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Chimeric antigen receptor (CAR) T cell therapy in glioblastoma faces many

challenges including insufficient CAR T cell abundance and antigen-negative

tumor cells evading targeting. Unfortunately, preclinical studies evaluating CAR T

cells in glioblastoma focus on tumor models that express a single antigen, use

immunocompromised animals, and/or pre-treat with lymphodepleting agents.

While lymphodepletion enhances CAR T cell efficacy, it diminishes the

endogenous immune system that has the potential for tumor eradication. Here,

we engineered CAR T cells to express IL7 and/or Flt3L in 50% EGFRvIII-positive and

-negative orthotopic tumors pre-conditioned with non-lymphodepleting

irradiation. IL7 and IL7 Flt3L CAR T cells increased intratumoral CAR T cell

abundance seven days after treatment. IL7 co-expression with Flt3L modestly

increased conventional dendritic cells as well as the CD103+XCR1+ population

known to have migratory and antigen cross-presenting capabilities. Treatment

with IL7 or IL7 Flt3L CAR T cells improved overall survival to 67% and 50%,

respectively, compared to 9% survival with conventional or Flt3L CAR T cells. We

concluded that CAR T cells modified to express IL7 enhanced CAR T cell

abundance and improved overall survival in EGFRvIII heterogeneous tumors pre-

conditioned with non-lymphodepleting irradiation. Potentially IL7 or IL7 Flt3L CAR

T cells can provide new opportunities to combine CAR T cells with other

immunotherapies for the treatment of glioblastoma.
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Introduction

Glioblastoma (GBM) is a highly aggressive cancer and the most

common malignant brain tumor (1). While current treatments of

resection, radiotherapy, and temozolomide (TMZ) have doubled two-

year survival rates to 18%, median survival remains around 14

months (2, 3). Chimeric antigen receptor (CAR) T cell therapy has

shown promise in B cell non-Hodgkin’s lymphoma patients with 49%

complete remission (4). Unfortunately, CAR T cell therapy is less

successful in GBM with an overall median survival ranging from 7 to

24 months in various clinical trials (5–7). We sought out to enhance

the efficacy of CAR T cell therapy in GBM by improving intratumoral

CAR T cell abundance and modulating host immune cells in tumors

pre-conditioned with non-lymphodepleting irradiation.

Lymphodepleting pre-conditioning using irradiation and/or

chemotherapy can improve CAR T cell abundance by killing tumor

cells, reducing competition for IL7 and IL15, and decreasing

regulatory T cells (8–11). CAR T cell abundance in the peripheral

blood was enhanced one week and four weeks post-infusion in

neuroblastoma patients using lymphodepleting pre-conditioning

(12). Despite these benefits, lymphodepletion severely reduces the

host immune system. New strategies are needed to enhance CAR T

cell abundance while preserving key immune cells like dendritic

cells (DCs). DCs are antigen-presenting cells that generate specific

T cell responses to combat disease. Exposure to 4 Gy irradiation

depleted mouse splenic DCs whereas 0.5 Gy preserved around half of

host DCs (13). In patients, tumor infiltrating lymphocytes can

recognize and kill autologous tumor cells (14–16). Thus, there is a

balancing act between the positive anti-tumor effects of

lymphodepletion and the preservation of immune cells to maximize

immunotherapeutic potential.

Significant efforts have been made to modify CAR T cells to

improve intratumoral abundance. Modification of CAR T cells with a

constituently active IL7 receptor enhanced CAR T cell expansion and

survival in metastatic neuroblastoma and xenograft mouse models

(17). However, this method was limited to intrinsically increasing the

abundance of CAR T cells without targeting neighboring immune

cells. IL7 is an attractive candidate to enhance the anti-tumor

response of CAR T cells due to several key impacts on T cell

biology. IL7 signaling in T cells promotes survival, proliferation,

and, in certain circumstances, increases memory T cell formation

and T cell receptor repertoire diversity (18–21). In comparison to IL2,

IL12, and IL15, IL7 has shown low toxicity at a range of doses in

clinical trials (22–26). However, IL7 has a limited half-life, around 9

hours in clinical studies, although some modifications have expanded

this to 63 hours (26, 27). To circumvent poor half-life and localize IL7

delivery, CAR T cells can be engineered to secrete IL7. CAR T cells co-

expressing IL7 and CCL19 or CCL21 improved overall survival and

memory T cell formation in cyclophosphamide pretreated

mastocytoma and pancreatic models (28, 29). These cells showed a

complete response in 4 of 7 patients with refractory lymphoma when

combined with anti-PD1 treatment (30). In a B cell lymphoma model,

IL7 expressing CAR T cells have been shown to be in a less

differentiated state with enhanced persistence (31). In glioma

models, the use of IL7 is beginning to be explored. Subcutaneous

delivery of modified IL7 increased systemic cytotoxicity of CD8 T

cells and improved survival with co-administration of irradiation and
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temozolomide (TMZ) (32, 33). This therapy is in an ongoing clinical

trial (NCT03687957) of intramuscular injections of modified IL7 in

gliomas with irradiation/TMZ administration. While there is limited

research on local IL7 delivery in brain tumors, one study

demonstrated that co-delivery of intravenous CAR T cells with

intratumoral IL7-loaded oncolytic adenovirus increased survival in

GBM xenografts (34). These CAR T cells showed improved

abundance but also increased exhaustion in vivo.

Another challenge of CAR T cell therapy is antigen heterogeneity

resulting in the immunological escape of antigen-negative tumor cells.

The epidermal growth factor receptor variant III (EGFRvIII) mutation

can be found in approximately 30 – 40% of GBMs at varying levels and

locations within a single tumor (35–38). Patients with recurrent GBM

treated with a single dose of EGFRvIII CAR T cells experienced

EGFRvIII antigen loss (39). Therefore, it is critical to utilize

preclinical models that capture antigen heterogeneity to understand

clinical translation. One approach utilized synNotch CAR T cells that

have multi-antigen circuits for priming and killing in patient-derived

xenografts (40). SynNotch CAR T cells significantly increased survival

compared to conventional CAR T cells. While this animal model best

represents patient heterogeneity, the use of immunocompromised mice

eliminated the investigation of the endogenous immune response.

Another approach delivered CAR T cells with oncolytic virus in a

syngeneic GBM model with 100% or 10% EGFRvIII positive tumors

(41). CAR T cells pre-loaded with virus in combination with oncolytic

virus demostrated better therapeutic outcomes in 100% EGFRvIII

positive tumors whereas 10% EGFRvIII positive tumors had limited

efficacy. Similarly, in another study, CAR T cells in combination with a

CAR T cell-boosting vaccine showed reduced efficacy with increasing

ratios of antigen-negative tumors (42). Thus, it is critical to assess CAR

T cell therapies in antigen heterogeneous tumors.

Maintaining the endogenous immune system is critical for mounting

a T cell mediated response in antigen heterogeneous tumors. CAR T cell

therapy has been shown to have enhanced efficacy in immunocompetent

mice compared to immunodeficient mice (43). Endogenous T cells

harvested from CAR T cell treated mice demonstrated significant anti-

tumor activity in vitro and in vivo (43). Thus, enhancing the endogenous

immune response could improve CAR T cell efficacy. Fms-like tyrosine

kinase receptor 3 ligand (Flt3L) is a cytokine and growth factor essential

for DC differentiation, expansion, and survival (44, 45). cDC1 is a key DC

subset, known for surface expression XCR1, that can promote an anti-

tumor CD8 T cell response (46). Therefore, increasing intratumoral

cDC1 populations can potentially improve existing immunotherapies.

Injections of Flt3L significantly increased CD103+ DCs (migratory DCs)

in B16-OVA tumors (47). Another study, engineered CAR T cells to

secrete Flt3L in Her2 tumors (13). These Flt3L CAR T cells increased

conventional DCs and, in conjunction with polyinosinic-polycytidylic

acid (poly(I:C)) and anti-41BB, enhanced T cell receptor diversity and

epitope spreading. While promising, there are limited studies of Flt3L in

the brain. Intratumoral injection of adenoviruses mediating tumor killing

and delivering Flt3L in a rat GBM model resulted in increased

plasmacytoid DCs (pDCs) and 70% long term survival (48, 49). A

phase I dose escalation of this therapy in the glioma resection cavity

demonstrated safety and promising preliminary survival outcomes

(NCT01811992) (50). As far as we are aware, the exploration of Flt3L

expression in the context of CAR T cell therapy in GBM has not

been investigated.
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In this study, we explored the effects of intratumoral delivery of

CAR T cells expressing IL7 and/or Flt3L in a syngeneic EGFRvIII

heterogeneous GBM model. We utilized non-lymphodepleting pre-

conditioning to balance preserving the endogenous immune system

while retaining the benefits of irradiation. IL7 and IL7 Flt3L CAR T

cells enhanced intratumoral CAR T cell abundance and IL7 co-

expression with Flt3L increased CD103+XCR1+ dendritic cells. IL7

and IL7 Flt3L CAR T cells enhanced overall survival in mouse

EGFRvIII antigen heterogeneous tumors.
Materials and methods

Cell lines and media

CT2A, CT2A-EGFRvIII, and HEK293 cells were graciously

donated by Dr. John Sampson’s lab. CT2A and CT2A-EGFRvIII

were modified to express GFP and/or luciferase by transducing

lentivirus made by the Duke Viral Core Facility (Addgene #89608

and #105621). Tumor cell lines were referred to as CT2A-GFP-Luc or

2A and CT2A-EGFRvIII-Luc or vIII. The presence of human EGFRvIII

on CT2A-EGFRvIII-Luc was confirmed by flow cytometry with anti-

human EGFRvIII antibody [L8A4] (Kerafast) (data not shown). Tumor

cell lines were cultured in complete DMEM (cDMEM): DMEM, 10%

FBS, 1%: Pen/Strep, Non-Essential Amino Acids (NEAA), and L-

Glutamine. HEK293 cells, unless otherwise noted, were cultured in

D10 media: DMEM with 4.5 mg/ml glucose and 0.11 mg/ml pyruvate

(Gibco) + 10% FBS. T cells were cultured in T cell media (TCM) with or

without human IL2 (donated from Dr. Sampson’s lab): RPMI 1640 (w/

L-glutamine and sodium pyruvate), 10% FBS, 1%: Pen/Strep, NEAA,

sodium pyruvate, L-glutamine, and 0.1%: b2-mercaptoethanol

(Thermo Fischer), and 50 mg/mL gentamycin (Sigma-Aldrich).
Retroviral CAR T cell production

CART cells weremade using a previously established protocol (11).

The pMSGV plasmid backbone with MSCV promoter was used to

make third generation CAR T cells. Plasmids contained the human 139

single-chain antibody variable fragment (scFv) specific for EGFRvIII

(19) along with transmembrane mouse CD8 and intracellular mouse

CD3z, CD28, and 4-1BB signaling domains to enhance proliferation

and function (51). When appropriate, plasmids were further modified

to express mouse IL7 and/or Flt3L using an N-terminal secretion signal

and P2A and/or T2A cleavage peptides. To make retrovirus, HEK293

cells were plated on a poly-l-lysine (Millipore Sigma) coated petri dish

in D10 media. The following day, fresh D10 media was added to

HEK293 cells and transfected using the previously described helper

plasmid, pCL-Eco (Addgene), and lipofectamine 2000 (Invitrogen) in

OptiMEM (Gibco). Spleens from 6- to 12-week-old female C57B6/J

mice (Jackson Labs) were made into a single cell suspension using a 70

µm filter and washed with TCMwithout IL2. Cells were resuspended in

RBC lysis buffer (BD) for 2 minutes and quenched with TCM. Cells

were resuspended at 2x10^6 cells/mL in TCM with 2 µg/mL

Concanavalin A (Sigma-Aldrich) and 50 IU/mL IL2 and plated in 24

well plates. The next day, fresh TCMwithout IL2 was added to HEK293

cells and, separately, a 24 well plate was coated with 25 µm/mL
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RetroNectin (Takara Bio) overnight at 4C. Concanavalin A activated

splenocytes were transduced at 1x10^6 cells/mL with viral supernatant

and spun for 1.5 hours at 2000 RPM at 32C. Fresh TCM with IL2 was

added to each well. CAR expression on cells was assessed through flow

cytometry on day 4 using a tetrameric peptide recognizing the CAR,

CD3 Pe/Cy7 (17A2 BioLegend #100220), and CD8 PE (53-6.7

BioLegend #100708) on the NovoCyte 2060 or Cytek NL-3000. CAR

T cells were used for in vivo experiments on day 5.
Tetrameric peptide construction

A fluorescently labeled peptide to identify CAR T cells specific to

EGFRvIII was made similar to a previous study (11). A custom

peptide conjugated with biotin (JPT Peptide Technologies) was added

in a 10:1 molar ratio with streptavidin-Alexa 647 (Invitrogen) in PBS

to make a 1 mg/mL peptide solution. After incubation for 1 hour at

room temperature in the dark, the solution was diluted to 0.5 mg/mL

in PBS and incubated for another 2 hours. The solution was further

diluted to 0.1 mg/mL and passed through a 30 kDa MWCO

polyethersulfone filter (Millipore Sigma) to remove the free

conjugated peptide. The tetrameric peptide was aliquoted and

stored in the dark at 4C until use.
In vitro enzyme-linked immunosorbent assay

ELISAs determined protein secretion of CAR T cells cultured

alone or with tumor cells. 1x10^4 tumor cells in 200 µL of cDMEM

were allowed to adhere for 5 hours in a 96-well plate. For the vIII + 2A

condition, tumor cells were mixed in a 1:1 ratio with 0.5x10^4

EGFRvIII-positive and 0.5x10^4 EGFRvIII-negative cells before

plating. cDMEM was removed from tumor cells and 1x10^5 CAR

T cells were plated in 200 µL TCM without IL2. After 24 hours, the

supernatant was harvested and frozen at -80C until assayed with IL7,

Flt3L, IFNg, or Granzyme B ELISA kits (R&D Systems) using the

Spectramax i3x plate reader.
In vitro bioluminescence assay

We used the bioluminescent signal from tumor cells as a

surrogate marker for the tumor killing ability of CAR T cells.

1x10^4 tumor cells in 200 µL cDMEM were plated for 5 hours in

an opaque 96-well plate. cDMEM was removed and replaced with

1x10^5 CAR T cells in 200 µL TCMwithout IL2. After 24 or 72 hours,

Xenolight-D-luciferin (Perkin Elmer) was added at 150 µg/mL and

incubated for 5 min until acquiring the signal on a Spectramax i3x

plate reader (24 hour data not shown).
Cell proliferation assay

We assessed CAR T cell proliferation by co-culturing CAR T cells

with EGFRvIII-positive tumor cells. 1x10^6 CT2A-EGFRvIII-Luc

cells were allowed to adhere to a 24-well plate for 5 hours.
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Separately, CAR T cells were stained per the manufacturer’s protocol

with CellTrace Far Red (Thermo Fischer) for 20 minutes at 37C.

Tumor media was removed from tumor cells and 1x10^6 CAR T cells

were plated in TCM without IL2. Cells were incubated at 37C for

three days and processed for flow cytometry. Samples were stained

using Live/Dead Fixable Green reagent (Thermo Fischer) and anti-

mouse CD8a PE antibody (53-6.7 BioLegend #100708).
Surgical procedure

6- to 12-week-old female C57B6/J mice (Jackson labs) were used

in accordance with the approved Duke Institutional Animal Care and

Use Committee (IACUC) protocol. Mice were given Buprenorphine

SR at 1 mg/kg and anesthetized using 3 to 5% isoflurane or 90 mg/kg

ketamine with 10 mg/kg xylazine. Mouse skin was shaved and cleaned

thrice with chlorhexidine and 70% ethanol. A small incision exposed

the cranium and 1 to 2 drops of 0.25% bupivacaine were placed on the

skull. Using a stereotaxic microinjector, a Hamilton syringe with a 25-

gauge needle injected either 55,000 CT-2A-EGFRvIII-Luc or 75,000

CT2A-GFP-Luc plus 75,000 CT2A-EGFRvIII-Luc cells 1.5 mm

posterior and left of bregma and 4 mm deep in 5 µL of 4000 cP

methylcellulose (Sigma-Aldrich) with DMEM/F-12 (Thermo

Fischer), sodium bicarbonate (Sigma-Aldrich), and HEPES

(Thermo Fischer). The injection site was sealed with bone wax and

wound clips closed the incision. Animals were monitored every two

days for signs of distress or illness. 5 days following tumor injection,

animals were imaged with IVIS Kinetic (Caliper Life Sciences) using

an injection of 0.2 µm filtered Xenolight D-luciferin (Perkin Elmer) at

150 mg/kg body weight. Animals were randomized into treatment

groups based on tumor size to allow for an equal distribution in each

group. Animals without tumors based on bioluminescent imaging

were excluded. On the indicated day, animals were irradiated with 0.5

Gy or 5 Gy irradiation using a Cesium-irradiator. The following day,

animals were injected with 2x10^6 CAR T cells in 24 µL PBS at 60 µL/

min at the same injection location.
In vivo flow cytometry

Animals were euthanized 14 days following tumor inoculation.

The brain was harvested and processed for flow cytometry based on

previous protocols (52, 53). Briefly, animals were perfused with cold

HBSS without Ca/Mg and the tumor-bearing hemisphere was placed

in a digestion buffer (TCM without IL2, 50 mg/mL DNase I grade II

from bovine pancreas (Roche), and 20,000 units/mL collagenase type

IV (Gibco)). The digested tissue suspension was passed through a 100

µm filter and incubated on a tube rotator at 37C for 30 minutes. The

suspension was filtered using a 70 µm filter, spun down at 500g, and

resuspended in a 25% Percoll density gradient (GE Healthcare). After

centrifuging at 521g at 18C for 20 minutes, the suspension went

through multiple washes, red blood cell lysis buffer, and cell counting.

The cells were blocked in mouse fc-block (BD biosciences), and

stained with live/dead stain and antibodies. The following are the

antibodies with clone noted and reagents from BioLegend unless

otherwise noted: Zombie Aqua fixable viability kit (#423101), CD45

BV711 (30-F11 #103147), CD3 APC/Cy7 (17A2 #100222), CD8
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BV650 (53-6.7 #100742), CD4 PE/Cy5 (GK1.5 #100410), CAR

tetramer Alexa 647, PD-1 BV421 (29F.1A12 #135221), TIM3

BV605 (RMT3-23 #119721), LAG3 PE (C9B7W #125208), CD25

PE/Cy7 (3C7 #101916), CD69 BV785 (H1.2F3 #104543), CD11b

APC/Cy7 (M1/70 #101226), F4/80 BV421 (BM8 #123137), CD11c

BV605 (N418 #117334), MHCII PE (M5/114.15.2 #107607), CD103

PE-CF594 (M290 BD Biosciences #565849), CD45R PE/Cy7 (RA3-

6B2 #103222), XCR1 APC (ZET #148206), CD86 BV785 (GL-1

#105043), and CD40 PE/Cy5 (3/23 #124618). The stained cells

remained at 4C until read immediately on the BD LSRFortessa X-

20. Animal studies were replicated twice. Data was analyzed using

FlowJo v10.7.2.
Bulk RNA and TCR sequencing

RNA was isolated from the tumor-bearing hemisphere and

extracted using the RNeasy Lipid Tissue Mini kit (Qiagen). RNA

purity was determined using the NanodropOne (Invitrogen) along

with integrity and concentration measured with a Fragment Analyzer.

The bulk RNA sequencing library was prepared using polyA tail

enrichment with the KAPA Stranded mRNA-Seq kit (Roche).

Sequencing was performed on the NovaSeq (Illumina) with 151

paired-end reads. For TCR sequencing, RNA was further processed

with the mouse T-cell Receptor Panel QIAseq Immune Repertoire

RNA Library Kit (Qiagen) using unique molecular indices with gene

specific primers. Samples were run on MiSeq Version 3 (Illumina)

using 300 paired-end reads. TCRseq data was analyzed using the

online Qiagen platform with the IMSEQ algorithm (54). RStudio (R

4.2.1) was utilized for data processing, visualization, and statistics. For

bulk RNAseq data, quality control was performed using FastQC/

MultiQC. Star Alignment was run using default parameters and soft

clipping for the Illumina universal adapter sequence. FeatureCounts

was used for expression quantification of alignment output.

Downstream analysis of the FeatureCounts raw counts output

matrix was performed using DESeq2 (version 1.36.0). For

differential gene expression analysis, to find genetic differences from

responders and non-responders determined by LUC counts, one

sample from each group was excluded based on principal

component analysis clustering. The alternative shrink estimator

ashr with a benjamini-hochberg correction was used to control for

false discovery rates (FDR) (55). Differential gene expression was

determined using an FDR < 0.1. The CIBERSORTx tool was used to

infer cell fractions based on RNA sequencing data using the wild type

samples from Seurat objects created from GSE197879 with S-mode

batch correction and 100 permutations (56-58). Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathway analysis was performed

using fast gene set enrichment on genes with a non-adjusted

p-value < 0.05 (59). Cytosig analysis was performed using mean-

centered log transformed data (60).
Statistical analysis

When applicable, data has been presented using the mean + or -

SEM. ELISA data was normalized using 10^x before statistical

analysis. When applicable, a one-way analysis of variance
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(ANOVA) with Tukey’s posthoc test was used for analysis. When

noted in the figure legend, groups were compared within tumor types

(vIII, vIII + 2A, or 2A). The Kaplan-Meier plot was used for the

survival curve and significant differences were assessed using the log-

rank Mantel-Cox test. For TCR sequencing diversity metrics, a

Kruskal-Wallis test with Dunn’s multiple comparisons was used to

determine significance. A p-value of < 0.05 was considered significant.

* = denotes significance to all other groups in the comparison. ns =

denotes not significant. Unless otherwise noted, all statistical analysis

was conducted using Graphpad Prism version 9.0.2.
Results

Construction and validation of IL7 and IL7
Flt3L co-expressing CAR T cells

Our first goal was to determine the functionality of IL7 Flt3L CAR

T cells in vitro. We modified third generation CAR T cells by cloning

mouse IL7 and/or Flt3L with an N-terminal secretion signal along

with self-cleaving P2A and/or T2A peptides (Figure 1A). We

confirmed no significant differences in the amount of CAR T cells

from transduced splenocytes between CAR (vCAR), Flt3L (vFL), IL7

(vIL7), or IL7 Flt3L (vIL7FL) CAR T cells (Figure 1B). Additionally,

cells were mostly CD8 CAR T cells due to the culture conditions. We

then quantified secreted Flt3L and IL7 when CAR T cells were

cultured alone or co-cultured with either CT2A-EGFRvIII-Luc

(vIII), CT2A-GFP-Luc (2A) or 50% vIII and 50% 2A (vIII+2A)

tumor cells. After 24 hours, we observed secretion of Flt3L and IL7

from CAR T cells programed to express those respective cytokines

(Figure 1C). Interestingly, the expression of Flt3L remained stable

despite the introduction of antigen-negative tumor cells, while IL7

expression seemed to diminish as 2A cells were introduced, although

not significant. We further investigated delivering 50% vIL7 and 50%

vFL, referred to as 7&3. While not significant, we did find lower levels

of Flt3L for 7&3 compared to vFL and vIL7FL. We confirmed that

CAR T cells secreted effector proteins through the expression of pro-

inflammatory cytokine interferon gamma (IFNg) and cytotoxic

protein granzyme B (Supplementary Figure 1). Next, we measured

tumor killing through a surrogate marker of bioluminescence signal

due to luciferase expression in tumor cells. When CAR T cells were

co-cultured with vIII the signal diminished compared to non-

transduced splenocytes demonstrating effective elimination of

tumor cells (Figure 1D). CAR T cells in the presence of vIII + 2A

failed to eliminate luminescence signal. Notably, vCAR and vIL7 both

significantly reduced luminescence signal compared to the non-

transduced control when cultured with 2A for 72 hours. Since we

confirmed IL7 secretion for CAR T cells, we assessed the functional

effect of IL7 on T cell proliferation. CAR T cells were co-cultured with

vIII at a 1:1 ratio and cellular proliferation was quantified after three

days. Low proliferation was defined as the peak with the highest

amount of signal, medium proliferation represented the intermediate

population, and high proliferation reflected the population with the

lowest signal (Figure 1E). In comparison to vCAR, vIL7 and vIL7FL

showed a significant increase in the percentage of medium and high

proliferating CD8 T cells (Figure 1F). Thus, IL7 secreted from vIL7

and vIL7FL had the capacity to increase proliferation in vitro.
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IL7 and IL7 Flt3L expressing CAR T cells
increased CAR T cell abundance in 5 Gy TBI
EGFRvIII positive tumors

Since we observed increased proliferation of CAR T cells secreting

IL7 in vitro, we assessed the intratumoral presence of CAR T cells 7

days after in vivo delivery. Previous studies utilizing TMZ for

lymphodepleting pre-conditioning demonstrated peak CAR T cell

abundance in the blood one week post-treatment and showed

significant increases in intratumoral CAR T cells 7 days after

treatment (11). 100% EGFRvIII positive tumors were inoculated into

mice that received 5 Gy total body irradiation (TBI) the day before

intracranial injection of CAR T cells (Figure 2A). One week after CAR

T cell delivery, tumor tissue was processed for flow cytometry. vIL7 and

vIL7FL significantly increased the CD8+ CAR T cell percentage of

CD45+ cells compared to vCAR and vFL (Figure 2B). There was no

change in CAR-negative (CAR-) T cells between groups. This is most

likely due to the lymphodepletion caused by 5 Gy irradiation (13).
IL7 Flt3L CAR T cells increased CAR T cell
and dendritic cell populations in EGFRvIII
heterogeneous tumors treated with non-
lymphodepleting irradiation

Next, we examined the ability of vIL7FL to alter immune cell

populations in a more rigorous animal model. Animals were

inoculated with tumors containing 50% EGFRvIII positive and 50%

EGFRvIII negative cells. Prior to CAR T cell injection, a non-

lymphodepleting dose (0.5 Gy) of irradiation was administered

(Figure 3A). Compared to 100% EGFRvIII syngeneic mouse

tumors, this model better recapitulates antigen heterogeneity while

preserving the endogenous immune system and the anti-tumor

benefits of irradiation. Using a multi-color flow cytometry panel,

the tumor-bearing hemisphere was analyzed one week after CAR T

cell delivery for T cells and dendritic cells (DCs) (Supplementary

Figure 2). vIL7 and vIL7FL significantly increased intratumoral CAR

T cells compared to vCAR (Figure 3B and Supplementary Figure 3).

Interestingly, vIL7FL had significantly higher CD8 CAR T cells

compared to all groups, including vIL7. This could suggest a

synergistic effect from IL7 and Flt3L. There was no significant

difference in CAR- CD8 T cells. The introduction of any CAR T

cell significantly reduced the proportion of PD1+TIM3+LAG3+ of

CAR- CD8 T cells, referred to as phenotypically exhausted T cells,

compared to PBS. Notably, vIL7 significantly decreased exhausted T

cells compared to vFL. Additionally, we assessed activation of CAR- T

cells through expression of CD25 or CD69. While the proportion of

CD25+ or CD69+ T cells of CD8 CAR- T cells did not significantly

differ, vIL7 significantly increased absolute counts of CD69+ CD8

CAR- T cells compared to PBS, vCAR, and vFL (Supplementary

Figure 3 and Figure 3B). Next, we investigated intratumoral

conventional DCs (cDCs) due to their importance in antigen

presentation. cDCs were classified by surface expression of CD45

+F480-CD11c+CD11b-CD45R-MHCII+. vIL7FL enhanced

intratumoral cDCs as well as the CD103+XCR1+ subset known as

migratory antigen-presenting DCs (Figure 3C). There was no

significant difference in plasmacytoid DCs.
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IL7 and IL7 Flt3L CAR T cells improved
overall survival and altered gene expression
in EGFRvIII heterogeneous tumors treated
with non-lymphodepleting irradiation

We evaluated the therapeutic outcome of vIL7 and vIL7FL in

EGFRvIII heterogeneous tumors treated with non-lymphodepleting

irradiation. Animals were subjected to 0.5 Gy TBI 6 days after tumor

inoculation with 50% EGFRvIII positive and 50% EGFRvIII negative

tumor cells. On day 7, CAR T cells were delivered intracranially, and

animals were monitored for survival. vIL7 and vIL7FL significantly

enhanced survival compared to PBS, vCAR, and vFL (Figure 4A).
Frontiers in Immunology 06
Interestingly, vCAR and vFL had a survivor which could be due to the

bystander effect from using irradiation (61). Bioluminescent imaging

of tumors 5 days post-treatment indicated repression of tumor

burden in vIL7 and vIL7FL (Supplementary Figure 4A). To

understand the effect of vCAR, vIL7, or vIL7FL treatment on a

transcriptional level, we evaluated tumor gene expression 7 days

after CAR T cell delivery using bulk RNA sequencing. First, we

assessed inferred cell fractions using CIBERSORTx. We utilized

previously published single cell RNAseq data of mouse CD45 pre-

sorted CT2A tumors to infer immune cell populations from bulk

RNAseq data. The cDC1 population was significantly increased in

vIL7FL compared to vIL7, which correlated with our flow cytometry
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FIGURE 1

Construction and validation of IL7 and/or Flt3L CAR T cells. CAR T cells were made using activated mouse splenocytes and transduced on day 2. (A)
Schematic of CAR T cell plasmids. (B) Flow cytometry of day 4 CAR T cells. Cells were stained with CD3, CD8, and a tetrameric peptide recognizing the
CAR. (C) CAR T cells were cultured alone or co-cultured with tumor cells (vIII, vIII+2A, or 2A) with an effector:target (E:T) ratio of 10:1. 24 hours later the
supernatant was collected for a Flt3L or IL7 ELISA. (D) CAR T cells were co-cultured with tumor cells with an E:T ratio of 10:1. 72 hours later
bioluminescence signal was measured using a plate reader and normalized to tumor only signal. NT = non-transduced. (E) Cell proliferation of CAR T
cells co-cultured with vIII tumor cells. CAR T cells were stained with CellTrace Far Red and plated at an E:T ratio of 1:1. After three days, cells were gated
on live CD8 T cells and analyzed for APC expression indicating proliferation using a flow cytometer. Representative histograms of cell proliferation define
low, medium, and high proliferation. (F) Quantification of cell proliferation from three replicates in one biological sample mean and SEM plotted. For all
other experiments, each data point represents a biological replicate with mean and SEM plotted. Statistical analysis was conducted within each tumor
group using a one-way ANOVA with a Tukey’s multiple comparison test. * = denotes significance compared to all other groups. ns, not significant.
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data (Figure 4B). Since EGFRvIII positive tumor cells expressed

EGFRvIII and luciferase (LUC) and EGFRvIII negative tumor cells

expressed GFP and LUC, we used these transgenes as a surrogate

markers for antigen-positive and negative tumor cells. GFP and LUC

transgenes displayed a responder and non-responder effect

(Figure 4C). The principal component analysis revealed that one

sample from each group did not cluster with the other samples and

samples were differentiated by LUC counts (Figure 4D). Additionally,

the responder status did not necessarily indicate increased CAR reads

(Figure 4D). Thus, to determine transcriptional differences between

responders and non-responders to generate hypotheses for future

studies we excluded the following samples that didn’t cluster:

vCAR 3, vIL7 2, and vIL7FL 3. LUC and GFP were differentially

expressed between vIL7 vs. vCAR and vIL7FL vs vCAR (Figure 4E).

This was to be expected based on our exclusion criteria. There

were no differentially expressed genes between vIL7 vs vIL7FL.

vCAR treatment upregulated various differentially expressed

immunosuppressive and immunostimulatory cytokines, including

IL7 (Figure 4F). KEGG pathway analysis found enrichment in the

neuroactive ligand receptor interaction pathway (Figure 4G).

Upregulation of this pathway has been associated with glioblastoma

(62, 63). However, one study found GBM patients with deficiencies in

the neuroligand receptor interaction pathway have a poor prognosis

due to mutations or low expression of Calcr (64). vIL7 and vIL7FL

increased differential gene expression of Calcr compared to vCAR.

However, the role of Calcr in GBM remains ambiguous. One

common adverse event in CAR T cell therapy is cytokine release

syndrome (CRS). CRS can occur 1 to 14 days post-CAR T cell therapy

resulting in elevated levels of cytokines, including IL2, IL6, IL10, and

TNF (65, 66). We did not observe overt weight loss 14 or 15 days post

CAR T cell delivery in either experimental cohort (Supplementary

Figure 4B). Additionally, the Cytosig platform was used to predict

cytokine signaling in tumors 7 days post CAR T cell injection using

gene expression data from bulk RNA sequencing (60). While there
Frontiers in Immunology 07
was a slight upregulation of IL6 and CD40L, which is known to

induce IL6, TNF and IL2 were down-regulated in the treatment

responders (Supplementary Figure 4C) (67, 68).
IL7 and IL7 Flt3L CAR T cells effect on T cell
receptor repertoire diversity

Finally, we investigated the impact of vIL7FL on T cell receptor

beta chain (TRBC) diversity. We assessed the T cell receptor (TCR)

alpha and beta chains due to their importance in immunotherapy

(69). The alpha and beta protein chains are created through

recombination of variable (V), joining (J) and, in certain cases,

diversity (D) gene segments. The alpha chain utilizes V-J

recombination, while the beta chain uses V-(D)J recombination.

While both are required together for antigen recognition, the TRBC

is recognized as more uniquely expressed in T cells than the alpha

chain, due to the additional D recombination and allelic exclusion,

and therefore is the focus of this study (70–72). First, we compared

the observed number of clonotypes, and asymptotic diversity metrics

found by extrapolating the unique molecular indices to infinity

(Figure 5A). The asymptotic number of clonotypes was found using

chao 1 statistics. While not significant, vIL7FL tended to have more

clonotypes and higher indexes of diversity. We then visualized V-J

gene segment pairings between groups. vIL7FL qualitatively showed

more combinations of V-J pairings than vCAR or vIL7 (Figure 5B).

Finally, we assessed T cell epitope spreading of the top 10 clones.

While vIL7 groups showed the highest peak frequency, there was no

consistency between groups (Figure 5C). When assessing the CD3

receptor nucleotide sequence between groups, qualitatively vIL7FL

had a dense representation of sequences (Figure 5D). We observed

similar trends for the TCR alpha chain (Supplementary Figure 5).

While not significant, we did observe the potential for vIL7FL to alter

T cell diversity.
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FIGURE 2

IL7 and IL7 Flt3L co-expressing CAR T cells increased the CD8 CAR T cell population in a 5 Gy TBI EGFRvIII homogenous model. (A) Experimental
timeline. Animals were inoculated intracranially with 55,000 vIII tumor cells. Tumors were IVIS imaged five days later and subjected to 5 Gy irradiation on
day 6. On day 7, 2x10^6 CAR T cells were injected intracranially. (B) The tumor was harvested for flow cytometry on day 14 and analyzed for T cell
populations (n=6-8). A one-way ANOVA with a Tukey’s multiple comparison test determined significance. Mean and SEM are plotted. * = denotes
significance compared to all other groups.
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Discussion

CAR T cell therapy in GBM clinical trials has encountered significant

challenges, including limited T cell trafficking to the tumor site,

inadequate abundance, tumor antigen loss, tumor immunosuppression,

and adverse effects (6, 73). While preclinical studies are making

enormous strides in addressing these limitations, these models are

mainly limited to immunocompromised/lymphodepleted mice and/or

antigen homogenous glioma to achieve a therapeutic effect (40, 74–76).

Here we utilized EGFRvIII heterogeneous glioma with non-
Frontiers in Immunology 08
lymphodepleting pre-conditioning to preserve the endogenous immune

system and emulate antigen heterogeneity present in GBM. In our study,

we demonstrated that IL7 expression in CAR T cells increased

intratumoral CAR T cells, and co-expression with Flt3L enhanced cDC

populations. IL7 and IL7 Flt3L CAR T cells, in combination with 0.5 Gy

TBI, improved overall survival in EGFRvIII heterogeneous tumors.

We genetically modified third generation EGFRvIII CAR T cells to

secrete mouse IL7 and/or Flt3L. Previous studies show the benefits of IL7

on T cell survival, proliferation, andmemory T cell formation (18, 77, 78)

and Flt3L on DC survival, differentiation, and expansion (44, 45). Similar
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FIGURE 3

IL7 and IL7 Flt3L co-expressing CAR T cells increased CD8 CAR T cells and IL7 co-expression with Flt3L enhanced intratumoral DCs. (A) Schematic of
experiment. Animals were inoculated with 50% vIII and 2A tumors and IVIS imaged 5 days later. On day 6, 0.5 Gy TBI was applied and 2x10^6 CAR T cells
were injected intracranially the following day. (B) Flow cytometry was performed on the tumor-bearing hemisphere isolated on day 14 and split into two
panels with the analysis of the T cell panel shown. (C) Analysis of DC populations using flow cytometry. Data represents a combination of two
independent experiments (n=10). Statistical test was a one-way ANOVA with a Tukey’s multiple comparison test with mean and SEM plotted. * = denotes
significance compared to all other groups.
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to previous findings, IL7 signaling in CAR T cells enhanced cell

proliferation in vitro (17, 28). When delivered in a 5 Gy TBI EGFRvIII

homogenous tumor model, vIL7 and vIL7FL increased the proportion of

intratumoral CD8 CAR T cells compared to conventional vCARs.
Frontiers in Immunology 09
We assessed the efficacy of vIL7FL in a more rigorous model using

0.5 Gy TBI and 50% EGFRvIII positive and negative tumors. 0.5 Gy

irradiation retains a proportion of leukocyte and splenic DC populations

as opposed to 4 Gy irradiation, which severely depletes these cells (13).
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FIGURE 4

IL7 and IL7 Flt3L co-expressing CAR T cells increased survival in a 0.5 Gy TBI EGFRvIII heterogeneous model. Animals were inoculated with 50% vIII and
2A tumor cells and IVIS imaged 5 days later. (A) On day 6, 0.5 Gy TBI was applied and 2x10^6 CAR T cells were injected intracranially on day 7 and
overall survival was assessed (n=12). Kaplan-Meier survival curves represent a combination of two independent experiments. Significance is noted with
the log-rank Mantel-Cox test. (B) 7 days after tumor inoculation 0.5 Gy TBI was applied and 2x10^6 CAR T cells were injected intracranially on day 7.
One week post CAR T cell injection, the tumor-bearing hemisphere was isolated for bulk RNA sequencing (n=3). (C) Transgene counts were found by
averaging the lane reads in each sample. (D) Transgene heatmap using normalized data and principal component analysis. (E) Volcano plots with
thresholds of log2 fold change = 2 and adjusted p-value = 0.05. (F) Normalized heatmap of selected differentially expressed genes. (G) KEGG analysis
using non-adjusted p-value < 0.05 with an adjusted p-value of < 0.1 Differential expression between transgenes and all other genes was found using
alternative shrink estimator ashr with a Benjamini-Hochberg correction with a FDR < 0.1.
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Delivery of vIL7 and vIL7FL significantly increased intratumoral CD8

CAR T cells. Notably, vIL7FL increased CD8 CAR T cells compared to

vIL7 CAR T cells in vivo despite tending to have lower mean secretion of

IL7 (not significant) in vitro. This suggests the possibility of a synergistic

effect of IL7 and Flt3L secretion on CAR T cell survival. Flt3L has been

shown to prevent the decline of CD28 and IFNg secretion in CD8 T cells

as well as reduce PD-L1 expression on DCs and macrophages (79).

However, we didn’t observe significant differences in IFNg secretion in

vitro, PD1 expression on CAR T cells in vivo, or differential gene

expression of PD-L1 (Supplementary Figures 1, 3). Interestingly,

vIL7FL did not significantly enhance CD8 CAR T cells compared to

vIL7 in the 5 Gy TBI model. Potentially, Flt3L is interacting with other

immune cells in the 0.5 Gy model that were not present with 5 Gy TBI

that promote CD8 CAR T cell survival. However, future studies of select

populations would be necessary to determine this.

Additionally, we examined CAR- T cells because endogenous

tumor infiltrating lymphocytes have the potential to recognize and kill

autologous tumor cells (14–16). Delivering any CAR T cell

significantly reduced the CAR- T cell exhaustion phenotype,

furthermore vIL7 decreased exhaustion compared to vFL. While
Frontiers in Immunology 10
IL7 has been shown to reduce exhaustion and regulate metabolism

in CAR T cells, we did not see any differences in the CAR+ T cell

exhaustion phenotype, as exhaustion remained low in all T cell groups

most likely due to the addition of the 4-1BB domain that has been

shown to reduce exhaustion (Supplementary Figure 3) (31, 80). vIL7

enhanced absolute counts of CD8+CAR- CD69+ T cells compared to

PBS, vCAR, and vFL. CD69 is surrogate marker of early T cell

activation because it is rapidly produced after TCR engagement (81).

We evaluated the effect of vIL7FL on DC populations in the

tumor-bearing hemisphere. In the steady-state mouse brain,

subcutaneous Flt3L delivery has been shown to increase antigen-

presenting cDC populations (82). Additionally, these cDCs arose

from the differentiation of pre-DC progenitors that had migrated into

the brain. Alternatively, Flt3L administration in rat brains has

increased pDC populations (49). We elucidated that vIL7FL

enhanced intratumoral cDCs including the migratory antigen-

presenting population known as CD103+XCR1+ cDCs (83, 84).

Delivery of vIL7 or vIL7FL in an EGFRvIII heterogeneous 0.5 Gy

model significantly enhanced overall survival. In our model, the effects

of IL7 dominated despite DC infiltration from Flt3L co-expression.
BA
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C

FIGURE 5

TRBC diversity of IL7 Flt3L co-expressing CAR T cells. Animals were inoculated with 50% vIII and 2A tumor cells and IVIS imaged 5 days later. On day 7, 0.5 Gy
TBI was applied and 2x10^6 CAR T cells were injected intracranially the following day. RNA was extracted from the tumor-bearing hemisphere 7 days post CAR T
cell injection and processed for immune repertoire sequencing (n = 3). (A) Diversity metrics of TRBC. Statistical analysis was a Kruskal-Wallis test with Dunn’s
multiple comparisons. (B) Heat map of V and J pairings of TRBC. (C) The frequency of the top 10 clonotypes of TRBC. (D) Visualization of TRBC clonotypes
combing biological replicates.
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Potentially, the lack of proper DC maturation affected T cell priming.

Poly(I:C) is a toll-like receptor 3 (TLR3) agonist that can promote type I

interferon (IFN) signaling in DCs as well as activate CD8 T cells (85,

86). Future investigations could adjuvant CAR T cells with poly(I:C) to

potentially enhance anti-tumor T cell responses.While in our study one

vCAR and vFL animal did survive, we speculate that this could be due

to the bystander effect or immunogenicity. A previous study showed

preconditioning mesothelin tumors with up to 25% antigen-negative

cells with a non-lymphodepleting dose of cyclophosphamide resulted in

CAR T cells having a curative effect (61).

A limitation of this study is the utilization of a syngeneic mouse

model compared to spontaneously occurring tumors. Transplantable

tumor cell lines tend to be more immunogenic and elicit non-

naturally occurring immune responses compared to genetically

induced mouse models. We chose the CT2A mouse model due to

its low immunogenicity and immunosuppressive microenvironment

compared to GL261 and SMA-560 models (87, 88). However, CT2A

tumors can be less correlated to patient immune phenotypes than

GL261 tumors and can become immunologically active after surgical

resection (89). In addition, forced expression of luciferase in tumor

cells was necessary to distribute animals based on bioluminescent

tumor load, however, luciferase can increase tumor immunogenicity

(90). Thus, the efficacy of vIL7FL should be tested in other models.

Another limitation is tumor antigen expression. Patients with

EGFRvIII positive tumors show varying levels of EGFRvIII

expression at different locations within the tumor (35–37). In our

study, treating mice with 50% EGFRvIII-positive and -negative

tumors with vIL7 or vIL7FL increased survival compared to

conventional CAR T cells. However, we can anticipate that

decreasing the EGFRvIII positive tumor cell ratio could limit

efficacy. Therefore, it remains to be seen whether vIL7FL will have

the same efficacy in naturally occurring tumors with varying levels

of heterogeneity.

Overall, this data emphasizes the ability of IL7 expression to

improve CAR T cell abundance in GBM. While vIL7FL increased

intratumoral dendritic cells, future studies are necessary to determine

the therapeutic impact of intratumoral cDCs in brain tumors. IL7

expressing CAR T cells improved overall survival in mice pre-treated

with a non-lymphodepleting dose of irradiation – allowing for

retention of host immune cells – thus, the use of IL7 expressing

CAR T cells can open opportunities for combinations of other

immunotherapies in glioblastoma.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: GEO under accession ID: GSE215873.
Ethics statement

The animal study was reviewed and approved by Institutional

Animal Care and Use Committee at Duke University.
Frontiers in Immunology 11
Author contributions

SLS: conception, design, methodology, data acquisition, data

analysis, writing original manuscript. NM: design, methodology,

data acquisition, data analysis, manuscript review. EI: methodology,

data acquisition, data analysis SHS: methodology and data acquisition

DSW: data acquisition ARA: data acquisition TS: resources,

supervision, manuscript review LS: conception, design,

methodology, manuscript review JHS: methodology, resources,

manuscript review RVB: methodology, resources, supervision,

investigation, funding acquisition, manuscript review. All authors

contributed to the article and approved the submitted version.
Funding

We are grateful to Ian’s Friends Foundation and to the Center for

Biomolecular and Tissue Engineering (CBTE) T32GM008555 grant

by the National Institute of General Medical Sciences (NIGMS) NIH

National Service Research Awards (NSRA) Program.
Acknowledgments

We thank the Duke University School of Medicine for the use of

the Sequencing and Genomics Technology Shared Resource, which

provided mRNA-sequencing service. Bulk RNA sequencing

processing and analysis was provided by the Molecular Genomics

Core at Duke University. We thank Martha Betancur for assistance

monitoring animals and William Tomaszewski and Sarah Cook

Quackenbush for their experimental guidance.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

onl ine at : ht tps : / /www.front iers in .org/art ic les/10 .3389/

fimmu.2023.1085547/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1085547/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1085547/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1085547
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Swan et al. 10.3389/fimmu.2023.1085547
References

1. Ostrom QT, Gittleman H, Farah P, Ondracek A, Chen Y, Wolinsky Y, et al.

CBTRUS statistical report: Primary brain and central nervous system tumors diagnosed in
the united states in 2006-2010. Neuro Oncol (2013) 15(SUPPL.2). doi: 10.1093/neuonc/
not151

2. Delgado-Lopez PD, Corrales-Garcia EM. Survival in glioblastoma: A review on the
impact of treatment modalities. Clin Transl Oncol (2016) 18(11):1062–71. doi: 10.1007/
s12094-016-1497-x

3. Poon MTC, Sudlow CLM, Figueroa JD, Brennan PM. Longer-term (≥ 2 years)
survival in patients with glioblastoma in population-based studies pre- and post-2005: A
systematic review and meta-analysis. Sci Rep (2020) 10(1):1–10. doi: 10.1038/s41598-020-
68011-4

4. Al-Mansour M, Al-Foheidi M, Ibrahim E. Efficacy and safety of second-generation
CAR T-cell therapy in diffuse large b-cell lymphoma: A meta-analysis. Mol Clin Oncol
(2020) 13(4):1–14. doi: 10.3892/mco.2020.2103

5. Brown CE, Badie B, Barish ME, Weng L, Ostberg JR, Chang WC, et al. Bioactivity
and safety of il13ra2-redirected chimeric antigen receptor CD8+ t cells in patients with
recurrent glioblastoma. Clin Cancer Res (2015) 21(18):4062–72. doi: 10.1158/1078-
0432.CCR-15-0428

6. Maggs L, Cattaneo G, Dal AE, Moghaddam AS, Ferrone S. CAR T cell-based
immunotherapy for the treatment of glioblastoma. Front Neurosci (2021) 15. doi: 10.3389/
fnins.2021.662064

7. Goff SL, Morgan RA, Yang JC, Sherry RM, Robbins PF, Restifo NP, et al. Pilot trial
of adoptive transfer of chimeric antigen receptor-transduced t cells targeting egfrviii in
patients with glioblastoma. J Immunother (2019) 42(4):126–35. doi: 10.1097/
CJI.0000000000000260

8. Karachi A, Dastmalchi F, Mitchell DA, Rahman M. Temozolomide for
immunomodulation in the treatment of glioblastoma. Neuro Oncol (2018) 20(12):1566–
72. doi: 10.1093/neuonc/noy072

9. Gattinoni L, Finkelstein SE, Klebanoff CA, Antony PA, Palmer DC, Spiess PJ, et al.
Removal of homeostatic cytokine sinks by lymphodepletion enhances the efficacy of
adoptively transferred tumor-specific CD8+ T cells. J Exp Med (2005) 202(7):907–12. doi:
10.1084/jem.20050732

10. Yeo AT, Rawal S, Delcuze B, Christofides A, Atayde A, Strauss L, et al. Single-cell
RNA sequencing reveals evolution of immune landscape during glioblastoma progression.
Nat Immunol (2022) 23:971–84. doi: 10.1038/s41590-022-01215-0

11. Suryadevara CM, Desai R, Abel ML, Riccione KA, Batich KA, Shen SH, et al.
Temozolomide lymphodepletion enhances CAR abundance and correlates with
antitumor efficacy against established glioblastoma. Oncoimmunology (2018) 7(6):1–10.
doi: 10.1080/2162402X.2018.1434464

12. Heczey A, Louis CU, Savoldo B, Dakhova O, Durett A, Grilley B, et al. CAR T cells
administered in combination with lymphodepletion and PD-1 inhibition to patients with
neuroblastoma. Mol Ther (2017) 25(9):2214–24. doi: 10.1016/j.ymthe.2017.05.012

13. Lai J, Mardiana S, House IG, Sek K, Henderson MA, Giuffrida L, et al. Adoptive
cellular therapy with T cells expressing the dendritic cell growth factor Flt3L drives
epitope spreading and antitumor immunity. Nat Immunol (2020) 21(8):914–26.
doi: 10.1038/s41590-020-0676-7

14. Liu Z, Meng Q, Bartek J, Poiret T, Persson O, Rane L, et al. Tumor-infiltrating
lymphocytes (TILs) from patients with glioma. Oncoimmunology (2017) 6(2). doi:
10.1080/2162402X.2016.1252894

15. Dunn GP, Dunn IF, Curry WT. (2007). Focus on TILs: Prognostic significance of
tumor infiltrating lymphocytes in human glioma. Cancer Immun 7:12.

16. Leko V, Cafri G, Yossef R, Paria B, Hill V, Gurusamy D, et al. Identification of
neoantigen-reactive T lymphocytes in the peripheral blood of a patient with glioblastoma.
J Immunother Cancer (2021) 9(7):1–7. doi: 10.1136/jitc-2021-002882

17. Shum T, Omer B, Tashiro H, Kruse RL, Wagner DL, Parikh K, et al. Constitutive
signaling from an engineered IL7 receptor promotes durable tumor elimination by tumor-
redirected T cells. Cancer Discovery (2017) 7(11):1238–47. doi: 10.1158/2159-8290.CD-
17-0538

18. MacKall CL, Fry TJ, Gress RE. Harnessing the biology of IL-7 for therapeutic
application. Nat Rev Immunol (2011) 11(5):330–42. doi: 10.1038/nri2970

19. Morgan RA, Johnson LA, Davis JL, Zheng Z, Woolard KD, Reap EA, et al.
Recognition of glioma stem cells by genetically modified T cells targeting EGFRvIII and
development of adoptive cell therapy for glioma. Hum Gene Ther (2012) 23(10):1043–53.
doi: 10.1089/hum.2012.041

20. Schluns KS, Kieper WC, Jameson SC, Lefrançois L. Interleukin-7 mediates the
homeostasis of naïve and memory CD8 T cells in vivo. Nat Immunol (2000) 1(5):426–32.
doi: 10.1038/80868

21. Zhou J, Jin L, Wang F, Zhang Y, Liu B, Zhao T. Chimeric antigen receptor T (CAR-
T) cells expanded with IL-7/IL-15 mediate superior antitumor effects. Protein Cell (2019)
10(10):764–9. doi: 10.1007/s13238-019-0643-y

22. Kim JH, Lee KJ, Lee SW. Cancer immunotherapy with T-cell targeting cytokines:
IL-2 and IL-7. BMB Rep (2021) 54(1):21–30. doi: 10.5483/BMBRep.2021.54.1.257

23. Xue D, Hsu E, Fu YX, Peng H. Next-generation cytokines for cancer
immunotherapy. Antib Ther (2021) 4(2):123–33. doi: 10.1093/abt/tbab014

24. Rosenberg SA, Sportès C, Ahmadzadeh M, Fry TJ, Ngo LT, Schwarz SL, et al. IL-7
administration to humans leads to expansion of CD8+ and CD4+ cells but a relative
Frontiers in Immunology 12
decrease of CD4+ T-regulatory cells. J Immunother (2006) 29(3):313–9. doi: 10.1097/
01.cji.0000210386.55951.c2

25. Sportès C, Hakim FT,Memon SA, ZhangH, Chua KS, BrownMR, et al. Administration
of rhIL-7 in humans increases in vivo TCR repertoire diversity by preferential expansion of
naive T cell subsets. J Exp Med (2008) 205(7):1701–14. doi: 10.1084/jem.20071681

26. Sportès C, Babb RR, KrumlaufMC, Hakim FT, Steinberg SM, Chow CK, et al. Phase I
study of recombinant human interleukin-7 administration in subjects with refractory
malignancy. Clin Cancer Res (2010) 16(2):727–35. doi: 10.1158/1078-0432.CCR-09-1303

27. Lee SW, Choi D, Heo MK, Shin EC, Park SH, Kim SJ, et al. hIL-7-hyFc, a long-
acting IL-7, increased absolute lymphocyte count in healthy subjects. Clin Transl Sci
(2020) 13(6):1161–9. doi: 10.1111/cts.12800

28. Adachi K, Kano Y, Nagai T, Okuyama N, Sakoda Y, Tamada K. IL-7 and CCL19
expression in CAR-T cells improves immune cell infiltration and CAR-T cell survival in
the tumor. Nat Biotechnol (2018) 36(4):346–51. doi: 10.1038/nbt.4086

29. Luo H, Su J, Sun R, Sun Y, Wang Y, Dong Y, et al. Coexpression of IL7 and CCL21
increases efficacy of CAR-T cells in solid tumors without requiring preconditioned
lymphodepletion. Clin Cancer Res (2020) 26(20):5494–505. doi: 10.1158/1078-
0432.CCR-20-0777

30. Qian W, Zhao A, Liu H, Lei W, Liang Y, Yuan X. Safety and efficacy of CD19 CAR-
T cells Co-expressing IL-7 and CCL19 in combination with anti-PD-1 antibody for
Refractory/Relapsed DLBCL: Preliminary data from the phase Ib trial (NCT04381741).
Blood (2021) 138(Supplement 1):3843–3. doi: 10.1182/blood-2021-144523

31. Li L, Li Q, Yan ZX, Sheng LS, Fu D, Xu P, et al. Transgenic expression of IL − 7
regulates CAR − T cell metabolism and enhances in vivo persistence against tumor cells.
(2022) 0123456789:1–14. doi: 10.1038/s41598-022-16616-2

32. Ghosh S, Yan R, Thotala S, Jash A, Mahadevan A, Hu T, et al. 565 a novel long-
acting interleukin-7 agonist, NT-I7, increases cytotoxic CD8+ T cells and enhances
survival in mouse glioma models. J Immunother Cancer (2020) 8(Suppl 3):A340 LP–
A340. doi: 10.1136/jitc-2020-SITC2020.0565

33. Campian JL, Ghosh S, Kapoor V, Yan R, Thotala S, Jash A, et al. Long-acting
recombinant human interleukin-7, NT-I7, increases cytotoxic CD8 T cells and enhances
survival in mouse glioma models. Clin Cancer Res (2022) 28(6):1229–39. doi: 10.1158/1078-
0432.CCR-21-0947

34. Huang J, Zheng M, Zhang Z, Tang X, Chen Y, Peng A, et al. Interleukin-7-loaded
oncolytic adenovirus improves CAR-T cell therapy for glioblastoma. Cancer Immunol
Immunother (2021) 70(9):2453–65. doi: 10.1007/s00262-021-02856-0

35. Montano N, Cenci T, Martini M, D’Alessandris QG, Pelacchi F, Ricci-Vitiani L,
et al. Expression of EGFRvIII in glioblastoma: Prognostic significance revisited. Neoplasia
(2011) 13(12):1113–21. doi: 10.1593/neo.111338

36. Doucette T, Rao G, Rao A, Shen L, Aldape K, Wei J, et al. Immune heterogeneity of
glioblastoma subtypes: Extrapolation from the cancer genome atlas. Cancer Immunol Res
(2013) 1(2):112–22. doi: 10.1158/2326-6066.CIR-13-0028

37. Brennan CW, Verhaak RGW,McKenna A, Campos B, Noushmehr H, Salama SR, et al.
The somatic genomic landscape of glioblastoma. Cell (2013) 155(2):462. doi: 10.1016/
j.cell.2013.09.034

38. Nishikawa R, Sugiyama T, Narita Y, Furnari F, Cavenee WK, Matsutani M.
Immunohistochemical analysis of the mutant epidermal growth factor, DEGFR, in
glioblastoma. Brain Tumor Pathol (2004) 21(2):53–6. doi: 10.1007/BF02484510

39. O’Rourke DM, Nasrallah MP, Desai A, Melenhorst JJ, Mansfield K, Morrisette JJD,
et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates
antigen loss and induces adaptive resistance in patients with recurrent glioblastoma. Sci
Transl Med (2017) 9(399):eaaa0984. doi: 10.1126/scitranslmed.aaa0984

40. Choe JH, Watchmaker PB, Simic MS, Gilbert RD, Li AW, Krasnow NA, et al.
SynNotch-CAR T cells overcome challenges of specificity, heterogeneity, and persistence
in treating glioblastoma. Sci Transl Med (2021) 13(591):1–16. doi: 10.1126/
scitranslmed.abe7378

41. Evgin L, Kottke T, Tonne J, Thompson J, Huff AL, van Vloten J, et al. Oncolytic
virus–mediated expansion of dual-specific CAR T cells improves efficacy against solid
tumors in mice. Sci Transl Med (2022) 14(640). doi: 10.1126/scitranslmed.abn2231

42. Ma L, Morgan DM, Sulkaj I, Yousefpour P, Whittaker CA, Abraham W, et al.
Eradication of tumors with pre-existing antigenic heterogeneity by vaccine-mediated co-
engagement of CAR T and endogenous T-cells. bioRxiv (2022) 10(5):511036. doi:
10.1101/2022.10.05.511036

43. Alizadeh D, Wong RA, Gholamin S, Maker M, Aftabizadeh M, Yang X, et al.
IFNgis critical for CAR T cell–mediated myeloid activation and induction of
endogenousimmunity. Cancer Discovery (2021) 11(9):2248–65. doi: 10.1158/2159-
8290.CD-20-1661

44. Liu K, Nussenzweig MC. Origin and development of dendritic cells. Immunological
reviews (2010) 234(1):45–54. doi: 10.1111/j.0105-2896.2009.00879.x

45. Cueto FJ, Sancho D. The flt3l/flt3 axis in dendritic cell biology and cancer
immunotherapy. Cancers (Basel) (2021) 13(7):1525. doi: 10.3390/cancers13071525

46. Sichien D, Lambrecht BN, Guilliams M, Scott CL. Development of conventional
dendritic cells: From common bone marrow progenitors to multiple subsets in peripheral
tissues. Mucosal Immunol (2017) 10(4):831–44. doi: 10.1038/mi.2017.8

47. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al. Expansion
and activation of CD103+ dendritic cell progenitors at the tumor site enhances tumor
frontiersin.org

https://doi.org/10.1093/neuonc/not151
https://doi.org/10.1093/neuonc/not151
https://doi.org/10.1007/s12094-016-1497-x
https://doi.org/10.1007/s12094-016-1497-x
https://doi.org/10.1038/s41598-020-68011-4
https://doi.org/10.1038/s41598-020-68011-4
https://doi.org/10.3892/mco.2020.2103
https://doi.org/10.1158/1078-0432.CCR-15-0428
https://doi.org/10.1158/1078-0432.CCR-15-0428
https://doi.org/10.3389/fnins.2021.662064
https://doi.org/10.3389/fnins.2021.662064
https://doi.org/10.1097/CJI.0000000000000260
https://doi.org/10.1097/CJI.0000000000000260
https://doi.org/10.1093/neuonc/noy072
https://doi.org/10.1084/jem.20050732
https://doi.org/10.1038/s41590-022-01215-0
https://doi.org/10.1080/2162402X.2018.1434464
https://doi.org/10.1016/j.ymthe.2017.05.012
https://doi.org/10.1038/s41590-020-0676-7
https://doi.org/10.1080/2162402X.2016.1252894
https://doi.org/10.1136/jitc-2021-002882
https://doi.org/10.1158/2159-8290.CD-17-0538
https://doi.org/10.1158/2159-8290.CD-17-0538
https://doi.org/10.1038/nri2970
https://doi.org/10.1089/hum.2012.041
https://doi.org/10.1038/80868
https://doi.org/10.1007/s13238-019-0643-y
https://doi.org/10.5483/BMBRep.2021.54.1.257
https://doi.org/10.1093/abt/tbab014
https://doi.org/10.1097/01.cji.0000210386.55951.c2
https://doi.org/10.1097/01.cji.0000210386.55951.c2
https://doi.org/10.1084/jem.20071681
https://doi.org/10.1158/1078-0432.CCR-09-1303
https://doi.org/10.1111/cts.12800
https://doi.org/10.1038/nbt.4086
https://doi.org/10.1158/1078-0432.CCR-20-0777
https://doi.org/10.1158/1078-0432.CCR-20-0777
https://doi.org/10.1182/blood-2021-144523
https://doi.org/10.1038/s41598-022-16616-2
https://doi.org/10.1136/jitc-2020-SITC2020.0565
https://doi.org/10.1158/1078-0432.CCR-21-0947
https://doi.org/10.1158/1078-0432.CCR-21-0947
https://doi.org/10.1007/s00262-021-02856-0
https://doi.org/10.1593/neo.111338
https://doi.org/10.1158/2326-6066.CIR-13-0028
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1007/BF02484510
https://doi.org/10.1126/scitranslmed.aaa0984
https://doi.org/10.1126/scitranslmed.abe7378
https://doi.org/10.1126/scitranslmed.abe7378
https://doi.org/10.1126/scitranslmed.abn2231
https://doi.org/10.1101/2022.10.05.511036
https://doi.org/10.1158/2159-8290.CD-20-1661
https://doi.org/10.1158/2159-8290.CD-20-1661
https://doi.org/10.1111/j.0105-2896.2009.00879.x
https://doi.org/10.3390/cancers13071525
https://doi.org/10.1038/mi.2017.8
https://doi.org/10.3389/fimmu.2023.1085547
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Swan et al. 10.3389/fimmu.2023.1085547
responses to therapeutic PD-L1 and BRAF inhibition. Immunity (2016) 44(4):924–38. doi:
10.1016/j.immuni.2016.03.012

48. King GD, Ghulam Muhammad AKM, Curtin JF, Barcia C, Puntel M, Liu C, et al.
Flt3L and TK gene therapy eradicate multifocal glioma in a syngeneic glioblastoma model.
Neuro Oncol (2008) 10(1):19–31. doi: 10.1215/15228517-2007-045

49. Curtin JF, King GD, Barcia C, Liu C, Hubert FX, Guillonneau C, et al. Fms-like
tyrosine kinase 3 ligand recruits plasmacytoid dendritic cells to the brain. J Immunol
(2006) 176(6):3566–77. doi: 10.4049/jimmunol.176.6.3566

50. Lowenstein P, Orringer D, Umemura Y, Sagher O, Heth J, Hervey-Jumper S, et al.
Abstract CT105: First in human phase I trial of adenoviral vectors expressing Flt3L and
HSV1-TK to treat newly diagnosed high-grade glioma by reprogramming the brain
immune system. Cancer Res (2020) 80(16_Supplement):CT105–5. doi: 10.1158/1538-
7445.AM2020-CT105

51. Land CA, Musich PR, Haydar D, Krenciute G, Xie Q. Chimeric antigen receptor T-
cell therapy in glioblastoma: charging the T cells to fight. J Transl Med (2020) 18(1):1–13.
doi: 10.1186/s12967-020-02598-0

52. Woroniecka KI, Rhodin KE, Chongsathidkiet P, Keith KA, Fecci PE. T-Cell
dysfunction in glioblastoma: Applying a new framework. Clin Cancer Res (2018) 24
(16):3792–802. doi: 10.1158/1078-0432.CCR-18-0047

53. Pösel C, Möller K, Boltze J, Wagner DC, Weise G. Isolation and Flow Cytometric
Analysis of Immune Cells from the Ischemic Mouse Brain. JoVE (2016) 108):e53658.
doi: 10.3791/53658

54. Kuchenbecker L, Nienen M, Hecht J, Neumann AU, Babel N, Reinert K, et al.
IMSEQ-a fast and error aware approach to immunogenetic sequence analysis.
Bioinformatics (2015) 31(18):2963–71. doi: 10.1093/bioinformatics/btv309

55. Stephens M. False discovery rates: a new deal. (2017) 18(2):275–94. doi: 10.1093/
biostatistics/kxw041

56. Tomaszewski W. Processed seurat object of scRNAseq data from wildtype and
CaMKK2 KO immune infiltrate of CT2a preclinical murine glioma (2022). Available at:
https://zenodo.org/record/6654420.

57. Varn FS, Johnson KC, Martinek J, Huse JT, Nasrallah MP, Wesseling P, et al.
Glioma progression is shaped by genetic evolution and microenvironment interactions.
Cell (2022) 185(12):2184–2199.e16. doi: 10.1016/j.cell.2022.04.038

58. Tomaszewski W, Waibl-Polania J, Racioppi L, Sanchez-Perez L, Michael G,
Sampson J. immu-34. camkk2 promotes an immunosuppressive program and
checkpoint blockade resistance in the glioblastoma tumor microenvironment. Neuro
Oncol (2021) 23(Supplement_6):vi100–0. doi: 10.1093/neuonc/noab196.393

59. Korotkevich G, Sukhov V, Budin N, Shpak B, Artyomov MN, Sergushichev A. Fast
gene set enrichment analysis. bioRxiv (2021). doi: 10.1101/060012

60. Jiang P, Zhang Y, Ru B, Yang Y, Vu T, Paul R, et al. Systematic investigation of
cytokine signaling activity at the tissue and single-cell levels. Nat Methods (2021)
118:1181–91. doi: 10.1038/s41592-021-01274-5

61. Klampatsa A, Leibowitz MS, Sun J, Liousia M, Arguiri E, Albelda SM. Analysis and
augmentation of the immunologic bystander effects of CAR T cell therapy in a syngeneic
mouse cancer model. Mol Ther - Oncolytics (2020) 18:360–71. doi: 10.1016/
j.omto.2020.07.005

62. Yang S, Gao K, Li W. Identification of hub genes and pathways in glioblastoma by
bioinformatics analysis. Oncol Lett (2019) 17(1):1035–41. doi: 10.3892/ol.2018.9644

63. Wang JJ,WangH, Zhu BL,Wang X, Qian YH, Xie L, et al. Development of a prognostic
model of glioma based on immune-related genes. Oncol Lett (2021) 21(2):116. doi: 10.3892/
ol.2020.12377

64. Pal J, Patil V, Kumar A, Kaur K, Sarkar C, Somasundaram K. Loss-of-function
mutations in calcitonin receptor (CALCR) identify highly aggressive glioblastoma with poor
outcome. Clin Cancer Res (2018) 24(6):1448–58. doi: 10.1158/1078-0432.CCR-17-1901

65. Frey N, Porter D. Cytokine release syndrome with chimeric antigen receptor T cell
therapy. Biol Blood Marrow Transplant (2019) 25(4):e123–7. doi: 10.1016/j.bbmt.2018.12.756

66. Brudno JN, Kochenderfer JN. Toxicities of chimeric antigen receptor T cells:
Recognition and management. Blood (2016) 127(26):3321–30. doi: 10.1182/blood-2016-
04-703751

67. Giavridis T, van der Stegen SJC, Eyquem J, HamiehM, Piersigilli A, Sadelain M. CAR T
cell-induced cytokine release syndrome is mediated by macrophages and abated by IL-1
blockade letter. Nat Med (2018) 24(6):731–8. doi: 10.1038/s41591-018-0041-7

68. Elgueta R, Benson MJ, De Vries VC, Wasiuk A, Guo Y, Noelle RJ. Molecular
mechanism and function of CD40/CD40L engagement in the immune system. Immunol
Rev (2009) 229(1):152–72. doi: 10.1111/j.1600-065X.2009.00782.x
Frontiers in Immunology 13
69. Keskin DB, Anandappa AJ, Sun J, Tirosh I, Mathewson ND, Li S, et al. Neoantigen
vaccine generates intratumoral T cell responses in phase ib glioblastoma trial. Nature
(2019) 565(7738):234–9. doi: 10.1038/s41586-018-0792-9

70. Khor B, Sleckman BP. Allelic exclusion at the TCRb locus. Curr Opin Immunol
(2002) 14(2):230–4. doi: 10.1016/S0952-7915(02)00326-6

71. Padovan E, Casorati G, Dellabona P, Meyer S, Brockhaus M, Lanzavecchia A.
Expression of two T cell receptor a chains: Dual receptor T cells. Sci (80- ). (1993) 262
(5132):422–4. doi: 10.1126/science.8211163

72. Woodsworth DJ, Castellarin M, Holt RA. Sequence analysis of T-cell repertoires in
health and disease. Genome Med (2013) 5(10):98. doi: 10.1186/gm502

73. Li L, Zhu X, Qian Y, Yuan X, Ding Y, Hu D, et al. Chimeric antigen receptor T-cell
therapy in glioblastoma: Current and future. Front Immunol (2020) 11:1–9. doi: 10.3389/
fimmu.2020.594271

74. Krenciute G, Prinzing BL, Yi Z, WuMF, Liu H, Dotti G, et al. Transgenic expression
of IL15 improves antiglioma activity of IL13Ra2-CAR T cells but results in antigen loss
variants. Cancer Immunol Res (2017) 5(7):571–81. doi: 10.1158/2326-6066.CIR-16-0376

75. Rousso-Noori L, Mastandrea I, Talmor S, Waks T, Globerson Levin A, Haugas M, et al.
P32-specific CAR T cells with dual antitumor and antiangiogenic therapeutic potential in
gliomas. Nat Commun (2021) 12(1):1–13. doi: 10.1038/s41467-021-23817-2

76. Sampson JH, Choi BD, Sanchez-Perez L, Suryadevara CM, Snyder DJ, Flores CT,
et al. EGFRvIII mCAR-modified T-cell therapy cures mice with established intracerebral
glioma and generates host immunity against tumor-antigen loss. Clin Cancer Res (2014)
20(4):972–84. doi: 10.1158/1078-0432.CCR-13-0709

77. Bradley LM, Haynes L, Swain SL. IL-7: Maintaining T-cell memory and achieving
homeostasis. Trends Immunol (2005) 26(3):172–6. doi: 10.1016/j.it.2005.01.004

78. Rathmell JC, Farkash EA, Gao W, Thompson CB. IL-7 enhances the survival and
maintains the size of naive T cells. J Immunol (2001) 167(12):6869–76. doi: 10.4049/
jimmunol.167.12.6869

79. Patil NK, Bohannon JK, Luan L, Guo Y, Fensterheim B, Hernandez A, et al. FLT3
ligand treatment attenuates T cell dysfunction and improves survival in a murine model
of burn wound sepsis. Shock (2017) 47(1):40–51. doi: 10.1097/SHK.0000000000000688

80. Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M, et al. 4-
1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of chimeric
antigen receptors. Nat Med (2015) 21(6):581–90. doi: 10.1038/nm.3838

81. Cibrián D, Sánchez-Madrid F. CD69: from activation marker to metabolic
gatekeeper. Eur J Immunol (2017) 47(6):946–53. doi: 10.1002/eji.201646837

82. Anandasabapathy N, Victora GD, Meredith M, Feder R, Dong B, Kluger C, et al.
Flt3L controls the development of radiosensitive dendritic cells in the meninges and
choroid plexus of the steady-state mouse brain. J Exp Med (2011) 208(18):1695–705. doi:
10.1084/jem.20102657

83. Audsley KM, McDonnell AM, Waithman J. Cross-presenting XCR1+ dendritic cells
as targets for cancer immunotherapy. Cells (2020) 9(3):565. doi: 10.3390/cells9030565
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