
Local activation of p53 in the tumor microenvironment 
overcomes immune suppression and enhances antitumor 
immunity

Gang Guo1, Miao Yu1, Wei Xiao, Esteban Celis, and Yan Cui*

Cancer Immunology, Inflammation and Tolerance Program, Georgia Cancer Center, Department 
of Biochemistry & Molecular Biology, Medical College of Georgia, Augusta University, Augusta, 
GA 30912

Abstract

Mutations in tumor suppressor p53 remain a vital mechanism of tumor escape from apoptosis and 

senescence. Emerging evidence suggests that p53 dysfunction also fuels inflammation and 

supports tumor immune evasion, thereby serving as an immunological driver of tumorigenesis. 

Therefore, targeting p53 in the tumor microenvironment (TME) also represents an 

immunologically desirable strategy for reversing immunosuppression and enhancing antitumor 

immunity. Using a pharmacological p53 activator nutlin-3a, we show that local p53 activation in 

TME comprising overt tumor infiltrating leukocytes (TILeus) induces systemic antitumor 

immunity and tumor regression, but not in TME with scarce TILeus, such as B16 melanoma. 

Maneuvers that recruit leukocytes to TME, such as TLR3 ligand in B16 tumors, greatly enhanced 

nutlin-induced antitumor immunity and tumor control. Mechanistically, nutlin-3a-induced 

antitumor immunity was contingent on two non-redundant but immunologically synergistic p53-

dependent processes: reversal of immunosuppression in TME and induction of tumor 

immunogenic cell death (ICD), leading to activation and expansion of polyfunctional CD8 CTLs 

and tumor regression. Our study demonstrates that unlike conventional tumoricidal therapies, 

which rely on effective p53 targeting in each tumor cell and often associate with systemic toxicity, 

this immune-based strategy requires only limited local p53 activation to alter the immune 

landscape of TME and subsequently amplify immune response to systemic antitumor immunity. 

Hence, targeting the p53 pathway in TME can be exploited to reverse immunosuppression and 

augment therapeutic benefits beyond tumoricidal effects to harness tumor-specific, durable, and 

systemic antitumor immunity with minimal toxicity.
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Introduction

Somatic mutations in tumor suppressor p53 occur in more than 50% of human tumors (1–3). 

Most p53 mutations are missense, causing inability to induce apoptosis and senescence, 

thereby promoting tumorigenesis. Recent observations from our laboratory and others 

suggest that p53 dysfunction also fuels pro-tumor inflammation and is a gain-of-function 

immunological driver of tumorigenesis via skewing the immune landscape of the tumor 

microenvironment (TME) (4–9). Hence, targeting the p53 pathway represents a favorable 

immunological strategy besides its current application as a tumoricidal regimen (2,3,10,11). 

Recent remarkable success of immunotherapy underscores the pivotal role of reversing 

immunosuppression in the TME in augmenting T cell-mediated adaptive immunity for 

tumor control (12,13). Nonetheless, clinical results of systemic delivery of pharmacological 

p53 activators revealed high toxicity, especially hematologic toxicity that is detrimental to 

immunotherapy (14). Recent studies showed that targeted p53 activation/restoration via 

genetic approach activates NK cells and macrophages (15,16). It remains unknown and is 

imperative to investigate whether restricted p53 activation in the TME promotes sustained 

tumor-specific T cell activation

It is increasingly appreciated that activation of antitumor immunity is indispensable for the 

clinical benefits of radiotherapy and some types of chemotherapy (17–19). Mechanistically, 

those therapies promote antitumor immunity via eliciting tumor immunogenic cell death 

(ICD) (17,18,20). Chemotherapy and radiotherapy induce cell death via stress and DNA 

damage, which robustly activate p53. It is yet unexplored whether local p53 activation in the 

TME is necessary for ICD and/or sufficient to overcome the immunosuppressive TME 

promoting systemic antitumor immunity.

To this end, we treated murine tumors, EL4 and B16, with a pharmacological p53 activator 

nutlin-3a. Nutlin-3a, being tested in clinical trials for tumoricidal effects, activates p53 by 

inhibiting a natural p53 inhibitory molecule MDM2 (mouse double minute 2 homologue) 

(3,14,21). We observed that nutlin-3a induced p53-dependent ICD of EL4 and B16 tumors, 

but only resulted in activation of systemic antitumor immunity and tumor regression against 

immunogenic EL4 tumors, not non-immunogenic B16 tumors (22,23) following 

intratumoral injection. However, combination with other immunological maneuvers that 

enhanced the recruitment of tumor infiltrating leukocytes (TILeus) in the B16 TME, 

intratumoral injection of nutlin-3a induced significant antitumor immunity and improved 

tumor control. Mechanistic studies revealed that successful activation and amplification of 

systemic antitumor immunity by local p53 activation in the TME depend on two non-

overlapping, but synergistic cellular processes: (a) p53-dependent conversion of 

immunosuppressive TME to immunostimulatory, and (b) p53-dependent induction of tumor 

ICD that further amplifies productive antitumor immunity.

Methods

Mice

Rag1null (B6.129S7-Rag1tm1Mom/J), Trp53null (B6.129S2-Trp53tm1tyj/J), p53loxP 

(B6.129P2-Trp53tm1Brn/J), Vav-iCre [B6.Cg-Tg(Vav1-icre)A2Kio/J], and UBC-GFP 
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[C57BL/6-Tg(UBC-GFP)30Scha/J] mice were purchased from the Jackson Laboratories 

(Bar Harbor, ME). C57BL/6 mice were purchased from Charles River (Wilmington, MA). 

All mice were bred and kept under SPF conditions in the Georgia Cancer Center animal 

facility following protocols approved by the Institutional Animal Care and Use Committee.

Tumor inoculation and treatment

EL4 or B16F1 cells, purchased from ATCC (Manassas, VA), which were not independently 

authenticated in our laboratory, were maintained in DMEM (Invitrogen, Carlsbad, CA) 

supplemented with 10% FBS. The p53 function and intact p53 pathway of both cell lines 

were verified in our laboratory via real-time RT-PCR following nutlin-3a treatments. Either 

tumors were injected subcutaneously at 1 X 106/mouse in the right flank or 2 X 105/flank/

injection for mouse receiving tumors in both flanks. Tumors were measured every other day 

and calculated as: volume = (length X width) X (length + width)/2. When tumors reached 

100 – 300 mm3, they received intratumoral injection of 100 μl of 20 μM nutlin-3a (Sigma, 

St. Louis) in PBS twice one-day apart or 50 μg/50 μl of poly-ICLC [poly-L-Lysine (Sigma) 

mixed with 2% carboxymethylcellulose and poly-IC (hmw, InvivoGen, San Diego)] in PBS 

followed by two nutlin-3a injections of 100 μl of 20 μM at one-day apart.

Flow cytometry analysis and MDSC purification

Antibodies for FACS were purchased from BD Biosciences (San Jose, CA), Biolegend (San 

Diego, CA) or eBioscience (San Diego, CA). Lymph nodes and tumors were processed as 

previously described (4). The effector T cell function was determined via intracellular 

cytokine staining following standard procedures (4). FACS acquisition was performed using 

BDTMLSR II and analyzed using FlowJo (Tree Star Inc., Ashland, OR). Purification of TIL-

MDSCs was carried out using FACSAria (BD Biosciences) to obtain viable cells, which 

were gated on DAPI negative populations, based on their CD11b, Gr-1, Ly6C, and Ly6G 

expression.

Histology and immunofluorescence (IF) of tumor specimens

Tumors were snap-froze in liquid N2. IF of the tumor sections were performed following 

standard protocols (4).

TUNEL staining

Novus (Littleton, CO) APO-BRDU (TUNEL) Apoptosis kit was used to examine dying cells 

with exposed or fragmented DNA ends as per manufacture’s instruction. Briefly, tumor 

sections were first fixed with 4% formaldehyde, followed with proteinase K, and 3% H2O2 

treatment. Exposed DNA ends were subsequently labeled with Br-dTUP by TdT enzyme at 

37oC for 2 hours. BrdU labeled cells were stained with anti-BrdU antibody and color 

developed with peroxidase substrate DAB, followed Hematoxylin counterstain.

Nutlin-3a treatment of tumor cells in culture

EL4 or B16F1 tumor cells were cultured in DMEM medium supplemented with 10% of FBS 

in the presence of varying concentration of nutlin-3a for different duration. Culture 
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supernatant was harvested for determining HMGB1 and ATP. The tumor cell apoptosis was 

examined via FACS analysis of 7-AAD+ cells.

Western Blotting

Fifteen μl of culture supernatant from nutlin-3a treated cells was mixed with 4X LDS sample 

loading buffer (Invitrogen), reducing agent, and heated to 70°C for 10 minutes. Proteins 

were separated with NuPAGE® 10 % Bis-Tris gels (Invitrogen) and transferred onto PVDF 

membranes (Invitrogen). The membranes were blotted with antibodies against HMGB1 

(Abcam), followed by a secondary antibody conjugated with horseradish peroxidase (Santa 

Cruz Biotechnology, Santa Cruz, CA). The blots were visualized using Super Signal® West 

Dura Chemiluminescent substrates (Pierce Biotechnology, Rockford, IL) according to the 

manufacturer’s instructions. Western blot digital images were obtained using Fujifilm 

LAS-300 Imager.

Quantification of ATP concentration

Perkin Elmer luciferase-based ATPlite 1step assay kit was employed to determine ATP 

concentration in supernatant of nutlin-3a treated cells according to the manufacturer’s 

instructions. Briefly, 100 μl of supernatant was mixed with 100 μl substrate solution in a 

white 96-well plate with shaking at 500 rpm for 5 minutes. Luminescence was measured 

with a BioTek Synergy HTX microplate reader.

Bone marrow derived MDSCs and DCs and in vitro treatment with nutlin-3a

BM-MDSCs were derived in the presence of murine recombinant IL-6 (40 ng/ml) and GM-

CSF (100 U/ml) from a 4 day-culture as previously described (4). BM-DCs were derived in 

the presence of murine recombinant GM-CSF (1000 U/ml) in an eight-day culture with GM-

CSF replenished every 2 days (24). They were treated with varying concentrations of 

nutlin-3a for 24 hours and their viability, phenotype, and function were subsequently 

assessed.

MDSC-mediated inhibition of T cell proliferation

Naïve T cells were harvested from WT mice, purified using an EasySep Mouse T cell 

enrichment kit (StemCell Technology, Vancouver, CA), and labelled with CFSE 

(Invitrogen). These T cells were incubated with purified MDSCs at the ratio of T:MDSC of 

1:2.5 or 1:5 in the presence of mouse T-activator beads (Invitrogen) for 72 hours. The CFSE 

dilution was examined via BD™ LSR II.

Statistical analysis

Differences between different genotypes and/or treatments were analyzed via two-tailed 

Student’s t-test using GraphPad Prism. Therapeutic effects on tumor growth between 

treatment groups were analyzed using two-way ANOVA (GraphPad Prism).
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Results

Local p53 activation in the EL4 TME stimulates systemic antitumor immunity and tumor 
regression

Nutlin-3a, a potent pharmacological p53 activator, has encountered hematological toxicity in 

clinical application associated with systemic delivery (14). We employed EL4 and B16 

tumors, which are reported to maintain WT p53 gene (4,25), confirmed their functional p53 

pathway, and determined the effective dose of nutlin-3a in mediating p53-dependent tumor 

killing. As expected, nutlin-3a treatment resulted in upregulation of the p53 down-stream 

targets MDM2, puma, and p21 in a dose-dependent manner in both tumors (Supplementary 

Fig. S1A and S1B). Moreover, at up to 20 μM, nutlin-3a induced p53-specific and dose-

dependent cell death (Fig. S1C). However, significant p53-independent toxicity manifested 

at 50 μM or higher (Fig. S1C). Thus, nutlin-3a was capped at 20 μM in culture and 100 μl of 

20 μM for intratumoral (i.t.) injection. Interestingly, injection of nutlin-3a, but not PBS, into 

subcutaneously (s.c.) established EL4 tumors in wild type (WT) mice induced significant 

tumor regressions (Fig. 1A). Among the 17 nutlin-treated mice, 7 (~40%) experienced 

complete tumor eradication and resisted to subsequent EL4 re-challenge (Fig. 1A), 

suggesting the development of antitumor immunity. Analysis of tumor draining lymph nodes 

(TDLN), non-tumor-draining nodes at the contralateral site to injection (cLN), and spleens 

revealed no major differences either in their percentage of apoptosis or cellularity between 

the mice treated with PBS and nutlin-3a (Fig. S2). These results suggest that local i.t. 

injection of nutlin-3a imposes minimal systemic toxicity. Interestingly, nutlin-3a treatment 

of EL4 tumors in Rag1null mice, which lack T and B cells, appeared to be ineffective in 

controlling tumor progression (Fig. 1B). Immunofluorescence and histochemical staining 

confirmed a localized upregulation of p53 in the EL4 TME treated with nutlin-3a (Fig. 

S3A), associated with a similar level of confined cell death following nutlin-3a treatment in 

the EL4 TME of both Rag1 null and WT mice (Fig. S3B and C). These results imply the 

participation of adaptive immunity in nutlin-3a-induced tumor control.

To confirm the induction of systemic immunity following i.t. injection of nutlin-3a, we 

tested the effects of nutlin-3a treatment in WT mice bearing two established EL4 tumors, 

one each in the right and left flank, with only the tumor in the right receiving nutlin-3a (Fig. 

1C). To ensure a sufficient period of activated immune cells to reach and attack distal 

tumors, we reduced the number of inoculated EL4 cells/flank to slightly delay tumor 

progression. Indeed, nutlin-3a injection not only induced regression of the EL4 tumors 

receiving nutlin-3a, but also tumors distal to the site of injection (Fig. 1C). Flow cytometry 

(FACS) analysis revealed a marked increase in tumor-infiltrating TILeus-CD8 cells and their 

enhanced IFN-γ production in tumors received nutlin-3a and tumors distal to nutlin-3a-

treatment (CL-side) compared with tumors in both flanks of PBS-treated mice (Fig. 1D). 

Together, these results imply that nutlin-3a-induced local p53 activation in confined area of 

the EL4 TME leads to marked activation of effector CD8 T cells, resulting in systemic tumor 

regression, eradication, and protection.
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Nutlin-3a-induced p53-dependent EL4 death is necessary for activation of antitumor 
immunity

Because therapy-induced tumor ICD is an important component for productive activation of 

antitumor immunity (17,20), we investigated whether nutlin-3 induces ICD of EL4 tumor 

and whether it is necessary for the observed tumor control. ICD is usually characterized by 

three hallmarks: cell surface exposure of an endoplasmic reticulum protein calreticulin 

(CALR), release of nuclear protein high mobility group box 1 (HMGB1), and cellular ATP 

to extracellular space (17,26,27). As expected, following treatment of EL4 cells with 

nutlin-3a, their upregulation of surface CALR (Fig. S4), release of HMGB1 (Fig. 2A), and 

ATP (Fig. 2B) were observed within 24–30 hours. Extracellular HMGB1 and ATP are 

known to activate myeloid cells, especially dendritic cells (DCs) (26) that subsequently 

activate T cells, we further examined DC antigen uptake and activation in vivo 2 days after 

nutlin-3a injection to GFP expressing EL4 cells (EL4-GFP). Indeed, compared with PBS 

treatment, nutlin-3a greatly increased CD11c+ cells in the EL4-GFP TME, revealed by both 

IHC and FACS (Fig. 2C). Importantly, nutlin-treatment not only induced an increase in 

percentage of CD11c+ cells, but also their activation shown as marked increase in MHC II 

expression, especially among the CD11c+CD103+ DC subset. (Fig. 2C). These 

CD11c+CD103+ cells are crucial migratory DCs capable of cross-presenting tumor antigens 

to activate naïve T cells in the TME and lymphoid tissues (28,29) and their enhanced GFP-

antigen uptake showing as an increased percentage of CD11c+CD103+GFP+ cells in the 

TME and DTLNs in nutlin-treated mice than that of PBS control mice (Fig. 2C and D). It is 

noteworthy that the GFP level in the TDLN-CD11c+CD103+ cells was lower than those in 

TILeus-CD11c+CD103+ cells because of GFP-antigen digestion/process by those DCs 

during their mobilization to the TDLNs (Fig. 2D). Different from EL4 tumors that maintain 

functional p53, EL4sip53 tumors that were EL4 cells modified with p53 inactivating 

shRNA, were irresponsive to nutlin treatment in WT mice (Fig. 2E). In contrast, nutlin 

treatment of EL4si-Scarmble, EL4 tumors modified by a scramble shRNA, led to similar 

tumor regression to those unmodified EL4 tumors (Fig. 2E). These results confirm that p53-

dependent tumor death is required for immune activation. Collectively, these results 

demonstrate that p53-dependent ICD of EL4 cells in the TME following nutlin-3a treatment 

enhances antigen uptake and activation of DCs, especially CD11c+CD103+ migratory DCs 

that stimulate the activation of antitumor immunity.

Nutlin-induced productive antitumor immunity also relies on a functional p53 pathway in 
the tumor infiltrating leukocytes

The TME is a complex ecosystem consists of TILeus and non-hematopoietic stromal cells, 

all of which may actively contribute to nutlin-3a-induced tumor regression. To clarify 

whether a functional p53 pathway in any cellular subsets other than tumor is also essential 

for nutlin-induced antitumor immunity, we treated EL4 tumors in p53null mice. Interestingly, 

nutlin-3a was unable to control EL4 tumor progression in p53null mice (Fig. 3A), implying 

an important role of p53 activation in other cellular compartments of the TME for nutlin-

induced tumor regression. Likewise, nutlin-3a also appeared to be ineffective in controlling 

EL4 tumors in p53flox/floxvav-Cre (p53Fl-vav) mice, where p53 is inactivated in leukocytes 

(Fig. 3B), suggesting the crucial role of p53 activation in the TILeus. FACS analysis of EL4 

tumors established a GFP-expressing transgenic (UBC-GFP) mice suggested that nutlin-3a 
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induced a marked increase in TILeus (CD45+GFP+) to 13.99 ± 1.54 % from 8.31 ± 0.41 % 

in PBS control (Fig. 3C). Notably, the changes in percentage of various TILeu-subsets in 

nutlin-3a-treated EL4 TME were drastically different, including more than doubled CD8+ T 

cells, slightly and insignificantly increased CD11b+ cells, contrasting to the drastically 

decreased CD19+ B cells and modestly reduced CD4+ T cells (Fig. 3D). To examine whether 

these differential increase or decrease in the percentage of various immune cells was 

reflective to their sensitivity to nutlin-3a, we treated purified lymphoid and myeloid subsets 

with nutlin-3a in culture. Not surprisingly, 20 μM of nutlin-3a induced rapid death of all 

immune subpopulations within 24 hours, including death of ≥ 95% CD19+ B cells, 85% 

CD8+, 65% CD4+ T cells, ~ 50% bone marrow derived (BM)-DCs, and ~ 65% BM-myeloid 

derived suppressor cells (MDSCs) (Fig. S5). These data explain the observed reduction of 

CD19+ and CD4+ cells in the nutlin-treated EL4 TME (Fig. 3D) and agree with the clinical 

reports of nutlin-3a-associated hematological toxicity (14). Moreover, they also imply that 

the observed increase in the percentages of CD8+, CD11b+ (Figs. 1D and 3D), and CD11c+ 

cells (Fig. 2C) represent active processes associated with nutlin-induced immune activation.

Among CD11b+ cells in the TME and tumor draining lymph nodes (TDLNs), CD11b+Gr-1+ 

MDSCs and activated DCs exemplify functional opposing myeloid subpopulations 

(28,30,31). Reduction in MDSC frequency alters immunosuppressive TME and 

subsequently promotes antitumor immunity. Indeed, in nutlin-3a-treated EL4 TME and 

TDLNs of WT mice, a marked reduction in total MDSCs, including Ly6Ghi G-MDSCs and 

Ly6Chi M-MDSCs, was observed (Fig. S6 and Fig. 3E). Of note, the reduction of TILeu-

MDSC was less profound than that in the TDLNs, likely due to compartmentalization and 

heterogeneity of nutlin-3a-induced local p53 activation in the TME and confined dying cells 

(Fig. S3).

To determine whether nutlin-3a also alters the phenotype and function of MDSCs that 

survive the treatment, we analyzed BM-MDSCs in culture. Similar to in vivo observation, 

nutlin-3a induced a dose-dependent reduction in G-MDSCs within 24 hours (Fig. 4A), with 

a concomitant increase in CD11c+CD80+ MDSCs (Fig. 4B). Early studies demonstrated that 

that MDSCs can be converted to DC-like myeloid populations under certain situations 

(32,33), we further examined their immunosuppressive capacity and revealed that these 

nutlin-treated “MDSCs” lost their ability to suppress the proliferation of CD4 and CD8 T 

cells (Fig. 4C and D). Furthermore, we harvested TIL-MDSCs from PBS and nutlin-3a 

treated EL4 cells in WT mice 4 days after the last i.t. injection and purified G-MDSC and 

M-MDSC via FACSorting (Fig. 4E). Functional analysis also confirmed that their 

immunosuppressive capacity of inhibiting T cell proliferation was marked reduced in 

nutlin-3a-treated tumors (Fig. 4E). Collectively, these results suggest that the drastic increase 

in the percentage of CD8+ T and modest elevation of CD11b+ myeloid subsets in nutlin-

treated EL4 TME represent active events secondary to p53-dependent reversal of 

immunosuppression via functional elimination of immunosuppressive MDSCs.
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Nutlin-3a induces immunogenic cell death of B16 melanomas, but is unable to control B16 
progression in WT mice

Experimentally and clinically, some tumors, such as EL4, are more responsive to 

immunotherapy maneuvers, which are termed as immunogenic, whereas others, such as B16 

melanoma, are less responsive to immunological regimens and deemed to be non-

immunogenic (22,23,34). Despite in vitro ICD induction of B16 tumors by nutlin-3a, 

demonstrated as the surface exposure of CALR (Fig. S7), release of HMGB1 (Fig. 5A), and 

ATP (Fig. 5B) to extracellular space, nutlin-3a treatment hardly delayed B16 tumor 

progression in vivo (Fig. 5C). Because immune cell access to tumors is essential for 

effective tumor control (35–37), we examined leukocyte infiltration in the B16 TME. 

Comparative analysis of the B16 and EL4 TME revealed that the TILeus in B16 tumors 

were significantly lower than those of EL4 (Fig.5D). IHC staining also confirmed an overall 

scarce CD3+ T and CD11b+ myeloid cells in B16 tumors compared with those in EL4 

tumors (Fig. 5E). Among TILeu-subsets, the relative composition of CD4 and CD8 cells in 

EL4 and B16 tumors was similar, while that of CD19 B cells was lower and that of CD11b+ 

cells was higher in the B16 TME than those in the EL4 TME (Fig. 5F). Overall, it is 

postulated that the limited immune cell infiltration in the B16 TME prevents effective 

induction of immune activation despite nutlin-induced ICD. These results suggest that 

additional immunological maneuvers to markedly enhance TILeus in the B16 TME is 

necessary.

Ploy-IC facilities leukocyte recruitment to the B16 TME, which markedly enhances nutlin-
induced antitumor immunity leading to tumor regression

Polyinosinic:polycytidilyc acid (poly-IC), a synthetic double-stranded RNA complex that 

mimics viral infection, has been shown to recruit and activate antigen presenting cells 

(APCs) via stimulating TLR3 (38,39,40). We explored the effects of poly-IC in improving 

immune cell recruitment to the B16 TME following i.t. injection and observed a more than 

3-fold increase in total TILeus to 12.3 ±2.0 % (Fig. 6A), which peaked at 2 days and lasted 

for at least 6 days post-injection. We then combined poly-IC and nutlin-3a treatment by two 

nutlin-3a injections following a single injection of poly-IC (poly-IC + nutlin) (Fig. 6B). 

Remarkably, combination of poly-IC + nutlin significantly delayed B16 tumor progression 

(Fig. 6B), associated with large areas of tumor necrosis (Fig. 6C) and substantial immune 

cell infiltration (Fig. 6D). In contrast, nutlin-3a alone induced tumor cell death in confined 

area (Fig. 6C), which was insufficient to affect tumor progression (Fig. 6B). Although poly-

IC alone greatly improved total TILeus and myeloid subpopulation (Fig. 6D), it only 

modestly hindered tumor progression (Fig. 6B).

Flow cytometry analysis confirmed that poly-IC and poly-IC + nutlin treatments greatly 

enhanced TILeus in the B16 TME (Fig. 7A). Interestingly, poly-IC alone drastically 

increased TILeus-CD11b+ cells (Fig. S8A). TILeus-MDSC analysis suggested a similar 

elimination of Ly6Ghi G-MDSC with concomitant increase in Ly6Chi M-MDSC-like cells in 

both poly-IC alone and poly-IC + nutlin treated B16 TME (Fig. 7B). Strikingly, the drastic 

difference between these two treatment groups was the activation status of TILeus-CD11b+ 

cells: whereas among the one-time poly-IC-treated B16 TME, CD11b+ population were 

dominantly MHCII-/lo, those in the poly-IC + nutlin treated TILeus-CD11b+ cells were 
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mostly MHCIImod/hi (Fig. 7C). Consequently, these activated myeloid cells in poly-IC + 

nutlin treated B16 TME augmented CTL activation, leading to a drastic increase in the 

percentage of CD8+ T cells to 19.2 ± 2.7% from 9.6 ± 1.8 % in the B16 TME treated with 

poly-IC alone (Fig. 7D), with concomitant reduction in CD4 T cells (Fig. S8B). Remarkably, 

poly-IC + nultin combination further amplified effector cytokine producing CD8 cells, 

especially polyfunctional CTLs that produced two or more cytokines of IFN-γ, TNF-α, or 

IL-2 (Fig. 7E). Although poly-IC alone also improved relative frequency of polyfunctional 

CTLs among CD8+ cells (Fig. 7E), its overall low level of CD8+ T cells (Fig. 7D) dictated 

its modest outcome in tumor control (Fig. 6B). Together, these results demonstrate that in 

tumors with limited TILeus, such as B16, nutlin-induced immune activation is achievable 

through combinational strategy with other immunological maneuvers, such as poly-IC. 

These results further substantiate that p53-dependent reversal of the immunosuppressive 

landscape via eliminating/reversing immunosuppressive MDSCs and activating APCs is 

pivotal for activation of tumor-specific polyfunctional CD8 CTLs.

Discussion

This study shows that nutlin-3a-induced local p53 activation in the TME effectively 

promotes systemic adaptive immunity leading to tumor regression and eradication. 

Mechanistically, this nutlin-3a-induced productive antitumor immunity relies on two non-

redundant, but synergistic processes: (1) p53-dependent tumor ICD, and (2) p53-dependent 

reversal of immunosuppression in the TME via functional elimination of 

immunosuppressive MDSCs. Specifically, tumor ICD ensures effective tumor antigen 

release and DC activation for antigen-specific immunity, while p53 activation in TILeus of 

the TME alters the dynamics and function of myeloid subpopulations for sustained T cell 

activation, both of which require effective T cell access to the TME for tumor elimination. 

Together, these two concerted events synergistically amplify nutlin-initiated confined tumor 

death and local immune activation to systemic antitumor immunity and tumor regression.

Recent clinical reports indicate that the conventional approach of systemic delivery of 

pharmacological p53 activators or re-activators are associated with hematologic toxicity 

(14). Our study demonstrates that local delivery of p53 activator to the TME limits its dose 

and toxicity and, importantly, preserves the function of immune system. Therefore, different 

from the conventional tumoricidal-based p53-targeted therapy that relies on effective 

activator delivery to reach all cancerous cells, this new strategy of exploiting the 

immunomodulatory function of p53 activator amplifies a localized tumor-killing process to 

systemic antitumor immunity with minimal toxicity. It is noteworthy that this approach is 

not limited to tumors maintaining WT p53. With clinically tested pharmacological p53 

activators to targeted activate/re-activate the p53 pathway in tumors incurring WT or mutant 

p53 (3,10), respectively, the application of these p53 pharmacological activators can be 

redirected for local use as immunotherapy regimens for enhancing antitumor immunity and 

broader application for combinational therapies.

Experimentally and clinically, MDSCs are one of the crucial populations in enforcing 

immunosuppression in the TME (30,41–43). Our study shows that activation of the p53 

pathway can be exploited as a new means of eliminating MDSCs, by promoting death and/or 
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functional reversal of their immunosuppressive capacity. Importantly, it appears that in both 

El4 and B16 tumor models, p53-dependent MDSC elimination and induction of tumor ICD 

are essential and not interchangeable for productive activation of antitumor immunity. 

Although tumor ICD-mediated ATP and HMGB1 release induces DC and immune activation 

(17,44), this local and temporal DC activation appears to be insufficient to overcome the 

dominate immunosuppression in the absence of MDSC elimination, such as the EL4 TME in 

p53null mice and B16 TME in WT mice. Nevertheless, nutlin-mediated MDSC elimination/

reversal in the TME and TDLNs provides a sustainable environment to amplify ICD-induced 

immune activation and promote the drastic expansion of polyfunctional CTLs. Likewise, in 

the absence of tumor ICD, such as nutlin-3a treatment of EL4sip53 tumors in WT mice, 

MDSC elimination/reversal in the TME was not sufficient to induce tumor antigen-specific 

immunity. The synergistic effects of tumor ICD and reversal of immunosuppression are 

further supported by the observation in B16 tumor model because nutlin-3a + poly-IC 

treatment in the B16 TEM simultaneously induces both events leading activation of 

productive antitumor immunity. On the other hand, either nutlin-3a alone, which only 

induced tumor ICD, or poly-IC alone, which was insufficient to overcome 

immunosuppression unless administrated repetitively and combining with checkpoint 

blockade (39,45), did not result in sustained productive antitumor immunity for tumor 

control.

It is also imperative to point out the significant difference between murine and human cells 

in p53-mediated regulation and amplification of TLR3 signaling pathway. While human 

cancers or immune cells modify their expression of various TLRs, including TLR3, 

following p53 activation (46,47), murine tumors or immune cells do not appear to alter their 

TLR3 expression following nutlin-3-mediated p53 activation in our studies. Thus, we 

postulated that clinically, the therapeutic effects of poly-IC + nutlin-3a combination might 

be further heightened due to p53-activation-induced upregulation of TLR3 expression in 

human tissues and subsequent amplification of immune activation.

Together, our study underscores the importance of p53 activity in various compartments of 

the TME in synergistically promoting systemic antitumor immunity. Therefore, conventional 

p53-activation approaches for tumoricidal effects can be repurposed for immunotherapy 

strategy to promote tumor antigen-specific, systemic, and durable antitumor immunity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Local p53 activation in the EL4 TME promotes systemic antitumor immunity and tumor 
regression
A. 1 X 106 EL4 tumor cells were injected s.c. in the right flank of WT mice. When tumors 

reached 100 – 300 mm3, they were treated i.t. with 100 μl of 20 μM nutlin-3a or PBS twice, 

usually on day 6 and day 8. Tumor size was measured every day. When tumor diameters 

exceeded 15 mm, tumor bearing mice were euthanized. Nutlin-3a treated mice that 

experienced complete tumor elimination were re-challenged with1 X 106 EL4 cells on day 

20. Tumor growth was assessed every other day till day 40. Individual EL4 tumor growth in 

WT mice treated with either PBS (left) or nutlin-3a (center and right) was plotted (n = 17–
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20). B. EL4 tumor growth in Rag1null and WT mice that were established s.c. and treated i.t. 

with 100 μl of 20 μM nutlin-3a or PBS (n = 5). C & D. 2 X 105 EL4 tumor cells were 

injected s.c. in both the right and left flanks of WT mice. When tumors reached 100 – 300 

mm3, usually in 10 days, tumors only in the right flank received i.t. treatment of 100 μl of 20 

μM nutlin-3a or PBS twice, one day apart. C. Tumors in both flanks were measured every 

day. The size of tumor at the side of treatment (top panel) and side contralateral to the 

treatment (right panel) was plotted. (n = 5). D. The percentages of tumor infiltrating 

(TILeus) CD8 T cells (left panel) and IFN-γ producing CD8 cells (right panel) were 

determined via flow cytometry. (n =5). The experiments were repeated at least 2–3 times 

with similar results. Data are presented as mean ± SEM of 5 – 20 mice. B and C. *** p < 

0.001, two-way ANOVA; D. ** p < 0.01, *** p < 0.001, two-sided Student’s t-test.
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Fig. 2. Nutlin-3a-induced p53-dependent EL4 death is required for activation of antitumor 
immunity
A and B. EL4 cells were cultured in the presence of varying concentration of nutlin-3a and 

supernatant was harvested at 20, 24, and 30 hours post-treatment. A. Western blotting 

examination of HMGB1 release following 10 μM nutlin-3a treatment at various times (top) 

and various concentration of nutlin-3a at 30 hours post-treatment. B. Extracellular release of 

ATP following 10 μM of nutlin-3a treatment at various times was determined via ATPLite 

assay. C. and D. GFP expressing EL4 tumors (EL4-GFP) were established s.c. in WT mice 

and treated with PBS or 20 μM of nutlin-3a. C. Two days post-treatment, tumors were 
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harvested and processed for immunofluorescence staining of CD11c (top panel) and flow 

cytometry analyses of MHC II expression (middle panel) and the percentage of GFP+ cells 

among CD11c+CD103+ dendritic cells (bottom panel). D. TDLNs from treated EL4-GFP 

tumors were analyzed for CD11c+CD103+ dendritic cells and GFP expression among them, 

using LNs from the contralateral side as non-TDLN control. The total number of TDLN-

CD11c+CD103+ cells and the percentage of GFP+ cells were summarized. E. EL4 

derivatives, EL4sip53, transduced with a lentiviral vector carrying p53shRNA, or EL4-si-

Scramble, with a lentiviral vector carrying Scramble shRNA, were established s.c. in WT 

mice and treated with nutlin or PBS as described previously. Tumor size was measured every 

other day. (n = 5). The experiments were repeated at least 2–3 times with similar results. 

Data are presented as mean ± SEM. n = 3–6. The p value from statistical analysis is 

presented above each graph. C. and D. * p < 0.05, ** p < 0.01, Student’s t-test. E. ** p < 

0.01, two-way ANOVA.

Guo et al. Page 17

Cancer Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Nutlin-induced activation of antitumor immunity also relies on an intact p53 pathway in 
the leukocytes of the TME
A. EL4 tumors were established s.c. in p53null mice and treated with nutlin-3a or PBS twice, 

one day apart. Tumor size was measured every day. (n = 5) B. EL4 tumors established s.c. in 

WT, p53null, and p53Fl-Vav mice were treated with nutlin-3a or PBS twice. Tumor size was 

measured every other day. (n = 5). C to E. EL4 tumors established s.c. in WT mice were 

treated with nutlin-3a or PBS twice. Six days after the last treatment, tumors and TDLNs 

were harvested for FACS analysis of total TILeus (C) and the composition of immune cell 

subsets in the PBS- and nutlin-treated tumors (D). E. The percentages of CD11b+Gr-1+ 
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MDSCs and Ly6Chi M-MDSCs vs. Ly6Ghi G-MDSCs and their absolute numbers in the 

TDLNs were analyzed and compared to those from non-TDLNs of the same animal. 

Representative FACS plots (left panel) and summary of TDLN-MDSC subsets in the PBS 

and nutlin-treated mice. B. *** p < 0.001, two-way ANOVA; C to E. * p < 0.05, ** p < 

0.01, *** p < 0.001, two-sided Student’s t-test.
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Fig. 4. Nutlin-3a reveres immune suppression by alleviating the immunosuppressive function of 
MDSCs
BM-MDSCs were cultured in the presence of various doses of nutlin-3a for 24 hours. 

Ly6Ghi G-MDSC and Ly6Chi M-MDSC composition (A) and the percentage of CD11c+ and 

CD80+ populations among the remaining cells (B) was determined via flow cytometry. n = 

3. C. The immunosuppressive ability of nutlin-treated MDSCs was evaluated via T cell 

proliferation assay. Representative FACS plots of CFSE labeled naïve CD4 T cells and T 

cells activated by anti-CD3/CD28 beads. The difference in CFSE levels between naïve and 

activated T cells were set as relative proliferation of 100%. D. Summary of dose-dependent 

effects of nutlin-mediated alleviation of MDSC suppression on CD4 and CD8 T cell 

proliferation were shown. E. Tumor infiltrating G-MDSCs and M-MDSCs in PBS or 

nutlin-3a-treated WT mice were purified via FACSorting. The effects of these purified 
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MDSCs on T proliferation of activation CD4 T cells were examined and summarized. 

Representative results of at least three independent experiments. Data are presented as mean 

± SEM. n = 3–6. Experiments were repeated at least 3 times with similar results.
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Fig. 5. Nutlin-3a induces immunogenic cell death of B16 melanomas but is unable to control B16 
progression in WT mice
A and B. B16 melanoma cells were treated with various concentrations of nutlin-3a and 

supernatant was harvested at 20, 24, and 30 hours post-treatment for Western blotting 

examination of HMGB1 (A) and ATP release via ATPLite assay (B) following 10 μM of 

nutlin-3a treatment. C. 1 X 106 of B16 tumor cells were established s.c. in WT mice. When 

tumors reached 100 – 300 mm3, they were treated i.t. with 100 μl of 20 μM nutlin-3a or PBS 

twice, one day apart. Tumor size was measured every day. (n = 10). D to F. EL4 and B16 

were established s.c. in WT mice. When both EL4 and B16 tumors reach ~ 4000 mm3, they 

were harvested. D. The total percentage of TILeus was examined via FACS. E. The 

abundance and distribution of TILeu-CD3+ T cells and CD11b+ myeloid cells was examined 

via IHC. F. The immune cell subset composition and relative percentage was analyzed via 

FACS. (n=5). Data are presented as mean ± SEM. Experiments were repeated at least 3 

times with similar results. D and F. * p < 0.05, ** p < 0.01, *** p < 0.001, Student’s t-test.
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Fig. 6. Poly-IC enhances leukocyte recruitment to the B16 TME and amplifies the nutlin-3a-
induced tumor cell death leading to significant tumor regression
A. B16 tumors established s.c. in WT mice were treated i.t. with 50 μg of poly-ICLC in 50 

μl PBS or PBS alone as a control. Two days post-treatment, TILeus were examined via 

FACS. B to D. B16 tumors established s.c. in WT mice were treated i.t. with 50 μg of poly-

ICLC in 50 μl PBS or PBS when tumors reached 100 – 300 mm3. Two days later, nutlin-3a 

or PBS was injected i.t. twice, one day apart. B. The size of B16 tumors in various treatment 

groups were measured every day. (n = 10 – 20). Representative images of tumor size 

comparison at the end of the experiment (top, C = control, N = nutlin-3a, P = Poly-IC, P+N 

= poly-IC + nutlin-3a). C. Representative B16 histology analysis (H&E, top) and TUNEL 
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staining of dying cells (bottom) in different treatment groups. Scale bars = 50 μm. D. 
Representative images of immunofluorescence staining of TILeu-CD11b+ myeloid cells, 

CD3+ and CD8+ T cells. Scale bars = 50 μm. B. ** p < 0.01, two-way ANOVA.
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Fig. 7. Synergistic effects of poly-IC and nutlin-3a in B16 treatment are mediated through 
reversing immunosuppression and augmenting polyfunctional CTLs in the TME
B16 tumors established s.c. in WT mice were first treated i.t. with poly-IC or PBS, followed 

with nutlin-3a or PBS. At 16 days post-tumor inoculation, mice were euthanized and 

immune cell composition, activation status, and effector function among all treatment groups 

of the B16 TME were analyzed. A. TILeus were examined via FACS. B. MDSC subset 

composition of M-MDSCs and G-MDSCs in different treatment groups was examined via 

FACS. C. MHC II+ cell percentage and relative MHC II expression among CD11b+ myeloid 

cells in different treatment groups were determined via FACS. D. TILeus-CD8 and CD4 T 

cell composition in different treatment group of the B16 TME was determined via FACS. E. 
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Effector cytokine producing TILeu-CD8+ T cells were determined via FACS following 

intracellular staining and presented in pie chart showing the composition of cytokine 

producing cells among total TILeu-CD8 cells. Data are presented as mean ± SEM. n = 3–6. 

Experiments were repeated 2–3 times with similar results. ** p < 0.01, *** p < 0.001, 

Student’s t-test.
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