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Abstract

Purpose—Radiation is used extensively to treat localized cancer, but improved understanding of 

its effects on the immune system have increased interest in its potential systemic (abscopal) 

effects, particularly in combination with checkpoint inhibitors such as anti-PD1. The majority of 

patients either do not respond or develop resistance to monotherapy over time. Here, we 

investigated the efficacy of OX40 (CD134) stimulation as an alternative immunotherapeutic 

approach in combination with radiotherapy (XRT) in a murine model of anti-PD1-resistant lung 

tumors.

Experimental Design—We established a bilateral tumor model in 129Sv/Ev mice using an 

anti-PD1 resistant lung tumor cell line. Primary tumors were treated with intratumoral injection of 
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an OX40 agonist antibody, given as adjuvant therapy after XRT (36 Gy in three 12-Gy fractions), 

while secondary tumors were left untreated to investigate abscopal outcomes.

Results—The combination of XRT followed by OX40 stimulation effectively inhibited local and 

systemic antitumor growth, limited lung metastases, and improved survival rates. This treatment 

regimen augmented CD4+ and CD8+ T cell expansion. XRT induced the expression of OX40 on T 

cells in tumors and spleens and increased the percentages of splenic CD103+ dendritic cells.

Conclusion—Our data extends the benefits of radiation to systemic disease control, especially 

when combined with anti-OX40 agonist to promote immunologically mediated abscopal effects. 

Moreover, this study provides a rational treatment approach and sequence to overcome anti-PD1 

resistant poorly immunogenic tumors.
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Introduction

Lung cancer is the leading cause of cancer death worldwide. The non-small cell subtype is 

the most common, with about 50% of non-small cell cases being adenocarcinomas (1). 

Radiation therapy (XRT) is an important component of treatment for metastatic lung cancer, 

but the long-term response rates after the current standard treatment of XRT with 

chemotherapy remain very low (2), leading to the search for more effective treatment 

strategies.

One such strategy, combining XRT with immunotherapy, is the subject of intense interest 

and investigation. The rationale for such combinations is that XRT has known effects on the 

immune system (both stimulatory and suppressive) and the stimulatory effects of XRT, 

particularly on T cells, may enhance antitumor immunity in both the local tumor 

microenvironment and systemically. To date, the best-studied forms of immunotherapy for 

this purpose have been immune checkpoint inhibitors such as antibodies to PD1/PDL1 and 

CTLA-4 (3,4). Although checkpoint inhibitors have shown promise for both local and 

systemic disease control in several preclinical and clinical studies (5), the reality is that few 

patients respond to such therapy, and even those who initially respond can later develop 

treatment resistance (6).

In an attempt to dissect the mechanisms underlying the development of resistance to 

checkpoint inhibitors, we recently generated a syngeneic mouse model of lung 

adenocarcinoma that does not respond to programmed cell death protein 1 (PD1) checkpoint 

blockade (7). In the current study, we used this model to test the effects of an alternative 

form of immunotherapy, OX40 costimulation in combination with XRT, on anti-PD1-

resistant tumors. OX40 (CD134) is a type I membrane glycoprotein in the tumor necrosis 

factor (TNF) receptor superfamily (8). The OX40 receptor is a costimulatory molecule 

expressed mostly on activated effector T cells and naive regulatory T cells (Tregs). The 

ligand for OX40 (OX40L, CD252) is expressed on activated professional antigen-presenting 

cells such as dendritic cells (DCs), macrophages, and B cells (9,10). OX40 signaling on 
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CD4+ T cells activates the NF-κB pathway and upregulates anti-apoptotic molecules such as 

the Bcl-2 family, which participate in T cell expansion, activation, memory generation, and 

cytokine production, culminating in an antitumor effect (11,12). OX40 expression on murine 

T cells is induced between 24 to 96 hours after antigen recognition. Murine Tregs also 

express OX40, which can inhibit effector T cells through the secretion of cytokines such as 

transforming growth factor-beta (TGF-β) and interleukins 10 and 13 (10,11,13).

For the current study, we hypothesized that XRT would induce local and systemic (abscopal) 

antitumor responses when combined with an agonist antibody to OX40 (α-OX40), which 

would enhance the infiltration of tumor-specific T cells and further induce OX40 expression 

in the tumor microenvironment. Moreover, because radiation-induced OX40L expression 

can expand costimulatory signaling through OX40 on T cells (14,15), this may further 

augment the antitumor effects observed both locally and systemically. The upregulation of 

this costimulatory signaling evades other radiation-induced regulatory immune responses, 

such as suppression by myeloid-derived suppressor cells and Tregs, while upregulating 

effector CD4+ T cells and CD103+ antigen-presenting DCs (16). Herein, we explored these 

mechanisms in our anti-PD1 resistant tumor model and detected significant upregulation of 

OX40 induced by XRT, which provided the rationale of adding α-OX40 agonist in a 

sequential fashion to generate robust abscopal responses.

Materials and Methods

Mice

The female 129Sv/Ev mice used in this study were 8 to 12 weeks of age. The strain was 

originally purchased from Taconic and bred in-house. All mice were housed at the 

Experimental Radiation Oncology mouse colony facility at The University of Texas MD 

Anderson Cancer Center according to Animal Care IACUC guidelines.

Tumor cell lines

The 344SQ tumor cell line is a murine metastatic lung cancer line from which our anti-PD1-

resistant cell line was generated and derived as previously described (7). The cell lines were 

cultured in complete medium (RPMI-1640 supplemented with 100 units/mL penicillin, 100 

μg/mL streptomycin, and 10% heat-inactivated fetal bovine serum) and incubated at 37°C in 

5% CO2.

Tumor establishment and treatments

Primary tumors were established by subcutaneous injection of 0.5 × 106 anti-PD1-resistant 

344SQ cells into the right hind legs of 129Sv/Ev syngeneic mice. For the abscopal 

experiments, secondary tumors were established by subcutaneous injection of 0.1 × 106 anti-

PD1-resistant 344SQ cells into the left hind legs of mice 4 days after injection of the 

primary tumors. Tumors were measured with calipers three times per week and recorded as 

tumor volume (in mm3) = width2 × length / 2. Mice were euthanized when tumors became 

ulcerated or reached a maximum size of 1500 mm3. For local irradiation of primary tumors, 

a Cesium source was used where mice were placed on a jig, and their entire body shielded 

except for the leg area to receive the designated radiation dose.
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To identify the optimal radiation doses for combination XRT and α-OX40 treatment, tumor-

bearing mice were injected intratumorally with α-OX40 mAb (100 μg/injection) or rat IgG 

isotype control (100 μg/injection) on days 7, 11, 15, 19, 23 after tumor inoculation. 

Radiation (XRT) was administered starting on day 12 to a total dose of 24 Gy in two 12-Gy 

fractions, 15 Gy in five 3-Gy fractions, 15 Gy in three 5-Gy fractions, or 36 Gy in three 12-

Gy fractions. Fractions were given once per day and tumor volumes were monitored for 35 

days. To optimize the timing/sequencing of α-OX40 with XRT, tumor-bearing mice were 

treated as follows: (a) IgG control (200 μg/injection); (b) XRT alone; (c) α-OX40 alone (3 

doses 200 μg/injection), (d) α-OX40 before XRT (3 induction doses at 200 μg/injection); (e) 

α-OX40 during XRT (3 concurrent doses); or (f) α-OX40 after XRT (3 adjuvant doses). 

Tumor growth was monitored for 25 days. Finally, to explore the systemic (abscopal) effects 

of XRT + adjuvant α-OX40 treatment, primary tumors were intratumorally injected with α-

OX40 (200 μg/injection) at 48 hours after XRT (36 Gy total in three 12-Gy fractions), and 

mice were monitored for over 50 days. Mice in control group were treated intratumorally 

with IgG sham in all experiments. Mice were euthanized as they expired and lungs were 

harvested for metastases counts after staining with Bouin’s fixative solution (Polysciences 

Inc., cat. #16045-1).

Monoclonal antibodies

The α-OX40 mAb (Clone OX-86; cat. #BE0031) and control rat IgG2a mAb (Clone 2A3; 

cat. #BE0089) were provided by GlaxoSmithKline. For flow cytometry purposes, 

fluorochrome-conjugated anti-CD3 (#100353), anti-CD4 (#100406), anti-CD8 (#100734), 

anti-CD45 (#103126), anti-CD11b (#101226), anti-CD11c (#117310), anti-CD103 

(#121426), anti-F4/80 (#123108), anti-Ly6C (#128018), anti-Ly6G (#127616), anti-OX40 

(#119414), and anti-OX40L (#108805) antibodies were purchased from BioLegend.

Tissue processing and flow cytometry

Tissue harvesting and processing were conducted as previously described (7). In short, to 

obtain single-cell suspensions, tumor tissues were digested with 250 μg/ml of Liberase 

(Roche) and incubated for 45 minutes at 37°C with shaking. Fetal bovine serum was added 

and samples were filtered followed by Histopaque 1077 gradient isolation of TILs. Cells 

were then blocked with anti-CD16/CD32 before being stained for flow cytometry. Samples 

were analyzed with an LSR II flow cytometer and FlowJo software.

Statistical analysis

All statistical analyses were done with Graph Pad Prism 6 software. Student’s t-tests were 

used to compare differences between individual groups. Mouse survival rates were analyzed 

by using the Kaplan–Meier method and compared with log-rank tests. A two-way ANOVA 

was conducted to compare tumor growth curves between groups. Statistical significance was 

accepted at P value ≤ 0.05.
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Results

Optimizing the XRT dose in combination with anti-OX40

To identify the optimal dose of XRT to be used in combination with α-OX40 

immunotherapy, we used a preclinical model of lung adenocarcinoma that does not respond 

to anti-PD1 treatment (7) and tested several doses and fractionation schedules. To simulate 

several scenarios applied in the clinic, we tested three schedules: 15 Gy in three 5-Gy 

fractions (lower stereotactic dose); 15 Gy in five 3-Gy fractions (conventional dose); and 24 

Gy in two 12-Gy fractions (higher stereotactic dose). Of these three schedules, 24 Gy in two 

12-Gy fractions produced the greatest suppression of primary tumor growth. The control 

(IgG) and α-OX40-only conditions (five 100-μg intratumoral injections spaced 4 days apart) 

had no apparent effect on tumor growth, but the combination of XRT and concurrent 

intratumoral α-OX40 induced an additive effect on the primary (irradiated) tumor in 344SQ 

anti-PD1-resistant tumor-bearing mice (Fig. 1A, 1B, and 1C). Keeping in mind the 

possibility of minor systemic dissemination, intratumoral administration of α-OX40 was 

preferred to generate tumor-specific immune effects and avoid any potential systemic 

toxicity. This combination treatment also significantly improved survival rates (Fig. 1D) and 

reduced the number of lung metastases (Fig. 1E) in this mouse model. From this work, we 

established that the stereotactic-equivalent high dose radiation was the optimal dose to carry 

forward in our experiments.

Optimizing the sequence of α-OX40 treatment and XRT

Next, to establish the optimal sequencing for combining XRT with α-OX40 in terms of 

suppressing the growth of primary tumors and the appearance of lung metastases, we tested 

two XRT schedules (three 12-Gy fractions for a total of 36 Gy, Fig. 2), which we previously 

found to overcome anti-PD1 resistance) (7); and (two 12-Gy fractions for a total of 24 Gy, 

Supplementary Fig. S1), which was the most effective in the previous experiment. The 

control group was given three 200-μg intratumoral injections of IgG; the OX40-only group, 

three 200-μg injections of α-OX40; and the XRT-only group, either 36 Gy (12 Gy × 3) or 24 

Gy (12 Gy × 2) with IgG injections. The combination-group sequences for the 36-Gy XRT 

condition (Fig. 2) were induction α-OX40 followed by XRT; concurrent α-OX40 and XRT; 

and XRT followed by adjuvant α-OX40. The combination-group sequences for the 24-Gy 

XRT condition (Supplementary Fig. S1) were induction α-OX40 followed by XRT, and 

XRT followed by adjuvant α-OX40. A comparison of primary (irradiated) tumor growth 

indicated that the 36-Gy schedule was more effective than the 24-Gy schedule; moreover, 

the adjuvant combination (in which XRT was given first followed by α-OX40) was the most 

effective at suppressing the growth of these anti-PD1-resistant tumors in mice. Although the 

24-Gy XRT dose seemed to suppress lung metastases relative to the control or α-OX40-only 

groups (Supplementary Fig. S1B), this effect was statistically significant only when the 36-

Gy dose was used (Fig. 2B).

Treatment with α-OX40 after radiation promotes abscopal effects in anti-PD1-resistant 
model

After identifying the optimal doses and sequence for XRT and α-OX40 in the previous 

experiments, we evaluated the abscopal effect of this treatment in the anti-PD1-resistant 
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tumor-bearing mice. We found that five 200-μg injections of α-OX40 into the primary 

tumors, either alone or in combination with XRT (12 Gy × 3), demonstrated in vivo activity 

against 344SQ anti-PD1-resistant tumors, with both the primary (Fig. 3A) and secondary 

tumors (Fig. 3B) showing significant growth retardation. Further, among the combination-

treated mice, survival rates up to 60 days were best for the XRT and adjuvant α-OX40 

cohort (Fig. 3C). Compared to the control group, lung metastases were also diminished in 

the XRT plus α-OX40 group (Fig. 3D), despite the extra overall tumor burden from 

secondary tumors in the abscopal model.

Combination therapy enhances T cell infiltration into irradiated and abscopal tumors

In general, the presence of higher numbers of effector tumor-infiltrating lymphocytes (TILs) 

in the tumor is associated with better prognosis (17–19); indeed, antitumor immune 

responses depend on the proportions and functions of the cells in the tumor 

microenvironment (19). Thus we isolated and compared percentages of TILs obtained on 

day 29 from the primary and secondary (abscopal) tumors in our treatment groups. In the 

primary tumors, percentages of CD4+ T cells seemed to be increased (Fig. 4A and 4B) but 

did not reach significance. On the other hand, CD8+ T cells were upregulated significantly 

after combination therapy relative to tumors in the control or α-OX40-alone groups (Fig. 4A 

and 4C). In the secondary (unirradiated) tumors, both CD4+ and CD8+ T cells increased 

non-significantly after combination adjuvant α-OX40 therapy as compared to control or α-

OX40-alone groups (Fig. 4D, 4E, and 4F).

Radiation induces the expression of OX40 receptor on CD4+ T cells

To further explore the mechanism(s) by which adjuvant α-OX40 treatment enhances tumor 

control with XRT, we analyzed the expression of OX40 on CD4+ and CD8+ T cells at 48 

hours and 7 days after XRT (12 Gy × 3). In the 48 h analysis set, we analyzed CD4+ and 

CD8+ cells only in splenocytes, since immune cells are depleted at the irradiated site this 

soon after ablative XRT; immune cells usually start reappearing within the irradiated tumors 

5-7 days later (20). Therefore we analyzed OX40 expression from splenocytes and TILs on 

day 7. At 48 h after XRT, percentages of OX40+ CD4 T cells (Fig. 5A) and the mean 

fluorescence intensity (MFI) of the OX40 receptor expression (Fig. 5B) were significantly 

elevated, but not as much in CD8 T cells (Supplementary Fig. S2A). Interestingly, the 

proportion of migratory CD103+ dendritic cells was also upregulated in the splenocytes at 

48 h (Fig. 5C). By day 7, OX40 expression was slightly increased in splenic CD4+ T cells 

(Fig. 5D) and significantly upregulated in CD4+ T cells from TILs (Fig. 5E). Percentage of 

splenic CD103+ dendritic cells had equilibrated in the irradiated and non-irradiated groups 

by 7 days (Fig. 5F). These results suggest that there is an initial priming phase that involves 

CD103+ DCs in the spleen, followed by trafficking of immune cells to the tumor. Finally, 

there was a significant increase in the percentage of splenic neutrophils expressing OX40L 

48 h after XRT treatment (Supplementary Fig. S2B). This could further contribute to OX40 

signaling and T cell costimulation.
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Discussion

Target therapies based on blockade of immunosuppressive checkpoints receptors such as 

programmed death 1 (PD1), its ligand (PDL-1) and cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) have changed the management and treatment of cancer. Unfortunately, 

primary and developed resistance to these therapies remain to be a significant hurdle. 

Finding new alternative strategies that can reinstall and enhance therapeutic responses to 

immune checkpoint inhibitors are needed. Our results demonstrate that combining 

radiotherapy with an OX-40 agonist can improve tumor responses in an anti-PD1 resistant 

lung cancer model.

The view of radiotherapy as a curative, tumor cytotoxic tool is evolving, and here we showed 

that stereotactic-like high-dose XRT (36 Gy given in three 12-Gy fractions) triggered 

adaptive immune responses that mediated tumor regression. Specifically, we established that 

intratumoral injection of an OX40 agonist antibody, given after XRT in an adjuvant setting, 

effectively inhibited the growth of primary tumors, promoted systemic abscopal anti-tumor 

effects on secondary tumors and improved survival rates by around 60-days in the anti-PD1 

resistant murine model. On the other hand, concurrent therapy with XRT + α-OX40 did not 

limit the tumor growth (Fig. 2a). XRT with adjuvant α-OX40 treatment also significantly 

reduced lung metastasis. This could be attributed to the observed increase in CD8+ T cell 

expansion and effector differentiation in the primary tumor.

Mechanistically, XRT prompted the expression of OX40 in CD4+ T cells in splenocytes and 

TILs 48 hours and 7 days after XRT, respectively. This was associated with an increase in 

CD103+ dendritic cells in the spleen (Fig. 5). These results provide the rationale that 

administering α-OX40 agonist after XRT and within a certain time frame is important for 

optimal outcomes. Our data showed that OX40 receptor levels went up by day 2 and were 

downregulated by day 7. Hence we started OX40 treatment by the second day after XRT. 

Previous studies highlighted the role of inhibiting histone deacetylases on the expression of 

TNF family members (21). Radiation as an epigenetic modulator may allow the OX40 and 

OX40L promoters to be acetylated and methylated, leading to a consequent increase in 

protein levels (15). Earlier reports have shown that OX40 stimulation followed by XRT may 

promote local control of tumors in Lewis Lung carcinoma (20,22). This was not the case in 

our anti-PD1 resistant lung cancer model. Our findings from the current study showed that 

adjuvant treatment has a better outcome in regard to tumor growth control and survival when 

compared with induction or concurrent therapies (Fig 2). Recent studies have also 

emphasized the importance of α-OX40 treatment timing and sequencing with other 

therapeutic agents (23,24). For example, in a colon cancer study, the authors demonstrated, 

similar to our results, that anti-OX40 given 1 day after XRT (20 Gy) had better therapeutic 

outcomes than anti-OX40 given 7 days prior to XRT (23). In another study highlighting the 

importance of sequencing, anti-OX40 given with anti-PD1 in a concurrent setting hindered 

the positive anti-tumor effects of anti-OX40 monotherapy (24) and induced T cell apoptosis 

in a TC-1 tumor model (25).

Radiation therapy has several immunologic advantages that can help restore the immune 

cycle (26). We previously demonstrated that radiation increased MHC-I expression driven 
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by interferon production in tumors within 48 hours, leading to increased CD8+ T cell 

infiltration, priming, and activation (7). Here, we showed that stereotactic doses of radiation 

bridge innate and adaptive immune systems by increasing the CD103+ subset of dendritic 

cells (DCs) and the percentage of CD4+ T cells expressing the OX40 receptor. CD103+ DCs 

are identified by their expression of Batf3 transcription factor and the production of IL-12 

cytokine, which favors Th1 responses (27,28) and exert an important role in priming CD8+ 

effector cells through cross-presentation. In our study, CD103+ DCs were upregulated 

significantly at 48 h after XRT but not at 7 days later (Fig 5), suggesting that XRT may 

initially release tumor-associated antigens that are processed and presented by these DCs, 

which in turn signal CD4+ and CD8+ T cells to activate and migrate to the tumor site 5 to 7 

days later to elicit their anti-tumor functions.

Our study has significant translational value because 80% of non-small cell lung cancer 

patients are refractory to PD1 therapy, and 30% of those that initially respond develop 

resistance within 1 year of treatment (29). XRT with adjuvant anti-OX40 treatment provides 

a promising therapeutic alternative to these treatment-refractory patients.

Our study provides the basis and rationale for future studies combining XRT and anti-OX40 

with other biologics to obliterate lung tumors. One such candidate is anti-CTLA-4 with the 

ability to deplete Tregs. In this way, an OX40 agonist would act solely on T-effectors and not 

on Tregs (30) further improving radiation-mediated abscopal benefits. Another potential 

candidate for combination therapy is an antibody that blocks PDL1. PDL1 is expressed on 

tumor cells as well as on myeloid-derived suppressor cells; its interaction with PD1 on T 

cells can result in T cell exhaustion and anergy. Therefore, a PDL1-depleting antibody may 

have a dual role in targeting both tumor cells and myeloid-derived suppressor cells (31). 

Collectively, our findings reveal the immunotherapeutic benefits of OX40 stimulation in an 

adjuvant setting after radiation to control both local and systemic tumors, offering a 

promising approach for treating anti-PD1-refractory patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

Immunotherapeutics have demonstrated potential to cure metastatic cancer. However, the 

majority of patients are resistant to monotherapy. Consequently, combinatorial strategies 

are under heavy investigation. Building evidence has highlighted potential for radiation 

and immunotherapy to reduce resistance rates and improve systemic responses. While 

checkpoint blockade agents such as anti-CTLA4 and anti-PD1 are well characterized, 

newer immunotherapeutic agents such as OX40 agonists are less understood. Currently, 

there are 10 clinical trials investigating the use of OX40 with other therapies. Prior to this 

study, the timing of treatments had not yet been elucidated. Herein we demonstrate that 

Radiotherapy limits tumor growth in part by prompting the release of tumor antigens, 

which stimulates T cells to express the OX40 receptor, where the antibody can further 

engage and promote systemic antitumor effects. By revealing mechanisms by which 

Radiation and OX40 therapies synergize, our study provides valuable insight into the 

optimal timing of treatment.
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Figure 1. 
Higher radiation doses in combination with intratumoral α-OX40 control the growth of local 

(primary) tumors, improve survival rates, and produce fewer lung metastases. A-C, Mice (8 

per group) were injected s.c. with 0.5 x 106 344SQ anti-PD1-resistant tumor cells into the 

right hind leg and given intratumoral injections of α-OX40 antibody (100 μg/injection) or rat 

IgG isotype control (100 μg/injection) on days 7, 11, 15, 19, and 23 after tumor inoculation. 

On day 7, the right hind legs of the mice were irradiated with one of the following 

schedules: A, three fractions of 5 Gy each; B, five fractions of 3 Gy each; or C, two fractions 

of 12 Gy each. 12Gyx2 + α-OX40 was superior to 5Gyx3 + α-OX40 group (two-way 

ANOVA, P<0.0001); 12Gyx2 was inferior to 12Gyx2 + α-OX40 group (two-way ANOVA, 

P=0.0453). D, Proportions of anti-PD1-resistant tumor-bearing mice surviving after the 

indicated treatments. E, lung metastasis counts enumerated at experimental endpoint (day 

32) for different treatment groups as shown.
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Figure 2. 
High-dose XRT followed by adjuvant α-OX40 most effectively suppressed local tumor 

growth and reduced lung metastases. A, Mice injected in the right hind legs with anti-PD1-

resistant 344SQ tumors (n = 6 per group) were treated with intratumoral α-OX40 (three 200-

μg injections) before XRT (induction); during XRT (concurrent); or after XRT (adjuvant). 

Tumor growth volumes were plotted. 12Gyx3 + α-OX40 was superior to 12Gyx2 + α-OX40 

(Fig. 1C) (two-way ANOVA, P=0.0265); 12Gyx3 vs. 12Gyx3 + adjuvant α-OX40 (P= 

0.0114 for the last point on day 25); α-OX40 vs. 12Gyx3 + adjuvant α-OX40 (two-way 

ANOVA, P=0.0005). B, Lungs from mice in 2A were harvested, stained with Bouin’s 

fixative solution, and numbers of metastases counted. *P ≤ 0.05.
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Figure 3. 
Radiation + α-OX40 promotes abscopal effects. Anti-PD1 resistant tumor cells were 

inoculated into 129Sv/Ev mice (n = 10 per group) bilaterally (right hind leg and left hind 

leg) 4 days apart. Primary tumors were irradiated 11 days after their inoculation whereas 

second tumors were left untreated. Intratumoral α-OX40 (total of 5 doses, 200 μg each) was 

administered to the primary tumor starting 2 days after last dose of XRT. A, Primary tumor 

measurements recorded upon XRT + α-OX40 treatment along with control groups as 

indicated. XRT vs. XRT + α-OX40 (two-way ANOVA, P< 0.0001). B, Secondary tumor 

measurements recorded as in A. XRT vs. XRT + α-OX40 (two-way ANOVA, P< 0.0001). 

C, Percent survivals of mice from A were recorded and graphed. XRT vs. XRT + α-OX40 

(log rank test, P=0.0001); α-OX40 vs. XRT + α-OX40 (log rank test, P=0.0002). D, Lung 

metastases were enumerated upon sacrificing mice in their subsequent groups. XRT vs. XRT 

+ α-OX40 (t-test, P=0.006).
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Figure 4. 
Radiation + α-OX40 upregulated CD4+ and CD8+ tumor-infiltrating T-cells in primary 

(irradiated) and second (non-irradiated) tumors. In the abscopal model, primary tumors A, 
B, C, (injected in the right hind leg and later irradiated) and secondary tumors D, E, F, 

(injected in the left leg and not irradiated) were harvested, processed, and analyzed by flow 

cytometry on day 29 for CD4+ and CD8+ T-cells after gating on CD45+ cells. *P ≤ 0.05 is 

considered significant.
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Figure 5. 
XRT induced the expression of OX40 and upregulated antigen-presenting dendritic cells. A, 
B, C, anti-PD1 resistant tumor-bearing mice were treated with XRT 12 Gy x 3 (n=3-5 mice 

per group) and splencoytes were analyzed by flow cytometry 48 h after the last dose of XRT. 

A, Percentages of CD4+ OX40+ T-cells B, mean fluorescence intensity (MFI) values of 

OX40 expression on CD4+ T-cells. C, Percentages of Dendritic cells (DCs) and CD103+ 

subset of DCs were reported. D, E, F, splenocytes and tumor-infiltrating lymphocytes (TILs) 

were analyzed by flow cytometry 7 days after XRT as in A, B, C. For OX40 expression, 

cells were first gated on CD45+, then on CD3+, followed by CD4+ T-cells. To analyze the 

dendritic cell percentages, cells were gated on CD45+, then CD3−CD11c+, or CD3−CD11c+ 

CD103+. *P ≤ 0.05 is considered significant.
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Figure 6. 
Schematic diagram summarizing the effects of XRT followed by adjuvant α-OX40. 1, XRT 

hits tumor cells releasing antigens and upregulating MHC-I molecules that further drive 

CD8+ T-cells. 2, XRT upregulates OX40 receptor on the surface of CD4+ T-cells that further 

augments the function of cytotoxic T cells. XRT also increases neutrophil percentages 

expressing the OX40L. 3, XRT upregulates systemic CD103+ dendritic cells (DCs) that 

cross-present antigens to CD8+ T-cells. 4, XRT in combination with α-OX40 to primary 

tumor promotes abscopal effects, controlling growth of second (non-irradiated) tumors.

Niknam et al. Page 17

Clin Cancer Res. Author manuscript; available in PMC 2019 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Mice
	Tumor cell lines
	Tumor establishment and treatments
	Monoclonal antibodies
	Tissue processing and flow cytometry
	Statistical analysis

	Results
	Optimizing the XRT dose in combination with anti-OX40
	Optimizing the sequence of α-OX40 treatment and XRT
	Treatment with α-OX40 after radiation promotes abscopal effects in anti-PD1-resistant model
	Combination therapy enhances T cell infiltration into irradiated and abscopal tumors
	Radiation induces the expression of OX40 receptor on CD4+ T cells

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

