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ABSTRACT
Introduction The immunosuppressive tumor 
microenvironment (TME) is a major barrier to the efficacy 
of chimeric antigen receptor T cells (CAR- T cells) in 
glioblastoma (GBM). Transgenic expression of IL15 is 
one attractive strategy to modulate the TME. However, 
at present, it is unclear if IL15 could be used to directly 
target myeloid- derived suppressor cells (MDSCs), a major 
cellular component of the GBM TME. Here, we explored if 
MDSC express IL15Rα and the feasibility of exploiting its 
expression as an immunotherapeutic target.
Methods RNA- seq, RT- qPCR, and flow cytometry were 
used to determine IL15Rα expression in paired peripheral 
and tumor- infiltrating immune cells of GBM patients and 
two syngeneic murine GBM models. We generated murine 
T cells expressing IL13Rα2- CARs and secretory IL15 (CAR.
IL15s) or IL13Rα2- CARs in which IL15 was fused to the 
CAR to serve as an IL15Rα-targeting moiety (CAR.IL15f), 
and characterized their effector function in vitro and in 
syngeneic IL13Rα2+glioma models.
Results IL15Rα was preferentially expressed in myeloid, 
B, and dendritic cells in patients’ and syngeneic GBMs. 
In vitro, CAR.IL15s and CAR.IL15f T cells depleted MDSC 
and decreased their secretion of immunosuppressive 
molecules with CAR.IL15f T cells being more efficacious. 
Similarly, CAR.IL15f T cells significantly improved the 
survival of mice in two GBM models. TME analysis 
showed that treatment with CAR.IL15f T cells resulted in 
higher frequencies of CD8+T cells, NK, and B cells, but a 
decrease in CD11b+cells in tumors compared with therapy 
with CAR T cells.
Conclusions We demonstrate that MDSC of the glioma 
TME express IL15Ra and that these cells can be targeted 
with secretory IL15 or an IL15Rα-targeting moiety 
incorporated into the CAR. Thus, IL15- modified CAR T 
cells act as a dual targeting agent against tumor cells and 
MDSC in GBM, warranting their future evaluation in early- 
phase clinical studies.

INTRODUCTION
Glioblastoma (GBM) is the most common 
primary brain tumor in adults. Despite improve-
ments in surgical and radiochemotherapy 

techniques, GBM remains a devastating diag-
nosis as current treatment regimens provide 
no cure and short survival.1 2 The success of T 
cells modified with chimeric antigen receptor 
(CAR) in the treatment of blood cancers3 4 
inspired the investigation of CAR T cells in 
solid tumors,5 6 including GBM.7–9 However, 
multiple barriers exist in GBM that continue 
to hinder the efficacy of CAR- T cells, including 
(1) heterogeneity in the antigen expression 
or concerns of on target/off cancer toxic-
ities,7 8 (2) the immunosuppressive tumor 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Chimeric antigen receptor (CAR) T cells have 
been developed and studied for targeting tumor- 
associated antigens in preclinical and clinical 
studies for glioblastoma (GBM). Infiltration of 
myeloid- derived suppressor cells (MDSCs) are a 
hallmark of GBMs and contribute to the immunosup-
pressive microenvironment which promotes tumor 
progression and therapeutic resistance.

WHAT THIS STUDY ADDS
 ⇒ Here, we report that MDSCs of human and murine 
GBMs express IL15Rα. To simultaneously target 
MDSCs and malignant GBM cells, and further stim-
ulate T cell effector function, we modified T cells to 
express an IL13Rα2- CAR and secretory IL15 or an 
IL13Rα2- CAR in which IL15 was directly fused to 
the CAR. We demonstrate that dual targeting CAR 
T- cells deplete MDSCs and decrease their secretion 
of immunosuppressive molecules, resulting in im-
proved antitumor activity in murine glioma models.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our study highlights the benefit of targeting not only 
glioma cells but also MDSCs and provides the im-
petus to develop MDSC/tumor cell- targeting CAR T 
cells for a broad range of malignancies.
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microenvironment (TME),10 11 and (3) inefficient traf-
ficking to glioma sitescrossing12 13 all contribute to poor 
performance of CAR T cells in GBM.

We and other have demonstrated that interleukin- 13 
receptor alpha 2 (IL13Rα2) can serve as a CAR target 
in both xenografts and syngeneic models of GBM, and 
IL13Rα2- CAR T cells been evaluated in early phase clin-
ical studies. However, their activity in clinical studies as 
well syngeneic GBM models was limited.14–17 Expressing 
cytokines, chimeric cytokine receptors, or constitutively 
active cytokine receptors improve the effector function 
of CAR T cells in preclinical models.18–22 For example, 
we and other investigators have demonstrated that cells 
enhances their antitumor activity, and early clinical 
studies are in progress.15 23 24

The majority of preclinical studies with IL15- expressing 
CAR T cells have been conducted in xenograft models, 
which do not allow studying the effects of IL15 on 
tumor- infiltrating immune cells. IL15 binds not only the 
IL2/15Rβ and γC chain expressed in T cells, but is also 
transpresented to T cells by binding to IL15 receptor 
alpha (IL15Rα) expressed on antigen presenting cells. 
At present, it was unknown if myeloid cells, a major 
component of the GBM TME,25 26 express IL15Rα 
and can be targeted with CAR T cells. To address this 
gap in our knowledge, we examined the expression of 
IL15Rα in primary human GBM samples and syngeneic 
mouse models and explored the feasibility of targeting 
IL15Rα-positive immune cells. We demonstrate that 
IL15Rα is expressed on myeloid- derived suppressor cell 
(MDSC) in human and murine GBMs, and that targeting 
these cells with secretory IL15 or an IL15Rα-targeting 
moiety incorporated into the CAR reverses immunosup-
pression in GBMs and improved antitumor activity in 
preclinical murine glioma models.

MATERIALS METHODS
Detailed information on selected methods is provided in 
online supplemental methods.

Generation of retroviral constructs and CAR T cells
The IL13Rα2- CAR.CD28.ζ and IL13Rα2- CAR.Δ 
were cloned in the pRV2011(M) vector, as previously 
described.17 For the generation of the IL15 constructs, we 
(1) subcloned a cDNA encoding T2A and murine IL15 
at the C- terminal part of the CAR construct to generate a 
retroviral vector that encoded the CAR, T2A, and secre-
tory IL15 (IL15s), or (2) subcloned murine IL15 and 
(Gly4S)3 linker at the N- terminus part of CAR to generate 
an IL15- CAR fusion protein (IL15f). All CAR constructs 
were verified by Sanger’ sequencing (GenScript, Piscat-
away, New Jersey, USA).

Processing of patients’ blood and tumor samples
Prior the use in the study, the patient’s tumor and blood 
samples (peripheral blood mononuclear cells, PBMCs) 
were deidentified. Patient consents were obtained prior 

to biospecimen collection. Isolation of T cells from PBMC 
and tumor tissue was performed as previously described.17

Animal experiments
All animal experiments were performed according to 
the protocols approved by the Northwestern University 
Institutional Animal Care and Use Committee, protocol 
IS00009472 . CD45.1, CD45.2 C57BL/6 and IL- 15Ra 
knock- out (KO) mice were obtained from Jackson Labo-
ratory. As previously described, male and female 6–8 
weeks old mice were used for intracranial glioma implan-
tation.17 In 7 days after tumor implantation, animals 
received an intratumoral (i.t.) injection of saline, non- 
transduced (NT) or 1×106 CAR T cells. All animals were 
then randomly assigned to housing cages, separated by 
gender, and monitored for survival.

Statistical consideration
All statistical analyses of data were performed with 
GraphPad V.9 Software (Prism, La Jolla, California, USA). 
As indicated, significance, defined as p<0.05 in all statis-
tical tests, was calculated with an unpaired Mann- Whitney 
test or an unpaired two- tailed Student’s t- test. Multiple 
groups were analyzed with either a one- way or two- 
way analysis of variance, followed by a Tukey’s multiple 
comparisons test. Kaplan- Meier plots were generated 
using GraphPad V.8 Prism, and p values for curve compar-
isons were calculated using the log- rank method. Data are 
presented as mean±SEM.

RESULTSMC
IL15Rα is expressed by cells of the TME at higher levels than 
in peripheral blood of GBM patients
IL15 binds to βγ receptor complex expressed on T cells 
and IL15Rα expressed on antigen presenting cells.27 28 To 
investigate if myeloid cells express IL15Rα in the GBM 
TME, we first performed a transcriptomic analysis of 
GBMs from The Cancer Genome Atlas (TCGA). IL15Rα 
expression correlated with histological grade, with signifi-
cantly higher expression seen in grade IV compared 
with lower grade brain tumors, and positively correlates 
with Isocitrate Dehydrogenase- wild type (IDHwt) status, 
with significantly higher expression seen in IDHwt 
compared with both codel and non- codel IDH mutant 
tumors (figure 1A). Further analysis revealed a positive 
correlation between IL15Rα and CD163, CD206, and 
TGFβ1, markers associated with M2 phenotype of macro-
phages,29–31 in both TCGA and Chinese Glioma Genome 
Atlas data sets (figure 1B, online supplemental figure 
1B). Analysis of human GBM tissue in the Ivy Glioblas-
toma Atlas Project (Ivy GAP) revealed higher IL15Rα 
expression levels in areas of microvascular proliferation 
and hyperplastic blood vessels of GBM (online supple-
mental figure 1A). Immunostaining of tumor tissue 
sections from GBM patients displayed IL15Rα expres-
sion coinciding with macrophage- rich (CD163+) regions 
(figure 1C). Analysis of four paired peripheral blood 
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Figure 1 Expression of IL15Rα in the immune infiltrates of tumor and peripheral blood of GBM patients. (A) The analysis of the 
TCGA data set for the RNA expression of IL15Rα shows that GBM (n=152) expresses IL15Rα at significantly higher levels than 
oligodendroglioma (n=191), oligoastrocytoma (n=130), and astrocytoma (n=194) tumors (***adj. p<0.001, *adj. p<0.05, Tukey’s 
honest significant difference test). (B) Spearman rank correlation analysis of GBMs from TCGA (n=156) and CGGA (n=225) of 
RNA- seq data sets shows that IL15Rα expression correlates with expression of CD163+, a marker of infiltrating macrophages. 
(C) Immunostaining of GBM patient tissue section for the expression of IL15Rα and immune cells. (D) Flow cytometry analysis 
of IL15Rα expression on the surface of immune cells harvested from GBM microenvironment and peripheral blood (peripheral 
blood mononuclear cells, PBMC) of patients (paired samples, n=4). Isotype control IgG served as a negative control to anti- 
IL15RA. Representative histogram shows IL15Rα detection in CD45+ CD11b+ cells. The data show a higher expression of 
IL15Rα in many CD45+ cell types, including subsets of monocytes, granulocytes, and B cells harvested from tumors, compared 
with cells purified from peripheral blood. Paired t- test. ***p<0.001. CGGA, Chinese Glioma Genome Atlas; GBM, glioblastoma; 
TCGA, The Cancer Genome Atlas.



4 Zannikou M, et al. J Immunother Cancer 2023;11:e006239. doi:10.1136/jitc-2022-006239

Open access 

and GBM tissue samples revealed a significantly higher 
expression surface IL15Rα expression in the myeloid 
compartment (CD45+CD11b+ cells) of GBM than in 
peripheral blood (figure 1D). Further stratification of 
CD45+ cell subsets showed higher IL15Rα expression in 
tumor derived monocytic MDSC (CD45+, CD1lb+, CD33+, 
and CD14+), granulocytic MDSCs (PMN- MDSC; CD45+, 
CD1lb+, CD33+, and CD15hi), and B Cells (CD45+ and 
CD19+) compared with peripheral blood (figure 1D, 
online supplemental figure 1C). Immunostaining of ten 
patient samples shows that IL15Rα is also expressed by 
glioma cells, although with great intra and intertumor 
variability (online supplemental figure 2B). RT- qPCR and 
flow cytometry analysis of three patient- derived and two 
murine glioma cell lines detected IL15Rα expression at 
both the mRNA and protein level, respectively (online 
supplemental figure 2B,C).

Murine syngeneic models of glioma recapitulate the 
expression IL15Rα pattern in human GBM
We next sought to determine if the preferential expres-
sion of IL15Rα by myeloid cells is recapitulated in murine 
glioma models. To do so, we isolated Gr1+ cells from 
the tumors and spleens of CT2A and GL261 bearing 
mice, extracted the mRNA from these cells, and, in 
separate experiments, performed either bulk RNAseq 
(PRJNA909275)32 or RT- qPCR (figure 2A). RNA- seq anal-
ysis of CT2A bearing mice showed 3.7- fold higher IL15Rα 
expression in tumor- associated Gr1+ cells (log 2- fold 
change 1.9, n=3, adj. p=1.19E- 10) compared with splenic 
Gr1+ cells (figure 2B). Similar results were obtained from 
RT- qPCR analysis, with 3.5- fold and 4.2- fold higher IL15Rα 
expression in tumor- derived cells compared with spleno-
cytes from GL261 and CT2A bearing models, respectively 
(figure 2C). To determine any expression differences in 
individual cell types, we used flow cytometry to further 
stratify the immune subsets of CT2A and GL261 bearing 
animals and compared IL15Rα expression of tumor- 
derived cells to that of the spleen. The overall tumor- 
derived myeloid compartment (CD45+CD11b+) displayed 
significantly higher IL15Rα expression than myeloid cells 
from the spleen (figure 2D) in both GL261 and CT2A 
models. Similar results were seen following stratification, 
with Mo- MDSC (CD45+, CD11b+, Ly6G-, Ly6C+), PMN- 
MDSC (CD45+, CD11b+, Ly6C-, Ly6G+), and TAMs (CD45+, 
CD11b+, F4/80hi), all displaying significantly higher 
IL15Rα expression differences compared with splenic 
cells (figure 2D). In both CT2A and GL261- bearing 
animals, the same comparison of B cells (CD45+CD19b+) 
and dendritic cells (CD11b-CD11chi) showed significantly 
higher expression of IL15Rα in the tumor compartment 
(figure 2D; representative flow cytometry plots are shown 
in online supplemental figure 2D). Taken together, the 
expression of IL15Rα in these cell types suggests the 
myeloid compartment may be able to influence T cell 
activity through IL15 transpresentation.

To test this, we labeled CD8+ T cells with CTV prolif-
eration dye, prepared bone- marrow- derived MDSCs from 

either wild- type (WT) or IL15Rα KO mice, and cocultured 
them for 72 hours at various ratios with or without recom-
binant murine IL15 (rIL15), and determined prolifer-
ation of T cells via flow cytometry (figure 2E).32 CD3/
CD28/CD2- bead activated T cells served as the control 
for this experiment. In the absence of rIL15, no prolifera-
tion of T cells was seen in either condition after 72 hours 
of coculture (figure 2E). Following the addition of recom-
binant rIL15 to cultures, proliferation of CD8+ T cells was 
observed in IL15Rα WT- MDSCs setting, but not IL15Rα 
KO- MDSC (figure 2E).

In summary, murine glioma models follow a similar 
pattern of IL15Rα expression seen in GBM patients. 
Furthermore, as shown by the dependency of IL15Rα 
for IL15 mediated T cell proliferation, we confirmed the 
ability of IL15Rα expressing MDSCs to transpresent IL15 
to CD8+ T cells and modulate their activity.

CAR T cells armored with IL15 fusion are more potent than 
CAR T cells secreting IL15 in killing IL13Rα2-expressing 
glioma cells
Having confirmed IL15Rα expression in various cells 
within both human and murine GBM, and demonstrating 
the capacity of these cells to enhance T cell proliferation, 
we hypothesize that the addition of IL15 modalities to 
our IL13Rα2- CAR.CD28.ζ T Cells (CAR T cells)17 would 
further potentiate their therapeutic efficacy. Addition-
ally, given that (1) IL15 action requires transpresentation 
through IL15Rα expressed predominately on myeloid 
cells, (2) the low bioactivity of the single- chain IL15 in 
biological systems,33 34 and (3) our multiplex staining 
of tissue sections from GBM patients (N=25) showing 
that~20% (mean=19.39, 95% CI: 12.39 to 26.39) of 
glioma cells (SOX2+) are in direct contact with macro-
phages (CD163+) (online supplemental figure 3A,B), we 
hypothesized that fusing IL15 to the scFv portion of CAR 
may allow for better bioavailability to direct interactions 
with both IL13Rα2- glioma cells and IL15Rα-expressing 
MDSCs (figure 3B). To test both hypotheses, we gener-
ated the following retroviral vectors for subsequent T 
cell transduction as previously described17: (1) a control 
vector encoding a non- functional CAR (CAR.Δ), (2) a 
functional CAR, (3) a CAR encoding cDNA with a secre-
table IL15 (CAR.IL15s), and (4) a CAR cDNA, where 
IL15 fused to the N- terminal part of the heavy chain of 
the scFv IL13Rα2 (clone 47) via (Gly4S)3 flexible linker 
(CAR.IL15f) (figure 3A). The AlphaFold2 modeling of 
scFv47, an antigen- binding portion of CAR T cells, versus 
IL15 fusion with the scFv47 antibody, shows that the IL15- 
scFv fusion could be modeled with a high confidence 
(figure 3C).

The transduction efficiency of CD4+ and CD8+ T cells 
was similar across of all constructs (figure 3D), and there 
was no difference in viability and CAR T cell expansion 
(figure 3E, online supplemental figure 3C). Following 
transduction, flow cytometry analysis showed no differ-
ence in surface expression of IL15 between NT, conven-
tional CAR (CAR), or CAR.IL15s T cells, but a significant 
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Figure 2 Expression of IL15Rα in brain tumor tissue of murine models of GBM. (A) The diagram shows the experimental set 
up used for generation of Gr1+ cells for downstream analysis of IL15Rα expression. (B) RNAseq analysis of Gr1+ cells harvested 
from the brain and spleens (paired samples) of mice bearing established CT2A tumors Gr1+ cells were harvested from 10 mice 
in three independent experiments, n=3. Paired t- test. *p<0.05. (C) RT- qPCR analysis of IL15Rα mRNA expression in Gr1+ 
cells harvested from the brains and spleens of mice bearing CT2A and GL261, n=8. Paired t- test. *p<0.05. (D) Flow cytometry 
analysis of IL15Rα expression on the surface of total population of myeloid cells (CD45+ CD11b+ cells) and different subsets 
of myeloid cells, as well monocytic MDSCs (CD11c-CD11B+ Ly6G- Ly6C+), polymorphonuclear MDSCs (CD11c-CD11B+ Ly6G+ 
Ly6C-), TAMs (CD45+ CD11B+ F4/80hi Ly6C-), B cells (CD45+ CD19+), and dendritic cells (CD45+ CD11blow CD11chi) harvested 
from brains and splenocytes of mice bearing intracranial CT2A and GL261 murine glioma tumors, n=4. Paired t- test. ***p<0.001. 
(E) CD8+T cells proliferate in the presence of recombinant murine IL15 in coculture with wild type MDSC, but not with IL15Rα 
KO MDSCs or absence of IL15 (negative control). A representative flow plot showing proliferation of Cell Trace Violet labeled 
CD8+T cells at 1:32 ratio of MDSCs to T cells (red) or negative control (blue; unstimulated). Quantitative analysis of T cells 
proliferation in cocultures are shown. CD8+T cells activated with activating beads served as a positive control in the proliferation 
assay. GBM, glioblastoma; KO, knock- out; MDSCs, myeloid- derived suppressor cell.
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Figure 3 CAR T cells modified to express IL15 successfully kill glioma cells in vitro. (A) CAR.Δ, CAR, CAR.IL15s and CAR.IL15f 
murine constructs were designed as described in the Materials and Methods section. (B) Schematic diagram shows potential 
interaction of CAR.IL15s and CAR.IL15f with glioma and cells of the tumor microenvironment. (C) Modeling of antigen- binding 
part of CAR protein, a scFvIL13Rα2 (clone 47) alone and as a fusion with IL15. (D) Flow cytometry analysis to quantify CAR T 
cell transduction efficiency using a fluorochrome congjugated antibody against Thy1.1 (n=3, **p<0.01, ***p<0.001). (E) Trypan 
blue exclusion assay was perfromed to determine viability of CAR, CAR.IL15s, and CAR.IL15f T cells. Values presented as % 
change in viability over 5 days postactivation. (F) Flow cytometry analysis of IL15 expression on the surface of CD8+Thy1.1+ 
CAR T cells (n=3, ***p<0.001), and analysis of the CAR T cells for their memory phenotype after vital transduction following 
2 days of rest after retroviral transduction in vitro (n=3, *p<0.05). (G) Analysis of the viability of parental and IL13Rα2- expressing 
GL261 and CT2A cells in coculture with CAR T cells. Non- transduced (NT) T cells were used as a negative control (n=3, 
***p<0.001). Viability values in each group were normalized to NT cells. The experiments was repeated two times. CAR, chimeric 
antigen receptor.
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increase in surface IL15 expression was seen in CAR.
IL15f T cells (figure 3F). Expression of T cell memory 
markers was also significantly higher in CAR.IL15f T 
cells compared with NT, CAR, and CAR.IL15s T cells 
(figure 3F). To test the functionality of all constructs, 
we cocultured NT, CAR, CAR.IL15s, and CAR.IL15f T 
cells with either parental or IL13RA2 expressing CT2A 
and GL261 glioma cells. All three constructs displayed 
cytotoxic capacity against glioma cells in an antigen- 
dependent fashion, with the highest activity seen in CAR.
IL15f T cells (figure 3G).

CAR.IL15f T cells mediate the killing of MDSC cells and 
modulate their immunosuppressive phenotype
To directly compare the functional activity of CAR.IL15s 
and CAR.IL15f against MDSCs, CAR T cells were cocul-
tured at a 2:1 ratio of CAR T cells to MDSCs for 48 hours 
(figure 4A). Flow cytometry analysis showed a greater loss 
in the viability of MDSCs cocultured with CAR.IL15f in 
comparison to CAR.IL15s and conventional CAR T cells. 
This effect was fully abrogated in cocultures with MDSCs 
derived from IL15Rα KO mice (figure 4B). Additionally, 
decreased viability of MDSC was more pronounced when 
CAR T cells are stimulated with IL13Rα2. The analysis 

of MDSC for the production of IL10, Arginase 1 (Arg1), 
and TGF-β revealed significant decreased levels of these 
immunosuppressive molecules in coculture with both 
CAR.IL15s and CAR.IL15f (figure 4C–E). In a similar 
fashion, this effect was also more pronounced when CAR 
T cells were activated with IL13Rα2. Thus, our data show 
that IL15- modified CAR T cells exert a direct cytotoxic 
effect on MDSCs and modulate the immunosuppressive 
function of MDSCs mediated by IL15/IL15Rα interac-
tion with CAR.IL15f is being superior to IL13Rα2- CAR.
IL15s in these actions.

The ability of CAR T cells modified with IL15 to modu-
late the TME was further confirmed by bulk RNAseq 
analysis of immune cells (CD45+) harvested from GL261 
tumors of mice treated CAR T cells (PRJNA908873; 
online supplemental figure 4A). Violin plot shows the top 
differentially expressed genes (DEG) between CAR.IL15s 
compared with conventional CAR T cells and PBS (online 
supplemental figure 4B). Gene ontology (GO) analysis of 
DEGs revealed the most significant changes are related 
to chemokine- mediated signaling pathways, response to 
chemokines, and leukocytes’ migration (online supple-
mental figure 4C). Consistent with in vitro data, the 

Figure 4 CAR T cells modified to express IL15 kill MDSC and modulate their immunosuppressive phenotype. (A) Experimental 
setup of cocultures of bone- marrow- derived MDSC and CAR T cells in vitro. (B) Comparison of cytotoxic activity of CAR T 
cells towards MDSC (n=3, *p<0.05, ***p<0.001). (C–E) Flow cytometry analysis of MDSC from cocultures with CAR T cells for 
production of IL10, arginase, and TGFβ (n=3, **p<0.01, ***p<0.001). The experiments was repeated two times. CAR, chimeric 
antigen receptor; MDSC, myeloid- derived suppressor cell.
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downregulation of genes associated with an immunosup-
pressive function of tumor- associated macrophages was 
observed in tumors from mice treated with CAR.IL15s 
(online supplemental figure 4D). Collectively, these data 
show that IL15- armored CAR T cells have the ability to 
either modulate the immunosuppressive function of 
MDSCs or deplete them from the TME.

IL15-modified CAR T cells improve the survival of mice in two 
syngeneic murine models of GBM
We next investigated the therapeutic properties of IL15- 
modified CAR T cells in comparison to conventional 
CAR T cells in vivo using syngeneic murine models of 
GBM. Mice bearing CT2A or GL261 orthotopic tumors 
expressing IL13Rα2 were treated via direct i.t. injec-
tion with 1×106 CAR T cells. In the CT2A model, mice 
treated with CAR.IL15f had a superior median survival 
of 93 days in comparison to 46.5 days in CAR.IL15s, 53 
days in CAR, and 34 days in PBS group (n=10, *p<0.05) 
(figure 5A). Long- term surviving mice from each group 
were rechallenged with parental CT2A cells; age- matched 
mice served as the control. On the rechallenge, the mice 
from CAR.IL15f group showed superior survival over 
mice treated with CAR.IL15s T cells or unmodified CAR 
T cells groups (figure 5B). Histological analysis of brain 
tissue confirmed a complete tumor regression, with CD8+ 
T cells present at the site of injection and in other areas 
of the brain (online supplemental figure 5A). In GL261 
models, the treatment of IL15- modified CAR T cells 
resulted in improved although modest survival in GL261 
model, with better survival seen in mice treated with CAR.
IL15f compared with all other groups (figure 5C). The 
long- term surviving animal was also resistant to rechal-
lenge with parental GL261 line (figure 5D). Histological 
analysis of tissue showed no tumor in the brain of the 
rechallenged animal (online supplemental figure 5B). 
To better understand the survival analysis, we measured 
the area of tumors in all experimental groups of GL261 
model (figure 5E,F). Mice treated with IL15- modified 
CAR T cells had 2–3 times smaller tumors than tumors 
in CAR or non- treated control groups. Collectively, these 
experiments show the IL15- modified CAR T cells provide 
survival benefit for tumor- bearing animals and further 
confirm that IL15- modification enhances the function-
ality and therapeutic efficacy of CAR T cells. Histopatho-
logical examination of the tissues showed no evidence 
of focal or diffuse meningoencephalitis, demyelination, 
neuronal dropout, infarction, or vasculitis.

IL15-modified CAR T cells modulate the TME by diminishing 
the myeloid compartment and increasing frequencies of the 
host’s CD8+, NK, and B cells
To gain further insights into the therapeutic properties 
of IL15- modified CAR T cells, we treated GL261- bearing 
mice with CAR T cells, IL15- modified CAR T cells, or 
PBS, and analyzed the TME of animals 7 days post- 
treatment. To distinguish between host and adoptive T 
cells, we used CD45.1 congenital mice to generate CAR T 

cells and adoptively transferred them into CD45.2 mice. 
The data showed (1) increased adoptive T cell prolif-
eration, and higher frequency of (2) CD3+, (3) CD8+ 
in the TME of mice treated with CAR.IL15s and CAR.
IL15f T cells compared with CAR T cell and PBS groups 
(figure 6A). No difference in (4) memory phenotype of 
adoptively transferred cells was detected between groups 
(figure 6A). Analyzing the host cells of the TME, we 
observed increased (1) CD8+ T cells, (2) NK, and (3) B 
cells 7 days post- CAR T cells treatments compared with 
PBS, with CAR.IL15f T cell group being superior to the 
other CAR T cell group (figure 6B). We also observed a 
twofold decrease in the frequency of (4) myeloid cells 
(CD45+ and CD11b+) when treated with CAR.IL15s and 
CAR.IL15f (figure 6B). Histological analysis of tissues 
revealed CD8+ T cells were distributed throughout 
the tumor, and an increased presence of B cells within 
tumors treated with CAR.IL15f (figure 6C). Moreover, 
dual staining of tumors showed colocalization of B and 
CD3+T cells within the brains of CAR.Il15f- treated mice 
(figure 6D). Staining for CD11b showed lower intensity 
within tumors treated with CAR.IL15f compared with all 
other groups (figure 6C). To assess the distribution in 
extracranial sites, we assessed the immune compartment 
in spleens of mice treated in all groups. Small changes in 
the frequency of CD8+ T cells, NK, B, and CD11b+ cells 
were observed in the spleen (online supplemental figure 
6), suggesting that the local treatment with CAR T cells, 
to a lesser degree, may also influence peripheral immune 
compartments.

DISCUSSION
Here, we describe that MDSC in the TME of human and 
murine GBMs express IL15Rα. To target glioma cells and 
MDSC, we generated murine T cells expressing IL13Rα2- 
CARs and secretory IL15 (CAR.IL15s) or IL13Rα2- 
CARs in which IL15 was fused to the CAR to serve as an 
IL15Rα-targeting moiety (CAR.IL15f). We demonstrate 
that CAR.IL15s and CAR.IL15f T cells (1) deplete MDSCs 
and (2) decrease their secretion of immunosuppressive 
molecules in vitro with CAR.IL15f T cells being more effi-
cacious. In vivo, CAR.IL15f T cells reversed the immuno-
suppressive TME to a greater extend than CAR or CAR.
IL15s T cells, resulting in improved survival in two glioma 
models.

We and other investigators have demonstrated that 
transgenic expression of IL15 improves the effector 
function of CAR T cells against solid tumors, including 
glioma.15 24 35 However, it was unclear if IL15Rα is expressed 
on myeloid cells, which comprise up to 30%–50% of the 
GBM tumor mass,36 and can be exploited as an immuno-
therapeutic target. Taking advantage of the TCGA data set 
we demonstrated that IL15Rα is expressed in glioma and 
that expression correlates with histological grade. IL15Rα 
expression colocalized with CD163 expression, a marker 
of macrophages, as judged by IHC analyses. Further, anal-
yses of paired peripheral blood and tumor- infiltrating 

https://dx.doi.org/10.1136/jitc-2022-006239
https://dx.doi.org/10.1136/jitc-2022-006239
https://dx.doi.org/10.1136/jitc-2022-006239
https://dx.doi.org/10.1136/jitc-2022-006239
https://dx.doi.org/10.1136/jitc-2022-006239
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Figure 5 CAR- IL15f T cells are superior to CAR.IL15s and conventional CAR T in mediating survival of mice in syngeneic 
models of glioma. (A) Survival analysis of mice bearing CT2A- IL13Rα2 glioma and treated with 1×106 of CAR T cells (n=10, 
*p<0.05). (B) Mice surviving long- term were rechallenged with parental CT2A line (**p<0.01). (C) Survival analysis of mice bearing 
GL261- IL13Rα2 glioma and treated with 1×106 of CAR T cells (n=10, *p<0.05). (D) Mice surviving long- term were rechallenged 
with parental Gl261 line. (E) Morphometric analysis of tumor area in the brain of mice bearing GL261- IL13Rα2 glioma tumors 10 
days after the treatments of CAR T cells (n=5/group, *p<0.05, *** p<0.001), and representative images of H&E stain of the brain 
of mice after CAR T cell treatment. CAR, myeloid- derived suppressor cell; NT, non- transduced.
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Figure 6 IL15- modified CAR T cells alter the tumor microenvironment in murine glioma. (A) (i) Frequency of adoptively 
transferred proliferating (CTV- labeled) CAR T cells in the brain of mice- bearing GL261-IL13Rα2 tumors 7 days after CAR T 
cells treatment, (ii–iii) CD3+, CD8+ T cells, and (iv) CD8+ T cells expressing markers of adoptive memory. (B) Frequency of host 
(i) CD45+CD8+ T cells, (ii) NK cells, (iii) B cells, and (iv) CD11b+ TAMs in the brain of mice bearing GL261- IL13Rα2 tumors 7 days 
after CAR T cells treatment. * p <0.05, ** p<0.01, *** p<0.001. (C) Immunostaining of tumor tissue sections for CD8+ T cells, B 
cells, and CD11b+ cells in PBS, CAR, and CAR.IL15f groups. (D) Double stain for B cells and CD3+ T cells in the area of B cells’ 
accumulation on the tumor/brain border. CAR, chimeric antigen receptor; PBS, phosphate buffered saline.
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cells of GBM patient samples revealed significantly 
higher IL15Rα expression in immune cells of brain 
tumors compared with those of peripheral blood. Since 
the myeloid compartment of GBMs consists predomi-
nantely of MDSCs, these data suggested that IL15Rα is 
expressed by MDSCs. IL15Rα expression by MDSCs was 
confirmed in two (GL261, CT2A) murine glioma models. 
In addition, higher IL15Rα expression in myeloid cells 
of the TME compared with the peripheral compartment 
was also observed in murine models, mirrowing our find-
ings in humans. To our knowledge, this is the first study 
that demonstrates preferential expression of IL15Rα in 
myeloid cells or the GBM TME, providing the impetus to 
conduct mechanistic studies in the future.

To explore if IL15Rα expression could be leveraged 
therapeutically to enhance the antiglioma activity of 
IL13Rα2- CAR T cells we generated two CAR T cell 
effector population. One expressing secretory IL15 
(CAR.IL15s) and one in which IL15 was directly fused 
to the IL13Rα2- CAR (CAR.IL15f T cells). Of interest, we 
did not observe fractercide of CAR.IL15f T cells. Studies 
have indicated that spacer length between the ligand and 
cell membrane modulates fractercids, with longer spacers 
being protective.37 Since in our CAR.IL15f design, the 
scFv of the CAR is between the IL15 molecule and the cell 
membrane, creating a significant distance, which likely 
protects from fratricide.

We compared the ability of CAR, CAR.IL15s, and CAR.
IL15f T cells to reverse the immunosuppressive effects 
of MDSCs in coculture assays in vitro. While both IL15- 
modified CAR T cell populations were able to decrease 
MDSC- mediated immunosuppression as judged by down-
regulating the expression of IL10, Arginase- 1, and TGF-β, 
CAR.IL15f T cells were more effective in comparison 
to CAR.IL15s T cells. Indeed, CAR.IL15f T cells also 
reduced MDSC viability, most likely through direct cytox-
itic effects. In vivo, both IL15- modified CAR T cell popu-
lations extended the survival of animals bearing GL261 
and CT2A gliomas, again with CAR.IL15f T cells being 
more efficacious. Neither CAR.IL15s or CAR.IL15f T cells 
induced toxicities post i.t. injection in our glioma models.

To better understand the differences in survival bene-
fits between our CAR T cell populations, we characterized 
the immune compartment within the TME post therapy. 
In agreement with our in vitro studies, we observed a 
reduction of MDSC frequency in mice treated with IL15- 
modified CAR T cells, with CAR.IL15f T cells having 
slightly greater anti- MDSC activity, further confirming the 
dual targeting ability of our designed CAR T cells. Bayik 
et al have recently demonstrated that different subset of 
MDSC can drive immunosuppression in glioma tumors in 
a sex dependent manner.38 Whether response of different 
subsets of MDSC to CAR T cells therapy depends on 
animal’s sex will have to be determined in a future studies. 
B and NK cells, are normally found at low frequencies 
within the GBM TME.39 The presence of tertiary- like 
lymphoid structures and activated B cells within tumors 
has previously been established as positive predictors 

of patient survival in several types of cancer,40–42 and 
recruitment of NK cells has been reported to correlate 
with a better prognosis in gliomas.43 44 Although we did 
not fully characterize tertiary- like lymphoid structures in 
the brains of mice, we observed a colocalization of B and 
CD3+ T cells, and an increase in B and NK cells frequency 
following IL15- modified CAR T cell therapy. Given the 
increased survival post rechallenge with parental glioma 
cell lines that do not express IL13Rα2, it is possible that 
IL15- modified CAR T cells aid in the induction of endog-
enous immune responses to promote antigen spreading. 
Other investigators have explored if targeting TAMs with 
CAR T cells redirected to CD123 or FRβ improves CAR 
T cell efficacy in preclincial lymphoma or ovarian cancer 
models.45 46 Only one of these studies was conducted in 
an immune- competent animal model; timing was critical, 
and FRβ-CAR T cells only improved the antitumor activity 
of tumor- specific CAR T cells if there were given prior to 
their infusion. In our approach, we targeted tumor cells 
and MDSCs simultaneously, and based on the aforemen-
tioned study, exploring a multiple- dosing regimen might 
be advisable in the future.

To our knowledge, our study is the first to analyze the 
effects of IL15- modified CAR T cells in immunocompe-
tent glioma models. Our detailed TME analysis highlights 
the benefit of these models over xenograft models that 
lack a functional immune system. While IL15- modified 
CAR T cells had superior antitumor activity, tumor free 
long- term survival was limited in particular in the GL261 
model. This suggests that giving multiple doses of CAR 
T cells like in clinical studies,8 47 48 or additional genetic 
modification will be necessary to improve antitumor 
activity, including targeting multiple antigens expressed 
on glioma cells49–52 or deleting negative regulators in T 
cells.53–56

In conclusion, our study shows that modifying CAR 
T cells with IL15 improves their therapeutic properties. 
Furthermore, we show that the fusion of IL15 to the 
antibody part of CAR T cells generates a dual targeting 
system that not only diminishes the frequency MDSC and 
glioma cells, but also modulates their immunosuppres-
sive phenotype. Most importantly, our studies open the 
opportunity for investigating other targeting moieties on 
the surface of MDSCs, specifically those enriched in cells 
of GBM TME, and applying these modifications to CAR 
T cells for their direct dual functions against glioma cells 
and immunosuppressive MDSC.
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