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Chimeric antigen receptor (CAR) T cells represent an exciting therapeutic strategy

with improved survival outcomes for patients with hematological malignancies.

However, the efficacy of CAR T-cell therapy in the treatment of solid tumors

remains suboptimal due to therapeutic barriers associated with the solid tumor

microenvironment. We investigated whether ionizing radiation could improve

vascular perfusion and CAR T-cell delivery in an EGFRvIII-expressing B16F10

melanoma model. Tumors received radiation doses of 2–12 Gy, and perfusion

was evaluated at multiple time points using immunofluorescence detection of

intravenously administered fluorescent dyes. We found that a single 8-Gy dose of

ionizing radiation produced the most significant increase in B16F10 tumor

perfusion 4 h after irradiation. Consistently, the irradiation of tumors 4 h prior

to a systemic administration of EGFRvIII-targeting CAR T cells led to higher

intratumoral CAR T-cell accumulation than in non-irradiated tumors. This ap-

proach also resulted in a significantly delayed tumor growth and improved survival

relative to radiation or CAR T cells alone. Interestingly, the CD28z EGFRvIII-CAR

T-cell levels substantially increased in irradiated tumors over time relative to 4-

1BBz EGFRvIII-CAR T cells and produced greater tumor growth delays and

survival improvements in comparison to 4-1BBz EGFRvIII-CAR T cells adminis-

tered at a 10-fold higher concentration. Taken together, these data highlight the

importance of co-stimulatory domains in CAR T-cell function in vivo and

demonstrate that irradiating tumors prior to systemic CAR T-cell infusion can

increase CAR T-cell infiltration and efficacy in solid tumors.
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1 Introduction

Over the past two decades, immunotherapy has emerged as a revolutionary treatment

for patients with cancer in dire need of alternatives to surgery, chemotherapy, and

radiotherapy (1). By utilizing a patient’s own immune system to eliminate cancer cells,

immunotherapy has been proven to be indispensable in the fight against cancer.
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Chimeric antigen receptor (CAR) T-cell therapy is a form of

immunotherapy where T cells are engineered to express a surface

CAR molecule capable of recognizing tumor-associated antigens

(2–4). Second-generation CAR molecules, which incorporate co-

stimulatory domains such as 4-1BBz (5) or CD28z (6), have

produced CAR T-cell products with enhanced activation and

persistence in vivo. These advances have led to the approval of

seven U.S. Food and Drug Administration (FDA)-approved and six

Health Canada-approved CAR T-cell therapies for hematological

malignancies as of 2025 (7, 8). By targeting surface molecules such

as CD19 or B-cell maturation antigen, CAR T cells have achieved

significant success in the treatment of relapsed and refractory

hematological malignancies such as B-cell acute lymphoblastic

leukemia, large B-cell lymphoma, and multiple myeloma (7, 9–12).

Despite these successes, CAR T-cell therapy remains largely

ineffective against solid tumors, which comprise over 70% of all

cancer cases (13). A key challenge arises from the solid tumor

microenvironment that can contain a poorly functional vasculature

and limited blood flow that impedes CAR T-cell infiltration,

antitumor activity, and persistence in tumors. Whereas CAR T

cells targeting hematological malignancies can effectively access

cancer cells within the bloodstream, lymphatics, or secondary

lymphoid organs, CAR T cells aimed at solid tumors must penetrate

the poorly perfused and dysfunctional vasculature of the tumor to

reach their targets (14). To overcome these physical barriers and

improve CAR T-cell therapy for solid tumors, current research has

focused on combinatorial strategies targeting the tumor microen-

vironment, predicated on the understanding that complementary

modulation of immune cell infiltration may synergistically enhance

CAR T-cell efficacy (15).

Radiotherapy, a cornerstone of cancer care for over a century,

remains widely used as both a stand-alone treatment and in

combination with other therapeutic modalities (16). While tradi-

tionally aimed at inducing lethal DNA damage in cancer cells,

radiotherapy can also impact the structure and function of the

tumor vasculature within the radiation field (16). The vascular

effects of radiation vary depending on several factors including the

total dose, the fractionation schedule, and the tumor type, location,

and stage. Notably, high radiation doses have been shown to

decrease the tumor vascular volume (17, 18), whereas radiation

doses lower than ~10 Gy can induce transient increases in tumor

blood flow (19–21).

Building on this knowledge, we hypothesize that ionizing radiation

(IR) targeted to the tumor site could act as a neoadjuvant therapy to

enhance CAR T-cell delivery and efficacy by temporarily improving

tumor vascular perfusion. To test this, we utilized immunocompetent

C57Bl/6J mice bearing EGFRvIII-expressing B16F10melanoma cells to

evaluate the impact of various radiation doses and irradiation schedules

on tumor perfusion. We then assessed how radiation affected the

delivery of EGFRvIII-targeting CAR T cells manufactured with second-

generation CAR constructs containing either a 4-1BBz or a CD28z
co-stimulatory domain and, ultimately, how radiation influenced the

CAR T-cell efficacy in the model. Our findings support the use of

targeted IR prior to CAR T-cell administration to enhance the

infiltration and antitumor activity in solid tumors.
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2 Materials and methods

2.1 Cell lines

Murine EGFRvIII-expressing B16F10 (EGFRvIII-B16F10), a

gift from Dr. John Sampson (Duke University, Durham) (22),

and wild-type B16F10 (ATCC) melanoma cell lines were cultured

in Dulbecco’s modified Eagle’s medium (DMEM) (12100046;

Gibco, Grand Island, NY, USA) supplemented with 10% fetal

bovine serum (FBS) (12483-020, origin: Canada; Gibco). HEK

293T cells were cultured in DMEM with 10% FBS and 1×

GlutaMAX™ (35050-061; Gibco). All cell lines tested negative for

mycoplasma contamination. Cells were used within 10 passages

from thaw for all experiments.

2.2 Mice

Female C57Bl/6J mice aged 9–13 weeks from the Jackson

Laboratory were used for all experiments. The mice were housed

in OptiMice cages on ventilated racks under specific pathogen-free

conditions within a modified barrier facility in the Animal Resource

Centre at the BC Cancer Research Institute. Mice were allowed to

acclimatize for at least a week after delivery to the facility prior to

any experiments. Animal experiments were performed in compli-

ance with the requirements of the Canadian Council on Animal

Care and the University of British Columbia Animal Care

Committee under our approved animal protocols A21–0266 and

A25-0214.

2.3 In vivo experiments

2.0 × 105 EGFRvIII-B16F10 cells were implanted subcutane-

ously (SubQ) on the lower flank of anesthetized mice. Cells were

suspended in a 100-ml mixture of serum-free DMEM and Matrigel®

basement membrane matrix (354234; Corning, Corning, NY, USA)

at a 1:1 ratio. The mice were randomized into treatment groups 7

days post-implant. On the same day, tumor-bearing mice were

lymphodepleted via an intraperitoneal (i.p.) injection of filter-

sterilized 200 mg/kg cyclophosphamide (CTX) (13849; Cayman

Chemical, Ann Arbor, MI, USA) dissolved in sterile 0.9% NaCl.

Tumor irradiations were performed using a Precision X-ray ma-

chine (X-RAD320; 250 keV, ~3 Gy/min) 9 or 10 days post-implant

as indicated. The mice were restrained in a lead jig that resulted in

the radiation beam being targeted to the exposed tumor while

shielding the rest of the mouse. CAR T cells were administered

intravenously (i.v.) to anesthetized mice in 100 μl of serum-free

RPMI-1640 media (10-040-CV; Corning).

Following CAR T-cell injections, the tumor volumes were

measured every other day via caliper measurements (width2 ×

length × 0.5). Mice reached the humane endpoint when the

tumor volumes reached approximately 5% of the mouse body

weight. Tumor growth delay plots ended when at least two of the

mice within a group reached the tumor volume limit. All mice were

allowed to progress to the humane endpoint for the Kaplan–Meier

survival analyses.
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2.4 Tissue processing

Tumors resected for flow cytometry were finely chopped with

scalpels and agitated at 37°C with 3 ml of serum-free DMEM and

2 ml of collagenase type I (4 mg/ml) (17100017; Gibco) and type II

(2 mg/ml) (17101015; Gibco) for 20 min. We added 1 ml of DNase

(3 mg/ml) (DN25-1G; Sigma-Aldrich, St. Louis, MO, USA) after the

digestion was completed. The tumor samples were filtered through

a 100-mm cell strainer to generate a single-cell suspension. Cells

were counted using the Countess 3 Fl automated cell counter

(ThermoFisher, Waltham, MA, USA).

2.5 Flow cytometry

Single-cell suspensions were washed with PBS and stained with

Fixable Viability Dye eFluor 780 (65-0865-14; Invitrogen, Carlsbad,

CA, USA) for 30 min on ice. The cells were then washed and

suspended in an HFN solution consisting of Hank’s balanced salt

solution (37150; STEMCELL Technologies, Vancouver, Canada) with

2% FBS + 0.05%NaN3 (S0209; Teknova, Hollister, CA, USA). The cells

were blocked with anti-murine CD16/32 (93; 101302, BioLegend, San

Diego, CA, USA) for 10 min on ice prior to antibody staining. The

following monoclonal antibodies were used in a 15-min staining

process on ice: CD4-SparkUV387 (GK1.5; 100492, BioLegend),

CD8a-BUV563 (53-6.7; 748535, BD Biosciences, San Jose, CA,

USA), CD3-BUV737 (145-2C11; 612771, BD Biosciences), CD45-

APC (30-F11; 103112, BioLegend), CD44-BV605 (IM7; 103047,

BioLegend), CD62L-AF700 (MEL-14; 104426, BioLegend), Thy1.1-

FITC (OX-7; 202504, BioLegend), and EGFRvIII-PE (L8A4; Ab00184-

23.0, Absolute Antibody, Redcar, Cleveland, UK). The cells were then

fixed and permeabilized for 30 min using the FoxP3/Transcription

Factor Buffer Staining Kit (00-5523-00; Invitrogen). All sample data

were acquired on the FACSymphony™ A5 (BD Biosciences) cytom-

eter and analyzed with FlowJo (FlowJo, LLC, Ashland, OR, USA).

2.6 Plasmids

The MSGV1 retroviral transfer plasmid contains the CAR

cassette and a Thy1.1 marker gene, separated by an IRES element.

The CAR cassette consists of a second-generation construct con-

taining a single-chain antibody fragment (scFv) derived from the

human monoclonal antibody 139 targeting EGFRvIII (23), a CD8

transmembrane domain, either a 4-1BBz or a CD28z co-stimula-

tory domain, and a CD3z activation domain. The pCL-ECO

packaging vector was a gift from Inder Verma (Verma Addgene

plasmid #12371; https://www.addgene.org/12371/; RRID:

Addgene_12371) (24) and is made up of a CMV–LXSN vector

backbone and contains the gag/pol/env genes required for retroviral

replication and transduction.

2.7 Murine CAR T-cell production

CAR T cells were generated using a previously published

protocol (25). In brief, splenocytes were harvested from the spleens

of naive female C57Bl/6J mice aged 9–13 weeks. T cells were

activated with 10 ng/ml interleukin 7 (IL-7) (217-17-50UG;

Peprotech, Cranbury, NJ, USA), 5 ng/ml IL-15 (210-15-10UG;
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Peprotech), and 30 ng/ml IL-21 (210-21-10UG; Peprotech) with

2.5 mg/ml concanavalin A (ConA) (J61221.MD; Invitrogen) in

complete RPMI-1640 media supplemented with 10% heat-inacti-

vated FBS (12484-028, origin: Canada; Gibco), 1 mM sodium

pyruvate (S8636-100ML; Sigma-Aldrich), 100 U/ml penicillin/

streptomycin (15140-122; Gibco), 50 mM 2-mercaptoethanol (60-

24-2; Sigma-Aldrich), and 1× MEM non-essential amino acids (25-

025-CI; Corning) for 2 days. IL-7 and IL-15 were added to the

media for the complete duration of the CAR T-cell production

period, with IL-21 and ConA present only for the initial 2 days.

Retroviruses were produced using 3.5 × 106 HEK 293T cells plated

onto poly-D-lysine-coated (A38904-01; Gibco) plates. HEK 293T

cells were transfected with a mixture of CAR plasmid (14.1 mg) and
the packaging pCL Eco plasmid (9.9 mg) using Lipofectamine™

2000 Transfection Reagent (11668019; Invitrogen). Transduction

via spinoculation of activated T cells occurred 2 days after the initial

T-cell activation in plates coated with the transduction enhancer

recombinant HFN fragment (Retronectin) (T100B; Takara, Shiga,

Japan). CAR T cells were split 1 day after the spinoculation and left

to expand for another day afterward prior to any experiments.

The transduction efficiency was assessed 24 h after transduction

and on the day of injection using flow cytometry to quantify the

proportion of Thy1.1-expressing CAR T cells. The number of CAR

T cells injected into mice was normalized to the Thy1.1+ cell count,

with 10.0 × 106 Thy1.1+ EGFRvIII.4-1BBz CAR T cells or 1.0 × 106

Thy1.1+ EGFRvIII.CD28z CAR T cells delivered per mouse.

2.8 In vitro co-culture assay

To validate the targeting capability of the CAR T cells,

EGFRvIII.4-1BBz CAR T cells, EGFRvIII.CD28z CAR T cells, or

untransduced T cells (effector, E) were co-cultured with EGFRvIII-

B16F10 cells (target, T) and wild-type B16F10 cells (non-target, NT).

The same numbers of target to NT tumor cells were co-cultured with

different numbers of effector cells. To differentiate the responses of

target cells from those of NT cells, the EGFRvIII-B16F10 target cells

were stained with Tag-it Violet™ (425101; BioLegend), while the NT

wild-type B16F10 cells were stained with CellTracker™ Green

CMFDA (C2925; Invitrogen). Wells with no CAR T cells added

were used to normalize the T-to-NT ratio independent of T-cell

killing. To assess the level of target cell-specific killing, different

effector-to-target (E/T) ratios of CAR T cells were evaluated (1:1, 3:1,

and 10:1). Following a 4-h co-culture, the cells were harvested, stained

with Fixable Viability Dye eFluor 780 (65-0865-14; Invitrogen), and

analyzed using flow cytometry as above. The numbers of live target

cells were compared to the numbers of live NT cells across the

different E/T ratios using the following equation:

Live Target1 : 1 : 1 ÷ Live Non − target1 : 1 : 1
Live Target0 : 1 : 1 ÷ Live Non − target0 : 1 : 1

� �
 �100%  

2.9 Immunofluorescence analyses

To assess vascular perfusion, the mice were i.v. injected with a

fluorescent dye mixture containing 50 ml of 20 mg/ml Hoechst

33342 (H3570; Invitrogen) (26–29) and 3 mg/ml rhodamine-

conjugated 2 MDa dextran (2 MDa) (D7139; Invitrogen) (26)
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10 min prior to tumor resection. While Hoechst 33342 has been

reported to transiently decrease tumor microcirculation in some

xenograft models (30), this reagent has been used extensively to

quantify the tumor blood flow and the radial diffusion gradients in a

variety of solid tumors (29, 31, 32). As untreated and irradiated

B16F10 tumors were injected with the same concentration of

Hoechst 33342, any potential effects of the reagent on tumor

blood flow would not interfere with the relative comparison of

tumor perfusion. Excised tumors were placed in optimal cutting

temperature (OCT) compound (4583; Sakura Finetek, Alphen aan

den Rijn, the Netherlands) and frozen at −80°C. Tumor sections (10

mm thick) were cut using a cryostat (Leica, Wetzlar, Germany). In

order to reduce sampling bias and to capture data from multiple

tumor areas, three step sections 50 mm apart were collected for each

tumor, with the quantitative data from these three sections com-

bined into a single data point. Full face sections were first imaged for

Hoechst 33342 and rhodamine–dextran fluorescence at ×10 mag-

nification using a Zeiss AXIO Imager.Z2 microscope with auto-

mated scanning and image tiling. The tumor images used for

analyses consisted of 30–50 tiled images. Tumor sections were

then stained with 4′,6-diamidino-2-phenylindole (DAPI) prior to

repeat imaging, where DAPI was used to indicate the nuclei and

facilitate the demarcation of viable tumor areas in each section. The

resulting Hoechst 33342, rhodamine–dextran, and DAPI images

were then overlaid to generate an image file. The images were

analyzed using ImageJ (FIJI).

The total tumor area was first demarcated in each tiled image

based on DAPI and Hoechst 33342 staining to exclude the surround-

ing Matrigel (if present) and OCT (Figure 1A). The resultant total

tumor area was further analyzed to identify and exclude areas of

necrosis, which were observed as regions of diffuse DAPI staining and

reduced structural integrity of the section. The removal of necrotic

areas from the total tumor image produced a mask of the viable

tumor area that was used for downstream analyses. We then tested

automated binarization threshold algorithms across a panel of

untreated and treated tumors to identify the algorithm that produced

binarized images that most accurately reflected the staining pattern

observed in the non-binarized images. Li’s minimum cross-entropy

thresholding method (33) was used to binarize all Hoechst images,

and the triangle thresholding technique was used to binarize all

rhodamine–dextran staining (34). Once a thresholding method was

established for each stain, all treated and untreated tumors were

processed using identical threshold settings for that stain. The

thresholded binarized images were used to calculate the Hoechst-

or rhodamine–dextran-positive areas in each section, which were

then expressed as a percentage of the viable tumor area.

Area of positive stain
Total viable tumor area

� �
� 100% = %   Positive tumor area

2.10 Statistical analyses

All statistical analyses and graphs were generated using

GraphPad Prism 10. The Shapiro–Wilk test was used to determine

the normality of data distributions. A one-way ANOVA test was

used to measure the mean between multiple groups with normally
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distributed data. When appropriate, a Brown–Forsythe test was

used to determine significance with unequal variance between

groups. Two-tailed Student’s t-tests were used to compare the

means between two groups. For groups lacking a normal distribu-

tion, a non-parametric Kruskal–Wallis test was used to compare the

means. Survival curves were constructed using the Kaplan–Meier

method, and significance was assessed using the log-rank Mantel–

Cox test. All data are reported as the mean ± standard error of the

mean (SEM), unless otherwise specified.
3 Results

3.1 Radiation-induced increases in tumor
perfusion

We first aimed to identify a radiation dose and a post-treatment

time point that increase tumor perfusion to potentially enhance

systemic CAR T-cell delivery to the tumor. Using immunofluores-

cence microscopy, we measured the tumor regions positive for i.v.

injected Hoechst 33342 (vascular perfusion) and rhodamine-tagged 2

MDa dextran (2MDa, large intravascular diameter) following various

doses of external beam IR. We tested single irradiation doses ranging

from 2 to 12 Gy and collected tumors at 24, 48, and 72 h post-

irradiation (Figure 1B), comparing the perfusion levels to those of the

non-irradiated controls (Figure 1C). The tumor masses at the time of

harvest are indicated in Supplementary Figures 1A–C. We found that

irradiated tumors had increased Hoechst 33342-positive tumor

regions 24 h later (Figure 1D). The observed increases in Hoechst

33342-positive regions returned to the levels found in non-irradiated

tumors by 48 h after radiation, with the exception of tumors treated

with 8 Gy (Figures 1E, F). Radiation did not change the proportion of

tumor area stained with intravascular 2MDa dextran (Figures 1D–F).

We next examined whether splitting the total radiation dose

into two fractions would alter tumor perfusion. We administered

two fractions of 4 or 6 Gy 24 h apart (total doses of 8 and 12 Gy,

respectively) and collected tumors 24 and 48 h after the second dose

(Figure 2A). No increases in Hoechst 33342-positive or dextran-

positive tumor regions were observed with either fractionated

regimen (Figures 2B, C; Supplementary Figure 1D) at the assessed

time points. These data indicate that while a single 8-Gy dose is

sufficient to increase Hoechst 33342 delivery to tumors 24–48 h

post-irradiation, splitting the dose into two fractions of 4 Gy does

not recapitulate the findings during the same time window.

We postulated that radiation-induced changes in tumor perfu-

sion may occur earlier than 24 h following an IR dose. Interestingly,

we found that radiation doses ranging from 2 to 8 Gy significantly

increased the proportion of Hoechst 33342-positive tumor regions

4 h post-irradiation (Figures 2D, E; Supplementary Figure 1E). We

also observed increased intravascular 2 MDa dextran-positive

regions 4 h after 8 Gy (Figure 2E), indicative of enlarged vascular

structures in the tumor. Together, these findings demonstrate that

IR can transiently enhance the intravenous delivery of fluorescent

perfusion dyes to EGFRvIII-B16F10 tumors, with the most robust

increase occurring 4 h after a dose of 8 Gy.
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3.2 Generation of EGFRvIII-targeting CAR T
cells

Our next objective was to determine whether 8 Gy of IR would

increase the delivery of CAR T cells injected systemically 4 h after

tumor irradiation. We first generated murine CAR T cells designed

to target the surface molecule EGFRvIII, incorporating either a
Frontiers in Immunology 05
4-1BBz (BBz) or a CD28z co-stimulatory domain. Regardless of the

co-stimulatory domain, the resultant CAR T cells were typically

~80% CD8+ and 10%–15% CD4+, with 70%–85% transduction

efficiency based on Thy1.1 expression and similar phenotypes as

measured by the expression of the activation markers CD44 and

CD62L (Supplementary Figures 2A, B). To assess CAR T-cell-

specific targeting against EGFRvIII-B16F10 cells in vitro, we
FIGURE 1

Changes in intravenously injected fluorescent perfusion dyes in tumors following ionizing radiation (IR) treatment. (A) Schematic showing the processing
of tumor section scans to demarcate viable tumor regions and quantify fluorescent dye staining. (B) In vivo experiment schematic. (C) Representative
immunofluorescent images of non-irradiated tumors. Blue, Hoechst 33342 (H33342); red, 2 MDa rhodamine-conjugated dextran (2 MDa). (D) Quantification
of the tumor regions positive for H33342 (top) or 2 MDa (bottom) 24 h after various IR doses, with representative images of a tumor 24 h after 8 Gy. (E)
Quantification of the tumor regions positive for H33342 (top) or 2 MDa (bottom) 48 h after various radiation doses, with representative images of a tumor
48 h after 8 Gy. (F) Quantification of the tumor regions positive for H33342 (top) or 2 MDa (bottom) 72 h after various radiation doses, with representative
images of a tumor 72 h after 8 Gy. The illustrations in (B) are from the National Institute of Allergy and Infectious Diseases (NIAID) National Institute of Health
(NIH) BioArt Source (bioart.niaid.nih.gov/bioart/506, bioart.niaid.nih.gov/bioart/281, bioart.niaid.nih.gov/bioart/298). Data points are individual tumors with
n = 3–5 mice/group (IR-treated) and 12 mice/group (untreated), with the mean ± SEM indicated. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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combined EGFRvIII-B16F10 target cells and wild-type B16F10 NT

cells at a 1:1 ratio and introduced either CAR T cells or

untransduced activated T cells (effector; E) at three different E/T/

NT ratios (1:1:1, 3:1:1, and 10:1:1). The presence of surface

EGFRvIII exclusively on EGFRvIII-B16F10 tumor cells and not

on wild-type B16F10 cells was confirmed via flow cytometry

(Supplementary Figures 2C, D). EGFRvIII-targeting CAR T cells

with either the 4-1BBz or the CD28z co-stimulatory domain

showed specific killing of EGFRvIII-B16F10 cells following a 4-h

co-culture (Figures 3A, B). CAR T cells containing either co-

stimulatory domain showed similar levels of target-specific killing

in vitro. The EGFRvIII-targeting CAR T cells generated using these

constructs were subsequently used for in vivo experiments.

3.3 Increased CAR T-cell infiltration in
previously irradiated tumors

Lymphodepletion with fludarabine and/or CTX is often used to

enhance CAR T-cell expansion and persistence in vivo. Indeed,

tumor-bearing mice injected with CTX had significantly reduced

immune cells (including NK cells, B cells, and T cells) in tumors 3

days later (Supplementary Figure 3). EGFRvIII-B16F10-bearing

mice were therefore lymphodepleted 3 days prior to irradiation

and systemic CAR T-cell injection, with the intratumoral CAR T-

cell content quantified 24 h later (Figure 3C). We i.v. injected 1.0 ×

106 Thy1.1+ EGFRvIII-targeting CD28z CAR T cells and found

nearly twofold higher levels of CAR T cells in tumors irradiated 4 h

prior to CAR T-cell injection (Figure 3D). In order to increase the

detection sensitivity of our analysis, we next i.v. injected 10.0 × 106

Thy1.1+ EGFRvIII-targeting 4-1BBz CAR T cells (Supplementary

Figure 4A) and similarly found nearly twofold more CAR T cells in

tumors irradiated 4 h prior to CAR T-cell injection (Figure 3E).

Notably, the Thy1.1+ 4-1BBz CAR T-cell levels in the spleens were

similar between mice with irradiated or non-irradiated tumors,

indicating that the higher intratumoral CAR T-cell presence was

not due to differences in the overall engraftment (Figure 3F).

While tumor irradiation increased the infiltration of CD28z and
4-1BBz CAR T cells evaluated 24 h after CAR T-cell injection, we

were interested in whether the intratumoral CAR T-cell levels

would remain elevated over a longer period. We again injected

1.0 × 106 CD28z or 10.0 × 106 4-1BBz EGFRvIII-targeting CAR T

cells 4 h after tumor irradiation with 8 Gy, analyzing the

intratumoral CAR T-cell content 6 days later. The tumor volumes

at the time of CAR T-cell injection and the weights at the time of

tumor harvest are shown in Supplementary Figure 4B. We found

that the proportions of live CD28z or 4-1BBz CAR T cells

substantially increased in tumors compared with those at 1 day

after CAR T-cell injection. The CD28z CAR T-cell levels expanded

dramatically in both non-irradiated and irradiated tumors

(Figure 3G), with significantly higher levels of CAR T cells in

irradiated tumors. Interestingly, CD28z CAR T cells made up a

higher proportion of intratumoral T cells compared with 4-1BBz
CAR T cells, despite injecting 10-fold higher numbers of 4-1BBz
CAR T cells 6 days earlier. We again did not observe differences in

the CAR T-cell content in the spleens between mice with or without

tumor irradiation (Figure 3H), and the lower frequency of CD28z
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CAR T cells relative to 4-1BBz CAR T cells in the spleens suggests

preferential tumor-specific expansion of CD28z CAR T cells,

particularly in irradiated tumors.

3.4 Delayed tumor growth and improved
survival following 8-Gy irradiation 4 h
before CAR T-cell delivery

We then examined whether irradiating tumors with 8 Gy 4 h prior

to systemic CAR T-cell injection, as well as the resultant increase in the

intratumoral CAR T-cell content, would lead to superior tumor control

and prolonged overall survival. As above, we lymphodepleted mice

with CTX 7 days after EGFRvIII-B16F10 tumor implant, followed 3

days later by tumor irradiation and/or i.v. injection of CAR T cells

(Figure 4A). The cohort of untreated mice reached the tumor volume

limits 15 days after tumor implant (Figure 4B), with a median survival

on day 16 (Figure 4C). It should be noted that the average tumor

growth delay plots were continued until at least two of the mice within

a group reached the tumor volume limit, while all mice in a group were

allowed to progress to the humane endpoint for the Kaplan–Meier

survival analyses. Mice treated with a monotherapy of either CTX or IR

had delayed tumor growth and an extended median survival time of

21–23 days. Mice treated with a combination of CTX and IR (CTX+IR)

had similar tumor growth trends to mice treated with a combination of

CTX and 10.0 × 106 4-1BBz CAR T cells (CTX+BBz). While the

survival analysis could not be completed for the CTX+IR cohort due to

a high number of non-tumor volume-related euthanasia, mice in the

CTX+BBz cohort reached the tumor volume limits and median

survival 23 days post-implant. We found that lymphodepleted mice

that had been irradiated 4 h prior to delivery of 10.0 × 106 4-1BBzCAR
T cells (CTX+IR+BBz) had significantly delayed tumor growth to 33

days post-implant and a median survival time of 35 days (Figures 4B,

C; Supplementary Figure 5A).

We performed a similar experiment using i.v. injection of 1.0 ×

106 CD28z EGFRvIII-targeting CAR T cells 4 h after tumor

irradiation (Figure 4A). In line with previous experiments, un-

treated mice reached the tumor volume limits 16 days post-implant,

with a median survival of 20 days post-implant, while mice treated

with CTX alone or IR alone reached the tumor volume limits by 20

days post-implant, with median survival times of 22–26 days

(Figures 4D, E). Mice lymphodepleted with CTX 3 days prior to

IR (CTX+IR) or delivery of 1.0 × 106 CD28z CAR T cells (CTX

+CD28z) showed similar tumor growth delays, with both groups

reaching the tumor volume limits and median survival by 29–30

days post-implant. Consistent with the data in Figures 4B, C, CTX-

lymphodepleted mice that received 8 Gy 4 h prior to CD28z CAR

T-cell injection (CTX+IR+CD28z) exhibited significantly delayed

tumor growth to 37 days post-implant and a median survival time

of 44 days (Figures 4D, E; Supplementary Figure 5B). It is worth

noting that CD28z CAR T cells induced greater tumor growth

delays and longer median survival times than 4-1BBz CAR T cells

injected at 10-fold higher concentrations, which is consistent with

the increased numbers of CD28z CAR T cells relative to 4-1BBz
CAR T cells in tumors 6 days after injection (Figure 3G).

Lastly, we compared the intratumoral CAR T-cell content and

efficacy when 1.0 × 106 CD28z CAR T cells were injected 24 h
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FIGURE 2

Fluorescent perfusion dye content in tumors 24–48 h following split-dose radiation or 4 h after a single radiation dose. (A) In vivo experiment
schematic for the split-dose radiation regimen. (B) Quantification of the tumor regions positive for Hoechst 33342 (H33342) (left) or 2 MDa
rhodamine-conjugated dextran (2 MDa) (right) following two doses of 4 Gy administered 24 h apart. (C) Quantification of the tumor regions positive
for H33342 (left) or 2 MDa (right) following two doses of 6 Gy administered 24 h apart. (D) In vivo experiment schematic for tumors collected 4 h
after a single radiation dose. (E) Quantification of the tumor regions positive for H33342 (top) or 2 MDa (bottom) 4 h after various single radiation
doses, with representative images of a tumor 4 h after 8 Gy. The illustrations in (A, D) are from the National Institute of Allergy and Infectious
Diseases (NIAID) National Institutes of Health (NIH) BioArt Source (bioart.niaid.nih.gov/bioart/506, bioart.niaid.nih.gov/bioart/281, bioart.niaid.nih.gov/
bioart/298). Data points are individual tumors with n = 3–4 mice/group (ionizing radiation-treated) and 10–11 mice/group (untreated), with the
mean ± SEM indicated. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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(instead of 4 h) after tumor irradiation with 8 Gy. We found that

injection of CAR T cells 24 h after tumor irradiation produced

variable numbers of intratumoral CAR T cells that were not

significantly different from those in mice injected with CAR T

cells 4 h after tumor irradiation (Supplementary Figure 5C). We

also found that mice injected with 1.0 × 106 CD28z CAR T cells 24 h

after tumor irradiation reached the tumor volume limits by day 33

and therefore had delayed tumor growth relative to mice treated

with CTX+IR or CTX+CD28z (Supplementary Figure 5D). The

treatment-induced growth delay was slightly shorter than that in

mice injected with 1.0 × 106 CD28z CAR T cells 4 h after tumor
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irradiation, where the tumor volume limits were reached by day 35.

Therefore, injection of CAR T cells 4 or 24 h after tumor irradiation

results in an enhanced intratumoral CAR T-cell content and an

improved therapeutic efficacy, consistent with radiation-induced

increases in tumor perfusion over this time frame.

Collectively, our data demonstrate that IR can increase perfu-

sion and CAR T-cell infiltration into murine melanoma tumors and

that CAR T cells constructed with a CD28z co-stimulatory domain

are more abundant in tumors and have better efficacy than CAR T

cells constructed with a 4-1BBz co-stimulatory domain adminis-

tered at 10-fold higher concentrations.
FIGURE 3

The chimeric antigen receptor (CAR) T-cell content is increased in tumors irradiated 4 h prior to systemic CAR T-cell injection. (A) Co-culture killing
assay showing specific targeting of EGFRvIII.4-1BBz CAR T cells (effectors, E) to EGFRvIII-B16F10 (target, T) cells at different E/T ratios. 1.0 × 104

EGFRvIII-B16F10 cells and 1.0 × 104 wild-type B16F10 (non-target, NT) cells (1:1) were incubated alongside different ratios of CAR T cells or non-
transduced activated T cells. (B) Co-culture killing assay showing specific targeting of EGFRvIII.CD28z CAR T cells to EGFRvIII-B16F10 cells at
different E/T ratios. (C) In vivo experiment schematic to assess CAR T-cell infiltration in irradiated or non-irradiated tumors. (D) Proportions of
CD8+Thy1.1+ CAR T cells in tumors analyzed 24 h after injection of 1.0 × 106 CD28z CAR T cells. (E) Proportions of total Thy1.1+ (left) and CD8
+Thy1.1+ CAR T cells (right) in tumors analyzed 24 h after injection of 10.0 × 106 4-1BBz CAR T cells. (F) Proportions of total Thy1.1+ (left) and
CD8+Thy1.1+ (right) 4-1BBz CAR T cells in spleens analyzed 24 h after injection. (G) Proportions of CD28z and 4-1BBz CAR T cells in tumors
analyzed 6 days after injection of 1.0 × 106 CD28z or 10.0 × 106 4-1BBz CAR T cells. (H) Proportions of CD28z and 4-1BBz CAR T cells in spleens
analyzed 6 days after injection. Data points are individual mice with a mean ± SEM of 4–8 mice/group, with p-values indicated. The illustrations from
(C) are from the National Institute of Allergy and Infectious Diseases (NIAID) National Institutes of Health (NIH) BioArt Source (bioart.niaid.nih.gov/
bioart/506, bioart.niaid.nih.gov/bioart/281, bioart.niaid.nih.gov/bioart/298).
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4 Discussion

In this study, we identified an IR dose and a time frame that

enhance the vascular perfusion of EGFRvIII-B16F10 melanoma

tumors. A single 8-Gy dose increased tumor perfusion 4 h after

irradiation, as measured by the increased delivery of i.v. injected

Hoechst 33342 and the increased intravascular 2 MDa dextran

staining. This effect was observed to be transient, with tumor

perfusion returning to baseline levels within 72 h, thereby identi-

fying a therapeutic window for maximizing the systemic delivery of

immunotherapies to the tumor. We also found that irradiating

tumors 4 h prior to CAR T-cell injection resulted in improved

intratumoral CAR T-cell levels and increased efficacy compared

with that in mice treated with radiation or CAR T-cell injection

alone. We compared the EGFRvIII-targeting CAR T cells generated

with a 4-1BBz or a CD28z co-stimulatory domain and found that,

despite similar killing capacity in vitro (Figures 3A, B), the CD28z
CAR T cells showed an increased intratumoral accumulation over

time and an improved efficacy compared with the 4-1BBz CAR T

cells delivered at a 10-fold higher concentration (Figures 4B–E).

Our data highlight the therapeutic importance of CAR T-cell co-

stimulatory domains and indicate that IR can be used to increase

the CAR T-cell infiltration and efficacy in solid tumors.

Despite the clinical successes observed with CAR T cells against

hematological malignancies, CAR T cells have not shown consistent

efficacy against solid tumors, where the solid tumor microenviron-

ment can severely limit their infiltration and activity. Several

strategies to improve CAR T-cell function in tumors have been

assessed, including the use of oncolytic viruses to prime tumor cells

(35, 36), restoring CAR T-cell function using anti-PD/PD-L1

immune checkpoint blockade (37, 38), or the degradation of

extracellular matrix components within tumors to increase CAR

T-cell infiltration (39). However, none of these strategies address

the presence of an aberrant tumor vasculature and the resulting

poor tumor blood flow that can severely limit CAR T-cell trafficking

in solid tumors (40, 41). While certain treatments such as vasodi-

lators and carbogen (5% CO2 and 95% O2) inhalation can increase

blood flow in patients, research has shown variable effects in the

context of increasing blood flow, particularly in solid tumors. The

response to vasodilators is affected by the structure of the tumor

vasculature, which is generally known to be immature and often in a

state of near maximal dilation (42). The systemic vasodilatory

response to vasodilators can also lead to a phenomenon known as

“the steal effect,” where the increased blood flow to other tissues in

the body causes decreased blood flow to solid tumors (43–45).

While carbogen inhalation increases the oxygen-carrying capacity

of the blood, the effect of carbogen on tumor perfusion is highly

variable (46). Strategies such as monoclonal antibodies targeting

VEGF-A (41, 47) or kinases critical in the coordination of blood

vessel development (48, 49) have also been studied; however, they

lack the availability, simplicity, and the relatively low cost of

alternative readily available therapies.

IR can influence the functionality of tumor blood vessels (16),

with radiation doses below ~10 Gy capable of inducing transient

increases in tumor blood flow (19–21). We used Hoechst 33342 and

intravascular rhodamine–dextran staining to indicate a snapshot of
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tumor blood flow during a 10-min window between dye injection and

tumor harvest. It should therefore be noted that the distribution of

these fluorescent reagents is not able to discriminate between the

radiation-induced changes in functional tumor perfusion, the vascu-

lar permeability, or the endothelial cell–cell junction integrity.

However, regardless of the mechanism, our imaging data indicate

that the tumor blood flow increased 4 h after tumor irradiation,

providing a potential window of opportunity to improve the delivery

of systemically injected CAR T cells. IR is an attractive partner for

CAR T-cell therapy as radiation can be precisely delivered to the

tumor mass to minimize normal tissue cytotoxicity and, as a

neoadjuvant therapy, will not adversely impact the survival of the

subsequently administered CAR T cells (unlike systemic chemother-

apies). To date, several studies have reported how radiation can be

leveraged to improve CAR T-cell therapy. Radiotherapy can increase

antigen presentation, thereby mitigating antigen escape, as shown in

pancreatic (50), glioblastoma (51), and prostate tumor models (52). It

has also been shown to enhance CAR T-cell efficacy in a lymphoma

model by increasing antigen cross-presentation and cGAS/STING

activation (53). In triple-negative breast cancer models, radiotherapy

upregulated Icam-1 expression on tumor cells, consequently increas-

ing the activation of NF-kB signaling (49). A study focusing on the

effect of radiotherapy on extracellular matrix stiffness and plasticity

has been published using gastric carcinoma and colorectal tumor

models (54). Irradiating the thoracic cavity of immunocompromised

mice with 4 Gy 3 days prior to CAR T-cell infusion resulted in

improved efficacy in mesothelioma and lung cancer models (55).

Here, we used IR to increase the perfusion of B16F10 tumors with the

goal of improving CAR T-cell delivery and found that 8 Gy

administered 4 h prior to systemic CAR T-cell injection did indeed

increase the intratumoral CAR T-cell content assessed 1 or 6 days

later. While our study was not designed to discriminate alternative

effects of IR on CAR T-cell efficacy in this model, we postulate that

the combination of radiation-induced increases in tumor perfusion

with other knownmechanisms of radiation-associated improvements

in CAR T-cell efficacy makes IR a particularly attractive neoadjuvant

therapy to improve CAR T-cell function in solid tumors.

Our study also highlights the influence of the co-stimulatory

domains on CAR molecules on the ability of CAR T cells to

accumulate in solid tumors after irradiation and reduce tumor

growth. Four out of the six approved CAR T-cell therapies use a 4-

1BBz co-stimulatory domain, which is associated with greater

persistence and reduced severity in cytokine release syndrome

and neurotoxicity (56–58). However, emerging evidence suggests

that CD28z CAR T cells may be more effective against solid tumors

(59, 60). Indeed, in our melanoma model, CD28z CAR T cells

showed significantly higher intratumoral accumulation than 4-

1BBz CAR T cells 6 days after systemic injection, despite being

administered at 1/10 of the concentration. CD28z CAR T cells also

induced greater tumor growth delays and increased survival of

tumor-bearing mice compared with mice given 10-fold higher levels

of 4-1BBz CAR T cells. Reducing the number of injected CAR T

cells can decrease the risk of CAR T-cell-associated morbidities,

including cytokine release syndrome, and our data indicate how the

choice of co-stimulatory domain can be used to optimize CAR T-

cell delivery and efficacy in solid tumors.
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One of the limitations of this study is our choice of CAR target.

EGFRvIII is a candidate marker for CAR T cells targeting glioblastoma

cells, but is not inherently expressed by melanoma cells. Furthermore,

the majority of the EGFRvIII-B16F10 tumor cells in our model

expressed high levels of EGFRvIII, while endogenous target molecule

expression in patient tumors is typically more heterogeneous.

Nevertheless, this model provides proof-of-concept data to support

the further testing of CAR T-cell administration within hours of solid

tumor irradiation. The effects of radiation will also have to be examined

in other tumor models to ascertain how radiation-induced changes to

the tumor vasculature may differ between various tumor models.

Further research is needed to fully explore the different ways that IR

can be most effectively combined with CAR T-cell therapy to produce

the greatest impact on the treatment of solid tumors.

Taken together, our data indicate that treatment of solid tumors

with IR prior to systemic CAR T-cell injection may be a viable

strategy to increase the intratumoral CAR T-cell levels and improve

therapeutic efficacy. Our approach proved efficacious in slowing

tumor growth and prolonging survival using two different second-

generation CAR molecules, underpinning the feasibility of this
Frontiers in Immunology 10
treatment strategy with different CAR T cells. These results lay

the groundwork for future studies to examine IR as a modulator of

the solid tumor microenvironment, with the ultimate goal of

improving CAR T-cell-based therapies for solid malignancies.
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FIGURE 4

Injecting chimeric antigen receptor (CAR) T cells 4 h after tumor irradiation increases tumor growth delay and improves survival. (A) In vivo experiment
schematic determining tumor growth delay and survival time after treatment. (B) Tumor growth delay curves for EGFRvIII.B16F10 tumor-bearing mice
that were untreated, lymphodepleted with cyclophosphamide (CTX), treated with 8 Gy ionizing radiation (IR), and/or intravenously (i.v.) injected with
10.0 × 106 Thy1.1+ 4-1BBz CAR T cells 4 h after IR. Data are the mean ± SEM of 5–11 mice/group. (C) Kaplan–Meier curves showing the survival
of tumor-bearing mice in (B). (D) Tumor growth delay curves for EGFRvIII.B16F10 tumor-bearing mice that were untreated, lymphodepleted with
CTX, treated with 8 Gy IR, and/or i.v. injected with 1.0 × 106 Thy1.1+ CD28z CAR T cells 4 h after IR. Data are the mean ± SEM of 5–9 mice/group.
(E) Kaplan–Meier curves showing the survival of tumor-bearing mice in (D). MS denotes line to visualize the 50% median survival for each cohort. Black
arrow indicates CTX injection, and red arrow indicates irradiation and/or CAR T-cell injection. The illustrations in (A) are from the National Institute of
Allergy and Infectious Diseases (NIAID) National Institutes of Health (NIH) BioArt Source (bioart.niaid.nih.gov/bioart/506, bioart.niaid.nih.gov/bioart/281,
bioart.niaid.nih.gov/bioart/298). *p≤0.05, **p≤0.01, ***p≤0.001.
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