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Introduction: Glioblastoma (GBM) remains a deadly cancer with non-curative

upfront treatment of radiation, resection, and chemotherapy. Not only has the

standard of care for GBM patients not improved significantly over the past

decade, life expectancy is less than 18 months, with no standard second-line

therapy. We previously developed a 2nd generation 4-1BB co-stimulated

chimeric antigen receptor (CAR) targeting tumor-specific variant of the

epidermal growth factor receptor (EGFRvIII) for treating patients with GBM.

This CAR T was used in Phase 1 clinical trials, and demonstrated that CAR T

cells rapidly trafficked to tumors and showed initial anti-tumor activity upon

encountering EGFRvIII-bearing tumor cells. However, the CAR T cells rapidly

became exhausted, losing anti-tumor function, with no durable objective

tumor responses.

Methods: Here, we evaluated the GBM immune environment in a syngeneic

implantable GL261 murine model. Prior to tumor implantation, brain-resident

immune cells were mostly absent. Following tumor engraftment, there was a

pronounced increase in immune cell infiltration over time and with GBM size.

Immune infiltrates were intitally comprised of early-arriving lymphocytes

including T, NK, and B cells, later this shifted towards increased presence of

macrophages and myeloid-derived suppressor cells. Evaluating both fresh and

archival GBM samples from patients, we found similarly high levels of infiltrating

immune cells, and PDL1 expression on both tumor and immune cells. PD1/PDL1-

antibody (Ab) mediated checkpoint inhibition (CPI) has been transformative in

treating several types of solid tumors; however the localization of GBM behind

the blood-brain barrier limits Ab access, and CPI trials have been unsuccessful in

treating GBM. To deliver PD1/PDL1 checkpoint Ab for patients with GBM, we

engineered our EGFRvIII-targeted CAR T cells to function as bio-factories,

producing and secreting anti-PD1 mini-Abs in situ at the site of GBM.
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Results: These Ab receptor-modified (ARMed) CAR T cells produced functional

PD1 minibodies in vitro and demonstrated anti-tumor activity in vivo in a GBM

xenograft model using NOD-Scid gammaC-null (NSG) mice. Delivered

systemically, both soluble Ab plus CAR T, and ARMed CAR T cells improved

subcutaneously implanted GBM treatment over CAR T alone, while treatment of

orthotopic GBM treatment was only improved with ARMed CAR T therapy.

Discussion: These findings demonstrate that engineering EGFRvIII-directed CAR T

cells to secrete checkpoint inhibitors locally can overcome immunosuppressive

barriers in GBM and bypass the limitations of systemic antibody delivery. This

strategy enhances CAR T cell functional persistence and holds strong translational

potential for treating GBM and other CNS-localized disease.
KEYWORDS

chimeric antigen receptor (CAR), tumor microenvironment (TME), glioblastoma (GBM),
checkpoint inhibition (CPI), fourth generation CAR, ARMed CAR, minibody, antibody-
secreting CAR
Introduction

Glioblastoma (GBM) is the most aggressive and common type

of primary malignant brain tumor in adults. It carries a poor

prognosis, with a median survival of 15 to 18 months. Despite

aggressive treatment, including resection, radiation, and

chemotherapy, patients often experience rapid tumor recurrence

and disease progression (1). Challenges in GBM treatment include

the infiltrative nature of the tumor, tumor cell heterogeneity,

development of resistance to therapy, a complex tumor

microenvironment (TME), and low levels of tumor mutations,

resulting in few tumor-specific T cells (2). Immune cell

infiltration in the GBM microenvironment has been implicated in

tumor progression via suppression of tumor-specific T cells (3–7).

With recent clinical advances in adoptive transfer T cell therapy,

including chimeric antigen receptor (CAR) T cells, the role of TME-

induced immune suppression in GBM has become a focus,

highlighting intratumoral complexity and its impact on

immunotherapy treatment (8–10).

Recent clinical trials including our own, have attempted to

provide a T cell response to GBM by infusing patients with

autologous CAR T cells targeted to GBM-specific antigens (6, 11–

13). These studies demonstrated rapid early anti-tumor activity,

including an influx of activated T cells into the tumor and radiologic

evidence of tumor regression within 24 hours of infusion (6, 13).

However, these responses were mostly transient as tumors recurred

and progressed rapidly, coinciding with a loss of T cell function and

increased markers of immunosuppression. These findings suggest

that while CAR T cell therapy facilitates trafficking of tumor-

specific T cells to the tumor site, including across the blood-brain

barrier (BBB), and that these T cells recognize and eliminate
02
antigen-bearing cells, this anti-tumor function is generally

short-lived.

Programmed cell death-1 (PD1) on T cells, and programmed

death-ligand 1 (PDL1) on tumors comprise an immunosuppressive

axis within the TME and have been shown to play a pivotal role in

GBM progression (14, 15). PD1-PDL1 interaction inhibits T cell

proliferation, cytokine production, and cytotoxic activity, allowing

tumors to escape T cell-mediated destruction. PDL1 expression has

also been identified on tumor-infiltrating myeloid cells that secrete

the immunosuppressive cytokine IL-10 in GBM (16). Clinically,

GBM has been shown to upregulate PDL1 in response to CAR T

cells, potentially driving an exhausted T cell phenotype and

diminished antitumor immune response (6, 17, 18). A meta-

analysis of PDL1 expression in GBM found that PDL1 expression

was associated with worse overall survival, supporting a potential

immunosuppressive mechanism at work (19). Consequently,

targeting the PD1-PDL1 pathway has emerged as a promising

therapeutic strategy to enhance immune-mediated tumor

clearance in GBM patients.

Clinically, the administration of antibodies (Abs) inhibiting

PD1-PDL1 signaling (CPI) has been effective in treating some

solid tumor indications, including melanoma, lung, and bladder

cancer (20–22). However, CPI trials in GBM have failed to benefit

patients, potentially due to the lack of endogenous tumor-reactive T

cells and limited Ab ability to cross the BBB (5, 14, 23–25).

Addressing the lack of endogenous tumor-specific T cells, our

team recently investigated EGFRvIII CAR T in combination

therapy with the anti-PD1 Ab pembrolizumab, in patients with

GBM. Similar to treatment with CAR T alone, this trial showed no

clinical anti-tumor response (6, 26). From these CAR T trials we

have learned that engineered CAR T cells can cross the BBB and
frontiersin.org
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home to the tumor site in the brain, and that PDL1 is upregulated

after CAR T treatment, suggesting a possible role in the loss of CAR

T cell function in GBM and that providing CPI Ab is not sufficient

to improve the therapy. To overcome this limitation, we have

engineered fourth generation CPI Ab receptor-modified (ARMed)

EGFRvIII CAR T cells, capable of trafficking into GBM to produce

and secrete anti-PD1 Abs in situ, and evaluated them in vitro and in

vivo in subcutaneous and orthotopic GBM murine models.
Results

GBM demonstrates a macrophage-
enriched immune cell infiltration in the
tumor microenvironment in an
experimental murine model

To understand the composition of the immune components

within the GBM TME, we used a syngeneic implantable orthotopic

murine GBM (EGFRvIII+ GFP+ GL261) in immunocompetent

C57Bl/6 mice (27) (Figure 1A). Tumor cells were implanted in

the right brain hemisphere in 4 groups of mice, to engraft and

expand for 4 weeks. Each week after implantation, one group of

mice was sacrificed, and brains were divided into hemispheres. Each

hemisphere was processed as a single-cell suspension, enumerated,

and stained with Abs for cellular differentiation markers, and

analysed by flow cytometry (Supplementary Figures S1A, B).

Results identified immune infiltrates by mCD45 expression

(Figure 1B), then further characterized into different immune cell

populations (Figure 1C, Supplementary Figure S1C). We found that

as early as the first week after tumor implantation, there were

infiltrating CD45+ immune cells, mainly in the tumor-side

(ipsilateral) right hemisphere (RH), compared with the

contralateral left hemisphere (LH), and these infiltrates continued

to increase over time following GBM engraftment (Figure 1D,

Supplementary Figure S1C). By the end of week 4, at the

conclusion of the experiment, the non-tumor bearing LH showed

low levels of immune cells (Supplementary Figure S1C). In contrast,

the tumor-bearing RH exhibited significant infiltration of different

immune cells, increasing in quantities compared to week one. These

infiltrates included CD4+ T cells, MHC-II+ cells (which included

some myeloid-derived suppressor cells (MDSCs), although they are

not shown separately), monocyte-derived MDSCs (M-MDSCs),

CD8+ T cells , and dendrit ic cel ls (DCs) (Figure 1E,

Supplementary Figure S1C), however, microglia (F4/80+CD45lo)

levels remained relatively constant throughout. The high

proportion of macrophages and M-MDSC in tumor immune

infiltrates was confirmed in situ by F4/80 immunohistochemistry

(IHC) staining of Formalin-Fixed Paraffin-Embeded (FFPE) tumor

tissue (Figure 1F). Importantly, microglia are also F4/80+, leading

to an overall low-level positive (brown) staining across the brain

and tumor sections. All immune infiltrates increased their total cell

numbers over each of the four weekly timepoints evaluated.

Notably, the spleen but not draining lymph nodes (DLN) from

each mouse at the same time-points showed a decrease in CD45+
Frontiers in Immunology 03
cells from pre-tumor baselines, as they increased in the brain,

supporting a potential re-localization of immune cell populations

(Figure 1G). Importantly, there was an increase in MHC-II+GFP+

cells in the draining lymph nodes (DLN) by week four, suggesting

that antigen-presenting cells had taken up tumor (GL261 GFP+) in

the brain and trafficked to the DLN (Figure 1H).
Clinically GBM contains a rich
microenvironment comprised of various
infiltrating immune cell types

To compare the immune infiltrates in the murine GBM model

with those in patients, we used a 13-color flow cytometry panel of

Abs to evaluate immune cells from 9 freshly resected patient GBM

samples and 6 control samples of non-GBM donor brains obtained

from neurosurgical resections at the Hospital of the University of

Pennsylvania (Supplementary Figures S2A, B). Fresh tumors or

normal brain samples were processed into single-cell suspensions

prior to magnetic bead enrichment for CD45-positive cells, allowing

us to enrich for CD45-hi immune infiltrates (28). The CD45-

positive cells were cryopreserved prior to further analysis, and the

CD45-negative fraction (enriched for tumor) was plated to establish

patient-derived GBM cell lines, then banked. A small portion of

each sample was stained with CD45 Ab and analyzed to determine

the percentage of immune cells in each sample prior to enrichment,

allowing a quantitative flow cytometry analysis based on total tissue

cellularity. Tumors contained varied proportions of immune cells,

while normal brain tissue controls uniformly had very few

(Figures 2A, B). As shown in Figure 2B, patient GBM samples

had significantly more immune cells than the normal brain (mean

11.89% versus 0.44%, respectively, p = 0.0004). The CD45-enriched

immune infiltrates were stained according to our panel of cellular-

differentiation Abs and analyzed by flow cytometry (Supplementary

Figures S2A, B). Based on cellular staining profiles, we assigned each

to immune cell subtypes (DCs as CD11c+, Mac/Mono/Gr as CD11b

+, T cells as CD3+, NK cells as CD56+, and B cells as CD19+) and

found all were enriched in GBM compared with normal brain tissue

(Figure 2C, D). This data supports that the BBB does not prevent

immune cell infiltration in human GBM. Figure 2D shows the

relative proportions of immune cell types from the average of

normal brain and from GBM, with Mac/Mono/Gr cells

comprising the majority of GBM infiltrates (65.64%), followed by

smaller populations of T cells (15.63%) that were almost exclusively

CD4+, and NK cells (9.78%), with the smallest populations

comprised of B cells (4.57%) and DCs (4.38%). We confirmed the

presence of these immune infiltrates in situ by IHC staining on

archival FFPE GBM samples, demonstrating extensive MHC-II

(HLA-DR+), present on DCs and macrophages, T cells (CD3+),

macrophage/myeloid cells (CD33+) and DCs (CD11c+) distributed

throughout (Figure 2E). Together, these show similar results to the

composition of immune infiltrates found in the syngeneic

orthotopic GBM mouse model, with high levels of MHC-II+ cells,

DCs and T cells that are absent in non-tumor-bearing brain,

suggesting that the presence of GBM recruits immune cells.
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FIGURE 1

Immune cell infiltration and kinetics in murine GBM model increase with tumor engraftment. (A, F) Immunohistochemistry (IHC) staining of FFPE
orthotopic murine GL261 GBM tumor sections from C57Bl/6 mouse (A) EGFRvIII staining using anti-EGFRvIII Ab (clone 3C10) and negative control
secondary Ab alone. “T” designates tumor and “N” designates normal tissue. (40X magnification) (B-E, G) Fresh tumors were collected over 4 weeks from
mice previously injected intracranially (IC) with syngeneic GL261 GBM cell line and processed as single-cell suspensions before Ab staining of cellular
differentiation markers and flow cytometry analysis. (B) Quantification of CD45-positive immune cells in the ipsilateral right hemisphere (RH, tumor-
bearing) versus contralateral left hemisphere (LH) brains of GL261-tumor bearing mice (n=3 mice per time point, stained in technical replicates) weekly
for 4 weeks following IC tumor injection. Mean ± std err is shown. (C) Representative flow cytometry density plots of CD45 and F4/80-positive cells by
CD11b and Gr1 expression, with CD11b+Gr1- representing macrophages and CD11b+Gr1+ as M-MDSCs in RH versus LH brains of mice at one and four
weeks after GL261 tumor injection. (D) Schematic representation of immune cell infiltration dynamics over time in the GL261 orthotopic murine GBM
model, separated by hemisphere. (E) Pie chart depiction of the relative proportions (averages) of immune cell types in the tumor-bearing RH and LH four
weeks post-tumor injection. Below the pie chart is the average of CD45+ cells per 200,000 total cells. (F) IHC staining of FFPE orthotopic GL261 tumors
stained with EGFRvIII Ab (clone 3C10), or F4/80 Ab. “T” designates tumor and “N” designates normal tissue. (G) Bar graph of CD45 cells in the draining
lymph nodes (DLN, n=3 mice per time point, stained in technical replicates), and spleens (n=3 mice per time point, stained in technical replicates) of
tumor-bearing mice compared with non-tumor-bearing wild-type control mice (Wk 0; n = 4). Mean ± std err are shown. (H) Bar graph of MHC-II+GFP
+ cells in the DLN (n=3 mice per time point, stained in technical replicates) of tumor-bearing mice compared with non-tumor-bearing wild-type control
mice (Wk 0); n = 4). Mean ± std err are shown. Cell marker phenotype flow cytometry gating used to generate D and E is supplied in Supplementary
Figure 1. Statistical analyses were conducted by Multiple Mann-Whitney in (B), and One-way ANOVA in (G, H); Statistical significance was denoted as
follows: P < 0.01 (**) and P < 0.0001 (****).
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FIGURE 2

Patient GBMs contain diverse populations of immune infiltrates. (A-D) Fresh GBM samples were prepared as single-cell suspensions, washed,
enriched for CD45-positive cells by positive selection with magnetic beads (Miltenyi), and stained with cellular differentiation Abs to identify different
immune cell populations. (A) Representative flow cytometry dot plots of percent live CD45-positive cells in brains of normal donors versus patient
GBM samples. (B) A graph of the percentage of live CD45-positive cells, stained and analyzed by flow cytometry from the brains of normal donors (n
= 6) and GBM patient samples (n = 9), Mean ± std err. (C) Graph of percentage total cellularity comprising of each immune cell type, from the brains
of normal donors (n = 6) vs patient GBM samples (n = 9), Mean ± std err. Note, for CD11b+, three patient values are not shown, offscale at greater
than 15%. (D) Pie charts depicting the average immune cell percentages across samples (live CD45-positive cells), and non-immune cells in patients’
GBMs (n = 9) and the brains of normal donors (ND), (n = 6). Within the GBM patient samples, the contribution of each immune cell type is shown
(averages of 9 samples). (E) Immunohistochemical staining of archival human GBM FFPE tumor sections with GFAP (tumor marker) in brown
chromogen, co-stained to demonstrate infiltrating immune cells in red chromogen, with Abs against HLA-DR (MHC-II), CD33 (myeloid cells), CD11c
(pan-dendritic cells), or CD3 (T cells) with hematoxylin counter-staining (100X magnification). Cell marker phenotype flow cytometry gating used to
generate (C, D) is supplied in Supplementary Figure 2. Statistical analyses were conducted using the multiple Mann-Whitney test, unpaired, non-
parametric; statistical significance was denoted as follows: P < 0.01 (**) and P < 0.001 (***).
Frontiers in Immunology frontiersin.org05

https://doi.org/10.3389/fimmu.2025.1579925
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cook et al. 10.3389/fimmu.2025.1579925
To determine whether the immune cells in the TME resulted

from specific recruitment or were simply a reflection of those cells

present in circulation, we collected 8 PBMC samples patient-

matched to the fresh GBM resections, and 7 normal donor

PBMC (Supplementary Figure S3). Between GBM patients and

normal donor PBMC, we found a significant reduction in the

overall percentage of CD45+ cells circulating in patients

compared with normal donors (Supplementary Figure S3A).

Additionally, the composition of immune cells differed, with

GBM patient PBMC showing a relative increase in CD11b+ and

CD11c+ and a reduction of T cells (CD3+) compared with normal

donors (Supplementary Figure S3B). In PBMC from GBM patients,

the highest proportion of immune cells in the periphery on average

were DCs (36%) compared with 4.4% in tumors, B cells were

present at 15% in PBMC versus 4.3% in tumors, while NK cells

comprised just 1% of PBMC with 9.7% in tumors (Supplementary

Figure S3B); the vast majority (65.8%) of immune cells in tumor

were Mac/Mono/Gr cells but these cells comprised only 32% of

patient PBMC (Figures 2D, Supplementary Figure S3B). Next, we

evaluated CD4 and CD8 T cells in all samples. In the GBM immune

infiltrates, most T cells were CD4 helper T cells (1.2% of total

cellularity), while CD8 T cells were sparse (0.011%). Reflecting a

lower overall immune infiltration, normal donor brain tissue

contained fewer T cells overall, with CD4 T cells at 0.3% and no

detectable CD8 T cells (0.000%) (Figures 2D, Supplementary

Figure S3C).

In the PBMC, GBM patients and normal donors showed similar

ratios of CD4 to CD8 T cells (range 1.2-2.1); however, GBM

patients’ PBMC contained substantially fewer peripheral T cells

overall, with CD4 at 10% and 33.6%, and CD8 at 5.8% and 17.5%, in

GBM versus ND respectively (Supplementary Figure S3C). In

normal donors, T cells were the predominant PBMC population,

mirroring their relative abundance among those few immune cells

found in normal brain. In GBM patients, T cells comprised a similar

proportion (about 15%) in both blood and tumor, while Mac/

Mono/Gr (32%) and DCs (36%) equally predominated in the blood.

The TME contained almost twice as many Mac/Mono/Gr (64%),

with few DCs (4.6%) compared with blood (Supplementary Figure

S3B), suggesting a selective enrichment of specific immune cell

populations within the tumor.

In comparing the TME in GBM between an immune-intact

syngeneic murine model of GBM and patients, the mouse model

reproduced several aspects of the infiltration and composition of

immune cells found in patients, however, there were a few notable

differences. Of relevance, the time for tumors to develop into

clinical disease is substantially reduced in mouse models, from

days to weeks in mice versus years to decades in patients.

Additionally, the types of infiltrates were substantially different

between patients and mice in at least one aspect, in that T cells made

up almost 50% of the infiltrates in the mouse model, with about

one-quarter of those being CD8+, while in GBM patient samples,

the total T cells typically comprised closer to 15%, with less than 1%

CD8+ (Figures 1E, 2D). This result is not entirely surprising, as the

methylcholanthrene-induced murine GL261 GBM is known to

express high levels of non-synonymous tumor mutations that give
Frontiers in Immunology 06
rise to endogenous tumor-reactive T cells, unlike the low tumor

mutation burden in naturally arising GBM (29, 30).
GBMs and their immune infiltrates express
high levels of PDL1

Building on previous descriptions of PDL1 in GBM we

evaluated PDL1 expression by IHC in 10 pairs of archival patient-

matched newly diagnosed (ND) and recurrent FFPE GBM samples

(Figures 3A, B) (18). We found heterogeneity of PDL1 expression

levels between samples, with intensity of staining rated on a scale of

0-3, with 0 denoting negative for staining, and 3 as strongly positive.

Different staining patterns were observed and were heterogeneous,

homogeneous, or focally positive, and varied across the 20 tumors

evaluated. The focal staining in Figure 3A, patient X recurrent

tumor section, resembles a staining pattern associated with localized

T cell activity with interferon-gamma (IFNg) inducing in situ

upregulation of PDL1 (31). In this evaluation, the majority of GBM

samples stained at least weakly positive for PDL1, with 7/10 ND and

9/10 recurrent GBM with detectable staining. In 4 cases, there was

equivalent expression in ND and recurrent GBM from the same

patient; 5 increased PDL1 from ND to recurrent, while in only one

case, PDL1 expression decreased from ND to recurrent disease.

Generally, PDL1 expression was low in these samples, with only

20% ND and 30% recurrent GBM staining strongly positive.

Previous research involving PD1-PDL1 interaction has mainly

focused on PDL1 expression on tumor cells (32–35). However,

immune cells can also be a source of PDL1, though the functional

impact of this in the GBM TME remains unknown (36).

To evaluate whether immune infiltrating cells could contribute

to PD1-PDL1-mediated immunosuppression and T cell

dysfunction in GBM, we looked at PD1 and PDL1 expression on

patient tumors and each immune cell subset from the fresh GBM

samples. In both GBM and normal donor brain CD45-negative cell

fractions, presumably comprised of tumor or normal brain cells, we

saw low percentages of PDL1-positive cell staining from normal

donors (mean 10.6%), with higher percentages of GBM (32%)

staining PDL1 positive, though the GBM samples showed high

variability, with between 5-70% (Figure 3C). However, the mean

fluorescent intensity (MFI) between the two groups was

significantly different, indicating the levels of PDL1 proteins on

the non-CD45 cells was increased in GBM patient samples

compared with normal donor brain, MFI of 476 in ND versus

MFI of 1014 in GBM, p = 0.0016, (Figure 3D). Independently

evaluating each subset of CD45-positive tumor-infiltrating immune

cell groups, all showed greater than 50% of each cell type (B, T, NK,

Mac/Mono/Gr, DCs) expressed PDL1, with approximately two-

thirds of the dominant Mac/Mono/Gr population and virtually all

(greater than 90%) T cells, B cells, DCs and NK cell population

expressing PDL1 (Figure 3E). The high proportions of PDL1-

expressing cells we find in the GBM immunome suggest these

may play an important role in TME-mediated immunosuppression

and effector T cell dysregulation, potentially contributing to the lack

of durable response to CAR T therapy (37, 38). Conversely,
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PDL1 is widely expressed in Human GBM and Immune Infiltrates. (A, B) GBM patients with matched newly diagnosed and recurrent tumors had FFPE
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examining PD1 expression on patient GBM immune infiltrates, the

most numerous cells, including Mac/Mono/Gr (CD11b+), CD4+ T

cells, and NK cells, had relatively few cells expressing PD1; however,

although present in only small numbers, nearly all B cells and DC

expressed PD1 (Supplementary Figure S3D). Additionally, although

CD8 T cel ls were mostly absent in the GBM tumor

microenvironment, those present all expressed both PD1 and

PDL1 (Figures 3E, Supplementary Figure S3D). This profile

suggests that B cells, DCs, and CD8 T cells could play a vital role

in the naturally occurring GBM immune response.

Following up on earlier works demonstrating tumor-reactive CD8

T cells only expressed PD1 in the TME (39), we investigated PD1 and

PDL1 expression in PBMC from both normal donors and GBM

patients to compare with the TME infiltrates (Supplementary Figures

S3F, H). PBMC from GBM patients contained fewer T cells (approx.

20% versus 90%), and more Mac/Mono/Gr, DCs, and B cells overall

than PBMC from normal donors (Supplementary Figure S3B). The

proportions of these cells that expressed PDL1 were similar, or less, in

GBM patients’ periphery than those in normal donors, and were not

reflective of the high levels of PDL1 expressed by immune cells in the

GBMTME (Figure 3E, Supplementary Figures S3E, F). This differential

PDL1 expression suggests localized upregulation within the TME

whether by intrinsic or extrinsic factors. Evaluating PD1 in the

periphery, the majority of all cell types in normal donor PBMC were

PD1-negative, while those from GBM patients showed one-third or

more of circulating Mac/Mono/Gr, DCs, and B cells expressed PD1

(Supplementary Figures S3F–H). In circulating T cells, the proportion

expressing PD1was similar between GBMpatients and normal donors;

however in total number there were fewer T cells overall in patients.

This low circulating number of PD1 T cells in GBM patients could

reflect the low tumor mutation burden generally found in GBM and

suggests that T cells may play a minor role in patients’ endogenous

GBM immune response (40–45).

The GBM samples evaluated here were all from newly

diagnosed or recurrent tumor resections from untreated patients

or patients treated with standard of care (chemotherapy, radiation,

and resection), and none had received adoptive CAR T cell therapy.

In agreement with prior published data, the patient GBMs we

evaluated had very few CD8+ T cell infiltrates, aligned with the cold

tumor phenotype typically associated with low tumor mutational

burden (40–45). Treating a GBM patient with tumor-specific CAR

T presumably alters the GBM TME in several ways. The mechanism

of action upon tumor–CAR T cell interaction involves the scFv

expressed by the T cell binding its cognate antigen, triggering T cell

activation through signals from the co-stimulatory motif and the

CD3z domain. This results in the upregulation of T cell activation

markers, including CD69 and PD1, induction of the perforin-

granzyme lytic pathway, and secretion of Type 1 immune

cytokines, including tumor necrosis factor-alpha (TNFa), the
lymphocyte pro-survival factor interleukin-2 (IL-2), and IFNg, a
pro-inflammatory cytokine. IFNg in particular, induces pleiotropic

effects in surrounding cells and is known to upregulate tumor cell

antigen processing and presentation while paradoxically increasing

tumor immune suppressive signals, including PDL1 (46). As a

result, it is reasonable to consider GBM patient tumors treated
Frontiers in Immunology 08
with CAR T may respond to CAR T therapy by adaptively

producing an even more immune-suppressive TME, specifically

via upregulating the PD1-PDL1 axis and driving T cell exhaustion

in response to IFNg produced by the CAR T cells.
Combination of anti–PD1 Ab with CAR T
fails to enhance efficacy in an orthotopic
GBM model

To generate a PD1-PDL1 immunosuppressive CAR T treatment

model of GBM in vivo, we used the human GBM xenograft D270

with endogenous EGFRvIII expression, and demonstrated in vitro

upregulation of PDL1 upon exposure to IFNg (Supplementary

Figure S4A). For treatment, we used our previously published

second-generation EGFRvIII CAR T (co-stimulated with 4-1BB

and activation through CD3z) in both subcutaneous and orthotopic

brain tumor xenografts in NSG mice (Figure 4A) (6, 47, 48). We

initially evaluated the impact of PD1-PDL1 CPI on tumors located

outside the brain. D270 GBM were implanted subcutaneously on

the flank of NSG mice 7 days before treatment with sub-optimal

numbers of i.v. injected untransduced T cells (UTD) or EGFRvIII

CAR T cells. Anti-PD1 Ab or PBS followed this CAR T treatment,

injected i.p., starting one day after T cell infusion and repeating

every four days. We found that this dosage of EGFRvIII CAR T

alone had a modest impact on tumor size compared with PD1

blocking Ab treated UTD T cells, and conferred no improvement in

overall survival (OS) per Kaplan-Meyer curve (median OS = 36d for

UTD + PD1 Ab, 28d for CAR T alone). However, mice treated with

CAR T cells combined with anti–PD1 Ab exhibited significantly

smaller tumors and improved survival compared to CAR T cells

alone (p = 0.0025, Log-rank [Mantel-Cox] test), with median OS

not reached by 50 days (Figures 4B, C).

Since tumors located in the periphery are readily accessed by

soluble factors in the blood, including Abs, this subcutaneous model

does not reproduce the TME in GBM, with restricted access to the

brain. To test whether the BBB is a factor in treatment with CPI

Abs, we repeated this GBM xenograft model, treating with CAR T

both with and without i.p. delivered soluble anti-PD1 Abs in the

same model, but with an orthotopic tumor implanted in the brain.

Upon treatment, the addition of anti-PD1 Ab to EGFRvIII CAR T

had no impact, with statistically similar OS by Kaplan-Meyer graph.

Median OS is 15d for negative control UTD T cells plus PD1 Ab

and 21.5d for EGFRvIII CAR T alone, with addition of CPI Ab

resulting in 20d OS for CAR T plus PD1 Ab (Figure 4D). Long-term

animal survival at the end of the experiment on d48 were 0% (UTD

+ Ab), 30% (CAR T), and 11% (CAR T + Ab). Descriptions of the

BBB excluding passage of circulating Abs into the CNS, have been

well described (49, 50). Therefore, it is unsurprising that soluble

injected anti-PD1 Ab does not augment CAR T treatment of brain

tumor progression in the orthotopic model. Collectively, these data

suggests that the PD1-PDL1 axis can inhibit CAR T cell function in

GBM treatment in vivo, and PD1 blockade with anti-PD1 Abs can

overcome that inhibition in peripheral disease. However, systemic

administration of anti-PD1 Abs does not enhance therapeutic
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efficacy against CNS-localized GBM, potentially due to the BBB

preventing Abs from entering the CNS, thus preventing Abs

engagement with CAR T cells at the tumor site.
Antibody receptor modified ARMed CAR T
cells can secrete anti-PD1 Abs/minibodies

To overcome the access barrier of the BBB in delivering CPI Abs to

disrupt the PD1-PDL1 axis on CART cell function in orthotopic GBM,

we further genetically modified the EGFRvIII CAR T cells to perform a

second function, specifically to act as mini bio-factories, producing

their own anti-PD1 Ab for CPI. To first determine function, we utilized

an in vitro cellular system to quantitatively establish PD1-PDL1

binding and functional readout on CAR T cell activation and
Frontiers in Immunology 09
subsequent inhibition (Supplementary Figure S4B). This model used

K562 as target cells constitutively expressing CD19 (a surrogate tumor

antigen), and PDL1, or K562 negative control target cells that express

neither CD19 nor PDL1 (Supplementary Figure S4C). We used

second-generation CD19 CAR T (with 4-1BB and CD3z) as effector
cells. To determine the impact of PD1-PDL1 binding on antigen-

specific CAR T cell activation, we overexpressed PD1 via mRNA

electroporation of CAR T cells (Supplementary Figure S4D) prior to

co-culture. Following co-culture of effector CAR T cells with K562

targets, T cell activation was assessed by intracellular cytokine staining

and flow cytometric analysis. We found that overexpression of PD1 on

CAR T cells significantly reduced CAR T cell activation, as measured

by production of IFNg (p = 0.0024), IL-2 (p = 0.0173), and TNFa (p =

0.0002), compared with PD1-negative CAR T cells (Supplementary

Figures S4E–G). We also evaluated T cell proliferation by measuring
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CFSE dilution and found that CD19 CAR T cells co-cultured with

K562 expressing CD19 and PDL1 resulted in the proliferation of

CD19-specific CAR T cells, but this antigen-specific proliferation was

significantly reduced when the CD19 CAR T cells also overexpressed

PD1 (p = 0.02) (Supplementary Figure S4H). These data support that

PD1–PDL1 interactions inhibit the function of antigen-specific CAR T

cells. Together with our in vivo results using PD1 Ab and CAR T cell

combination therapy, this suggests that the PD1–PDL1 signaling axis

may contribute to immune suppression in patients undergoing clinical

CAR T cell treatment (17–19).

To address the limitations of systemic Ab access to the brain, we

utilized CAR T cells, shown to readily traffic across the BBB to gain

access into the brain, as a natural biologic delivery mechanism,

targeting T cells to specific antigens within the brain, in this case,

EGFRvIII on GBM, and there to produce and secrete anti-PD1 Ab

minibodies in situ (6). These Ab receptor-modified (ARMed) CAR

T cells can provide PD1 CPI in cis, or to provide CPI for other

infiltrating anti-tumor immune cells close proximity in trans.

Figure 5A depicts the minibody CAR T plasmid design we used

in pTRPE lentiviral vector to transduce human T cells. To detect the

minibody, we added a small epitope tag (StrepTagII) attached to the

c-terminus, previously used on secreted proteins and single-chain

variable fragments (scFv) in CAR T cells (51, 52). This tag allowed

us to collect ARMed CAR cell supernatant and enrich for anti-PD1

minibody protein by column purification and run on SDS PAGE

gel, followed by western blot detection using a StrepTag Ab

(Supplementary Figure S5A). We show one specific product

eluted from the column at the predicted size of 45 kDa as a

monomer in reducing conditions. To directly detect the secreted

PD1 minibody functional binding to PD1, we developed an ELISA

using immobilized recombinant PD1 protein and anti-human IgG

detection mAb that directly measures anti-PD1 minibody. We

demonstrate direct and specific detection of the PD1 minibody in

ARMed CAR T supernatant (Supplementary Figures S5A, B). We

evaluated secreted minibody functionality in vitro based on

expected signaling inputs shown in Supplementary Figure S4B.

We confirmed that anti-PD1 ARMed antigen-specific CAR T can

block PD1-PDL1 inhibition in trans using a transwell system, where

the minibody-secreting cells are not in direct contact with the

effector and target cells. CD19 CAR T with or without mRNA

electroporated PD1 expression, cultured with CD19 PDL1 positive

K562 targets, demonstrated antigen-specific IL-2 production was

markedly reduced when CAR T overexpressed PD1 but could be

rescued when ARMed T cells secreting anti-PD1 minibody were

present in trans (Figure 5B).
PD1 ARMed CAR T cells have enhanced
anti-tumor function in vivo

To determine whether the PD1 minibodies secreted by ARMed

EGFRvIII CAR T cells function in vivo to rescue PD1-PDL1

inhibited T cell function and improve CAR T therapy, we

repeated the previous in vivo NSG xenograft flank model of

GBM, this time using anti-PD1 ARMed EGFRvIII CAR T,
Frontiers in Immunology 10
EGFRvIII CAR T alone, or negative control CD19 CAR T cells to

treat U87vIII GBM, naturally expressing high levels of PDL1, which

further increased upon exposure to IFNg (Supplementary Figure

S4A). Tumors were implanted subcutaneously on the rear flank,

and T cells were injected i.v. 7 days later. The anti-tumor impact

was evaluated by measuring tumor size via calipers, and evaluating

overall survival (Figures 5C, D). All mice treated with negative

control CD19 CAR T reached the predetermined experimental

endpoint by tumor size or animal morbidity 24 days (median OS

= 24d) after tumor engraftment. EGFRvIII CAR T treated mice

showed a significant reduction in tumor size compared with

negative controls, with a median OS of 34 days and 10% of mice

surviving to 50 days (end of the study). ARMed EGFRvIII CAR T

cells secreting PD1 minibody further augmented tumor control,

with significantly increased overall survival compared to CAR T

alone, median OS not reached at 50d, 80% of mice surviving to end

of study in this subcutaneous GBM model.

Next, we wanted to evaluate whether PD1 ARMed CAR T cells

could overcome the limitations of CNS-localized tumors and could

outperform CAR T cells in the D270 orthotopic GBM xenograft

NSG mouse model, where combination with anti-PD1 Ab therapy

failed. We injected D270 GBM intracranially in NSG mice and

confirmed tumor engraftment with bioluminescent imaging (BLI).

Three days later, mice were i.v. injected with 5 million EGFRvIII

CAR T cells, either ARMed with PD1 minibody or CAR T alone, or

untransduced T cells (UTD) as negative controls. Mice treated with

UTD showed rapid tumor growth and median OS of 26 days, with

0/9 (0%) mice surviving to the end of the study at day 43

(Figures 5E, F). The EGFRvIII CAR T alone treated mice showed

reduced tumor BLI compared with UTD, with median OS not

reached at 43d, and 6/10 (60%) mice surviving to the end of the

study on day 43 (p = 0.006). Mice treated with PD1 ARMed

EGFRvIII CAR T cells exhibited a significant reduction in tumor

BLI compared with both UTD cells and CAR T cells alone (p =

0.00017 by multiple Mann-Whitney tests; Figure 5F). Additionally,

ARMed CAR T mice did not reach median OS with 9/10 (90%)

mice surviving through d43 endpoint. A limitation of CAR T

xenograft mouse models is the potential for human T cells to

recognize and eventually reject mouse host cells as foreign,

leading to xenograft graft-versus-host disease (xGVHD).

Although the severity and timing of xGVHD can vary depending

on the T cell donor, it typically restricts the duration of these

experiments to 6–12 weeks, often necessitating termination due to

animal morbidity even in absence of tumor before reaching median

overall survival (53). Although statistical significance was not

reached for OS between ARMed CAR T versus CAR T alone

treated mice (median OS was not reached for either), CAR T

alone treated mice had 6/10 (60%) mice surviving through the

end of the study, compared with 9/10 (90%) treated with ARMed

CAR T (Figure 5F), suggesting a potential survival benefit. This

benefit is supported with the corresponding BLI data, clearly

demonstrating markedly reduced tumor burden in the ARMed

CAR T group, compared with the CAR T alone (Figure 5E).

In peripheral blood samples from the orthotopic model, human

T cells were detected at comparable levels in all groups at 18 days
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Antibody Receptor Modified (ARMed) CAR T secreting anti-PD1 mini-Ab can rescue CAR T function in orthotopic GBM xenograft murine model. (A)
Schematic representation of the cDNA and final protein structure of EGFRvIII CAR T engineered to produce and secrete an anti-PD1 minibody, created in
BioRender. Cook, D. (2025) https://BioRender.com/l51h190. (B) Bar graph of intracellular cytokine detection of IL-2 by flow cytometry of a transwell assay,
where the T cells producing the PD1 minibody were not in direct contact with the tumor cell targets. Transwell image Created in BioRender. Cook, D. (2025)
https://BioRender.com/2j7t6i8 (C–F) NSG mice were injected subcutaneously (subQ) or orthotopically intracranially (IC) with GBM xenografts and treated
with engineered T cells either 7 days post-tumor injection for subQ or 3 days later in the IC model. (C) Tumor volume (0.5xLxW2) measurements were taken
with calipers over time in mice injected subcutaneously with U87 EGFRvIII-positive human GBM cells (U87vIII) and treated with negative control CAR T cells
(CD19BBz), EGFRvIII-specific CAR T cells (3C10BBz), or EGFRvIII-specific ARMed CAR T cells secreting the anti-PD1 minibody (3C10BBz + PD1 minibody)
(n = 10 per group, except the UTD group (n = 9), where one mouse did not develop a tumor). (D) Kaplan-Meier survival curves for mice in (C) with
subcutaneous U87vIII tumors. (E, F) To follow tumor size and overall survival, the D270 GBM was stably transduced with luciferase, average bioluminescence
intensity (BLI) tracking over time for each treatment group after injection of luciferin-D substrate provided i.p. Mice injected intracranially with D270 GBM and
treated i.v. with: untransduced T cells (UTD), EGFRvIII-specific CAR T cells (3C10BBz), or ARMed EGFRvIII-specific CAR T cells secreting the anti-PD1
minibody (3C10BBz + PD1 minibody), show (E) tumor burden by BLI, and (F) overall survival by Kaplan-Meier survival curves (n=10 per group). Mice were
euthanized when they met predefined humane endpoint criteria, including ≥20% loss of original body weight, Body Condition Score (BCS) below 2, or loss
of normal physiological function (e.g., impaired mobility, grooming, or feeding). Statistical analyses were conducted using the Log-rank (Mantel-Cox) test.
Statistical significance was denoted as follows: P <0.05 (*), P <0.01 (**), P < 0.001 (***), and P<0.0001 (****); P≥0.05 was considered not significant (ns).
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post-infusion (Supplementary Figure S5C). In both CAR T groups

(ARMed and not), human T cells could still be detected 29 days

post-infusion (Supplementary Figure S5D), demonstrating that

CAR T cell persistence in the periphery is not sufficient to confer

anti-tumor CAR T function in this model of PD1-PDL1 mediated

immune suppression, and that T cell function against peripheral

tumors could be improved by administration of CPI Abs. However,

only ARMed CAR T cell secreting CPI Ab was sufficient to

eliminate GBM in the CNS behind the BBB. Our data suggests

that engineering ARMed CAR T cells to secrete checkpoint Abs

could overcome checkpoint-induced treatment barriers for solid

tumors, improving clinical outcomes, particularly in barrier-

protected organs, such as GBM.

In summary, understanding the composition and phenotype of

immune infiltrates and the potential role of PD1-PDL1 mediated

immunosuppression in GBM is essential for developing effective

immunotherapeutic strategies. Here, we have shown evidence from

experimental murine GBM models and patient GBM samples

highlighting the role of infiltrating immune cells and their

potential contributions to checkpoint PD1-PDL1 induced

immune suppression in GBM. We explored the combination of

treatment with CAR T plus PD1 Abs, focusing on the challenges

associated with blocked access of systemically delivered Abs across

the BBB into the brain in orthotopic GBM models. We developed a

GBM-targeted 4th generation ARMed CAR T with the capacity to

generate and secrete anti-PD1 checkpoint blockade Abs as

minibodies. We demonstrated that PD1 minibodies secreted by

these ARMed CAR T were detectable and functional in cellular

assays in vitro. Finally, we demonstrated preclinical proof of

concept of therapeutic efficacy of 4th generation solid tumor

targeting ARMed CAR T cells in a GBM mouse model in

subcutaneous and orthotopic tumors. These data suggest that

ARMed CAR T cells can cross the BBB into the brain and secrete

anti-PD1 minibodies as a potential dual-action therapeutic strategy

for treating GBM. This therapy holds promise for meaningful

clinical benefit and improved outcomes for patients with GBM

and other brain diseases.
Discussion

Glioblastoma (GBM), the most aggressive primary brain tumor in

adults, presents a formidable challenge to effective treatment due to its

infiltrative nature, low tumor mutational burden, and complex

immunosuppressive microenvironment. Understanding the

composition and dynamics of immune cell infiltration within the

tumor microenvironment is crucial for developing effective

immunotherapeutic strategies. In this study, we evaluated immune

infiltration in an immunocompetent syngeneic murine GBM model

and compared it with freshly resected and archival GBM patient

samples. In both models, we observed abundant immune infiltrates,

predominantly composed of Mac/Mono/Gr cells, along with smaller

populations of DCs, B cells, T cells, and NK cells. These findings are

consistent with previous reports demonstrating that tumor-associated

macrophages (TAMs), including infiltrating macrophages, MDSCs,
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and resident microglia, constitute a major component of the GBM

microenvironment in both mice and humans (54, 55). Although not

detected in normal brain tissue, we cannot exclude the possibility that

the observed increase inMac/Mono/Gr cells reflects activatedmicroglia

in response to the tumor, rather than newly infiltrating immune cells.

Recent multispectral imaging analyses in human GBM have also

revealed that macrophages are the most abundant immune

population, followed by T cells and neutrophils, with NK and NKT

cel ls being comparat ive ly rare , and ident ified novel

immunosuppressive subsets such as PD1+ NK cells, PD1+CD8+ T

cells, and PDL1+ neutrophils (54, 55). Single-cell RNA sequencing

studies in mice and humans have further underscored the critical role

of myeloid cells, including microglia, macrophages, and MDSCs, in

shaping the immunosuppressive landscape of GBM (56–58).

Additionally, recent work identified distinct MDSC populations

within GBM that engage in cross-talk with tumor cells to promote

tumor growth and immune evasion, emphasizing the complexity and

central role of myeloid-driven immunoregulation in GBM (58).

In our murine GBMmodel, we observed that immune cells were

significantly reduced in the spleen during tumor progression. This

finding aligns with previous work by Chongsathidkiet et al., who

reported that patients with GBM had significantly smaller spleen

volumes compared to age-matched controls, a result that was also

validated in two independent mouse models of GBM (59).

Consistent with these systemic immune alterations, we found that

GBM patients exhibited significantly reduced numbers of

lymphocytes in their PBMCs compared to healthy donors (59–62).

Prior studies have proposed multiple mechanisms for this

lymphopenia, including sequestration of T cells within the bone

marrow and T cell apoptosis driven by soluble factors in the tumor

microenvironment (59, 62). In addition, our study demonstrated

that MHC-II cells that had phagocytosed tumor-derived GFP could

be found in the draining lymph nodes. This is consistent with recent

reports highlighting the role of dendritic cells in acquiring tumor

antigens within the brain and migrating to cervical lymph nodes in

GBM models (63). Together, these findings underscore a

coordinated disruption and redistribution of immune cells in both

the systemic and CNS compartments during GBM progression.

A notable difference between the murine and patient GBM was

the degree of T cell infiltration into the tumor. There was a high

proportion of CD4+ and CD8+ T cells in the GL261 mouse GBM

model, notably absent in GBM patient samples. While patient

GBMs did contain a subset of T cells, these were not a

predominant population and were almost entirely composed of

CD4 T cells. The GL261 C57Bl/6 mouse model has been reported to

have a strong T cell infiltration not generally observed in human

GBM, presumably due to its high tumor mutational load (29, 30, 41,

64). Whole-genome sequencing and RNA sequencing of GL261 has

shown these tumor cells have a high mutational burden, and express

close to 5,000 non-synonymous exome mutations, which is

significantly higher than typically found in patients’ GBM (29,

43). Furthermore, it has been demonstrated that these mutations

lead to the expression of neoepitopes that can be recognized by T

cells. This may explain the high T cell infiltration we observed in

this model (29). Despite these differences, murine models have been
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crucial in advancing GBM CAR T cell therapy from preclinical

research to clinical applications for patients (6, 12, 13, 23, 48, 65).

Our study found that high proportions of all immune subsets in

the patient GBM immune infiltrates had PDL1 expression, and many

of the non-immune (tumor) cells also expressed PDL1. We

confirmed this finding by IHC of archived FFPE tumor sections

from both newly diagnosed and matched recurrent GBM patients,

where the majority of samples (80%) showed PDL1 staining, some

with focal staining consistent with site-specific upregulation in

response to IFNg produced by infiltrating immune cells. PDL1

expression on immune cells in GBM has not been thoroughly

investigated. However, a recent study showed that across multiple

cancers, responses to anti-PDL1 antibody therapy were observed in

individuals expressing high levels of PDL1, especially on tumor-

infiltrating lymphocytes, suggesting a functional role of PDL1 on

immune cells (66). The extent of PDL1 displayed by both tumor and

immune infiltrates in these patient resections suggests that PD1-

PDL1 may be a significant mechanism of immune evasion and T cell

suppression in GBM, as supported by other studies (67, 68). It has

previously been shown that PDL1 expression on infiltrating immune

cells in lung cancer is highly associated with the presence of M2-

polarized macrophages, consistent with our findings in fresh and

archival samples of GBM (69). This concept is further supported by a

previous clinical trial administering EGFRvIII CAR T for GBM.

Specifically, tumor samples taken before and after CAR T treatment

showed multiple biomarkers of adaptive tumor response to T cell-

mediated anti-tumor activity, including upregulation of PDL1 and

other markers associated with suppression of the immune response

(6). One major limitation to our human GBM flow cytometry

analysis was due to the low frequency of immune infiltrates, which

limited us to identifying only significant immune populations, and

more detailed phenotypic or functional characterization was not

feasible. These limitations should be considered when interpreting

the scope of our human immune profiling results.

In our experimental CAR T treatment of GBM xenograft NSG

mouse model, we demonstrated that administering a suboptimal

number of EGFRvIII CAR T cells had minimal impact on established

subcutaneously implanted PDL1–positive D270 GBM tumors.

Regular systemic injections of anti–PD1 Abs combined with the

CAR treatment significantly improved anti-tumor efficacy in these

peripheral tumors. However, when the same tumor was implanted

orthotopically within the brain, the combination treatment of anti–

PD1 Ab and CAR T cells did not enhance therapeutic response

compared to CAR T cell therapy alone. This suggests that PDL1–

mediated immune suppression of CAR T cell function occurs in vivo

and can be successfully treated with anti–PD1 CPI Abs in

peripherally located tumors; but, since Abs cannot effectively cross

the BBB, there is no rescue of CAR T cell activity against tumors

within the brain. This data is unsurprising, as it is a known problem

in treating patients with brain diseases that Abs and many other

therapeutic agents cannot cross the BBB to reach sites within the

brain. In contrast to circulating Abs, CAR T cells can readily traverse

from the circulation across the BBB and access brain tumors. Clinical

and preclinical studies have shown that CAR T cells can penetrate the

CNS, localize to tumor sites, and exert anti-tumor effects (6, 26, 70).
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Despite initial anti-tumor activity observed in recent clinical trials,

CAR T cell therapy has failed to reproducibly provide a prolonged

clinical benefit, mainly attributed to T cell functional exhaustion,

typically characterized by high levels of PD1 and other

immunosuppressive markers. This suggests that strategies to target

PD1-PDL1 axis may overcome the immunosuppressive impact of the

tumor microenvironment and enhance the durability of CAR T cell

therapeutic function in GBM (6, 11, 13). Based on these findings, a

follow-up clinical trial combined EGFRvIII-targeted CAR T cells with

anti–PD1 checkpoint Ab administration for treating GBM (26).

Unfortunately, the results were disappointing, showing no

improvement over the CAR T alone trial, and no increase in

clinical anti-tumor response (71, 72). This failure underscores the

need for novel strategies to overcome the immunosuppressive tumor

microenvironment and enhance the durability of CAR T cell

therapies for patients with GBM.

To address these challenges, we engineered CAR T cells to

secrete anti–PD1 minibodies, creating ARMed CAR T cells that

serve as living bio-factories and drug delivery systems. This

approach leverages synthetic biology to modify CAR T cells to

localize to tumor antigens and secrete CPI locally within the TME.

Minibodies are Ab fragments comprising a single chain variable

fragment (scFv) fused to a CH3 domain that dimerize once the

protein is made. This results in a molecule much smaller than a full

Ab but remains bivalent. Minibodies are advantageous due to their

increased stability and prolonged half-life compared to scFv and

diabodies (scFv2) (73–76). We have previously shown the ability to

reprogram IL13Ra2 CAR T cells to secrete checkpoint blockade

minibodies and that these can augment CAR T treatment in

subcutaneously implanted murine GBM xenograft models, with

results similar to CAR T and checkpoint Ab combination therapy

(77). In orthotopic GBM, our approach harnesses the inherent CAR

T cells’ ability to infiltrate the CNS, and enhances the efficacy of

CAR T cells while minimizing systemic exposure to checkpoint

inhibitors, potentially reducing co-incident toxicities. Here, we have

shown our ARMed CAR T cells demonstrated enhanced anti-tumor

activity in subcutaneous and intracranial GBM models, including

the ability to cross the BBB and function within the brain. Secreting

anti–PD1 minibodies directly at the tumor site protected the CAR T

from the immunosuppressive signals in the GBM TME, improved T

cell persistence and anti-tumor function (Supplementary Figure

S5E). This 2-in-1 strategy overcomes the limitations of deliveriing

systemic Abs across the BBB, allowing for therapeutic levels of CPI

Abs to accumulate locally and treat brain tumors.

Here, we show that ARMed CAR T engineered to secrete anti-

PD1 minibodies can improve anti-tumor function not only in

systemically located tumors but also deliver sufficient Ab levels

within the brain at the site of the tumor to rescue CAR T function

in an orthotopic D270 xenograft CAR T-resistant mouse model. We

acknowledge that a limitation of the in vivo experiments is the

absence of certain control groups, such as direct comparisons

between ARMed CAR T cells and combination CAR T plus anti–

PD1 Ab therapy, as these controls were used in separate experiments.

Cumulatively these experiments demonstrate the potential to directly

translate into clinical trials for patients with GBM and other disease
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located within the brain behind the BBB. As CAR T cells accumulate

at the tumor site, the effective checkpoint blockade Ab they serete can

increase localized concentration in situ, in contrast with barrier-

restricted entry to systemically delivered Abs, or even intracerebrally

delivered Abs, which are actively pumped out by transporters like the

neonatal Fc receptor (FcRn) located in the BBB. Also, unlike Abs,

which have a limited persistence/half-life, T cells can potentially

remain over the patient’s lifespan. This in vivo continued supply of

Abs can remain relatively constant for as long as the tumor persists,

offering the possibility of durable long-term treatment without

repeated administrations. In the absence of tumor, directed ARMed

CAR T cell populations can contract and disperse through the

circulation, reducing any site-specific CPI Ab concentrations below

functional levels.

Recently, a publication by Simic et al. further developed the

concept of controlled engineering of T cells to act as mini bio-

factories in vivo, demonstrating the potential for these cells to

produce not only Abs but potentially any biologic drug, including

immune- or tumor-modulating cytokines or peptides to modify the

TME (78). Importantly, they demonstrate the ability to turn on and

off these functions using logic-gated genetic switches, including

‘AND’ and ‘OR’ gates, for example, turning on protein secretion

only when in the presence of an organ-specific marker or in a specific

microenvironment. In conclusion, these works demonstrate that

engineering CAR T cells to secrete anti–PD1 Abs/minibodies offers

a promising solution to the challenges of treating patients with GBM,

overcoming dual challenges of targeting specificity (EGFRvIII or

other tumor-associated antigen), and overriding PD1-PDL1 induced

immunosuppression encountered in the TME, whether from tumor

or other immune-infiltrating cells. This innovative approach

combines the benefits of directed cellular therapy with localized

Ab-based immunomodulation, overcoming the limitations of drug

delivery across the BBB and enhancing anti-tumor responses. The

success of ARMed CAR T cells in preclinical models supports their

translation into clinical trials that could significantly improve

outcomes for patients with GBM and other high-unmet medical

need CNS diseases. Future developments may include incorporating

safety mechanisms like a ‘suicide switch’ such as CD20, that could be

added to the ARMed CAR T for rapid elimination via treatment with

drugs like Rituximab; alternatively, an ‘on-switch’ for the minibody

could be added, driven by T cell-intrinsic activation factors on an

NFAT- or other site-specific promoter, thus controlling not only the

localization of the secreted Abs, but their timing also, adding a

further potential measure of safety. Undoubtedly, we will learn more

about the capabilities and limitations of these types of ARMed CAR

T cell therapies following their use in early-phase clinical trials.
Materials and methods

Fresh brain tumor digestion and immune
cell collection

Primary GBM cell lines were derived directly from patients

undergoing neurosurgical resection at the Hospital of the University
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of Pennsylvania, following their Institutional Review Board-approved

protocol. Written consent was obtained from all patients following the

protocol. Freshly resected glioma tumor samples were enzymatically

dissociated into single cells using the Papain Dissociation System

(Worthington Biochemical Corporation, Cat#:LK003160). Then,

CD45 microbeads (Miltenyi Biotech, Cat#130-045-801, RRID:

AB_2783001) isolated immune cells from the dissociated tumor by

positive selection. Enrichment was assessed by Ab staining and flow

cytometry in both populations for CD45 AlexaFluor647 (BioLegend,

Cat#:304020, RRID: AB_493034). The CD45-positive cells were

cryopreserved for later analysis.
Immunohistochemistry of human GBM
samples

GBM sections were obtained from samples from the University of

Pennsylvania Brain Tumor Tissue Bank. IHC of formalin-fixed and

paraffin-embedded tissues was performed on a Leica Bond instrument

using the Bond Polymer Refine Detection System using the following

Abs: CD3 (Leica, Cat#:PA0553-U), CD33, HLA-DR, CD11c, and

PDL1. Heat-induced epitope retrieval was required and done for 20

min with ER1 solution (Leica Microsystems). Tonsil tissue was also

included as an immune tissue control.
Immunohistochemistry of murine samples

Mouse tumor tissues were formalin-fixed in 10% neutral buffered

formalin (NBF) at ten times the tissue volume for 24–48 hours. The

fixed samples were sent to the Pathology core for paraffin embedding

and sectioning. Sections in FFPE were stained using F4/80 Ab

(Thermo Fisher Scientific, Cat#:14-4801-82, RRID: AB 467558) or

anti-EGFRvIII Ab (3C10) on glass microscope slides. Slides were

deparaffinized in xylene (2 changes, 5 min each) and rehydrated

through graded ethanol. Endogenous peroxidase was blocked using

0.3% H2O2/methanol for 30 min. Antigen retrieval was performed

using pH 9 Retrieval Solution (DAKO, Cat#:S236784-2) in a pressure

cooker. After cooling, slides were rinsed in 0.1 M Tris buffer and

blocked with 2% fetal bovine serum for 10 min, followed by avidin/

biotin blocking (Vector Laboratories, SP-2001). The slides were

incubated overnight at 4°C with F4/80 Ab (1:100 dilution) or

EGFRvIII Ab (1:100 dilution), followed by a 30-minute incubation

with biotinylated anti-Rat IgG or anti-Rabbit IgG (1:200 dilution,

Vector Laboratories) at room temperature. Slides were treated with

the avidin-biotin complex (Vector Laboratories) for 30 min,

developed using DAB (DAKO Cytomation) for 10 min,

counterstained with Hematoxylin (30 sec), and dehydrated through

graded ethanol and xylene before coverslipping.
PD1 minibody detection in vitro

Co-culture supernatant was concentrated using Strep-Tactin

XT 4Flow (iba, Cat#:2-5998-000) to isolate strep-tagged PD1
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minibody. Multiple fractions were isolated and separated on 4–12%

Bis-Tris gels (Thermo Fisher Scientific, Cat#:NP0321BOX) and

transferred to nitrocellulose membranes (Thermo Fisher

Scientific, LC2001). Membranes were blocked with Odyssey

Blocking Buffer (Li-Cor, Cat#:927-40000). Step-Tag minibody

protein was detected using Strep-MAB classic (iba, Cat#:2-1509-

001, RRID: AB_3095590) and IRDye 800CW Donkey anti-Mouse

(Li-Cor, Cat#:926-68171). Strep-tagged PD1 minibody was also

detected by ELISA using the DuoSet ELISA ancillary reagent kit 2

(R&D Systems, Cat#:DY008B). Briefly, a 96-well plate was coated

with PD1 (Abcam, Cat#:ab174035) overnight at room temperature.

The next day, supernatants from T cells transduced with Strep-

tagged PD1 minibody or untransduced T cells were either

unconcentrated or concentrated using Strep-Tactin XT 4Flow was

added to the PD1 pre-coated plate and incubated for two hours at

room temperature. For detection, goat anti-human IgG HRP was

read on a plate reader OD 450 nm.
CAR T expression

To detect CAR expression, cells were stained using goat-anti-

human F(ab’)-biotin (Jackson ImmunoResearch, Cat#:109-065-097,

RRID: AB_2337629) in PBS containing 0.2% bovine serum albumin

at 1 × 106 cells/ml (FACS buffer) and incubated at 4°C for 20 min.

After incubation cells were washed with FACS buffer, and

secondary detection was carried out by adding streptavidin-

coupled PE (BD Pharmingen, Cat#:554061, RRID: AB_10053328)

incubated at 4°C for 30 min. After incubation, cells were washed

twice and resuspended in FACS buffer. Fluorescence was assessed

using a BD LSR II flow cytometer, and data were analyzed with

FlowJo software.
Tumor cell PDL1 expression

Tumor cells were cultured in the absence or presence of IFNɣ
(R&D systems, Cat#:285-IF-100) at 20 ng/mL, 37°C in a 5% CO2

incubator for 24 hrs before being harvested for staining with PDL1

(BioLegend, Cat#:329706, RRID: AB_940368). K562 cells

expressing both PDL1 and CD19 were stained for PDL1

(BioLegend, Cat#:329706, RRID: AB_940368) and CD19 Abs

(BioLegend, Cat#:302215, RRID: AB_314245) for cells

expressing CD19.
Intracellular cytokine analysis

CAR-transduced or untransduced T cells were co-cultured with

target cells (tumors, cell lines, or human primary cells) in a 1:1 ratio

at 2 × 106/mL in 96-well round bottom tissue culture plates at 37°C,

5% CO2 for 6 hours in RPMI 1640 plus 10% FBS in the presence of

Golgi inhibitors monensin (BD GolgiStop, Cat#:51-2092KZ) and

brefeldin A (BD GolgiPlug, Cat#:51-2301KZ). Cells were washed,

stained with live/dead viability stain (Thermo Fisher Scientific,
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Scientific, Cat#:17-0037-42, RRID: AB_1907372), then fixed and

permeabilized (Thermo Fisher Scientific, GAS001/2S100), and

intracellularly stained for IFNɣ (BioLegend, Cat#:506507, RRID:

AB_315440) , TNFa (BioLegend, Cat# :502938, RRID:

AB_2562741), and IL-2 (Thermo Fisher Scientific, Cat#:46-7029-

42, RRID: AB_1834419).
CFSE proliferation

T cells that were electroporated with in vitro transcribed mRNA

24hrs prior were harvested and labeled with 5 mM carboxyfluorescein

diacetate succinimidyl ester (CFSE) (Thermo Fisher Scientific, Cat#:

C34554), then plated in a 96-well plate at 1:1 ratio T cells to tumors

(K562 PDL1/CD19), and incubated at 37°C, 5% CO2 in RPMI 1640

plus 10% FBS, with analysis by flow cytometry at day 2, day 4, day 8. All

cells were harvested and stained with CD3 Ab to identify T cells and

then gated on CFSE-positive to determine the proliferation of T cells.
Murine lymphocyte panel

Isolated CD45-positive cells were stained with live/dead

viability stain (Thermo Fisher Scientific, Cat#:L34955) for 30

minutes at room temperature. Then, the samples were stained

with the following Abs: CD45 (BioLegend, Cat#:103136, RRID:

AB_2562612), CD3e (BioLegend, Cat#:100310, RRID: AB_312675),

CD8a (BioLegend, Cat#:100730, RRID: AB_493703), CD11c

(BioLegend, Cat#:117308, RRID: AB_313777), CD11b

(BioLegend, Cat#:101242, RRID: AB_2563310), Gr1 (BioLegend,

Cat#:108424, RRID: AB_2137485), F4/80 (BioLegend, Cat#:123116,

RRID: AB_893481), CD19 (BioLegend, 115543, RRID:

AB_11218994), CCR7 (BioLegend, 120116, RRID: AB_2291144),

CD49b (BioLegend, Cat#:108922, RRID: AB_2561460), pan MHC

II (BioLegend, Cat#:107635, RRID: AB_2561397), CD206

(BioLegend, Cat#:141721, RRID: AB_2562340) and murine Fc

block (e-Bioscience, Cat#:16-0161-81) in a master mix for 4

minutes before washing with FACS buffer (2 mM EDTA, 5% FBS,

1xPBS). Cells were then fixed using reagent A (Thermo Fisher

Scientific, Cat#:GAS001).
Human lymphocyte panel

Isolated CD45-positive cells were stained with live/dead viability

stain (Thermo Fisher Scientific, Cat#:L34955) for thirty minutes at

room temperature. Then, the samples were stained with the following

Abs: CD45 (BioLegend, Cat#:304048, RRID: AB_2563129), CD3e

(BioLegend, Cat#:300436, RRID: AB_2562124) CD8a (BD

Biosciences, Cat#:561423, RRID: AB_10682894), CD4 (BioLegend,

Cat#:317444, RRID: AB_2561866), CD11c (BioLegend, Cat#:301623,

RRID: AB_10643589), CD11b (BioLegend, Cat#:101241, RRID:

AB_11218791), CD19 (BioLegend, Cat#:302215, RRID: AB_314245),

CD56 (BioLegend, Cat#:318333, RRID: AB_11142683), CD33
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(BioLegend, Cat#:303303, RRID: AB_314343), PD1 (BioLegend,

Cat#:329940, RRID: AB_2563659), PDL1 (BioLegend, Cat#:329706,

RRID: AB_940368), CD206 (BD Biosciences, Cat#:551136, RRID:

AB_394066) and Fc block (Thermo Fisher Scientific, Cat#:14-9161,

RRID: AB_468581) in a master mix at 4°C for 30 minutes before

washing with FACS buffer (2 mM EDTA, 5% FBS, 1xPBS). Cells were

then fixed using reagent A (Thermo Fisher Scientific, Cat#:GAS001).
Flow cytometry analysis

All flow cytometry samples were acquired on Beckton-

Dickinson LSR II, and data were analyzed with FlowJo

v8.8.7 (TreeStar).
Generation of lentivirus

Lentiviral supernatant was generated from 293T cells

transfected with pMDG (RRID: Addgene_187440) containing

VSV-G envelope, psPAX2 (RRID: Addgene_12260) containing

Gag, Pol, Rev, and Tat, and CAR containing construct pTRPE-

3C10BBz by lipofectamine 2000 (Thermo Fisher Scientific,

Cat#:11668030). Media was changed 24 hours after transfection,

and the viral supernatant was harvested at 48- and 72-hours post-

transfection. Viral particles were concentrated ~40-fold by

ultracentrifugation for three hours at 4°C at 28,000 rpm with a

Beckman SW28 rotor (Beckman Coulter).
Generation of cDNA plasmid constructs
encoding CAR T/ARMed CAR T

PD1 minibody sequence, leader-scFv-IgG1 hinge-CH3 were

synthesized by GeneArt (Thermo Fisher Scientific) and then

cloned into pTRPE lentiviral vectors or mRNA vector,

pGEM.64A-based vector using XbaI & SalI restriction sites that

were added to the PD1 minibody to facilitate moving to different

vectors. Strep-tagII (WSHPQFEK) was added to the c-terminus of

the Ab fragments by PCR.
Isolation, electroporation, and expansion
of primary human T lymphocytes

Isolated T cells were derived from leukapheresis products

obtained from deidentified healthy donors under an institutional

review board–approved protocol. T cells were stimulated with

Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher

Scientific, Cat#:11141D) at a three-to-one, bead-to-cell ratio. T

cells were cultured in RPMI 1640 medium supplemented with

10% fetal calf serum, Hepes buffer (20 mM), penicillin, and

streptomycin (1%). The end of the first stimulation was

determined based on a decrease in log-phase growth and a
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reduction of mean lymphocytic volume to 300 to 330 fL as

measured on a Coulter Multisizer (Beckman Coulter), typically

reached 10 days after stimulation, at which point cells are

cryopreserved in FBS plus 10% DMSO.
RNA CAR expression in primary human
T lymphocytes

In-vitro-transcribed (IVT) RNA, the CAR-encoding gene

constructs were subcloned into the pGEM.64A-based vector.

mRNA was prepared using T7 mScript™ Standard mRNA

Production System (Cell Script, Cat#:C-MSC11610). Using the

BTX CM380 (Harvard Apparatus BTX) electroporation machine,

IVT RNA was introduced into the T cells at a ratio of 1 µg RNA per

one million T cells. Cells were rested at 37°C in 5% CO2 incubator

for 24 hours before use for functional assays.
Human T cell transduction and culture
in vitro

Human T cell transduction and culture were performed as

previously described (48). Briefly, isolated T cells were derived from

leukapheresis products obtained from the Human Immunology

Core at the University of Pennsylvania using de-identified healthy

donors under an institutional review board-approved protocol. T

cells were stimulated with Dynabeads Human T-Activator CD3/

CD28 (Thermo Fisher Scientific, Cat#:11141D) at a 3:1 bead-to-cell

ratio. After 24-hr stimulation, lentivirus was added into the culture

media and thoroughly mixed to produce stably transduced CAR T

cells. The concentration of the expanding human T cells was

calculated on a Coulter Multisizer (Beckman Coulter) and

maintained at 1.0–2.0 × 106 per mL in RPMI-1640 plus 10% FBS

serum (R10) media supplemented with 100 U/mL recombinant

human IL-2 (rhIL-2; Proleukin, Chiron). Stably transduced human

CAR T cells in the in vivo study were normalized to 30% CAR+ by

addition of matched untransduced cells before transplantation.
Mouse models

All mouse experiments were conducted according to

Institutional Animal Care and Use Committee (IACUC)–

approved protocols at the University of Pennsylvania.

For orthotopic models, 1 × 104 D270-luc cells were implanted

intracranially into 6- to 8-week-old female NOD-scid IL2Rgamma-null

(NSG) mice (Jackson Labs), with 10 mice per group. The surgical

implants were done using a stereotactic surgical frame and digital

automated injector with tumor cells implanted 1 mm right and 1 mm

anterior to the bregma, and 3 mm into the brain in 2 µL of PBS. Before

surgery and for 3 days after surgery, mice were treated with an analgesic

and monitored for adverse symptoms in accordance with the IACUC.

For orthotopic experiments, animal survival plotted using Kaplan-
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Meier analysis, supplemented in some experiments by bioluminescent

measurements as a surrogate for tumor volume, with tumor

progression evaluated by luminescence emission on a Xenogen IVIS

Spectrum following intraperitoneal D-luciferin injection according to

the manufacturer’s directions (GoldBio, LUCK-2G).

Subcutaneous tumor models used 55.0 ×105 U87-vIII-luc or

D270 injected in 100 µL of PBS on NSG mouse flank. Subcutaneous

tumor size was measured by calipers in two dimensions [length (L)

& width (W)] for the duration of the experiment, where tumor size

is reported as LxW (mm2) and tumor volume 0.5×L×W2 (mm3).

Survival outcomes evaluated as Kaplan-Meier analyses.

For anti-PD1 Ab combination experiments, seven days after tumor

injection, either subcutaneously or three days after orthotopically, mice

were treated with a sub-optimal regimen of CAR T positive cells or

negative controls in 100 µL of PBS delivered iv via the tail vein: 8 × 105

on day 3 after orthotopic tumors, or 33.0 × 106 on day 7 after

subcutaneous tumors. One day after T cell injection and then every

4 days, 200 µg of anti-PD1 Ab (BioLegend, Cat#:329943, RRID:

AB_2565904) was administered intraperitoneally.

For ARMed PD1 minibody experiments, mice were injected

with 5 × 106 CAR T ±minibody positive cells or negative controls in

100 µL of PBS iv three days after tumor injection for orthotopic, or 7

days after subcutaneous tumors. Survival was followed over time

until predetermined IACUC-approved endpoint was reached which

included limitations on tumor size or animal morbidity.
Cell lines and culture

The human cell lines U87 and U87-EGFRvIII (U87-vIII) were

provided by S. Chang (Northwestern University, Chicago, IL).

Human GBM xenograft D270 was kindly provided by Dr. D

Bigner at Duke University, Durham NC. These cell lines were

lentivirally transduced to express the click beetle green luciferase

and green fluorescent protein (GFP) under the control of the EF-1a
promoter. At 48 hours after transduction, cells were sorted on an

Influx cell sorter (BD Biosciences) based on GFP expression to

obtain 100% GFP-positive cells that were then expanded and

cryopreserved in FBS plus 10% DMSO. These cells were cultured

in MEM (Thermo Fisher Scientific, Cat#:10373-017), no phenol red

with 10% FBS, 20mM HEPES buffer (Thermo Fisher Scientific,

Cat#:15630080), GlutaMax (Thermo Fisher Scientific,

Cat#:35050061), 1mM sodium pyruvate (Thermo Fisher

Scientific, Cat#:11360070) and 1% penicillin and streptomycin

(Thermo Fisher Scientific, Cat#:15140122).
Statistical analyses

All statistical analyses were performed using Prism (Graphpad)

software. Differences between two groups were determined using an

unpaired, two-tailed Student’s t test. For overall survival, groups

were compared by Log-rank (Mantel-Cox) test. Error bars denoting

S.E.M. Statistical significance was denoted by p-value as indicated,

with non-significance (ns) determined as p>0.05.
Frontiers in Immunology 17
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving humans were approved by Hospital of the

University of Pennsylvania Institutional Review Board. The studies

were conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study. The animal study was

approved by Penn (IRB) institutional review board and the

instititutional animal care and use committee (IACUC). The

study was conducted in accordance with the local legislation and

institutional requirements. Written informed consent was obtained

from the individual(s) for the publication of any potentially

identifiable images or data included in this article.
Author contributions

DC: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Visualization, Writing – original

draft, Writing – review & editing. AB: Data curation,

Visualization, Writing – review & editing. YY: Data curation,

Visualization, Writing – review & editing. RR: Data curation,

Writing – review & editing. LR: Data curation, Writing – review

& editing. ND: Conceptualization, Supervision, Writing – review &

editing. MM-L: Data curation, Investigation, Methodology,

Supervision, Writing – review & editing. DO: Resources,

Supervision, Writing – review & editing. CJ: Funding acquisition,

Resources, Supervision, Writing – review & editing. LJ: Funding

acquisition, Methodology, Supervision, Writing – original draft.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported

by funding to LJ from the NIH (DP2CA174502). The publication

was supported by University of Virginia Comprehensive Cancer

Center (UVACCC), University of Virginia.
Acknowledgments

We thank S. Chang at UCSF for providing the U87 and U87-

EGFRvIII cell lines and Dr. Darell Bigner at Duke University for

providing the D270 cell line. We thank the Pathology Core

Laboratories at the Children’s Hospital of Philadelphia Research

Inst i tu te and the Hospi ta l o f UPenn for prov id ing

immunohistochemistry and histopathology services.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1579925
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cook et al. 10.3389/fimmu.2025.1579925
Conflict of interest

LJ, DC, CJ and DO are named as inventors on patents in gene-

engineered CAR T therapy. LJ and CJ have also received research

funding from Novartis.

The remaining 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.
Generative AI statement

The author(s) declare that Generative AI was used in the

creation of this manuscript. We verify and take full responsibility

for the use of generative AI in the preparation of this manuscript.

Generative AI was used to assist in re-writing portions of the paper

to ensure clarity and precision without altering scientific

conclusions or introducing unsupported claims. All scientific
Frontiers in Immunology 18
interpretations, data analyses, and conclusions remain the

responsibility of the authors.
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 online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1579925/

full#supplementary-material
References
1. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al.
Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J
Med. (2005) 352:987–96. doi: 10.1056/NEJMoa043330

2. Liu Y, Zhou F, Ali H, Lathia JD, Chen P. Immunotherapy for glioblastoma:
current state, challenges, and future perspectives. Cell Mol Immunol. (2024).
doi: 10.1038/s41423-024-01226-x

3. 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

4. Yasinjan F, Xing Y, Geng H, Guo R, Yang L, Liu Z, et al. Immunotherapy: a
promising approach for glioma treatment. Front Immunol. (2023) 14:1255611.
doi: 10.3389/fimmu.2023.1255611

5. Zhao J, Chen AX, Gartrell RD, Silverman AM, Aparicio L, Chu T, et al. Immune
and genomic correlates of response to anti-PD1 immunotherapy in glioblastoma. Nat
Med. (2019) 25:462–9. doi: 10.1038/s41591-019-0349-y

6. O’Rourke DM, Nasrallah MP, Desai A, Melenhorst JJ, Mansfield K, Morrissette
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. doi: 10.1126/scitranslmed.aaa0984

7. Martinez-Lage M, Lynch TM, Bi Y, Cocito C, Way GP, Pal S, et al. Immune
landscapes associated with different glioblastoma molecular subtypes. Acta
Neuropathol Commun. (2019) 7:203. doi: 10.1186/s40478-019-0803–6

8. Luo Z, Yao X, Li M, Fang D, Fei Y, Cheng Z, et al. Modulating tumor physical
microenvironment for fueling CAR-T cell therapy. Adv Drug Delivery Rev. (2022)
185:114301. doi: 10.1016/j.addr.2022.114301

9. Gyurdieva A, Zajic S, Chang YF, Houseman EA, Zhong S, Kim J, et al. Biomarker
correlates with response to NY-ESO-1 TCR T cells in patients with synovial sarcoma.
Nat Commun. (2022) 13:5296. doi: 10.1038/s41467-022-32491-x

10. Albelda SM. CAR T cell therapy for patients with solid tumours: key lessons to
learn and unlearn. Nat Rev Clin Oncol. (2024) 21:47–66. doi: 10.1038/s41571-023-
00832–4

11. Choi BD, Gerstner ER, Frigault MJ, Leick MB, Mount CW, Balaj L, et al.
Intraventricular CARv3-TEAM-E T cells in recurrent glioblastoma. N Engl J Med.
(2024) 390:1290–8. doi: 10.1056/NEJMoa2314390

12. Brown CE, Hibbard JC, Alizadeh D, Blanchard MS, Natri HM, Wang D, et al.
Locoregional delivery of IL-13Ralpha2-targeting CAR-T cells in recurrent high-grade
glioma: a phase 1 trial. Nat Med. (2024) 30:1001–12. doi: 10.1038/s41591-024-02875–1

13. Bagley SJ, Logun M, Fraietta JA, Wang X, Desai AS, Bagley LJ, et al. Intrathecal
bivalent CAR T cells targeting EGFR and IL13Ralpha2 in recurrent glioblastoma: phase
1 trial interim results. Nat Med. (2024) 30:1320–9. doi: 10.1038/s41591-024-02893-z

14. Yang T, Kong Z, Ma W. PD1/PD-L1 immune checkpoint inhibitors in
glioblastoma: clinical studies, challenges and potential. Hum Vaccin Immunother.
(2021) 17:546–53. doi: 10.1080/21645515.2020.1782692
15. Garber ST, Hashimoto Y, Weathers SP, Xiu J, Gatalica Z, Verhaak RG, et al.
Immune checkpoint blockade as a potential therapeutic target: surveying CNS
Malignancies. Neuro Oncol. (2016) 18:1357–66. doi: 10.1093/neuonc/now132

16. Bloch O, Crane CA, Kaur R, Safaee M, Rutkowski MJ, Parsa AT. Gliomas
promote immunosuppression through induction of B7-H1 expression in tumor-
associated macrophages. Clin Cancer Res. (2013) 19:3165–75. doi: 10.1158/1078-
0432.CCR-12–3314

17. Berghoff AS, Kiesel B, Widhalm G, Rajky O, Ricken G, Wohrer A, et al.
Programmed death ligand 1 expression and tumor-infiltrating lymphocytes in
glioblastoma. Neuro Oncol. (2015) 17:1064–75. doi: 10.1093/neuonc/nou307

18. Nduom EK, Wei J, Yaghi NK, Huang N, Kong LY, Gabrusiewicz K, et al. PD-L1
expression and prognostic impact in glioblastoma. Neuro Oncol. (2016) 18:195–205.
doi: 10.1093/neuonc/nov172

19. Xue S, Song G, Yu J. The prognostic significance of PD-L1 expression in patients
with glioma: A meta-analysis. Sci Rep. (2017) 7:4231. doi: 10.1038/s41598-017-04023-x

20. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et al.
Pembrolizumab versus ipilimumab in advanced melanoma. N Engl J Med. (2015)
372:2521–32. doi: 10.1056/NEJMoa1503093

21. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A, et al.
Pembrolizumab versus chemotherapy for PD-L1-positive non-small-cell lung cancer.N
Engl J Med. (2016) 375:1823–33. doi: 10.1056/NEJMoa1606774

22. Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C, et al. MPDL3280A
(anti-PD-L1) treatment leads to clinical activity in metastatic bladder cancer. Nature.
(2014) 515:558–62. doi: 10.1038/nature13904

23. Chan HY, Choi J, Jackson C, LimM. Combination immunotherapy strategies for
glioblastoma. J Neurooncol. (2021) 151:375–91. doi: 10.1007/s11060-020-03481–0

24. Marin BM, Porath KA, Jain S, Kim M, Conage-Pough JE, Oh JH, et al.
Heterogeneous delivery across the blood-brain barrier limits the efficacy of an
EGFR-targeting antibody drug conjugate in glioblastoma. Neuro Oncol. (2021)
23:2042–53. doi: 10.1093/neuonc/noab133

25. Mehta AI, Brufsky AM, Sampson JH. Therapeutic approaches for HER2-positive
brain metastases: circumventing the blood-brain barrier. Cancer Treat Rev. (2013)
39:261–9. doi: 10.1016/j.ctrv.2012.05.006

26. Bagley SJ, Binder ZA, Lamrani L, Marinari E, Desai AS, Nasrallah MP, et al.
Repeated peripheral infusions of anti-EGFRvIII CAR T cells in combination with
pembrolizumab show no efficacy in glioblastoma: a phase 1 trial. Nat Cancer. (2024)
5:517–31. doi: 10.1038/s43018-023-00709–6

27. CandolfiM, Curtin JF, Nichols WS, Muhammad AG, King GD, Pluhar GE, et al.
Intracranial glioblastoma models in preclinical neuro-oncology: neuropathological
characterization and tumor progression. J Neurooncol. (2007) 85:133–48.
doi: 10.1007/s11060-007-9400–9

28. Ford AL, Goodsall AL, Hickey WF, Sedgwick JD. Normal adult ramified
microglia separated from other central nervous system macrophages by flow
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1579925/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1579925/full#supplementary-material
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1038/s41423-024-01226-x
https://doi.org/10.1038/s41590-022-01215&ndash;0
https://doi.org/10.3389/fimmu.2023.1255611
https://doi.org/10.1038/s41591-019-0349-y
https://doi.org/10.1126/scitranslmed.aaa0984
https://doi.org/10.1186/s40478-019-0803&ndash;6
https://doi.org/10.1016/j.addr.2022.114301
https://doi.org/10.1038/s41467-022-32491-x
https://doi.org/10.1038/s41571-023-00832&ndash;4
https://doi.org/10.1038/s41571-023-00832&ndash;4
https://doi.org/10.1056/NEJMoa2314390
https://doi.org/10.1038/s41591-024-02875&ndash;1
https://doi.org/10.1038/s41591-024-02893-z
https://doi.org/10.1080/21645515.2020.1782692
https://doi.org/10.1093/neuonc/now132
https://doi.org/10.1158/1078-0432.CCR-12&ndash;3314
https://doi.org/10.1158/1078-0432.CCR-12&ndash;3314
https://doi.org/10.1093/neuonc/nou307
https://doi.org/10.1093/neuonc/nov172
https://doi.org/10.1038/s41598-017-04023-x
https://doi.org/10.1056/NEJMoa1503093
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1038/nature13904
https://doi.org/10.1007/s11060-020-03481&ndash;0
https://doi.org/10.1093/neuonc/noab133
https://doi.org/10.1016/j.ctrv.2012.05.006
https://doi.org/10.1038/s43018-023-00709&ndash;6
https://doi.org/10.1007/s11060-007-9400&ndash;9
https://doi.org/10.3389/fimmu.2025.1579925
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cook et al. 10.3389/fimmu.2025.1579925
cytometric sorting. Phenotypic differences defined and direct ex vivo antigen
presentation to myelin basic protein-reactive CD4+ T cells compared. J Immunol.
(1995) 154:4309–21. doi: 10.4049/jimmunol.154.9.4309

29. Johanns TM, Ward JP, Miller CA, Wilson C, Kobayashi DK, Bender D, et al.
Endogenous neoantigen-specific CD8 T cells identified in two glioblastoma models
using a cancer immunogenomics approach. Cancer Immunol Res. (2016) 4:1007–15.
doi: 10.1158/2326-6066.CIR-16–0156

30. Genoud V, Marinari E, Nikolaev SI, Castle JC, Bukur V, Dietrich PY, et al.
Responsiveness to anti-PD1 and anti-CTLA-4 immune checkpoint blockade in SB28
and GL261 mouse glioma models. Oncoimmunology. (2018) 7:e1501137. doi: 10.1080/
2162402X.2018.1501137

31. Qian J, Wang C, Wang B, Yang J, Wang Y, Luo F, et al. The IFN-gamma/PD-L1
axis between T cells and tumor microenvironment: hints for glioma anti-PD1/PD-L1
therapy. J Neuroinflamm. (2018) 15:290. doi: 10.1186/s12974-018-1330–2

32. Sun C, Mezzadra R, Schumacher TN. Regulation and function of the PD-L1
checkpoint. Immunity. (2018) 48:434–52. doi: 10.1016/j.immuni.2018.03.014

33. Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato N. Involvement of PD-L1
on tumor cells in the escape from host immune system and tumor immunotherapy by PD-
L1 blockade. Proc Natl Acad Sci U.S.A. (2002) 99:12293–7. doi: 10.1073/pnas.192461099

34. Wang X, Teng F, Kong L, Yu J. PD-L1 expression in human cancers and its
association with clinical outcomes. Onco Targets Ther. (2016) 9:5023–39. doi: 10.2147/
OTT.S105862

35. Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, et al. Tumor-
associated B7-H1 promotes T-cell apoptosis: a potential mechanism of immune
evasion. Nat Med. (2002) 8:793–800. doi: 10.1038/nm730

36. Kim HR, Ha SJ, Hong MH, Heo SJ, Koh YW, Choi EC, et al. PD-L1 expression
on immune cells, but not on tumor cells, is a favorable prognostic factor for head and
neck cancer patients. Sci Rep. (2016) 6:36956. doi: 10.1038/srep36956

37. Liang SC, Latchman YE, Buhlmann JE, Tomczak MF, Horwitz BH, Freeman GJ,
et al. Regulation of PD1, PD-L1, and PD-L2 expression during normal and
autoimmune responses. Eur J Immunol. (2003) 33:2706–16. doi: 10.1002/eji.200324228

38. Gibbons Johnson RM, Dong H. Functional expression of programmed death-
ligand 1 (B7-H1) by immune cells and tumor cells. Front Immunol. (2017) 8:961.
doi: 10.3389/fimmu.2017.00961

39. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME, White
DE, et al. Tumor antigen-specific CD8 T cells infiltrating the tumor express high levels
of PD1 and are functionally impaired. Blood. (2009) 114:1537–44. doi: 10.1182/blood-
2008-12–195792

40. Tomaszewski W, Sanchez-Perez L, Gajewski TF, Sampson JH. Brain tumor
microenvironment and host state: implications for immunotherapy. Clin Cancer Res.
(2019) 25:4202–10. doi: 10.1158/1078-0432.CCR-18–1627

41. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV,
et al. Signatures of mutational processes in human cancer. Nature. (2013) 500:415–21.
doi: 10.1038/nature12477

42. Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours
with combination immunotherapies. Nat Rev Drug Discov. (2019) 18:197–218.
doi: 10.1038/s41573-018-0007-y

43. Castle JC, UdumanM, Pabla S, Stein RB, Buell JS. Mutation-derived neoantigens for
cancer immunotherapy. Front Immunol. (2019) 10:1856. doi: 10.3389/fimmu.2019.01856

44. Gajewski TF, Schreiber H, Fu YX. Innate and adaptive immune cells in the
tumor microenvironment. Nat Immunol. (2013) 14:1014–22. doi: 10.1038/ni.2703

45. Strickler JH, Hanks BA, Khasraw M. Tumor mutational burden as a predictor of
immunotherapy response: is more always better? Clin Cancer Res. (2021) 27:1236–41.
doi: 10.1158/1078-0432.CCR-20–3054

46. Liu J, Hamrouni A, Wolowiec D, Coiteux V, Kuliczkowski K, Hetuin D, et al.
Plasma cells from multiple myeloma patients express B7-H1 (PD-L1) and increase
expression after stimulation with IFN-{gamma} and TLR ligands via a MyD88-,
TRAF6-, and MEK-dependent pathway. Blood. (2007) 110:296–304. doi: 10.1182/
blood-2006-10-051482

47. Bigner SH, Humphrey PA, Wong AJ, Vogelstein B, Mark J, Friedman HS, et al.
Characterization of the epidermal growth factor receptor in human glioma cell lines
and xenografts. Cancer Res. (1990) 50:8017–22.

48. Johnson LA, Scholler J, Ohkuri T, Kosaka A, Patel PR, McGettigan SE, et al.
Rational development and characterization of humanized anti-EGFR variant III
chimeric antigen receptor T cells for glioblastoma. Sci Transl Med. (2015)
7:275ra222. doi: 10.1126/scitranslmed.aaa4963

49. Abbott NJ. Blood-brain barrier structure and function and the challenges for CNS
drug delivery. J Inherit Metab Dis. (2013) 36:437–49. doi: 10.1007/s10545-013-9608–0

50. Lampson LA. Monoclonal antibodies in neuro-oncology: Getting past the blood-
brain barrier. MAbs. (2011) 3:153–60. doi: 10.4161/mabs.3.2.14239

51. Schmidt TG, Skerra A. The Strep-tag system for one-step purification and high-
affinity detection or capturing of proteins. Nat Protoc. (2007) 2:1528–35. doi: 10.1038/
nprot.2007.209

52. Liu L, Sommermeyer D, Cabanov A, Kosasih P, Hill T, Riddell SR. Inclusion of
Strep-tag II in design of antigen receptors for T-cell immunotherapy. Nat Biotechnol.
(2016) 34:430–4. doi: 10.1038/nbt.3461
Frontiers in Immunology 19
53. Mastaglio S, Genovese P, Magnani Z, Ruggiero E, Landoni E, Camisa B, et al.
NY-ESO-1 TCR single edited stem and central memory T cells to treat multiple
myeloma without graft-versus-host disease. Blood. (2017) 130:606–18. doi: 10.1182/
blood-2016-08–732636

54. Chen Z, Feng X, Herting CJ, Garcia VA, Nie K, Pong WW, et al. Cellular and
molecular identity of tumor-associated macrophages in glioblastoma. Cancer Res.
(2017) 77:2266–78. doi: 10.1158/0008-5472.CAN-16–2310

55. Wang L, He Z, Fan S, Mo L, Li Y, Yuan X, et al. Quantitative analysis of immune
cells within the tumor microenvironment of glioblastoma and their relevance for
prognosis. Int Immunopharmacol. (2024). doi: 10.1016/j.intimp.2024.113109

56. Khalsa JK, Cheng N, Keegan J, Chaudry A, Driver J, Bi WL, et al. Immune
phenotyping of diverse syngeneic murine brain tumors identifies immunologically
distinct types. Nat Commun. (2020) 11:3912. doi: 10.1038/s41467-020-17704–5

57. Hambardzumyan D, Gutmann DH, Kettenmann H. The role of microglia and
macrophages in glioma maintenance and progression. Nat Neurosci. (2016) 19:20–7.
doi: 10.1038/nn.4185

58. Jackson C, Cherry C, Bom S, Dykema AG, Wang R, Thompson E, et al. Distinct
myeloid-derived suppressor cell populations in human glioblastoma. Science. (2025)
387:eabm5214. doi: 10.1126/science.abm5214

59. Chongsathidkiet P, Jackson C, Koyama S, Loebel F, Cui X, Farber SH,
et al. Sequestration of T cells in bone marrow in the setting of glioblastoma and
other intracranial tumors. Nat Med. (2018) 24:1459–68. doi: 10.1038/s41591-018-
0135–2

60. Dusoswa SA, Verhoeff J, van Asten S, Lubbers J, van den Braber M, Peters S, et al.
The immunological landscape of peripheral blood in glioblastoma patients and
immunological consequences of age and dexamethasone treatment. Front Immunol.
(2024) 15:1343484. doi: 10.3389/fimmu.2024.1343484

61. Morford LA, Dix AR, Brooks WH, Roszman TL. Apoptotic elimination of
peripheral T lymphocytes in patients with primary intracranial tumors. J Neurosurg.
(1999) 91:935–46. doi: 10.3171/jns.1999.91.6.0935

62. Fecci PE, Mitchell DA, Whitesides JF, Xie W, Friedman AH, Archer GE, et al.
Increased regulatory T-cell fraction amidst a diminished CD4 compartment explains
cellular immune defects in patients with Malignant glioma. Cancer Res. (2006)
66:3294–302. doi: 10.1158/0008-5472.CAN-05–3773

63. Bowman-Kirigin JA, Desai R, Saunders BT, Wang AZ, Schaettler MO, Liu CJ,
et al. The conventional dendritic cell 1 subset primes CD8+ T cells and traffics tumor
antigen to drive antitumor immunity in the brain. Cancer Immunol Res. (2023) 11:20–
37. doi: 10.1158/2326-6066.CIR-22–0098

64. Yang I, Tihan T, Han SJ, Wrensch MR, Wiencke J, Sughrue ME, et al. CD8+ T-
cell infiltrate in newly diagnosed glioblastoma is associated with long-term survival. J
Clin Neurosci. (2010) 17:1381–5. doi: 10.1016/j.jocn.2010.03.031

65. Brown CE, Starr R, Aguilar B, Shami AF, Martinez C, D’Apuzzo M, et al. Stem-
like tumor-initiating cells isolated from IL13Ralpha2 expressing gliomas are targeted
and killed by IL13-zetakine-redirected T Cells. Clin Cancer Res. (2012) 18:2199–209.
doi: 10.1158/1078-0432.CCR-11–1669

66. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al.
Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer
patients. Nature. (2014) 515:563–7. doi: 10.1038/nature14011

67. Oh SA, WuDC, Cheung J, Navarro A, Xiong H, Cubas R, et al. PD-L1 expression
by dendritic cells is a key regulator of T-cell immunity in cancer. Nat Cancer. (2020)
1:681–91. doi: 10.1038/s43018-020-0075-x

68. Kowanetz M, Zou W, Gettinger SN, Koeppen H, Kockx M, Schmid P, et al.
Differential regulation of PD-L1 expression by immune and tumor cells in NSCLC and
the response to treatment with atezolizumab (anti-PD-L1). Proc Natl Acad Sci U.S.A.
(2018) 115:E10119–26. doi: 10.1073/pnas.1802166115

69. Sumitomo R, Hirai T, Fujita M, Murakami H, Otake Y, Huang CL. PD-L1
expression on tumor-infiltrating immune cells is highly associated with M2 TAM and
aggressive Malignant potential in patients with resected non-small cell lung cancer.
Lung Cancer. (2019) 136:136–44. doi: 10.1016/j.lungcan.2019.08.023

70. Hong JJ, Rosenberg SA, Dudley ME, Yang JC, White DE, Butman JA, et al.
Successful treatment of melanoma brain metastases with adoptive cell therapy. Clin
Cancer Res. (2010) 16:4892–8. doi: 10.1158/1078-0432.CCR-10-1507

71. Yu YJ, Zhang Y, Kenrick M, Hoyte K, Luk W, Lu Y, et al. Boosting brain uptake
of a therapeutic antibody by reducing its affinity for a transcytosis target. Sci Transl
Med. (2011) 3:84ra44. doi: 10.1126/scitranslmed.3002230

72. YarchoanM, Hopkins A, Jaffee EM. Tumor mutational burden and response rate
to PD1 inhibition. N Engl J Med. (2017) 377:2500–1. doi: 10.1056/NEJMc1713444

73. Holliger P, Hudson PJ. Engineered antibody fragments and the rise of single
domains. Nat Biotechnol. (2005) 23:1126–36. doi: 10.1038/nbt1142

74. Hu S, Shively L, Raubitschek A, Sherman M, Williams LE, Wong JY, et al.
Minibody: A novel engineered anti-carcinoembryonic antigen antibody fragment
(single-chain Fv-CH3) which exhibits rapid, high-level targeting of xenografts.
Cancer Res. (1996) 56:3055–61.

75. Li S, Siriwon N, Zhang X, Yang S, Jin T, He F, et al. Enhanced cancer
immunotherapy by chimeric antigen receptor-modified T cells engineered to secrete
checkpoint inhibitors. Clin Cancer Res. (2017) 23:6982–92. doi: 10.1158/1078-
0432.CCR-17–0867
frontiersin.org

https://doi.org/10.4049/jimmunol.154.9.4309
https://doi.org/10.1158/2326-6066.CIR-16&ndash;0156
https://doi.org/10.1080/2162402X.2018.1501137
https://doi.org/10.1080/2162402X.2018.1501137
https://doi.org/10.1186/s12974-018-1330&ndash;2
https://doi.org/10.1016/j.immuni.2018.03.014
https://doi.org/10.1073/pnas.192461099
https://doi.org/10.2147/OTT.S105862
https://doi.org/10.2147/OTT.S105862
https://doi.org/10.1038/nm730
https://doi.org/10.1038/srep36956
https://doi.org/10.1002/eji.200324228
https://doi.org/10.3389/fimmu.2017.00961
https://doi.org/10.1182/blood-2008-12&ndash;195792
https://doi.org/10.1182/blood-2008-12&ndash;195792
https://doi.org/10.1158/1078-0432.CCR-18&ndash;1627
https://doi.org/10.1038/nature12477
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.3389/fimmu.2019.01856
https://doi.org/10.1038/ni.2703
https://doi.org/10.1158/1078-0432.CCR-20&ndash;3054
https://doi.org/10.1182/blood-2006-10-051482
https://doi.org/10.1182/blood-2006-10-051482
https://doi.org/10.1126/scitranslmed.aaa4963
https://doi.org/10.1007/s10545-013-9608&ndash;0
https://doi.org/10.4161/mabs.3.2.14239
https://doi.org/10.1038/nprot.2007.209
https://doi.org/10.1038/nprot.2007.209
https://doi.org/10.1038/nbt.3461
https://doi.org/10.1182/blood-2016-08&ndash;732636
https://doi.org/10.1182/blood-2016-08&ndash;732636
https://doi.org/10.1158/0008-5472.CAN-16&ndash;2310
https://doi.org/10.1016/j.intimp.2024.113109
https://doi.org/10.1038/s41467-020-17704&ndash;5
https://doi.org/10.1038/nn.4185
https://doi.org/10.1126/science.abm5214
https://doi.org/10.1038/s41591-018-0135&ndash;2
https://doi.org/10.1038/s41591-018-0135&ndash;2
https://doi.org/10.3389/fimmu.2024.1343484
https://doi.org/10.3171/jns.1999.91.6.0935
https://doi.org/10.1158/0008-5472.CAN-05&ndash;3773
https://doi.org/10.1158/2326-6066.CIR-22&ndash;0098
https://doi.org/10.1016/j.jocn.2010.03.031
https://doi.org/10.1158/1078-0432.CCR-11&ndash;1669
https://doi.org/10.1038/nature14011
https://doi.org/10.1038/s43018-020-0075-x
https://doi.org/10.1073/pnas.1802166115
https://doi.org/10.1016/j.lungcan.2019.08.023
https://doi.org/10.1158/1078-0432.CCR-10-1507
https://doi.org/10.1126/scitranslmed.3002230
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.1038/nbt1142
https://doi.org/10.1158/1078-0432.CCR-17&ndash;0867
https://doi.org/10.1158/1078-0432.CCR-17&ndash;0867
https://doi.org/10.3389/fimmu.2025.1579925
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cook et al. 10.3389/fimmu.2025.1579925
76. Kontermann RE. Strategies to extend plasma half-lives of recombinant
antibodies. BioDrugs. (2009) 23:93–109. doi: 10.2165/00063030-200923020–00003

77. Yin Y, Boesteanu AC, Binder ZA, Xu C, Reid RA, Rodriguez JL, et al. Checkpoint
blockade reverses anergy in IL-13Ralpha2 humanized scFv-based CAR T cells to treat
murine and canine gliomas. Mol Ther Oncolytics. (2018) 11:20–38. doi: 10.1016/
j.omto.2018.08.002

78. Simic MS, Watchmaker PB, Gupta S, Wang Y, Sagan SA, Duecker J, et al.
Programming tissue-sensing T cells that deliver therapies to the brain. Science. (2024)
386:eadl4237. doi: 10.1126/science.adl4237
Frontiers in Immunology 20
COPYRIGHT

© 2025 Cook, Boesteanu, Yin, Reid, Roccograndi, Dahmane, Martinez-Lage,
O’Rourke, June and Johnson. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
frontiersin.org

https://doi.org/10.2165/00063030-200923020&ndash;00003
https://doi.org/10.1016/j.omto.2018.08.002
https://doi.org/10.1016/j.omto.2018.08.002
https://doi.org/10.1126/science.adl4237
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2025.1579925
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Checkpoint antibody receptor modified ARMed CAR T circumvents the suppressive immunome in GBM
	Introduction
	Results
	GBM demonstrates a macrophage-enriched immune cell infiltration in the tumor microenvironment in an experimental murine model
	Clinically GBM contains a rich microenvironment comprised of various infiltrating immune cell types
	GBMs and their immune infiltrates express high levels of PDL1
	Combination of anti–PD1 Ab with CAR T fails to enhance efficacy in an orthotopic GBM model
	Antibody receptor modified ARMed CAR T cells can secrete anti-PD1 Abs/minibodies
	PD1 ARMed CAR T cells have enhanced anti-tumor function in vivo

	Discussion
	Materials and methods
	Fresh brain tumor digestion and immune cell collection
	Immunohistochemistry of human GBM samples
	Immunohistochemistry of murine samples
	PD1 minibody detection in vitro
	CAR T expression
	Tumor cell PDL1 expression
	Intracellular cytokine analysis
	CFSE proliferation
	Murine lymphocyte panel
	Human lymphocyte panel
	Flow cytometry analysis
	Generation of lentivirus
	Generation of cDNA plasmid constructs encoding CAR T/ARMed CAR T
	Isolation, electroporation, and expansion of primary human T lymphocytes
	RNA CAR expression in primary human T lymphocytes
	Human T cell transduction and culture in vitro
	Mouse models
	Cell lines and culture
	Statistical analyses

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


