2Dfl/fl iTreg cells (0.25 × 106). Tumor sizes were measured using digital 

caliper. Tumor volume was calculated as V=LxW2/2, where L is the length and W is the 

width of tumor. On day 18, tumors were weighted, digested and analyzed by FACS.

ATAC-seq

ATAC-seq data were obtained from our previously published dataset (GEO accession 

GSE156927, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE156927) (23). The 

samples for ATAC-seq were from R2Dfl/fl and LckCreR2Dfl/fl CD4+ T conventional 

(Tconv) cells (Thy1.2+CD4+CD25loCD127lo) which were sorted out by flow cytometry and 

stimulated with plate-bound CD3 (1 μg/mL) and CD28 (1 μg/mL) antibodies for 4 hours. 

Analysis of ATAC-seq data was previously described (23).

Statistics

All statistical analyses were conducted using GraphPad Prism 7 (GraphPad software Inc.). 

Data were presented as mean ± SD unless indicated otherwise in the figure legend. 

Statistical differences between 2 populations were calculated by t test (2-tailed) including 

multiple t test, or unpaired t test. For multiple populations’ comparison, 2-way ANOVA 

with Holm-Šidák multiple-comparisons test was used. P < 0.05 was considered statistically 

significant.

Study approval

All animal procedures were approved by the IACUC of BIDMC, Harvard Medical School. 

All mice were maintained in a specific pathogen free animal facility (BIDMC). All mice 

were genotyped to validate claimed strain.

Results

PPP2R2D deficiency in T cells reduces the percentage of central and effector memory T 
cells and alters cytokine production

We had previously shown that PPP2R2D deficiency in T cells does not impair T cell 

development in the thymus and T cell subset distribution in the spleen (23). However, the 

percentage of central/effector memory cells among CD4+ and CD8+ T cell populations 

(CD62L+CD44+ and CD62L−CD44+) in the spleens were significantly decreased in 

LckCreR2Dfl/fl compared to their R2Dfl/fl littermates (Figure 1A). When stimulated ex 
vivo with phorbol myristate acetate (PMA) and ionomycin for 4 hours, both CD4+ 

and CD8+ T cells from LckCreR2Dfl/fl mice displayed significantly fewer percentages of 

interferon-γ (IFN-γ)-producing cells (Figure 1B), but larger proportions of interleukin-2 

(IL-2)-producing cells (Figure 1C) compared to cells from their R2Dfl/fl counterparts. 

Yet, the regulatory T (Treg) cell subset (CD3+CD4+Foxp3+CD25hi) in the spleens was 

comparable between R2Dfl/fl and LckCreR2Dfl/fl mice (Figure 1D). These data are in line 

with our previously published results which showed that PPP2R2D-deficient Treg cells were 
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more efficient than wild type Treg cells in suppressing the IFN-γ expression of CD4+ or 

CD8+ T cells (23).

PPP2R2D deficiency in T cells promotes melanoma growth in mice by decreasing the 
numbers of tumor-infiltrating T cells

To further examine the function of PPP2R2D-deficient T cells in vivo in the context of 

tumor immunity, we injected mouse melanoma B16-Ova (2×105) or YUMM1.7 (3.5×105) 

cells subcutaneously into R2Dfl/fl and LckcreR2Dfl/fl mice. As shown in Figures 2A and 2B, 

and Supplemental Figures 1A and 1B, tumors grew faster in LckcreR2Dfl/fl mice and showed 

increased size and weight compared to those developing in R2Dfl/fl mice. On day 21 after 

injection of melanoma cells, mice were euthanized to collect spleens, draining lymph nodes 

(dLNs) and tumors and lymphocytes were isolated, counted and analyzed by FACS staining. 

Importantly, the percentage and numbers of CD3+ T cells (Figures 3A and 3B; Supplemental 

Figures 1C and 1D) in the tumors harvested from LckcreR2Dfl/fl mice were significantly 

decreased compared to those from R2Dfl/fl mice. Both the numbers of CD4+ and CD8+ T 

cell subsets were decreased among the tumor infiltrating lymphocytes (TILs) (Figure 3C; 

Supplemental Figure 1E). Although there was no significant difference in the proportions of 

CD3+ T cells (Figures 3D and 3E; Supplemental Figures 1F and 1G), the numbers of CD3+, 

CD4+ and CD8+ T cells in the dLNs isolated from LckcreR2Dfl/fl mice were significantly 

reduced when compared with those from R2Dfl/fl mice (Figure 3F; Supplemental Figure 

1H). Yet, the proportions and numbers of CD3+, CD3+CD4+ and CD3+CD8+ T cells were 

comparable in the spleens of R2Dfl/fl and LckcreR2Dfl/fl mice (Figures 3G–3I; Supplemental 

Figures 1I–1K). We further analyzed TCGA RNA sequencing (RNA-seq) data from 418 

patients with melanoma from the Tumor Immune Estimation Resource (TIMER) (25) to 

examine the possible relevance of the PPP2R2D expression and immune cell infiltration in 

human melanoma. Consistent with the findings in mice, PPP2R2D expression levels in the 

tumor-infiltrating immune cells correlated positively with the infiltration levels of CD8+ (P 

=0.00000769) and CD4+ T cells (P = 0.00172) but not with B cells (P =0.288) (Figure 3J). 

Collectively, these data suggest that PPP2R2D deficiency in T cells promotes melanoma 

tumor growth by decreasing the infiltration of T cells into tumors.

PPP2R2D deficiency in T cells increases T cell exhaustion of tumor-infiltrating T cells.

Our aforementioned findings that the numbers of CD3+, CD3+CD4+ and CD3+CD8+ T 

cells in dLNs and TILs were significantly decreased in LckcreR2Dfl/fl mice as compared to 

R2Dfl/fl mice (Figures 3C and 3F; Supplemental Figures 1E and 1H) raised the question 

of whether their effector functions were also affected. Interestingly, the proportions of 

both CD4+ (Figures 4A and 4B; Supplemental Figure 1L) and CD8+ (Figures 4C and 

4D; Supplemental Figure 1M) central/effector memory T cell populations (CD62L+CD44+ 

and CD62L−CD44+) were decreased in the dLNs and TILs of LckCreR2Dfl/fl compared 

to those of R2Dfl/fl mice. T cell exhaustion is associated with effector T cell function 

and the inability to mount successful antitumor immune response (4–6). The inhibitory 

receptor PD-1 has been well characterized as an exhaustion marker of T cells and controls 

the magnitude of T cell effector functions upon activation (7). The percentage of PD-1-

expressing cells (CD3+CD44+PD-1+) of the effector T cells (CD3+CD44+) in TILs from 

LckCreR2Dfl/fl mice were increased when compared to those from R2Dfl/fl mice (Figures 
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4E and 4F; Supplemental Figure 1N) as they were in both CD4+ and CD8+ subsets. 

Because IFN-γ is important in T cell function in tumor immunity (26), we considered 

the production of IFN-γ by T cells and found that the percentages of CD3+CD4+IFN-γ+ 

and CD3+CD8+ IFN-γ+-producing T cells were significantly decreased in tumors from 

LckcreR2Dfl/fl compared to R2Dfl/fl mice (Figures 4G and 4H; Supplemental Figure 1O). 

These results indicate that PPP2R2D deficiency in T cells increased T cell exhaustion of 

tumor-infiltrating T cells. To further confirm the role of PPP2R2D in the regulation of T 

cell exhaustion, we analyzed our previously published ATAC-seq dataset (GEO accession: 

GSE156927) (23) obtained from CD4+ Tconv cells that had been sorted by flow cytometry 

from spleens of R2Dfl/fl or LckCreR2Dfl/fl mice and stimulated in vitro by plate-bound CD3 

and CD28 antibodies for 4 hours. As presented in Figure 4I, sequencing read densities at 

genes encoding known T cell exhaustion markers such as PDCD1 (PD-1), LAG3, HAVCR2 
(Tim3) and CTLA4 were increased in LckCreR2Dfl/fl Tconv cells compared with those in 

R2Dfl/fl Tconv cells, demonstrating that lack of PPP2R2D expression promoted chromatin 

accessibility to genes involved in T cell exhaustion.

PPP2R2D deficiency in T cells increases Treg population in tumor-infiltrating T cells.

In tumor immunity, Treg cells are involved in tumor development and progression by 

inhibiting antitumor immunity (12). As shown in Figures 5A and 5B, and Supplemental 

Figures 2A and 2B, the percentage of Treg cells (CD3+CD4+FoxP3+CD25hi) was 

significantly increased in tumors but not in the spleens and dLNs of LckcreR2Dfl/fl compared 

to R2Dfl/fl mice. Moreover, a dramatic reduction of CD3+CD8+ to Treg cell ratio (Figure 

5C; Supplemental Figure 2C) was observed in TILs of LckcreR2Dfl/fl compared to R2Dfl/fl 

mice. In addition, we found that the percentages of IL-2-producing CD4+ and CD8+ T cells 

were increased in the spleens, dLNs, and tumors from LckcreR2Dfl/fl compared to those in 

R2Dfl/fl mice (Figures 5D and 5E; Supplemental Figures 2D and 2E). These data imply 

that PPP2R2D deficiency in T cells increases Treg population in tumor-infiltrating T cells 

probably because of the increase in the percentage of IL-2-producing LckCreR2Dfl/fl T cells.

PPP2R2D deficiency in T cells enhanced the inhibitory effect of Treg cells on anti-tumor 
immunity.

In order to characterize whether the Treg population in tumor-infiltrating T cells contributes 

to the inhibition of the anti-tumor immunity, we assessed the ability of R2Dfl/fl or 

LckcreR2Dfl/fl Treg cells to inhibit the efficacy of adoptively transferred T cells. B16-Ova 

tumor cells (2 × 105) were injected subcutaneously into Rag1 null (Rag1−/−) mice which do 

not have CD3+ or T cell receptor (TCR) alpha-beta positive cells. On day 6, mice bearing 

tumors of similar size were divided into 5 groups receiving: no T cells, R2Dfl/fl CD4 and 

CD8 conventional T (Tconv) cells (2 × 106), LckcreR2Dfl/fl CD4 and CD8 Tconv cells (2 

× 106), R2Dfl/fl CD4 and CD8 Tconv cells (2 × 106) plus R2Dfl/fl inducible (i)Treg cells 

(0.25 × 106), or LckcreR2Dfl/fl CD4 and CD8 Tconv cells (2 × 106) plus LckcreR2Dfl/fl 

iTreg cells (0.25 × 106). As shown in Figures 6A and 6B, LckcreR2Dfl/fl Tconv cells exerted 

enhanced anti-tumor activity as compared to R2Dfl/fl Tconv cells, which is consistent with 

published data (27). Moreover, both R2Dfl/fl and LckcreR2Dfl/fl Treg cells significantly 

inhibited the anti-tumor activity of R2Dfl/fl and LckcreR2Dfl/fl Tconv cells (Figures 6A and 

6B), respectively. Importantly, LckcreR2Dfl/fl Treg cells displayed an enhanced inhibitory 
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effect on LckcreR2Dfl/fl Tconv cells as compared to the inhibitory effect of R2Dfl/fl Treg 

cells on R2Dfl/fl Tconv cells (Figures 6A and 6B). Interestingly, a dramatic reduction of 

CD4+ and CD8+ T cell to Treg cell ratio (Figure 6C) was observed in TILs of LckcreR2Dfl/fl 

Tconv plus LckcreR2Dfl/fl Treg cell compared to R2Dfl/fl Tconv plus R2Dfl/fl Treg cell 

groups. These results suggest that PPP2R2D deficiency in T cells enhances the inhibitory 

effect of Treg cells in anti-tumor immunity.

Discussion

In this communication, we present evidence that PPP2R2D deficiency in T cells promotes 

melanoma growth in mice by decreasing the number of tumor-infiltrating T cells. 

Mechanistically, PPP2R2D limits T cell exhaustion by controlling chromatin accessibility 

of immune checkpoint inhibitory receptors including PD-1, LAG3, TIM3 and CTLA4, 

and promotes the expansion of Treg cells in tumor-infiltrating T cells probably because 

of increased IL-2 production. Our report introduces PPP2R2D as a negative regulator of 

immune checkpoint control mechanisms and Treg expansion in melanoma.

The global incidence of melanoma continues to rise, and the mortality associated with 

unresectable or metastatic melanoma remains high. T cell exhaustion, which is associated 

with attenuated cytotoxic capacity of effector T cells, contributes to the failure of antitumor 

immune responses (4–6). PD-1 and CTLA4 are the most notable immune checkpoint 

inhibitory receptors that are expressed on the surface of the effector T cells and exacerbate 

their exhaustion (6, 7). During the past decade, although progress in the treatment of 

advanced melanoma using immune checkpoint (PD-1 or CTLA4) blocking antibodies has 

markedly improved survival outcomes (28–32), the proportion of response (10%–30%) (28, 

32, 33) and long-term survival rates (~ 20%) (32, 34, 35) in treated patients remain low. 

Thus, further understanding of the regulation of immune checkpoints may help improve 

the therapeutic strategies. In this report, we identify that, under T cell receptor (TCR) 

stimulation, PPP2R2D negatively controls the chromatin opening of T cell exhaustion 

markers such as PD-1, LAG3, TIM3 and CTLA4, implying that PPP2R2D is a regulator 

of multiple immune checkpoint inhibitory receptors. This information could be beneficial 

for designing drugs targeting multiple immune checkpoint inhibitory receptors, since the 

clinical benefit is enhanced by the co-administration of antibodies targeting CTLA-4 and 

PD-1 in patients with advanced melanoma when compared to monotherapy (29).

We observed an expansion of PD-1-expressing cell subset of central/effector memory T cells 

(CD3+CD4+CD44+PD-1+ and CD3+CD8+CD44+PD-1+) in PPP2R2D-deficient compared 

to wild-type T cells in TILs, suggesting that PPP2R2D-deficient effector T cells are more 

exhausted within the tumor microenvironment. In the tumor milieu, PD-L1, the ligand of 

PD-1, is expressed on the surface of tumor cells and binds to PD-1 on T cells, which, 

in turn, suppresses T cell effector functions (6, 7). This claim is in agreement with our 

observation that fewer IFN-γ-producing T cells resided in tumors from LckcreR2Dfl/fl 

compared to R2Dfl/fl mice. Moreover, we obtained fewer numbers of tumor-infiltrating 

T cells in LckcreR2Dfl/fl mice probably because PD-L1 promotes T cell apoptosis when 

it binds to PD-1 expressed on the T cells (8). Tumors often take advantage of these 

negative feedback mechanisms to create an overall immunosuppressive state and escape 
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immunosurveillance of cancer (1–3). Indeed, as presented in this study, the tumors that grew 

in LckCreR2Dfl/fl mice had bigger size than in R2Dfl/fl mice.

Treg cells limit the antitumor immune response and promote angiogenesis and tumor 

growth. Their immunosuppressive function may, in part, explain the failure of many 

immunotherapies in cancer (12). Indeed Treg cell numbers are increased in the circulation 

and within tumors of various origins (10–12). We previously demonstrated that PPP2R2D 

deficiency up-regulates IL-2 production by conventional T cells (23). IL-2 administration 

increases Treg cells in patients with cancer (36–38) which is in line with our findings of 

increased percentages of Treg cells and decreased ratio of CD8+/Treg cells in tumors of 

mice with PPP2R2D-deficient T cells. The intratumoral accumulation of Treg cells has been 

associated with tumor progression (13, 14) and with advanced-stage disease and decreased 

survival in patients with cancer (15). In agreement, we observed bigger tumors to grow 

in LckCreR2Dfl/fl mice. Interestingly, this result contradicts the finding by Zhou et al (27) 

that adoptive transfer of in vitro activated CD4+ and CD8+ T cells in which PPP2R2D 

had been silenced using shRNA technology into mice bearing melanoma enhanced the anti-

tumor immunity. The contradictory effect is most probably due to the fact that Zhou et al 

transferred activated PPP2R2D-insufficient CD4+ and CD8+ T cells into mice 12 days after 

the melanoma cells had been inoculated (27), whereas in our model, PPP2R2D-deficient T 

cells producing more IL-2, which promoted Treg expansion, had been present at the time of 

the injection of melanoma cells. Treg cells highly express CTLA-4 that inhibits an immune 

response by attenuating T cell activation at a proximal step in the immune response (39). 

Consistent with this, we proved in this study that PPP2R2D deficiency in T cells reduced the 

proportion of central/effector memory T cells (CD3+CD44+) in the TILs, LckcreR2Dfl/fl Treg 

cells displayed enhanced inhibitory effect on LckcreR2Dfl/fl Tconv cells as compared to the 

inhibitory effect of R2Dfl/fl Treg cells on R2Dfl/fl Tconv cells and in our previous study (23) 

that PPP2R2D-deficient Treg cells displayed a more suppressive effect on the expression of 

IFN-γ and proliferation of CD4+ or CD8+ T cells following stimulation in vitro.

In summary, we have shown that PPP2R2D is a negative regulator of immune checkpoint 

inhibitory receptors and its absence exacerbates effector T cell exhaustion and promotes 

Treg expansion. Our findings have significant translational value because in patients with 

melanoma PPP2R2D expression levels in the tumor-infiltrating T cells correlate positively 

with the intensity of infiltration of CD8+ and CD4+ T cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points:

• PPP2R2D limits T cell exhaustion by controlling chromatin accessibility

• PPP2R2D deficiency in T cells promotes tumor growth of melanoma

• PPP2R2D deficiency in T cells expands Treg population in tumor-infiltrating 

T cells
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Figure 1. PPP2R2D deficiency in T cells reduces central and effector memory T cells and alters 
cytokines production.
(A) Splenocytes isolated from R2Dfl/fl and LckCreR2Dfl/fl mice were stained with 

CD3, CD4, CD8, CD62L and CD44 antibodies and analyzed by flow cytometry. Left: 
Representative flow cytometry plots. Right: Cumulative data (n = 5 mice/group) depicting 

the percentages of splenic naïve (CD62L+CD44−) and central/effector memory (CM/EM; 

CD62L+CD44+, CD62L−CD44+) subsets. (B-C) Splenocytes isolated from R2Dfl/fl and 

LckCreR2Dfl/fl mice stimulated ex vivo with phorbol myristate acetate (PMA) and 

ionomycin for 4 hours before FACS analysis. Representative flow cytometry plots are shown 

(B and C, left). Cumulative data (n = 5 mice/group) depicting the percentages of IFN-γ- 

(B, right) and IL-2- (C, right) positive cells. (D) Treg cell subset (CD4+Foxp3+CD25hi) 

as a percentage of CD3+CD4+ T cells in the spleen of R2Dfl/fl and LckCreR2Dfl/fl mice (n 
= 5 mice/group). All the data were obtained from two independent experiments. *P<0.05, 
**P<0.01 and ***P<0.001 by unpaired T test.
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Figure 2. PPP2R2D deficiency in T cells promotes B16-ova melanoma tumor growth in mice.
B16-ova melanoma cells (2 × 105) were subcutaneously injected into R2Dfl/fl (n = 6) or 

LckcreR2Dfl/fl (n = 7) mice and monitored for 21 days. (A) Tumor size was monitored 

every other day by measuring 3 diameters using digital caliper until day 21. (B) On day 

21, mice were euthanized and tumors were collected. Left: pictures of tumors harvested 

from R2Dfl/fl or LckcreR2Dfl/fl mice. Right: tumor weight. All the data were obtained from 

two independent experiments. *P<0.05 by two-way ANOVA with Holm-Šidákmultiple-

comparisons test (A) or by unpaired T test (B).
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Figure 3. PPP2R2D deficiency in T cells decreases the percentage and numbers of tumor-
infiltrating T cells.
(A-I) B16-ova melanoma cells (2 × 105) were subcutaneously injected into R2Dfl/fl (n = 

6) or LckcreR2Dfl/fl (n = 7) mice. On day 21 after injection of melanoma cells, mice were 

euthanized to collect tumors (TIL), draining lymph nodes (dLN), and spleens (SPL), and 

the lymphocytes were isolated, counted and analyzed by FACS staining. Representative flow 

cytometry plots (A, D and G) and cumulative data (B, E and H) showing CD3+ cells as 

the percentage of lymphocytes in the TIL (A and B), dLN (D and E) or SPL (G and 
H). Absolute numbers of CD3+, CD3+CD4+, and CD3+CD8+ cells in the TIL (C), dLN 

(F) and SPL (I). All the data were obtained from two independent experiments. *P<0.05, 
and **P<0.01 by unpaired T test. (J) TCGA RNA sequencing (RNA-seq) data from 418 

patients with melanoma obtained from the Tumor Immune Estimation Resource (TIMER) 
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were analyzed and the relevance of the PPP2R2D expression and immune cell infiltration in 

human melanoma is shown.
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Figure 4. PPP2R2D deficiency in T cells increases the exhaustion of tumor-infiltrating T cells.
(A-F) B16-ova melanoma cells (2 × 105) were subcutaneously injected into R2Dfl/fl 

(n = 6) or LckcreR2Dfl/fl (n = 7) mice. On day 21 after injection of melanoma cells, 

mice were euthanized to collect tumors (TIL) and draining lymph nodes (dLN), and 

the lymphocytes were isolated, counted and analyzed by FACS staining. (A-D) Effector 

subsets (CD3+CD4+CD44+ or CD3+CD8+CD44+) as a percentage of CD3+CD4+ or 

CD3+CD8+ T cells in the dLN or TIL. The representative flow plots (A and C) and 

cumulative data (B and D) were shown. The representative plots (E) and cumulative 
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data (F) showing the percentages of CD3+CD4+CD44+PD1+ or CD3+CD8+CD44+PD1+ 

cells in CD3+CD4+CD44+ or CD3+CD8+CD44+ T cells from the TIL. (G and H) 

Representative flow plots (G) and cumulative data (H) showing the IFN-γ-producing cells 

(CD3+CD4+IFN-γ+ or CD3+CD8+IFN-γ+) as a percentage of CD3+CD4+ or CD3+CD8+ T 

cells in in the TIL. All the data were obtained from two independent experiments. *P<0.05, 
**P<0.01 and ***P<0.001 by multiple T test. (I) CD4+ Tconv cells were sorted out from 

spleens of R2Dfl/fl or LckCreR2Dfl/fl mice (n = 2 mice/group) and ex vivo stimulated by 

plate-bound CD3 and CD28 antibodies for 4 hours before being subjected to ATAC-seq. 

Accessibility tracks for selected gene loci PDCD1, LAG3, HAVCR2 and CTLA4) in R2Dfl/fl 

(up) and LckCreR2Dfl/fl (down) Tconv cells were plotted using the integrative genomics 

viewer (IGV).
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Figure 5. PPP2R2D deficiency in T cells increases Treg population in tumor-infiltrating T cells.
B16-ova melanoma cells (2 × 105) were subcutaneously injected into R2Dfl/fl (n = 6) 

or LckcreR2Dfl/fl (n = 7) mice. On day 21 after injection of melanoma cells, mice were 

euthanized to collect tumors (TIL), draining lymph nodes (dLN), and spleens (SPL), and 

the lymphocytes were isolated, counted and analyzed by FACS staining. (A-B) Treg cell 

subset (CD3+CD4+Foxp3+CD25hi) as a percentage of CD3+CD4+ T cells in the SPL, dLN 

or TIL. The representative flow plots (A) and cumulative data (B) were shown. (C) Ratio of 

CD8 (CD3+CD8+) and Treg cell subset (CD3+CD4+Foxp3+CD25hi) in the TIL. (D-E) IL-2-
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producing cells (D: CD3+CD4+IL-2+ or E: CD3+CD8+IL-2+) as a percentage of CD3+CD4+ 

or CD3+CD8+ T cells in in the SPL, dLN or TIL. All the data were obtained from two 

independent experiments. *P<0.05, **P<0.01 and ****P<0.0001 by multiple T test.

Pan et al. Page 20

J Immunol. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. PPP2R2D deficiency in T cells enhanced the inhibitory effect of Treg cells on anti-
tumor immunity.
B16-Ova tumor cells (2 × 105) were injected subcutaneously into Rag1 null (Rag1−/−) mice 

(n= 4 mice per group). On day 6, mice bearing tumors of similar size were divided into 5 

groups receiving: no T cells, R2Dfl/fl CD4 and CD8 conventional T (Tconv) cells (2 × 106), 

LckcreR2Dfl/fl CD4 and CD8 Tconv cells (2 × 106), R2Dfl/fl CD4 and CD8 Tconv cells (2 × 

106) plus R2Dfl/fl inducible (i)Treg cells (0.25 × 106), or LckcreR2Dfl/fl CD4 and CD8 Tconv 

cells (2 × 106) plus LckcreR2Dfl/fl iTreg cells (0.25 × 106). (A) Tumor size was monitored 

every other day by measuring 3 diameters using digital caliper until day 18. (B) On day 

18, mice were euthanized and tumors were collected and weighed. (C) Ratio of CD4 and 

CD8 (CD3+CD4+ and CD3+CD8+) and Treg cell subset (CD3+CD4+Foxp3+CD25hi) in the 

TIL. All the data were obtained from two independent experiments.*P<0.05 ***P<0.001 
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and ****P<0.0001 by two-way ANOVA with Holm-Šidákmultiple-comparisons test (A) or 

by unpaired T test (B and C).
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