
Immunotherapy expands and maintains the function of high 
affinity tumor infiltrating CD8 T cells in situ

Amy E. Moran, Fanny Polesso, and Andrew D. Weinberg
Earle A Chiles Research Institute, Robert W. Franz Cancer Research Center, Portland 
Providence Medical Center, 4805 NE Glisan Ave, 2N35, Portland, OR 97213

Abstract

Cancer cells harbor high affinity tumor-associated antigens capable of eliciting potent anti-tumor T 

cell responses yet detecting these polyclonal T cells is challenging. Therefore, surrogate markers 

of T cell activation such as CD69, CD44, and PD-1 have been used. We report here that in mice, 

expression of activation markers including PD-1 is insufficient in the tumor microenvironment to 

identify tumor-antigen specific T cells. Using the Nur77GFP T cell affinity reporter mouse, we 

highlight that PD-1 expression can be induced independent of TCR ligation within the tumor. 

Given this, we characterized the utility of the Nur77GFP model system in elucidating mechanisms 

of action of immunotherapies independent of PD-1 expression. Co-expression of Nur77GFP and 

OX40 identifies a polyclonal population of high affinity tumor-associated antigen-specific CD8+ T 

cells, which produce more IFNγ in situ than OX40 negative and doubles in quantity with anti-

OX40 and anti-CTLA4 mAb therapy but not with anti-PD-1 or PD-L1. Moreover, expansion of 

these high affinity CD8 T cells prolongs survival of tumor bearing animals. Upon chronic 

stimulation in tumors and after adoptive cell therapy, CD8 TCR signaling and Nur77GFP 

induction is impaired and tumors progress. However, this can be reversed and overall survival 

significantly enhanced after adoptive cell therapy with agonist OX40 immunotherapy. Therefore, 

we propose that OX40 agonist immunotherapy can maintain functional TCR signaling of 

chronically stimulated tumor resident CD8 T cells thereby increasing the frequency of cytolytic, 

high affinity, tumor-associated antigen-specific cells.

Introduction

The ability to mediate rejection of a tumor relies on both the quantity and the quality of the 

responding immune cell infiltrates. In particular, CD8+ T cell anti-tumor immune responses 

can be highly cytolytic leading to tumor destruction, generation of lasting T cell memory, 

and ultimately tumor-free survival. However, the antigen sensitivity and specificity of CD8+ 

T cells is tightly regulated and the ability of tumor antigens to evoke a potent, cytolytic T 

cell response is still under investigation. Given that many tumor-associated antigens are 

overexpressed self-antigens, the T cell receptor repertoire reactivity to these antigens can be 

weak and curtailed resulting in the production of dysfunctional T cells and poor anti-tumor 

immune responses (1). However, work from multiple groups provides evidence that within 
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tumors there are novel antigens that are non-overlapping from the normal genome termed 

neoantigens (2). These mutated proteins, arising from tumor-specific DNA instability, 

promote the generation of neoantigens, some of which contain high affinity peptides capable 

of eliciting cytolytic and sustained anti-tumor T cell responses (3–6). Theoretically, these 

neoantigens serve as tumor rejection antigens for which lymphocyte-mediated immune 

responses can be modified with immune based cancer therapies (7, 8). Moreover, these 

neoantigens may serve as important biomarkers for predicting the efficacy of 

immunotherapy and/or for the generation of tumor-antigen specific T cell therapies in 

patients with solid tumors(9–11). However, identifying and measuring the strength of TCR 

signals to these unknown tumor antigens remains challenging.

Historically, in the absence of known tumor antigens, TCR transgenic (Tg) mice were 

employed to study T cell tumor-antigen specific immune responses. These experiments 

relied on the expression of a tumor-associated antigen (often a foreign or model tumor 

antigen such as ovalbumin) by the tumor cells and for which a known TCR Tg line was 

available. While these initial studies provided a robust foundation for our understanding of T 

cell-tumor cell interactions, some have argued that they do not reflect the natural affinity of 

endogenous TCRs for tumor associated antigens (12). Therefore, others have utilized 

traditional markers of antigen encounter such as CD69, CD44, and PD-1 to identify tumor 

antigen specific T cell responses when the antigen specificity of the T cells is unknown (13, 

14). Implicit in these observations is that there are activating tumor-associated antigens in 

the tumor. However, even in the presence of these seemingly ‘antigen specific’ T cells, 

tumors progress (12, 15). Therefore, the mere presence of CD69+ or PD-1+ T cells within 

the tumor may not be indicative of an ongoing antigen-specific response. In fact, in models 

of acute infection and inflammation, inflammatory cytokines such as type I interferon can 

also mediate the up regulation of CD69 and CD44 (16–18). However, the idea that CD69, 

CD44, and PD-1 can be induced in a similar bystander manner within the tumor has not 

been addressed.

There is mounting evidence that tumor-associated antigens can serve as tumor rejection 

antigens and induce T cells that are highly cytolytic and mediate tumor regression (3, 4). 

These experiments utilize techniques that identify mutated genes or altered self-proteins 

expressed by the tumor, which bind self MHC. Investigators have been able to track 

endogenous T cells specific for these antigens. But what about tumor models in which the 

antigens are undetermined and the TCR specificity of the tumor-infiltrating lymphocytes are 

unknown? How does one study the reactivity of T cells to tumor-associated antigens in these 

models and the affinity of the TCR response? To address these questions, we took advantage 

of a recently characterized experimental tool. The orphan nuclear receptor Nur77 (Nr4a1) is 

an immediate early gene rapidly up-regulated in response to antigen receptor signaling in 
vitro and in vivo (19, 20). Two independent groups reported the generation bacterial artificial 

chromosome transgenic (BAC Tg) mice in which GFP expression is under the control of the 

Nr4a1 transcriptional elements (21, 22). Using altered peptide ligands ranging from very low 

affinities (non-activating) to very high affinity (deletion) for the OT-I TCR Tg mouse, it was 

shown that this Nur77GFP model faithfully reported a range of TCR affinities in CD4 and 

CD8 T cells and unlike CD69, the upregulation of Nur77GFP was TCR ligation-dependent 
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(and independent of inflammation or IL-2) consistent with Nur77 being a TCR immediate 

early gene and NFAT regulated molecule (21, 22).

Interestingly, these endogenous T cells with high affinity antigen receptors also express co-

stimulatory molecules. One of these molecules, OX40, first described on activated rat 

lymphocytes (23), is a tumor necrosis family receptor member (TNFR) expressed primarily 

on activated CD4 and CD8 T cells in both mouse and humans. Foxp3+ CD4 regulatory T 

cells (Tregs) in mice constitutively express OX40 while in humans, Tregs express low levels 

of OX40 in the blood but OX40 expression is induced within inflammatory lesions such as 

the tumor in 20–60% of Foxp3+ T cells (24). Co-stimulation through OX40 is reported to 

promote T cell division, survival, and restore the cytolytic function of anergic cells (25–27). 

In addition, treatment of tumor-bearing mice with an agonist OX40 monoclonal antibody 

(mAb) leads to a 20–80% cure rate in multiple tumor models (25). In a phase I study of 

patients with a variety of cancers, three doses of an anti-OX40 agonist mAb increased 

proliferation and IFNγ production of CD8 T cells in these patients, and importantly, led to 

tumor shrinkage of at least one tumor nodule in 40% of patients treated (28).

We tested the hypothesis that utilization of the TCR affinity reporter system in Nur77GFP 

mice would facilitate identification of CD8 T cells receiving strong TCR signals from cells 

presenting tumor-associated antigens in the context of MHC and provide a tool by which we 

could interrogate antigen-specific T cell responses and investigate the mechanism of action 

of anti-OX40 agonist mAb immunotherapy. We illustrate that Nur77GFP (herein referred to 

as GFP) upregulation is a more faithful marker of tumor-antigen specific T cell responses 

than traditional markers of T cell activation including PD-1. We highlight that CD8 T cells 

can up-regulate PD-1 within the tumor independent of TCR ligation, which suggests 

bystander induction. Moreover, we demonstrate that within the first 5 days after tumor 

inoculation there is an enrichment of GFPhi T cells in the draining lymph node as compared 

to the tumor consistent with the activation of high affinity tumor-antigen specific T cells. 

However, once the tumors are well established, this ratio flips and there is an increase in 

GFPhi T cells in the tumor as compared to the draining lymph node. In addition, these tumor 

residing CD8 T cells make more IFNγ than GFPlow T cells, and are selectively expanded 

by OX40 agonist and anti-CTLA4 immunotherapy. In addition, we reveal a means by which 

the kinetics of strong TCR responses to tumor antigens after immunotherapy can be studied. 

Using the OT-I TCR Tg model system, we establish that the Nur77GFP reporter system can 

be used to identify novel mechanisms of action of immunotherapy agents in regards to 

maintaining TCR-mediated GFP upregulation. Together, these data provide evidence that a 

mechanism of action of agonist anti-OX40 mAb immunotherapy resides in its ability to 

promote and sustain high affinity anti-tumor T cell responses within the endogenous T cell 

repertoire or after adoptive cell therapy.

Materials and Methods

Animal and tumor models

Nur77GFP mice were provided by K.A. Hogquist (University of Minnesota, Minneapolis, 

MN), were maintained as heterozygous transgene carries, and were bred to either B6, 129, 

or Foxp3RFP animals purchased from The Jackson Laboratory. Male and female animals 
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were used for the MCA205 studies presented. Male animals were used for TRAMPC-1 and 

d42m1-T3 tumor studies. OT-I;Thy1.1 TCR transgenic, and OVA-tolerant transgenic mice in 

which the prostate specific probasin promoter was used to control expression of membrane 

OVA (referred to as POET-1) (29) were bred and maintained under specific pathogen-free 

conditions in the Providence Portland Medical Center (Portland, OR) animal facility. Both 

male and female OTI;Thy1.1;Nur77GFP animals were used in adoptive transfer 

experiments. Female POET mice were used for MCA205OVA experiments. Wild-type 

C57BL/6 mice were purchased from The Jackson Laboratory. All animal experimentation 

was approved by and performed according to guidelines from the Institutional Animal Care 

and Use Committee at the Providence Portland Medical Center. Murine MCA205 H12 

sarcoma cells (gift of Suyu Shu), B16 melanoma cells and 3LL/Lewis lung carcinoma cells 

(purchased from ATCC) were propagated in vitro using Complete Media, RPMI (Lonza) 

containing .292ng/mL glutamine, 100U/ml streptomycin and penicillin, nonessential amino 

acids, 1mmol/L sodium pyruvate and 10mmol/L HEPES (Sigma). D42m1-T3 tumor cells 

were generously provided by Robert Schreiber and were cultured in the above culture media 

supplemented with 0.1% 2-mercaptoethanol. All cell lines were tested and confirmed to be 

Mycoplasma and endotoxin-free using the MycoAlert Detection Kit (Lonza) and the 

Endosafe-PTS sytem (Charles River Laboratories). All culture media reagents were 

purchased from Hyclone Laboratories unless noted. Control rat IgG antibody was purchased 

from Sigma whereas rat anti-OX40 antibody (OX86), rat anti-CTLA4 (9D10) and anti-PD-1 

(G4; a gift from Dr. C. Drake, John Hopkins University) mAbs were produced in the 

laboratory from hybridomas and affinity purified over protein G columns. Anti-PD-L1 (10F.

9G2) purified mAb was purchased from BioXCell. Animals were randomly assigned to 

treatment cohorts and tumors were ~70mm2 (by 2-dimension caliper measurement) at the 

start of treatment unless indicated otherwise. Any animal with a tumor larger than 200mm2 

was euthanized per our guidelines from the Institutional Animal Care and Use Committee 

and these animals were not included in the experiment. No outliers were excluded from the 

data presented.

Lymphocyte isolation and analysis

Tumor draining lymph nodes (dLN) (inguinal) and spleens were harvested and processed to 

obtain single-cell suspensions using frosted ends of microscope slides. Spleens were 

incubated with ammonium chloride potassium (30) lysing buffer (Lonza) for 3 minutes at 

room temperature to lyse red blood cells. Cells were then rinsed with PBS containing 1% 

FBS and 4mM EDTA. For flow cytometry analysis, cells were incubated for 20 minutes on 

ice with fixable viability dye, TCRβ (H57–597), (RM4–5), CD8 (53–6.7), CD3 (17A2), 

CD69 (H1.2F3), CD44 (IM7), PD-1 (J43), OX40 (OX86), Thy1.1 (H1S51), Vα2 (B20.1), or 

Vβ5 (MR9-4). All antibodies and viability dyes were obtained from eBioscience or 

BioLegend. MHC class I tetramers were generated by the NIH Tetramer Facility for 

assessing H-2Db:Spas1 (peptide sequence STHVNHLHC), H-2Kb:mLama4 (peptide 

sequence VGFNFRTL), H-2Kb:OVAp (peptide sequence SIINFEKL) specific T cell 

responses in TRAMPC-1, d42m1-T3, and MCA205OVA tumors, respectively. Unless noted 

otherwise in the figure legend, cells were gated through live/TCRβ+/CD8+ gates for 

analysis. Intracellular proteins (IFNγ and Ki67) were detected using the Foxp3 
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Transcription Factor Concentrate and Diluent from eBioscience. Cells were analyzed with 

an LSR II flow cytometer (BD Biosciences) using FlowJo software (Tree Star).

In situ cytokine production

For in situ cytokine detection in tumor infiltrating CD8 T cells we used a protocol previously 

developed by Whitton’s group (31). Briefly, animals were injected intravenously with 0.25 

mg of brefeldin A (BFA) (Life Technologies) 5 hours before animals were euthanized and 

lymphocytes isolated. All tissues were immediately placed in ice cold PBS+1% FCS 

containing 10mg/mL BFA. BFA remained in staining buffer and through fixation and 

permeabilization of the cells.

In vitro activation and intra-cellular cytokine staining

Splenocytes and tumor infiltrating lymphocytes (TIL) were plated at 106 cells per well in 96-

well plates and stimulated for 5 hours with 5µg/mL anti-CD3 mAb (145-2C11) or PMA 

(80nM)/ionomycin (1.3µM), in the presence of BFA. Cells were then stained for surface 

markers, fixed and permeabilized and stained for intracellular cytokines.

Tumor challenge and tumor immune infiltrate isolation

A total of 0.5 × 106 MCA205, 1 × 106 MCA205-OVA, 0.1 × 106 B16, 1 × 106 TRAMP-C1 

(TC1), 1 × 106 3 Lewis Lung (3LL), or 1 × 106 d42m1-T3 murine tumor cells were injected 

subcutaneously into the right and/or left flank of Nur77GFP, POET-1, C57BL/6, or 

Nur77GFP;129 F1 mice (day 0). MCA205 and MCA205-OVA tumor bearing mice received 

rat immunoglobulin G (rat IgG; up to 2 × 250µg; Sigma), anti-OX40 (up to 2 × 250µg, clone 

OX86), anti-CTLA4 (2 × 250µg; clone 9H10), anti-PD-1 (3 × 200µg; clone G4; provided by 

Dr. C. Drake, John Hopkins University), or anti-PD-L1 (3 × 200µg; clone 10F.9G4; 

BioXCell). All mAbs were verified to be endotoxin-free and injected intraperitoneally (i.p.) 

into recipient mice. Tumor growth (area) was monitored with microcalipers and treatments 

began when tumors were approximately 70mm2 (~10 days after injection) and animals were 

sacrificed when tumors reached 200mm2 or according to treatment timeline, as described. 

Tumor infiltrating lymphocytes (TIL) were harvested by dissection of tumor tissue into 

small fragments in a 50cc conical tube followed by digestion at room temperature in a 

bacterial shaker for 30 minutes in 1mg/mL collagenase type IV (Worthington), 100µg/mL 

hyaluronidase (Sigma), and 20mg/mL DNAse (Roche) in PBS. Following filtration and 

further cell disruption with a 1cc syringe plunger through a 70 micron nylon cell strainer 

(BD), tumor cells, splenocytes, and lymphocytes were stained.

Adoptive transfer

Single-cell suspensions were prepared from the spleens of OT-I Thy1.1 TCR transgenic 

mice. ~10–20 × 106 bulk splenocytes (which consistently contained ~12.5% OT-I T cells or 

~1.25–2.5 × 106 OT-I T cells) were injected i.v. (day 0) in 200µL of PBS into POET-1 

MCA205 or MCA205-OVA tumor bearing mice when the tumors reached ~75mm2. Animals 

were treated with 250 µg anti-OX40 (clone OX86) or 250 µg control rat IgG (day 1 and day 

5). Alternatively, 8 × 106 bulk splenocytes (containing 1 × 106 OT-I T cells) were injected 
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i.v. into Nur77GFP MCA205 or MCA205-OVA tumor bearing mice. Animals were 

euthanized, tumors harvested, TIL extracted and analyzed on indicated days.

Statistical Analysis

Statistical analysis was performed using unpaired two-tailed Student’s t test (for 

comparisons between 2 groups), one-way ANOVA for multiple comparisons, or the Mantel-

Cox method (log-rank test) for survival analysis using GraphPad Prism 6 (GraphPad 

Software Inc.). Error bars represent SEM unless noted otherwise in the figure legend. 

Statistical tests and P values are specified for each panel in the respective figure legends and 

P values of <0.05 were considered significant. Biological replicates (individual animals) for 

each experiment are indicated as n in the figure legends.

Results

Markers of T cell activation can be misleading in the tumor

The tumor microenvironment is rich in inflammatory factors such as vascular endothelial 

growth factor, prostaglandin E2, IL-10, and type I interferons (32, 33). Some of these factors 

can induce markers of T cell activation, independent of TCR ligation (16, 17). This can be 

problematic when attempting to segregate true CD8 T cell responses to a specific tumor-

associated antigen from cognate-antigen independent bystander inflammation in the 

polyclonal setting. Therefore, we assessed whether a TCR affinity reporter mouse could be 

used to distinguish inflammatory from TCR-specific signals in the tumor microenvironment. 

To this end, we inoculated Nur77GFP mice with melanoma, lung carcinoma, or 

methylcholanthrene-induced sarcoma tumor cell lines. Tumors were harvested when they 

reached ~80–100mm2 and we analyzed CD69, CD44, and PD-1 on CD8 T cells in the tumor 

and dLNs. In the dLN, only a small fraction of CD8 T cells exhibited increased expression 

of CD69 and CD44, and nearly all cells were PD-1 low (Fig. 1A, shaded histogram). In the 

MCA205 and 3LL tumors however, nearly all of the CD8 TIL were CD69 and CD44hi and 

in all three-tumor models, PD-1 expression was enriched on all tumor isolated CD8 T cells. 

CD69 is a transient marker of T cell activation in that it is rapidly (within 12 hours) up-

regulated after TCR engagement following antigen encounter (34) but then returns to 

baseline approximately 48 hours later. CD69 also antagonizes the sphingosine-1-phosphate 

receptor to retain effector and memory T cells in peripheral tissues (16, 30). In contrast, 

CD44 expression requires approximately 24–48 hours for maximal expression after TCR 

engagement and then remains high as a result of antigenic stimulation (35). Therefore, we 

thought co-expression of CD69 and CD44 might identify a population of CD8 T cells that 

were actively encountering their cognate ligand in the tumor. However, given that the 

majority of CD8 T cells co-expressed CD69 and CD44 in the MCA205 and 3LL tumors 

(Figure 1A), we could not use these markers to distinguish a sub-population of tumor-

reactive T cells. Therefore, we turned to the Nur77GFP model to determine if it accurately 

delineated a tumor-reactive population of CD8 T cells. Using this GFP reporter system, we 

observed significant differences in the expression of GFP when compared to CD69, CD44, 

or PD-1 on CD8 TIL (Figure 1B). In all 3 tumor lines, the majority of the CD8 T cells were 

GFPlo; only a small fraction of T cells expressed high levels of the GFP reporter. Taken 

together, this suggests that CD44, CD69, and PD-1 expression do not reliably identify T 
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cells that have recently undergone TCR ligation and antigen encounter within the tumor 

microenvironment.

Of interest to our studies was whether or not we could identify a population of T cells within 

the tumor that were receiving strong TCR signals at the time of harvest. Because the half-life 

of Nur77-induced GFP is approximately 55 hours in vivo and begins to decay upon 

pMHC:TCR dissociation (22), we felt the Nur77GFP model system was ideal for detecting 

T cells receiving strong TCR signals at or just before the time of harvest. When we 

compared the frequency of CD8+GFPhi T cells in the tumor versus the spleen of the same 

tumor-bearing mouse, we observed a 2.9-fold increase in GFPhi T cells in these well-

established tumors (Figure 1C bar graph). These T cells were enriched for PD-1 expression, 

although not all were PD-1+ (Figure 3A), suggesting the presence of a population of tumor-

associated antigen specific T cells receiving strong TCR signals. Collectively, these results 

suggest that while CD44, CD69, and PD-1 can often be co-expressed in the tumor 

microenvironment, the Nur77GFP TCR reporter has a distinct expression pattern.

Antigen encounter regulates Nur77GFP upregulation within the tumor

Given the enrichment of GFPhi CD8 T cells in the tumor, we sought to determine if GFP up-

regulation faithfully reported TCR engagement in the tumor microenvironment or could also 

be induced in a bystander fashion. We utilized Kb/OVA-specific OT-I T cells and OVA as a 

model tumor antigen. Splenocytes from OT-I/Thy1.1/Nur77GFP mice were adoptively 

transferred into OVA tolerant mice (POET-1) bearing either established MCA205 (wild-type 

or WT) or MCA205-OVA (OVA) expressing tumors. Five days following adoptive transfer, 

OT-I T cells were isolated from the spleen and tumor of tumor-bearing animals. The 

frequency of OT-I T cells was significantly higher in the OVA-expressing tumors with a 

small but detectable population of OT-I T cells in the non-OVA expressing tumors (Figure 

2A). Consistent with the presence of cognate antigen in the OVA+ tumor, these OT-I T cells 

also expressed lower levels of TCR Vα2 (Figure 2A), and were PD-1hi, CD44hi, and 

CD69hi in the OVA bearing tumors (Figure 2B, solid lines). Similar to what was observed in 

the polyclonal environment and has been reported for T cells isolated under inflammatory 

conditions (17), OT-I T cells from the WT tumor also expressed high levels of CD69 and 

CD44 (Figure 2B, dotted line). Surprisingly, PD-1 expression was nearly identical on OT-I T 

cells in OVA expressing or WT tumors suggesting that factors in the tumor 

microenvironment other than TCR engagement could mediate PD-1 up-regulation of antigen 

inexperienced T cells. There was a 3–6 fold enrichment in GFP MFI (Figure 2B, far right) in 

the OT-I Nur77GFP T cells isolated from OVA-antigen bearing tumors when compared to 

WT tumors. Together, this suggests that TCR ligation and not T cell extrinsic factors within 

the tumor microenvironment regulate Nur77-derived GFP induction.

Endogenous tumor-antigen specific CD8 T cells can be Nur77GFPhi

There is mounting evidence that some cancer neo-epitopes are capable of eliciting potent 

anti-tumor immune responses (7, 8, 10, 11). These immunogenic neoantigens result in stable 

peptides in MHC molecules and their subsequent affinity for their cognate TCR are 

hypothesized to be very strong (2, 3). With this in mind, we took advantage of the OT-I/

Kb:OVAp transgenic system that gives a robust GFP signal (22, 36) and is known to be a 
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high affinity interaction. Using this as a ‘yardstick’ to establish the highest affinity T cell 

response we would expect to observe in vivo, we inoculated Nur77GFP mice with 

MCA205OVA-expressing tumors and once the tumors were established, adoptively 

transferred congenically labeled OT-I/Nur77GFP T cells. Six days after adoptive transfer, we 

isolated the transferred T cells and compared the mean GFP fluorescent intensity (MFI) of 

OT-I T cells to the endogenous CD8 TIL. Interestingly, the OT-I T cell GFP MFI 

significantly overlapped with the GFP MFI of the top ~8% of polyclonal CD8 T cells in the 

same tumor (Figure 3A) and the GFP brightest CD8 T cells expressed intermediate levels of 

PD-1. Given that maximum GFP induction (6–12hrs post TCR ligation) precedes PD-1 

induction (12–24hrs), it is possible that these GFP-brightest PD-1 intermediate T cells are 

those that most recently encountered their cognate ligand within the tumor.

Next, we sought to assess TCR signal strength of endogenous T cell responses to an array of 

tumor-associated antigens. We choose two model neoantigens generated from point 

mutations in the native peptides in the ‘stimulate prostatic adenocarcinoma specific T cell’ 

SPAS-1 epitope from TRAMPC-1 tumors and the mutant laminin alpha subunit 4 (mLama4) 

epitope from the d42m1-T3 sarcoma. In addition, we also assessed the endogenous TCR 

affinity to the model tumor antigen ovalbumin (OVAp). The SPAS-1 mutated peptide was 

shown to protect ~30% of mice prophylactically treated with the mutated peptide (37). In 

contrast, when the mLama4 peptide and a second peptide (mAlga8) was provided in a 

prophylactic setting, ~80% of d42m1-T3 animals rejected their tumors (3). In all three tumor 

models, we could detect endogenous tumor-antigen specific CD8 T cells using MHCI 

tetramers and the frequency of tetramer + T cells varied between tumors (Figure 3B). Of 

note, only a fraction of endogenous tetramer positive T cells were GFPhi. However, each 

tumor contained tetramer positive T cells with overlapping GFP levels (compare Figure 3B 

tetramer positive fractions) in any of the tumor models assessed consistent with each of 

these neo-antigens capable of promoting tumor rejection. In the TRAMPC-1 tumors, ~10% 

of the total population was GFPhi where as in the d42m1-T3 model ~40% were GFPhi and 

almost 75% of the OVAp tetramer positive cells in the MCAOVA model were GFPhi 5–7 

days after tumor implantation. The low frequency of tetramer positive GFPhi T cells in the 

d42m1-T3 and TrampC1 tumors could reflect differences in the tumor microenvironment 

and availability/accessibility of pMHC complexes for TCR recognition, antigen loss within 

the tumor, or the vascularity of the tumor with contaminating tetramer positive T cells 

residing in the blood rather than the tumor where antigen is present. In contrast to this 

observation, all tetramer positive cells were PD1 intermediate or hi (Figure 3B, bottom).

Given the rapid decay of GFP after pMHC:TCR disassociation (22) and the differences in 

the frequency of GFPhi T cells in the various tumor models above, we next asked about 

whether the low frequency of endogenous GFPhi CD8 T cells reflected limited tumor 

antigen exposure and/or an inability to upregulate Nur77GFP after antigen encounter. Others 

have shown that anti-CD3 stimulation of Nur77GFP expressing T cells establishes the 

maximum GFP signal (22, 38) in vitro and in vivo. Therefore, we harvested tumors and 

spleens from Nur77GFP mice and divided them into three cohorts directly ex vivo: 

unstimulated, anti-CD3 stimulated, or phorbol 12-myristate 13-acetat (PMA) and ionomycin 

stimulated. We anticipated the latter two stimuli to non-specifically induce GFP up-

regulation in all T cells (Figure 3, spleen) and we could compare this to the unstimulated 
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control. Unexpectedly, the majority of CD8 T cells in the tumor but not the spleen were 

refractory to Nur77-mediated GFP upregulation after anti-CD3 stimulation (Figure 3C 

tumor vs spleen) but GFP upregulation was inducible by PMA and ionomycin (Figure 3C–

D). Taken together, this suggests we can detect a small population of endogenous tumor 

infiltrating CD8 T cells that have recently received high affinity TCR signals in situ and have 

an intact NFAT mediated Nur77 upregulation signaling cascade.

T cells receiving strong TCR signals within the tumor produce IFNγ

One of the hallmarks of a CD8 T cell receiving a strong TCR signal in the presence of co-

stimulation is the ability to generate effector cytokines (39) . However, assessing the in situ 
TCR signal strength and effector cytokine potential of tumor antigen reactive T cells is 

challenging when the tumor antigens are unknown. IFNγ production is tightly regulated by 

antigenic stimulus, peaking within 6 hours after antigen encounter and is shut off within 2 

hours after the antigen is withdrawn (40). Interestingly, GFP induction is also tightly 

regulated by antigen encounter, peaking 6–12 hours after antigen receptor ligation (22). In 

light of the similar ‘on’ kinetics of GFP induction and IFNγ production, we hypothesized 

that if we could detect IFNγ producing T cells in vivo, we could simultaneously assess the 

affinity of the antigen inducing cytokine production. Because the dominant MCA205 tumor-

associated antigens are unknown, we performed ‘direct ICCS’ or in vivo intracellular 

cytokine analysis (31). In the dLN of tumor-bearing animals treated with the PBS control, 

there is minimal detection of IFNγ in situ (Figure 4A). In contrast, tumor-bearing animals 

injected intravenously with brefeldin A (BFA) had a significant increase in the frequency of 

IFNγ+ CD8 T cells in the dLN suggesting that we can assess effector cytokine production in 
situ (Figure 4A).

Next, we sought to determine whether the Nur77GFPhi population of CD8 TIL was enriched 

for IFNγ in situ. We observed a significant enrichment of the Nur77GFPhi T cells in the 

IFNγ+ fraction as compared to the IFNγ negative population (Figure 4B). It is interesting to 

note, however, that not all IFNγ+ T cells are GFPhi within the tumor. In fact, ~1.5% of the 

IFNγ+ CD8 T cells in the tumor were GFPlow (Figure 4C), consistent with the ‘on’ kinetics 

of IFNγ production preceding the maximal induction of GFP by as much as 5 hours (22, 

40). In addition, we observed a significant increase in the frequency and MFI of IFNγ 
producing CD8 T cells in the GFPhi population of TIL as compared to the GFPlow (Figure 

4C & 4D). It is also important to note that our observation is probably an under estimation of 

the frequency of CD8 tumor antigen-specific T cells capable of making IFNγ in situ. To this 

point, when we stimulated CD8 TIL with PMA/ionomycin directly after isolating them from 

the tumor, we detect 17–20% of the CD8 T cells are IFNγ producers (Figure 3C top). 

Therefore, due to the rapid on/off kinetics of IFNγ production and Nur77GFP induction 

and/or decay, it is likely that there are CD8 T cells within both the Nur77GFPhi and low 

populations that are tumor antigen reactive but at the time of tumor harvest, had not recently 

encountered their cognate ligand. Intriguingly, we observed a significant enrichment (~10 

fold) in the frequency of Nur77GFPhi IFNγ+ CD8 T cells in the tumor as compared to the 

dLN of tumor bearing mice (Figure 4C). This observation is consistent with previous studies 

suggesting that naïve CD8 T cells can be primed and acquire effector function within the 

tumor as opposed to initial activation in the lymph node and trafficking to the tumor (41). 
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Therefore, we propose that we can identify a population of endogenous CD8 T cells 

receiving high affinity TCR signals (GFPhi) from tumor-associated antigens via their ability 

to make IFNγ+ in situ.

Anti-OX40 immunotherapy increases the frequency of Nur77GFPhi TIL

Our lab has a long-standing interest in enhancing the anti-tumor immune response by 

targeting the TNFR family co-stimulatory molecule OX40. In mice but not humans (24), 

OX40 is constitutively expressed by CD4+Foxp3+ T cells (Figure 5A) and in both species, it 

can be induced on conventional CD4 and CD8 T cells in both an antigen dependent and 

independent manner (Figure 5A) (42–44). Given that OX40 is significantly up-regulated on 

tumor infiltrating CD8 T cells in the mouse (Figure 5A) and in human head and neck tumors 

(24) we asked whether the OX40 co-stimulatory protein was co-expressed on GFPhi CD8 

TIL. OX40+CD8 T cells were rare in the lymph nodes of tumor-bearing animals but within 

the tumor, there was a significant increase in OX40 expression on all CD8 T cells (Figure 

5A–B). However, the MFI of OX40 on CD8 T cells within the tumor was lower than that of 

regulatory T cells (Figure 5A). Next, when we compared the GFPhi population to the 

GFPlow population, we observed that almost 80% of the GFPhi CD8+ TIL expressed OX40 

(Figure 5C) with a concurrent 1.9 fold increase in OX40 MFI of the CD8 GFPhi fraction 

compared to the GFPlow fraction (Figure 5C). This observation suggested that we might be 

able to promote the expansion of CD8 T cells receiving strong TCR signals within tumors 

via the use of an OX40 agonist antibody.

To test this hypothesis, GFP mice bearing well-established MCA205 tumors were treated 

with anti-OX40 mAb or control rat IgG antibody. Seven days later we analyzed the TIL and 

dLNs. We observed a small but significant increase in GFPhi CD8 T cells in the dLN 

(p=0.0102) but an even greater increase in GFPhi T cells in the tumor (p<0.0001) (Figure 

5D) again suggesting that at the time of harvest the majority of tumor antigen specific T 

cells are encountering their ligand in situ rather than in the tumor dLN.

OX40 agonists are in clinical trials for the treatment of patients with late stage cancer. 

Therefore, we next asked how an OX40 agonist antibody compared with checkpoint 

blockade in regards to the expansion of CD8 GFPhi TIL. In particular, we compared anti-

CTLA4, anti-PD-1, anti-PDL1 and anti-OX40 mAbs. We hypothesized that because the anti-

OX40 mAb is an agonist, previously shown to promote the proliferation and survival of 

antigen specific T cells, it would be superior in regards to its ability to expand tumor resident 

CD8 T cells receiving strong TCR signals as compared to the other 3 mAbs.

Therefore, we inoculated GFP animals with MCA205 tumors on each flank and once tumors 

were established (~10–12 days later), treated the animals with a total of 500 µg anti-OX40 or 

anti-CTLA4, or control rat IgG (in two injections) or 600 µg anti-PD-1 or anti-PDL1 mAbs 

(in three injections) over seven days. Interestingly, at day seven after the start of treatment, 

anti-OX40 and anti-CTLA4 treatment led to a two-fold increase in the frequency of CD8 T 

cells receiving strong TCR signals (GFPhi) and this was observed in the tumor but not the 

spleen (Figure 5E). However, anti-PD-1 and anti-PD-L1 had minimal effect on increasing 

the percentage of GFPhi T cells in the tumor (Figure 5E) even though CD8+GFPhi TIL co-

express PD-1 (Figure 3A) and this tumor expresses PD-L1.
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OX40 mediated expansion of Nur77GFPhi CD8 T cells is transient

Previous work from our group has shown that early treatment of tumor bearing mice with an 

OX40 agonist promotes their long-term survival (25). In an effort to better understand the 

mechanism by which OX40 agonists enhance anti-tumor responses in this vaccination-like 

setting, we treated MCA205 tumor bearing mice shortly after tumor implantation (day 5, 9). 

At the time of harvest (day 10), there was an almost 4-fold increase in total and GFPhi CD8 

T cells in the dLN of tumor bearing animals (Figure 6A). At this same time point, however, 

there was only a subtle increase in the frequency of GFPhi CD8 T cells within the tumor 

(Figure 6B). However, their total MFI was significantly higher than the untreated control 

population of CD8 T cells. Importantly, this early treatment and enhanced expansion of CD8 

T cells with high affinity TCRs for tumor-associated antigens protected ~60% of these 

animals from death (Figure 6C).

Given that OX40 agonists are in clinical trials to treat patients with advanced tumors rather 

than in a prophylactic-like setting (such as described above), we next asked about the ability 

of an OX40 agonist to expand pre-existing CD8 T cell responses. To this point, we have 

previously shown that in patients being treated with an OX40 agonist, there is an increase in 

the proliferation (as measured by Ki67+) of peripheral CD8+ T cells (28). However, whether 

this proliferation was antigen-dependent or independent was unclear. Therefore, we next 

addressed whether proliferation of CD8+ T cells in well-established tumors was in the 

GFPhi vs GFPlo population following treatment with anti-OX40 antibody (Figure 6D). 

Consistent with our observations in patients treated with an OX40 agonist antibody, we 

observed a significant increase in Ki67+ CD8 T cells in the tumor (Figure 6E). In fact, there 

was a 5-fold increase in the Ki67+GFPhi population of CD8 T cells in the tumor following 

anti-OX40 treatment (Figure 6F) suggesting that in the tumor microenvironment we can 

detect proliferating high affinity T cells whose TCRs were recently ligated. Importantly, this 

5-fold increase in CD8 TIL with high affinity TCRs also prolonged the survival of MCA205 

tumor bearing mice as compared to the control treated animals (Figure 6G). Interstingly, the 

majority of proliferating T cells in the tumors of treated or untreated animals were GFPlow 

(Figure 6E). While this observation was initially surprising to us, it is reminiscent of work in 

viral infection models which established that proliferation of naïve and effector CD8 T cells 

can happen in a bystander fashion, independent of antigen encounter (45, 46). Moreover, 

using a similar Nur77GFP model, proliferating T cells were shown to retain their 

Nur77GFPhi status after αντι−CD3 ligation as long as the antibody was present (38). 

Given our observation that anywhere from 10–75% of endogenous tumor antigen specific T 

cells are GFPhi at any point in time (Figure 3B), it is also possible that the Ki67+GFPlow T 

cells were driven to proliferate after strong TCR encounters but the limited availability of 

antigen has led to a decay in GFP.

After observing an increase in the CD8+Ki67+GFPhi population of TIL, we investigated the 

kinetics of the expansion of GFPhi T cells after anti-OX40 immunotherapy. A modified 

experimental design to that described in Figure 6D was used to assess the proliferative 

potency of a single injection (as compared to 2 injections) of anti-OX40 in mice bearing 

MCA205 tumors (~10 days post tumor inoculation). Tumor infiltrating CD8 T cells (Figure 

6H) and dLNs (Figure 6I) were harvested at serial time points post treatment for analysis. 
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Four days after immunotherapy treatment we detected an increase in GFPhi CD8+ TIL and 

these cells increased over the next 4–5 days peaking approximately nine days after antibody 

administration (Figure 6H). The population of GFPhi T cells was stable between day 7 and 

day 9 and contracted by day 13.

The kinetics of the expansion of GFPhi T cells in the tumor raised the possibility that newly 

primed tumor-antigen specific T cells were trafficking from the dLN into the tumor after 

antigen encounter. Previous studies have suggested that naïve T cells dwell in the dLN for 

anywhere from 12–18 hrs after antigen encounter before egressing (47). Therefore, we 

predicted that if tumor-antigen specific CD8 T cell activation occurred in the dLN, there 

should be an increase in GFPhi T cells in the dLN with similar kinetics to that observed in 

the tumor. However, when we calculated the frequency of GFPhi T cells in the tumor dLNs 

at these same time points, we found no significant increase in the frequency of GFPhi T cells 

(Figure 6I) over the duration of the study. Together, this suggests that in well-established 

tumors, the OX40+CD8+ T cells that are reactive for tumor antigens reside within the tumor 

and are expanded in situ.

OX40 immunotherapy maintains the anti-tumor function of adoptively transferred CD8 T 
cells

Previous work has established that anti-OX40 mAb immunotherapy can restore the function 

of self and tumor antigen tolerized CD8 T cells (27, 48). Given this result, we hypothesized 

that the increase in CD8+GFPhi T cells in the tumor could be the result of 1) proliferation of 

pre-existing OX40+ T cells and/or 2) sustained TCR signaling and Nur77GFP induction in 

tolerized T cells with high affinity TCRs. To address these questions, we adoptively 

transferred OT-I/Thy1.1/Nur77GFP T cells into well established MCA205-WT or MCA205-

OVA tumor bearing mice. Animals were treated with anti-OX40 mAb or rat IgG on days 1 

and 5 after OT-I transfer and tumors were harvested a day or a week after the last antibody 

administration (Figure 7A). Consistent with the fidelity of the tumor antigen specific GFP 

upregulation reported in Figure 2, at day 6 after OT-I adoptive transfer, only those CD8 T 

cells recovered from OVA-bearing tumors were GFPhi (Figure 7B top right). Of note, anti-

OX40 mAb treatment did not increase the total GFP MFI of the OT-I T cells in OVA-bearing 

tumors suggesting that the Nur77 BAC transgene is not directly regulated by OX40 ligation. 

In contrast to the GFPhi expression on OT-I T cells in OVA bearing tumors at day 6 post 

adoptive transfer (AT), by day thirteen after AT, the GFP signal on the tumor isolated OT-I’s 

was greatly decreased, identical levels to that of OT-I’s isolated from WT tumors (Figure 7B, 

bottom left). OX40 agonist but not the control antibody partially maintained the induction of 

GFP on OT-I T cells in OVA-bearing tumors at day 13 after antibody administration (Figure 

7B, bottom right). Interestingly, not all OT-I T cells were GFPhi after anti-OX40 therapy.

In addition, while we observed many large tumors (~100mm2) initially regress with adoptive 

T cell therapy alone (Figure 7C), this therapy alone had limited efficacy (~9% or 1/11 cured 

tumors) (Figure 7D). However, in those animals treated with adoptive T cell therapy and 

anti-OX40 mAb immunotherapy, we observed a significant increase in large tumor 

regression and disease free survival (~70% of animals cured tumors >50mm2 8/11) (Figure 

7C bottom, 7D). Taken together, it is plausible that anti-OX40 mAb immunotherapy 1) 
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maintains the function of or 2) prevents the tolerization of tumor-antigen specific CD8 T 

cells (27, 48), some of which express high affinity TCRs.

Discussion

Studies of tumor antigen specific T cell responses have largely relied on adoptive transfers 

of TCR transgenic T cells and the forced expression of foreign antigens by tumor cells. 

Furthermore, until recently, there were very few tools available for interrogating the TCR 

signal strength of the polyclonal anti-tumor immune response. Yet generating high affinity 

anti-tumor CD8 T cell responses is the goal of many immunotherapies to date. Therefore, 

laboratories have historically relied upon the activation markers CD69 and CD44 to identify 

antigen experienced polyclonal T cells within the tumor (49). More recently, others have 

used PD-1 expression to identify tumor-reactive T cells (14). In this study, we introduce a 

novel tool to assess the productive engagement of polyclonal T cell receptors and the natural 

affinities of some of these receptors for endogenous tumor-associated antigens. We present 

evidence that traditional markers of T cell activation (CD69, CD44, PD-1) are unreliable 

markers of recent antigen exposure within the tumor because they can be induced in the 

tumor microenvironment in the absence of the T cells’ cognate ligand.

While CD69 and CD44 up-regulation within the tumor was somewhat predictable due to 

previous work indicating the TCR-independent bystander induction of these molecules on 

antigen-inexperienced T cells (33), cytokines and hormones have only been described to 

influence TCR-independent PD-1 expression on non-lymphocyte hematopoietic derived 

cells (50, 51). Cognate antigen receptor ligation is described as being required for the initial 

up-regulation of PD-1 on naïve lymphocytes and its expression can be further enhanced by 

cytokines such as TGFβ or type I interferons (52–55). In fact, in eloquent work using a 

chronic viral infection model, Ahmed’s group highlighted the continued epitope recognition 

requirement for PD-1 maintenance on antigen specific CD8 T cells (56). Given this 

previously established requirement for TCR:pMHC interaction for PD-1 upregulation and 

it’s induction soon after TCR ligation (57), we initially assessed PD-1 expression on 

CD8+GFPhi T cells within the tumor in an effort to identify a faithful combination of cell 

surface molecules that distinguish antigen specific T cells from bystander activated T cells. 

However, we found nearly equivalent expression of PD-1 on antigen inexperienced OT-I T 

cells in mice bearing MCA205 wild-type versus antigen experienced OT-Is residing in OVA-

expressing tumors. While there was a significant increase in the total number of OT-I T cells 

that infiltrated the OVA bearing tumor, the Nur77GFP reporter was the only marker in these 

studies that faithfully identified TCR activation through antigen engagement. Moreover, the 

isolation of OT-I T cells from non-OVA expressing tumors is reminiscent of previously 

published work that highlighted that the inflammatory tumor microenvironment can recruit 

naïve ‘bystander’ CD8 T cells in the absence of cognate antigen (41). This observation is 

also supported in models of chronic viral infection, where naïve ‘bystander’ T cells are 

reported to enter the inflamed tissue and appear antigen specific (via expression of CD44 or 

CD69) (58, 59) and others have reported the masquerading of naïve CD8 T cells as memory 

T cells through proliferation and CD44 upregulation (46). Taken together, these findings 

reinforce the need to identify faithful markers of TCR ligation that are not induced by 

inflammation within the tumor. Moreover, given our observation that the tumor associated 
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cytokine milieu can upregulate PD-1, we challenge the interpretation that all PD-1 positive T 

cells in the tumor can be regarded as tumor antigen specific. This finding has profound 

implications for the current anti-PD-1 immunotherapy rationale in various cancer patient 

populations.

Given that anti-tumor immune responses can be regulated by the availability of co-

stimulation, we then used this tool to unveil novel mechanisms of action of agonist OX40 

mAb immunotherapy. We demonstrate that CD8+Nur77GFPhi T cells are enriched for 

OX40 expression and OX40 ligation with an agonist antibody plays a pivotal role in 

maintaining the overall magnitude and longevity of the high affinity anti-tumor immune 

response (Figure 6). When animals were treated shortly after tumor inoculation (within the 

first 3–5 days), there was a 4-fold increase in the number of total and high affinity CD8 T 

cells in the dLNs but not in the tumor of anti-OX40 mAb treated animals. We were initially 

surprised at the rather insignificant increase in the frequency of GFPhi T cells in the tumor. 

However, given that this early treatment regimen somewhat mimics a prophylactic or 

vaccination like setting, it was not surprising that an OX40 agonist could boost the priming 

of antigen-specific T cells of which only a few had trafficked back into the tumor. This 

enhanced priming of high affinity CD8 T cells also supported the long term survival of 

~60% of the anti-OX40 mAb treated animals (Figure 6C). Interestingly, when tumor-bearing 

animals were treated much later (day 10–12), when anti-OX40 mAb immunotherapy could 

not cure the tumors but only extend the animals life (Figure 6G), the expansion of CD8 T 

cells with high affinity TCRs was restricted to the tumor (Figure 6H) and was transient. 

Taken together, this suggests that OX40 agonists, when provided in the context of well-

established progressing tumors such as that seen in the clinic, may enhance the in situ 
function and proliferation of tumor-antigen specific CD8 T cells. This data is consistent with 

a role for OX40 co-stimulatory signals in promoting the survival of antigen specific T cells 

in a Bcl-xl/Bcl-2 dependent fashion (60).

Using the OT-I/Kb:OVA model system we demonstrate the ability of agonist OX40 mAb 

immunotherapy to maintain the NFAT-mediated upregulation of the immediate early gene 

Nur77 on non-functional (as demonstrated by inability to produce IFNγ upon anti-CD3 

mAb stimulation), tumor infiltrating, CD8 T cells. Interestingly, the Weiss group recently 

published a study in which they demonstrated the sustained expression of Nur77GFP in 

proliferating T cells after in vitro anti-CD3 mAb stimulation however, after TCR stimulation 

in vivo, there was a progressive decline of GFP expression in proliferating daughter cells. 

Together, this suggests that when pMHC or dwell time with antigen presenting cells (APCs) 

is abundant, then the GFPhi Ki67+ CD8 T cells reflect the strength of activating signals that 

initiated their proliferation. However, if pMHC is limited or tumor infiltrating CD8 T cells 

move away from an APC, then GFP expression will decay with proliferation. Importantly, 

this work highlights that sustained pMHC:TCR interaction is not necessary for proliferation 

of T cells. This is an important observation given the ability of OX40 agonists to enhance the 

proliferation of both GFPhi and GFPlow CD8 T cells in the tumor (Figure 6E). It is 

plausible that the enhanced GFP expression in a subpopulation of proliferating CD8 T cells 

in the tumor after agonist OX40 immunotherapy reflects maintained NFAT-mediated GFP 

expression as observed in the OT-I adoptive cell therapy experiments (Figure 7). Another 

interesting observation from the Weiss groups’ findings is that they could modulate the level 
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of Nur77GFP induction after anti-CD3 mAb stimulation of T cells by treating the cells with 

a small molecule kinase inhibitor of Zap70 (38). They could significantly abrogate GFP 

induction by a strong TCR stimulus by inhibiting Zap70 kinase activity. This observation 

together with our data that OT-I T cells have sustained GFP expression after adoptive 

transfer and anti-OX40 immunotherapy into tumor bearing animals (Figure 7B), suggests a 

possible role for OX40 agonist immunotherapy in maintaining proximal TCR signaling in 

chronically stimulated, tumor-infiltrating T cells.

The rapid on/off kinetics of Nur77GFP expression provided us with a unique ability to 

assess in situ TCR ligation and the affinity of these interactions. However, we recognize 

there are limitations to the Nur77GFP system as a tool for assessing tumor antigen specific T 

cell responses. First, due to the decay of GFP after pMHC:TCR disassociation and the loss 

of GFP up-regulation on chronically stimulated antigen specific T cells, we believe our data 

underestimates the frequency of high affinity T cell clones that exist in the tumor 

microenvironment. In fact, we observed differences in the induction of Nur77GFP on 

endogenous tumor-antigen specific T cells as compared to adoptively transferred T cells. 

Only ~75% of the OVA tetramer positive cells were GFPhi 7 days after tumor inoculation 

where as 5 days after OT-I/Nur77GFP adoptive transfer, 95% of cells were GFPhi (Figure 2, 

Figure 3). This difference could reflect the asynchronous nature of the endogenous CD8 T 

cell response to tumor antigens as compared to the synchronized adoptive transfer of OT-I T 

cells or the decay of GFP that happens over 48 hours. Second, we accept that there are lower 

affinity tumor antigen specific responses that we are unable to detect given the lack of 

synchronization of T cell exposure to antigen in our in vivo assays. In fact, previous work 

with the Nur77GFP model suggests that this experimental tool is most sensitive for 

distinguishing differences in low affinity T cell responses (22). However, differentiating 

these low affinity T cell responses to tumor-associated antigens from decaying high affinity 

signals proves challenging.

In addition to revealing the affinity of endogenous tumor-associated antigens, it is also 

plausible that the Nur77GFP model could be used to monitor candidate tumor-associated 

antigens in tumor antigen screens. Such assays would provide qualitative indicators of the 

TCR signal strength for potential neo-antigens and when coupled with CD69 expression 

and/or proliferation, might reveal the potency of such neo-antigens to cross the signaling 

threshold necessary for optimal T cell activation.

To our surprise, anti-OX40 and anti-CTLA4 mAb therapies were unique in their ability to 

increase the percentage of GFPhi T cells when compared to anti-PD-1 or anti-PD-L1. While 

we propose that the elevated expression of OX40 on CD8+GFPhi T cells contributes to the 

expanded population of CD8+ high affinity T cells within the tumor, recent work from 

Sarkars’ group could provide a possible explanation for the anti-CTLA4 observation. They 

highlight the ability of CTLA4, expressed by regulatory T cells, to restrain memory CD8 T 

cells in a quiescent state (61). Given that anti-CTLA4 therapy has been shown to deplete 

tumor associated regulatory T cells in mice (62), the increase in CD8+GFPhi T cells with 

this therapy might reflect a re-invigoration of memory CD8 T cells, some of which have 

high affinity TCRs. These observations also suggest that anti-OX40 plus anti-CTLA4 mAbs 

as a combination immunotherapy might further increase the frequency of tumor antigen 

Moran et al. Page 15

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific T cells within the tumor. These questions are under further investigation within our 

laboratory.

Finally, of interest to the studies herein was whether chronically stimulated tumor antigen 

specific CD8 T cells would continue to report the affinity of their tumor-associated 

tolerizing antigen. The Nur77GFP transgenic system has been used in studies of T cell 

function and tolerance. Self-reactive, anergic CD4+CD44+Foxp3- T cells are reported to 

remain GFPhi despite their lack of effector function (63). However, in these studies, antigen 

specific CD8 T cells were not studied. Therefore, we were surprised to observe that OT-I 

TCR transgenic T cells undergoing chronic stimulation by a tumor antigen lose their ability 

to up-regulate the GFP transgene despite the presence of antigen and normal TCR 

expression. This observation, however, provided an intriguing method to interrogate the 

mechanism of action of OX40 in regards to TCR signaling, prolonging effective adoptive 

cell therapy, and anti-tumor immunity. Our initial observation after adoptive transfer of OT-I 

T cells was a decrease in tumor size. Some animals had complete responses and tumors were 

no longer detectable (~10% of control treated) while others achieved delayed tumor growth 

(Figure 7C and D) but ultimately had to be euthanized due to tumor burden. Surprisingly, 

those animals that received adoptive cell therapy and were concurrently treated with agonist 

anti-OX40 mAb immunotherapy, had a significant increase in tumor regression of large 

tumors and overall long term survival (~70% long term survival). Given our prior 

observation that chronically stimulated OT-I T cells were no longer able to upregulate GFP, 

suggesting an interruption in TCR-induced NFAT signaling, we were surprised to observe 

such profound anti-tumor responses in the animals treated with adoptive cell therapy 

combined with anti-OX40 mAb (Figure 7C). However, upon analysis of OT-I T cells within 

the tumor at approximately day 13 after AT, there was a partial stabilization of GFP up-

regulation in anti-OX40 treated animals but not in the control treated animals. This 

observation and the mixed tumor response in the MCA205-OVA bearing mice, when taken 

together, are consistent with a model where the integration of TCR signals is a stochastic 

response of each individual T cell and not a population decision. This finding is consistent 

with recent data from the Weiss group using their own Nur77GFP reporter mouse that 

proposed that the integration of a high affinity TCR signal amongst a monoclonal population 

of T cells is unique to each TCR clone with some clones reaching the Nur77GFPhi and TCR 

signaling threshold before others (38). This stochastic integration of TCR signals by tumor-

antigen specific T cells might also help explain the differences in GFP expression in tetramer 

positive T cells in the tumor (Figure 3B). Together, this data suggests that adoptive cell 

therapy combined with OX40 agonist immunotherapy might be a profound combination by 

which to prolong signaling pathways downstream of productive TCR interactions or even 

rescue adoptive cell therapy in the clinic. We are currently investigating whether other 

immunotherapies as single agents or in combination will also maintain the TCR-mediated 

NFAT regulation of GFP expression on tumor infiltrating CD8 T cells in an effort to guide 

the rational combination of immunotherapy agents for clinical use.
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Abbreviations used in this article

PD-1 programmed death 1

PD-L1 programmed death-ligand 1

WT wild-type

Tg transgenic

B16 B16F10

MCA 3’-methylcholanthrene

MCA 3-methylcholanthrene induced

pMHC peptide MHC

AT Adoptive transfer

GFP Nur77GFP
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Figure 1. T cell activation markers within the tumor
A) Traditional markers of T cell activation were assessed on T cells from 3 different tumor 

models and paired draining lymph nodes 10–14 days after tumor inoculation on the hind 

flank. B) Nur77GFP expression on these same CD8 T cells was compared to activation 

molecule expression. C) Frequency of GFPhi CD8 T cells in spleen (top) versus tumor 

(bottom) of MCA205 tumor bearing mice. Data are representative of more than 6 

experiments with n=3 animals per tumor model per experiment. Unpaired two-tailed 

Student’s t test was used for statistical analysis and mean with SEM is shown.
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Figure 2. Tumor antigen specific upregulation of GFP
OVA tolerant POET mice were inoculated on the hind flanks with either MCA205 (WT) 

tumor cells or MCA205-OVA (OVA) expressing tumors. Ten days after tumor inoculation, 

OT-I/Thy1.1/Nur77GFP splenocytes were adoptively transferred into tumor bearing animals. 

A) Five days post adoptive transfer, OT-I T cells (identified by expression of Thy1.1 and 

their TCR alpha chain, Vα2) were isolated from the tumors. B) T cell activation markers 

were assessed on OT-I versus endogenous polyclonal CD8 T cells from WT (black dotted 

line, circles in bar graph) or OVA-expressing tumors (solid black line, squares in bar graph). 

Fold change was calculated from MFI of each activation marker on OTI T cells isolated 

from OVA expressing or WT tumors. Data are representative of 6 experiments with n=3–5 

animals per treatment group per experiment. Unpaired two-tailed Student’s t test was used 

for statistical analysis and data represents mean with SD.
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Figure 3. Tumor infiltrating CD8 T cells receive strong TCR signals
Nur77GFP mice were inoculated with A) MCA205-OVA expressing tumor cells on the hind 

flank. Once tumors were ~75mm2, 106 OT-I/Thy1.1/Nur77GFP T cells were adoptively 

transferred (AT). Six days after AT, OT-I T cells were recovered from the tumor and OT-

I/GFP expression (black dot plot/solid black line) was compared to the total population of 

endogenous CD8+ T cells (dotted line) as well as to the brightest GFP+ CD8+ T cells 

(shaded histogram). Gated on live/TCRβ+/CD8+ for endogenous and live/TCRβ+/CD8+/

Thy1.1+ for OT-I histograms. B) Animals were inoculated with TRAMPC-1, d42m1-T3, or 

MCA205OVA tumor cells in 100µL Matrigel on the hind flank. 5–7 days after inoculation, 

tumors were harvested and tumor antigen specific T cells identified by MHC I tetramers for 

known tumor antigens. GFP and PD1 expression was evaluated. C) At ~d14 after MCA205 

tumor inoculation in Nur77GFP mice, bulk digested tumor (top) or splenocytes (bottom) 
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were stimulated with anti-CD3 or PMA/Ionomycin for 4 hours before performing 

intracellular cytokine staining for IFNγ. D) Nur77GFP expression after stimulation in tumor 

vs spleen. Data shown is representative of 3 experiments with n=4 mice per experiment.
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Figure 4. Nur77GFPhi CD8+ tumor infiltrating T cells make IFNγ
Nur77GFP mice were inoculated with MCA205 tumor cells on the hind flanks. ~12 days 

after tumor inoculation in situ IFNγ was assessed 6 hours after animals were injected with 

Brefeldin A or PBS alone. A) IFNγ production by T cells in tumor draining lymph nodes 

and B) tumor. The histogram overlays are representative of GFP expression from IFNγ- 

(shaded grey) and IFNγ+ (black line) populations of CD8 T cells. C) Percentage of IFNγ 
producing CD8 T cells in GFPhi vs GFPlow T cell subsets from tumor and dLN. D) IFNγ 
MFI in TCRβ+CD8+Nur77GFP subsets from the tumor. Data are representative of 3 
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experiments with n=3 animals per treatment group. Unpaired two-tailed Student’s t test was 

used for statistical analysis of two groups and graphed as mean with SEM. For more than 

two groups, a one-way ANOVA multiple comparisons analysis was used and *p≤0.0001.
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Figure 5. OX40 immunotherapy expands high affinity CD8 T cells
A) CD4+Foxp3- (Tconv), CD4+Foxp3+ (Treg), and CD8 T cells from tumor and spleen of 

Foxp3RFP MCA205 tumor-bearing animals were isolated and OX40 MFI evaluated via flow 

cytometry. Gated on live/TCRβ+/. B) Expression of OX40 on CD8 T cells from the tumor 

(bold histogram) and spleen (thin histogram) of MCA205 tumor bearing animals. C) 

Expression of OX40 in Nur77GFP CD8+TIL. The bar graph shows the frequency of 

OX40+CD8+ within GFP subsets (left) and fold change in OX40 expression of CD8+GFPhi 

TIL to CD8+GFPlow subset of TIL (right) isolated from MCA205 bearing Nur77GFP mice. 

D) Nur77GFP MCA205 bearing animals were treated with 2 × 250µg αOX40 or rat IgG 

control when tumors were ~80mm2 in size. 7d after initiating treatment, TIL were isolated 

and fold increase in GFPhi T cells over rat IgG was determined. GFPhi gates were 

determined from a C57BL/6 control **p≤0.05, **p≤0.0001. E) MCA205 tumor bearing 

GFP mice were treated at day 10 post tumor inoculation with 2 × 250µg rat IgG, α-OX40, or 

α-CTLA4, or 3 × 200µg α-PD1 or α-PD-L1. All animals were harvested day 7 after therapy 

was started. Fold change in frequency of GFPhi CD8 T cells as compared to rat IgG control 

in tumor vs spleen. Data are representative of A-B) 3 experiments, n=4, C) more than 6 

experiments n=3, D-E) 3 experiments n=3/group. For two-population comparison, student’s 

t-test was used and graphed as mean with SEM. Multiple populations were analyzed using 

one way multiple comparisons ANOVA *p≤0.01, ** p≤0.0001.
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Figure 6. Expansion of GFPhi TIL after anti-OX40 immunotherapy enhances anti-tumor 
immunity
A-B) Nur77GFP MCA205 tumor-bearing mice were treated on days 5 and 9 after tumor 

inoculation with 2 doses of 250µg α−OX40 or control rat IgG. On day 10, one cohort of 

animals was euthanized and tumor and draining lymph nodes (dLN) were harvested, 

counted, and stained for flow cytometry analysis of GFP expression. C) The second cohort 

was monitored for long-term survival. Dotted vertical lines represent when animals were 

treated with immunotherapy. Data is representative of at least 2 independent experiments. D) 

Experimental design for E-G. E-F) Day 7 after 2 × 250µg of α-OX40 or rat IgG animals 

were euthanized, tumors harvested, cells fixed and intracellular staining performed for 

proliferation analysis. Data are representative of mean percentage of CD8+Ki67+ cells from 

each of 4 independent experiments. One way multiple comparison ANOVA was used for 

statistical analysis with * p≤0.05, **p≤0.01, ***p≤0.0001. G) Survival of rat IgG (solid line) 

and αOX40 treated (dotted line) MCA205 tumor bearing animals treated according to the 

experimental design in D). Dotted vertical lines represent when animals were treated with 

immunotherapy. Log Rank (Mantel Cox) test was used for statistical analysis. H) Fold 

change of percent GFPhi CD8 T cells in the tumor or I) draining LN (dLN) after a single 

dose of α-OX40 or rat IgG antibody given at day 10 after tumor inoculation. Median fold 
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change in %CD8+GFPhi T cells is graphed with SEM indicated. Data was compiled from 3 

independent experiments in which GFPhi frequency for OX40 treated animals was 

determined by first gating through live/TCRβ+/CD8+/OX40dim T cells or through live/

TCRβ+/CD8+ for rat IgG treated animals *p≤0.001, **p≤0.0001.
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Figure 7. anti-OX40 immunotherapy maintains Nur77GFP induction on tumor antigen-specific 
T cells
OVA tolerant POET mice were inoculated on the hind flank with either MCA205 WT or 

MCA205 OVA tumors and treated according to the experimental design in A). The first 

cohort of animals was analyzed at B) day 6 (top row) after adoptive transfer and the second 

(bottom row) at day 13 after adoptive transfer. Expression of Nur77GFP is indicated on live/

TCRβ+/CD8+/Thy1.1+ T cells from the tumor. An independent cohort of animals were 

treated according to A) and monitored for long-term survival. C) spider plots and D) survival 

curves are shown for these animals. Data are representative of 3 independent experiments 

with a minimum of n=5 animals per tumor model and treatment group.
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