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Glioblastoma (GBM) is the most aggressive and common type of malignant brain
tumor diagnosed in adults. Preclinical immunocompetent mouse tumor models
generated using mouse tumor cells play a pivotal role in testing the therapeutic
efficacy of emerging immune-based therapies for GBMs. However, the clinical
translatability of such studies is limited as mouse tumor lines do not fully
recapitulate GBMs seen in inpatient settings. In this study, we generated three
distinct, imageable human-GBM (hGBM) models in humanized mice using patient-
derived GBM cells that cover phenotypic and genetic GBM heterogeneity in
primary (invasive and nodular) and recurrent tumors. We developed a pipeline to
first enrich the tumor-initiating stem-like cells and then successfully established
robust patient-derived GBM tumor engraftment and growth in bone marrow-liver-
thymus (BLT) humanized mice. Multiplex immunofluorescence of GBM tumor
sections revealed distinct phenotypic features of the patient GBM tumors, with
myeloid cells dominating the immune landscape. Utilizing flow cytometry and
correlative immunofluorescence, we profiled the immune microenvironment
within the established human GBM tumors in the BLT mouse models and
showed tumor infiltration of variable human immune cells, creating a unique
immune landscape compared with lymphoid organs. These findings contribute
substantially to our understanding of GBM biology within the context of the human
immune system in humanized mice and lay the groundwork for further
translational studies aimed at advancing therapeutic strategies for GBM.
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Introduction

Glioblastoma (GBM) is the most prevalent primary malignancy
of the central nervous system (CNS). Despite advances in
understanding the development and progression of GBM, as well
as subsequent treatments consisting of surgical resection (tumor
debulking), chemotherapy, and radiation therapy, the prognosis for
patients with GBM remains bleak (1). The urgent need for more
effective therapies has led to the exploration of immunotherapy, a
promising approach that harnesses the body’s immune system to
fight cancer and achieved unprecedented success in malignancies
such as melanoma (2-5). However, the development and testing of
immunotherapies for GBM are hampered by the lack of reliable
preclinical models (6), which are crucial for understanding the
disease and predicting treatment efficacy.

Currently, preclinical research of immunotherapies for GBM
relies on various methods, including in vitro assays,
computational models, and animal models. In vitro assays, while
useful for initial screening, oversimplify the tumor
microenvironment and fail to capture the complex interplay
between tumor cells, stromal cells, and the immune system (7).
Despite their increasing sophistication, computational models are
still unable to fully capture the complexity and dynamism of
biological systems (8). Animal models have long been a
cornerstone in preclinical research, providing valuable insights
into disease pathophysiology and potential treatment efficacy. In
the context of GBM, various types of animal models have been
employed, including patient-derived xenografts (PDXs),
genetically engineered mouse models (GEMMs), and syngeneic
models (6, 9). While PDX models preserve the histological and
genetic characteristics of human tumors, GEMMs and syngeneic
models allow for the study of murine tumor-immune system
interactions (7).

However, these models have several limitations. Mice, the most
commonly used animals in preclinical research, have different
immune systems (10) and tumor microenvironments (11, 12),
which can lead to discrepancies in the efficacy and safety of
immunotherapies between mice and humans. Most animal
models in use are immunodeficient or immunocompromised to
prevent the rejection of human cells or tissues, making it difficult to
study immune responses (8). While the use of immune-competent
mice offers promise, there still is a discrepancy between the human
and murine immune systems. For example, the lymphocyte count
in the blood circulation of a mouse is roughly twice as high as that in
humans, while the neutrophil levels are significantly lower (13).
Similar issues are encountered when using cell surface protein-
targeting treatments, such as chimeric antigen receptor T cells or
bivalent T cell engagers, where targets are inexistent in the murine
setting or lack appropriate intracellular signaling (14). The intricate
interplay between M1/M2 polarization in murine and human
macrophages is another example that holds the potential to
profoundly shape the tumor microenvironment where differences
in macrophage polarization can exert diverse effects on tumor cells,
including both pro-tumor activities such as angiogenesis and tissue
remodeling, as well as potential suppression of these activities (15,
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16). All these challenges have limited the predictive value of these
mouse models, leading to a disconnection between preclinical
findings and clinical outcomes.

The search for a more truthful representation of human
immunopathology has led to the development of humanized
mouse models created in immunodeficient mice engrafted with a
functional human immune system. This allows for the investigation
of human tumor-immune system interactions in mice (17). Among
different humanized mouse models, the bone marrow-liver-thymus
(BLT) model has the most functional immune system and allows
the development of human T-cells that are able to recognize human
HLA (18, 19). Furthermore, human B cells, macrophages, and
dendric cells (DCs) are also functional, allowing an innate
immune response to activate the adaptive immune system (20).
Although the use of the BLT model with functional human immune
systems is suggested to be a powerful and transformative
methodology for translational cancer research moving forward,
there is an urgent need to determine the feasibility of this
modelling and the tumor-immune dynamics of the established
tumor using patient-derived GBM lines.

Previously, we have isolated and characterized a large panel of
glioma stem cell (GSC) lines, established from GBM-initiating cell-
enriched cultures derived from human GBM specimens of newly
diagnosed and recurrent tumors (21-24). Upon implantation of
these GSC lines in mice, they retain patient-specific oncogenic
molecular alterations, such as PTEN mutations and MGMT
methylation, and the phenotypic hallmarks of GBM, such as
extensive invasiveness or discrete nodular growth (21). In this
study, we evaluated the feasibility of using the BLT mouse model
to characterize patient-derived primary and recurrent GBM tumors.
We first developed a pipeline to enrich the tumor-initiating stem-
like cells and establish robust patient-derived GBM tumor
engraftment and growth in BLT humanized mice. Furthermore,
we explored the distinct immunophenotype that each patient-
derived GBM line displays in the tumor microenvironment as
well as in other lymphoid organs.

Materials and methods
Study design

The study was designed to evaluate whether hGBM lines grown
in BLT humanized mice recapitulated human glioma development
and progression, reflecting the genotypic and phenotypic changes
seen in human GBMs. The objective was addressed by: (i)
generating three distinct, imageable human-GBM lines that
covered phenotypic and genetic GBM heterogeneity, (ii) analyzing
immune profiles for human GBM tissue samples from which the
GBM lines were generated, and (iii) utilizing flow cytometry and
correlative immunofluorescence to assess immune-profiles in BLT
models of the generated lines. All in vivo procedures were approved
by the Institutional Animal Care & Use Committee at Brigham and
Women’s Hospital (BWH) and Massachusetts General Hospital
(MGH) (IACUC: 2019N000204). Patient brain tissue samples were
obtained and analyzed under appropriate IRB approvals (IRB:
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2005P001609) from Massachusetts General Hospital (MGH) and
Dana Farber Cancer Institute (DFCI). The number of mice per
group varied between experiments and is specified in
the manuscript.

Cell lines

The generation of patient-derived human GBM cell lines was
previously described (21). Briefly, the resection specimens of
newly diagnosed human GBM were obtained and used to create
neurosphere cultures enriched for glioma stem cells (GSCs).
GBMS8, GBM18, and GBM31R were grown as spheres in
Neurobasal medium (Life Technologies, Carlsbad, CA)
supplemented with 3mM L-Glutamine (Life Technologies), B-27
supplement (Life Technologies), N-2 supplement (Life
Technologies), 2 ug/ml heparin (Stem Cell Technologies,
Vancouver, BC), 20 ng/ml EGF (Peprotech, Rocky Hill, NJ), and
20 ng/ml FGF (Peprotech), termed EF medium.

Viral vectors and lentiviral transductions

For bioluminescence imaging, GBM cells were transduced
with LV-Fluc-mCherry and selected by FACS sorting or
Puromycin selection (1 ug/ml) in culture to generate
GBM-FmC cells. mCherry expression was visualized by
fluorescence microscopy.

Western blot analysis

Cells were washed with PBS twice and then lysed with cold
RIPA buffer (20 mM Tris-HCl pH 8.0, 137 mM NaCl, 10%
glycerol, 1% NP-40, 0.1% SDS, 0.5% Na-deoxycholate, 2 EDTA
pH 8.0) supplemented with protease and phosphatase inhibitors
(Roche protease inhibitor cocktail; Phosphatase Inhibitor Cocktail
I and Phosphatase Inhibitor Cocktail II from Sigma-Aldrich).
Cells were then centrifuged at 4°C, 16,000 g, for 10 minutes. The
protein concentrations were determined using a Bio-Rad protein
assay kit. 6X SDS-sample buffer was added to the samples, which
were then boiled for 3 minutes and resolved on SDS-
polyacrylamide gel at a concentration of 30 ug per sample. SDS-
polyacrylamide gels are transferred to the nitrocellulose
membrane (Merck Millipore). The membranes were incubated
with primary antibodies (Supplementary Table S4), followed by
peroxidase-linked secondary antibodies developed with ECL
(Thermo Fisher Scientific).

Mouse passaging
To enrich and validate tumorigenic potential, hGBM-FmC

tumor cells were initially implanted (1.5x 10° cells/mouse) into
athymic nude mice (females, 6-8 weeks old with a provided 3-day
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facility acclimation period, 25-30g from Charles River
Laboratories). Dissociated tumor cells suspended in 3 uL of 1X
PBS were stereotactically implanted into the brains (right striatum,
2.5-mm lateral from Bregma and 2.5-mm deep) under anesthesia
with ketamine-xylazine. Bioluminescence imaging was used to
follow tumor growth and mice with established tumors were
euthanized and brain tumor samples were grown in culture in EF
medium supplemented with 0.5 x penicillin G/streptomycin sulfate/
amphotericin B complex (Mediatech). The mouse passaged and
dissociated cells were then implanted in both NOD-SCID and BLT
mice, the former first used as a feasibility test before the same cells
were implanted in BLT mice.

Humanization in BLT mice

NOD/SCID/ILZRY_/ ~ (NSG) mice (The Jackson Laboratory)
were housed in a pathogen-free facility at Massachusetts General
Hospital. BLT humanized mice were generated as previously
described (25). 8-12-week-old NSG mice were sub lethally (2-Gy)
whole-body irradiated, anesthetized, and implanted with 1-mm?>
fragments of human fetal thymus and liver tissue under the murine
kidney capsule. Human fetal tissues (17 to 21 weeks of gestational
age) were made available through Advanced Bioscience Resources
(ABR; Alameda, CA). A total of 1 x 10° autologous fetal liver tissue-
derived human CD34" hematopoietic stem cells (HSCs) were then
injected intravenously within 6 h of tissue transplantation. Mice
were maintained in microisolator cages and fed autoclaved food and
water. Human immune reconstitution was then monitored over 12
to 20 weeks. Mice were generally considered reconstituted if greater
than 50% of cells in the lymphocyte gate were human CD45" and
greater than 40% of these human CD45" lymphocytes were
human CD3".

Tumorigenicity studies in NOD-SCID and
BLT mice

Dissociated GBMs that were mouse passaged once were
stereotactically implanted into the brains (right striatum, 2.5-mm
lateral from Bregma and 2.5-mm deep) of NOD-SCID mice
(females, 6-8 weeks of age and 25-30g from Charles River
Laboratories) or BLT mice under anesthesia with ketamine-
xylazine for tumorigenicity and characterization studies. Briefly,
GBMS8-FmC tumor cells (1.5 x 10° cells/mouse), GBM18-FmC
tumor cells (4 x 10° cells/mouse) or GBM31R-FmC cells (5 x 10°
cells/mouse) were implanted, and bioluminescence imaging was
used to follow tumor growth initially for NOD-SCID mice as an
investigational pilot, followed by implantation into BLT mice. Mice
were ultimately sacrificed when neurological symptoms became
apparent, particularly as evidenced by significant motor function
impairment, corresponding with a drastic expansion of the tumoral
mass seen in most near-end-stage tumors. At which point, their
brains are harvested for either tissue processing and
immunofluorescence staining or flow cytometry (BLT only).
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Human tissue immunofluorescent
multiplex staining and quantification

Paraffin-embedded human tissue sections were prepared,
stained, imaged, and quantified by the CIO Tissue Biomarker lab,
Dana Farber Cancer Institute. For multiplex staining, the following
antibodies were used: CD11c-Opal570, CD3-Opal520, CD68-
Opal780, CD8-Opal480, PD1-Opal620, SOX2-Opal690. Staining
was conducted on a BOND RX fully automated stainer (Leica
Biosystems). 5-pm thick sections of FFPE tissue were baked for 3
hours at 60°C before being loaded into the BOND RX. Slides were
deparaffinized (BOND DeWax Solution, Leica Biosystems, Cat.
AR9590) and rehydrated with a graded ethanol series. Antigen
retrieval was performed in BOND Epitope Retrieval Solution 1 (pH
6) or 2 (pH 9), as shown below (ER1, ER2, Leica Biosystems, Cat.
AR9961, AR9640) at 95°C. Slides were then consecutively stained
with primary antibodies with an incubation time of 30 minutes per
antibody. Afterward, anti-mouse plus anti-rabbit Opal Polymer
Horseradish Peroxidase (Opal Polymer HRP Ms + Rb, Akoya
Biosciences, Cat. ARH1001EA) was applied as a secondary label
for 10 minutes. The signal for antibody complexes was labeled and
visualized by their corresponding Opal Fluorophore Reagents
(Akoya) by incubating the slides for 10 minutes. Opal
Fluorophore 780 was paired with a TSA-DIG amplification. This
pairing ensures an analyzable signal. Slides were incubated in
Spectral DAPI solution (Akoya) for 10 minutes, air dried and
mounted with Prolong Diamond Anti-fade mounting medium
(Life Technologies, Cat. P36965). They were then stored in a
light-proof box at 4°C prior to imaging. The target antigens,
antibody clones, catalog numbers, dilutions for markers, diluents,
and antigen retrieval details are listed in Supplementary Table SI.

Imaging was performed using the Phenolmager multispectral
imaging platform (Akoya Biosciences, Marlborough, MA). Each
slide was scanned at 20x resolution as whole-slide scan images.
These images were then opened with Phenochart viewing software
(Akoya Biosciences) where 4-6 20x regions of interest (ROIs) were
selected. Once ROI selection was complete and approval from a
pathologist (Scott ] Rodig) was achieved, the images were spectrally
unmixed and analyzed within Inform 2.6 (Akoya Biociences). Each
analyzable ROI was segmented and quantified for expression of
single and co-expressing markers utilizing the Inform analysis tools.
Data tables were exported from Inform and run through a custom
data extraction pipeline to obtain cell population densities (number
of cells per mm?2) for each marker and/or combinations of markers.

Tissue processing and
immunofluorescence staining

Tumor-bearing mice were perfused and brains were harvested,
followed by coronal sectioning for histological analysis as previously
described (26). Brain sections on slides were washed in PBS and
then incubated for 2 hours in a blocking solution containing 11% v/
v normal goat serum (#S-1000-20, Vector Laboratories), 0.9% v/v
H,0, and 0.2% v/v Triton X-100 in PBS. The sections were
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incubated overnight with primary antibodies (Supplementary
Table S2) diluted in 2% v/v normal goat serum and 0.2% v/v
Triton X-100 in PBS. The sections were washed in PBS for 3x20
minutes before incubating with the secondary. For standard
fluorescence immunolabeling, goat anti-rabbit IgG conjugated to
Alexa Fluor 488 (#A11008, Thermo Fisher Scientific) or 555
(#A21428, Thermo Fisher Scientific), goat anti-mouse IgG
conjugated to Alexa Fluor 488 (#A21121, Thermo Fisher
Scientific), or 555 (#A21127, Thermo Fisher Scientific) were
diluted 1:500 in PBS containing 0.2% v/v Triton X-100 and
incubated for 3 hours in a humidified light protected chamber.
Alternatively, 1:500 diluted biotinylated goat anti-rabbit IgG (#BA-
1000, Vector Laboratories), biotinylated goat anti-mouse IgG (#BA-
9401, Vector Laboratories) or biotinylated goat anti-hamster IgG
(#BA-9100, Vector Laboratories), incubated for one hour. The
sections were then washed for 3x10 minutes with PBS before
incubation with Streptavidin-Alexa Fluor 647 conjugate (#521374,
Thermo Fisher Scientific) was diluted 1:500 in 0.2% Triton X-100 in
PBS for 1 hour. After secondary antibody and amplification
incubation, the sections were washed for 3x10 minutes with PBS
and incubated in 1:1000 dilution of 4’,6-diamidino-2-phenylindole
(DAPI, #D1306, Thermo Fisher Scientific) in 0.2% Triton X-100 in
PBS for 5 minutes. The sections were then washed for 3x10 minutes
with PBS and coverslipped using ProLong Diamond antifade
reagent (#P36961, Thermo Fisher Scientific) to be visualized with
fluorescence microscopy. Fluorescence images were collected using
a Zeiss Axio Observer Z1 LSM 710 BiG confocal microscope (Carl
Zeiss) and captured with Zen 2012 software (Carl Zeiss). Images
were pseudo-colored to permit overlay, cropping, sizing, and
enhancement for contrast and brightness with Photoshop and
Mlustrator (Adobe Systems) or Image] (NIH). Automated cell
counting of fluorescent images was performed with CellProfiler
software (Broad Institute) (27).

Flow cytometric analysis

After the BLI signal reached 5 x 10° photons/second with 1
minute exposure time using the Perkin-Elmer IVIS Lumina system,
the mice were sacrificed using ketamine-xylazine and diaphragm
puncture. Subsequently, the mice were perfused with 10 ml of PBS
by cardiac puncture, after which the brains were harvested, and the
tumors were isolated. The tumor tissues were dissociated by
mashing through a 100-pum strainer and washing with PBS. The
samples were resuspended in PBS before staining with viable dye
using Zombie UV Fixable Viability Kit (#423107, Biolegend). Cells
were washed with FACS buffer (2% BSA and 5 mM EDTA in PBS)
and blocked with both mouse and FcR blocker: FcR blocking
reagent (Miltenyi Biotec) or Human TruStain FcX (#422301,
BioLegend), respectively. Subsequently, the staining antibodies
(Supplementary Table S3) were added in the PBMC-titrated
concentrations and stained on ice for 1 hour. Following the
staining, the cells were washed with FACS buffer, and analysis
was performed using LSR Fortessa Cytometer (BD) with
FACSDIVA and FlowJo v10 software.
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Statistical analysis

Data were expressed as mean + SD and no statistical tests were
required in this study.

Results

Patient-derived GBM tumor models are
genetically and phenotypic distinct but
have a similar immune compartment

To establish a preclinical model facilitating the study of the
interactions between human tumors and the immune system in
mice, we initially focused on understanding the immune landscape
of several patient GBMs. Three different GBMs, each possessing
distinct genomic and phenotypic features (21, 23), were selected for
this purpose: primary GBMS, primary GBMI18, and recurrent
GBM31R (Table 1). To characterize these GBMs immune-
phenotypically, we employed multiplexed immunofluorescence
(mIF), which allows simultaneous detection of multiple
biomarkers. The markers used for this study were selected to
provide a nuanced characterization of both myeloid and
lymphoid components, enhancing insights into the intricate
interplay within the tumor microenvironment and potential
therapeutic or diagnostic targets. Specifically, the expression of
SOX2 identifies glioma stem-like cells, contributing to our
understanding of tumor-initiating and maintenance capabilities
within the broader glioblastoma microenvironment. The
expression of CD1lc identified DCs whereas CD68 identified
myeloid macrophages. Furthermore, within the lymphoid
compartment, CD3 staining facilitated the detection of T
lymphocytes, with CD8 immunofluorescence staining enabling a
more precise evaluation of CD8-positive cytotoxic T cell presence.
PD1 immunohistochemistry assessed exhausted T cell populations
within the lymphoid compartment. For primary GBMS, the mIF
analysis revealed that the tumor was largely comprised of SOX2+
glioma stem-like cells (74.5%, Figure 1A; Supplementary Figure
1A). Within the tumor microenvironment, myeloid cells were
predominant, represented by CD11c+ DCs (3.13%, Figures 1A, B)
and CD68+ macrophages (0.33%, Figures 1A, B), while T
lymphocytes accounted for only 0.16% (Figures 1A, B).

TABLE 1 Pathological characterization of patient GBMs.

10.3389/fimmu.2023.1324618

Comparatively, GBM18 exhibited a lower percentage of SOX2+
cells (50.6%, Figure 1C; Supplementary Figure 1A) with an immune
microenvironment primarily composed of myeloid cells, including
CDl1lc+ DCs (16.6%, Figures 1C, D) and CD68+ macrophages
(0.62%, Figures 1C, D) with a smaller population of T lymphocytes
(2.32%, Figures 1C, D). For recurrent GBM3IR, a substantial
proportion of the tissue appeared necrotic, perhaps reflecting
treatment effects, with less than 5% of the cells being SOX2+
(Figure 1E; Supplementary Figure 1A). Nonetheless, myeloid cells
remained dominant in the immune landscape where CD11c+ DCs
(5.34%, Figures 1E, F) and CD68+ macrophages (0.26%, Figures 1E,
F), and T lymphocytes constituted 0.38% of the cell population in
GBM3I1R (Figures 1E, F). Across all three GBMs, PD1+ cells
represented less than 0.5% of the cell population (Figures 1A-F).
In summary, our findings indicate that although the percentages of
different immune cell types vary among different GBMs, the overall
number of immune cells within the tumors was relatively low.
Moreover, the immune compartment in these GBMs was
predominantly constituted by myeloid cells, with a smaller T
lymphoid component. These insights are consistent with recent
publications (28, 29) and represent a solid platform for the
development of a preclinical model to investigate human GBM
tumors in humanized mice.

Enriched patient-derived GBM cells are
able to form intracranial tumors in the
BLT mice

Based on our previous work, we implemented a neurosphere
culture protocol to enrich and expand GSCs derived from GBMS,
GBM18, and GBM3IR tumors (Figure 2A). These GSCs possess the
ability to self-renew and generate orthotopic tumors that retain the
primary tumor’s phenotype and genotype when implanted into
immunodeficient mice (21, 22). To characterize the phenotypic and
genotypic diversity among the cell lines, we performed a western
blot analysis of the GBM cell lysates, revealing varying levels of p53,
Akt, EGFR, p110a, Nectinl, and DR4/DR5 (Supplementary Figure
1B). We engineered these cells to express firefly luciferase (Fluc), for
non-invasive, in vivo monitoring of tumor growth. To further
enrich the GSCs in vivo, we implanted the GBM cells into the
brains of athymic nude mice, subsequently harvested the tumors,

GBM  In vivo phenotype MGMT IDH Genomic Characterization
# . . . _ Mutation
Invasiveness = Pathological Methylation Protein statys
feature
8 Invasive PNET- M- Methylated - Wildtype TERT promoter mutation, PIK3R1 mutation, MYCN
like component amplification, PDGFRA amplification and
MDM?2 amplification
18 Nodular Giant cell M- Methylated - Wildtype TERT promoter mutation, TP53 mutation, RB1 mutation
31R Nodular Conventional U-Unmethylated + Wildtype TERT promoter mutation; TP53 mutation; TSC2 mutation;
RB1 homozygous loss

Table summarizing the pathological phenotype, methylation status, and genomic characterization of three patient GBMs (hGBM). All three models are IDH wildtype. M, Methylated; U,

Unmethylated; +, positive; #, no.

Frontiers in Immunology

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1324618
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

CD3 CD8 PD1
CD11C CDé68

CD3 CD8 PD1  fu
CD11C CD68 o

\
N -

CD3CD8PD1
CD11C CD68

FIGURE 1

10.3389/fimmu.2023.1324618

B
5 —
4 —
1 &
o 2+
3 10T
7,
a
‘s 0.5
’ |l|
0.0 T T I:!j||£ T
STERCIEE I SN
&
c,ooo &
b 25—
20
oA
<5 10—+
O 5 —
o 4 4
S
5 37
s 2 4
1 4
0
QQ’Q; \'\6 Org O‘S 0(
F O OQ >’ o R
8_
6_
H n
o 2 -
g 10T
%
la}
5 0.5
’ ﬁ
0.0 T 1 T T T
s O 5 & X
LN
S SRR

Immunological characterization of patient GBMs. (A) Representative immunofluorescent images of the stained markers (DAPI, CD11c, CD3, CD68,
CD8, PD1, and SOX2) for GBM8 at a magnification of 20X. (B) Quantification of CD68-positive (Opal 780), CD11c-positive (Opal 570), CD3-positive
(Opal 520), CD8-positive (Opal 480), and PD1-positive cells for GBM8 as a ratio of DAPI-positive cells. N=6. Mean + SEM. (C) Representative
immunofluorescent images of the stained markers (DAPI, CD11c, CD3, CD68, CD8, PD1, and SOX2) for GBM18 at a magnification of 20X

(D) Quantification of CD68-positive (Opal 780), CD11c-positive (Opal 570), CD3-positive (Opal 520), CD8-positive (Opal 480), and PD1-positive cells
for GBM18 as a ratio of DAPI-positive cells. N=6. Mean + SEM. (E) Representative immunofluorescent images of the stained markers (DAPI, CD11c,
CD3, CD68, CD8, PD1, and SOX2) for GBM31R at a magnification of 20X. (F) Quantification of CD68-positive (Opal 780), CD11c-positive (Opal 570),
CD3-positive (Opal 520), CD8-positive (Opal 480), and PD1-positive cells for GBM31R as a ratio of DAPI-positive cells. N=6. Mean + SEM. Scale bar

(zoom out) = 200pm; Scale bar (zoom in) = 50pum

expanded the cells through neurosphere culture, and evaluated
tumor establishment in immunocompromised NOD/SCID mice
and BLT mice. The growth rates of GBM tumors differed in NOD/
SCID mice, with GBM31R exhibiting the fastest growth and
GBM18 displaying the slowest growth (Figures 2B, C). Similarly,
we observed tumor establishment in the brains of BLT mice using
the same in vivo enriched cells although GBMS exhibited the fastest
growth while GBM18 and GBM3IR displayed a similar growth rate
(Figures 2D, E; Supplementary Figure 1C). These results
demonstrate the feasibility of establishing humanized BLT mouse
tumor models using patient-derived GBM cells, thus opening up an
avenue for subsequent investigations of their immune profiles.
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Human immune cells infiltrate into the
established GBMs in the BLT mice

To understand the immune landscape of the GBM tumors in
BLT mice, we harvested the tumor tissues from the brain, tumor-
draining lymph nodes (TDLN), bone marrow (BM), and spleen
from the mice, and performed flow cytometry using various human
immune cell markers (Supplementary Figure 2A). For a better
comparison across different staining techniques, we quantified the
number of immune cells relative to the total number of living cells.
In the BLT-derived GBMS8 tumor, human immune cells were
detectable, with CD56+ NK cells (0.29%), CD11c+ DCs (0.11%),
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FIGURE 2

Characterization of growth of patient-derived GBM cell lines in different animal models. (A) Schematic overview of the experimental setup of
establishing patient-derived GBM cell lines and the subsequent analysis in humanized mice. (B) Growth rate analysis of GBM cells expressing the
luciferase reporter gene implanted in NOD-SCID mice, obtained by in vivo serial bioluminescence imaging. BLI flux was defined as photons/second.
GBMS8 (N = 2), GBM18 (N=2), GBM31R (N=1). Mean + SEM. (C) Representative real-time bioluminescent IVIS images of GBM implanted NOD-SCID
mice followed over time. (D) Growth rate analysis of GBM cells expressing the luciferase reporter gene implanted in BLT humanized mice, obtained
by in vivo serial bioluminescence imaging. BLI flux was defined as photons/second. GBM8 (N = 5), GBM18 (N=5), GBM31R (N=5). Mean + SEM.

(E) Representative real-time bioluminescent IVIS images of GBM implanted BLT humanized mice followed over time.

CD68+ macrophages (0.08%), and T lymphocytes (0.12%)
constituting the immune landscape (Figure 3A). Unlike the
immune composition observed in tumor tissues, T lymphocytes
were dominant in TDLN (63.6%), BM (8.03%), and spleen (66.2%),
compared to CD11lc+ DCs (TDLN: 0.27%; BM: 0.48%; spleen:
0.46%), CD68+ macrophages (TDLN: 0.01%; BM: 0.14%;
spleen: 0.01%), and CD56+ NK cells (TDLN: 0.16%; BM: 0.25%;
spleen: 0.39%) (Figures 3B-D). The BLT-derived GBMI18 tumor
exhibited an immune profile similar to GBMS, with a presence of
CD56+ NK cells (0.06%, Figure 3E). For other tissues extracted
from GBM18-bearing BLT mice, T lymphocytes were still the
predominant immune population in TDLN (3.72%) and spleen
(32.68%), but the CD11c+ DCs (4.98%) constituted predominantly
in the BM (Figures 3F-H). Additional characterization of tumor
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markers for BLT-derived GBM8 and GBMI18 was performed,
including SOX2 (Supplementary Figures 2B, C), CD3l1
(Supplementary Figures 2D, E), and Ki67 (Supplementary Figures
2F, G). In contrast, the flow cytometric immune profile of the BLT-
derived GBM3IR tumor was dominated by T lymphocytes (~0.3%)
rather than myeloid cells (Figure 3I). Yet, T lymphocytes were
found to be dominant in other organs (TDLN: 6.61%; BM: 3.87%;
spleen: 41.18%) from the mice bearing GBM31R (Figures 3J-L).
Finally, we confirmed the presence of these human immune cells in
the tumor through immunofluorescent staining of the tumor
section in the GBMS8 (Figures 4A, B) and GBM18 tumors
(Figures 4C, D). These findings demonstrate the infiltration of
human immune cells into the established intracranial GBMs and
the immune compartment in other tissues of the BLT mice, setting
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FIGURE 3

Flow cytometry characterization of the immune phenotype of human GBMs in different organ types of BLT humanized mice. (A) Flow cytometry
analysis of tumor-infiltrating immunocytes as a fraction of living cells in BLT humanized mice bearing intracranial GBM8 tumors. N=3. Mean + SEM.
(B) Flow cytometry analysis of the spleen in humanized BLT mice bearing GBM8 tumors. Graphs represent single stained populations after life/death
and hCD45 gating. N=3. Mean + SEM. (C, D) Flow cytometry analysis of the deep cervical lymph nodes (C) and the bone marrow cells originating for
the femur (D) in humanized BLT mice bearing GBM8 tumors. N=3. Mean + SEM. (E) Flow cytometry analysis of tumor-infiltrating immunocytes as a
fraction of living cells in BLT humanized mice bearing intracranial GBM18 tumors. N=3. Mean + SEM. (F) Flow cytometry analysis of the spleen in
humanized BLT mice intracranial GBM18 tumors. N=3. Mean + SEM. (G, H) Flow cytometry analysis of the deep cervical lymph nodes (G) and bone
marrow cells originating for the femur (H) in humanized BLT mice intracranial GBM18 tumors. N=3. Mean + SEM. (I) Flow cytometry analysis of
tumor-infiltrating immunocytes as a fraction of living cells in BLT humanized mice bearing GBM31R. N=3. Mean + SEM. (J) Flow cytometry analysis
of the spleen in humanized BLT mice implanted with GBM31R. N=3. Mean + SEM. (K, L) Flow cytometry analysis of the deep cervical lymph nodes
(K) and bone marrow cells originating for the femur (L) in humanized BLT mice implanted with GBM31R. N=3. Mean + SEM.

the stage for future studies of human tumor-immune interactions in  treatments. Despite advances in understanding its development and
this preclinical model. the application of novel immunotherapies, the prognosis for GBM
patients remains poor. A major hurdle in developing effective
therapies is the lack of reliable models, creating a gap between
Discussion laboratory findings and clinical outcomes. In this study, we
addressed this issue by characterizing three patient-derived GBM
GBM poses a significant challenge due to its high prevalence in  tumors in humanized BLT mice, highlighting its relevance for a more

the central nervous system and the limited success of available = human-oriented approach to studying GBM and its treatment.
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Immunofluorescence characterization of the immune phenotype of human GBMs in BLT humanized mice. (A) Quantification of CD68-positive,
CD1lc-positive, CD3-positive, CD8-positive, and CD4-positive cells for GBM8 as a ratio of DAPI-positive cells. N=6. Mean + SEM. (B) Representative
immunofluorescent images of the stained markers (DAPI, CD68, CD11c, CD3, CD8, and CD4) for GBM8 at a magnification of 20X. (C) Quantification
of CD68-positive, CD11c-positive, CD3-positive, CD8-positive, and CD4-positive cells for GBM18 as a ratio of DAPI-positive cells. N=6. Mean +
SEM. (D) Representative immunofluorescent images of the stained markers (DAPI, CD68, CD11c, CD3, CD8, and CD4) for GBM18 at a magnification

of 20X

The study commenced with an analysis of patient GBM tumors
to uncover their genetic and phenotypic differences. The
multiplexed immunofluorescence revealed the tumors’
unique phenotypic features. Among the analyzed tumors,
GBMS exhibited the highest proportion of SOX2+ glioma stem-
like cells, followed by GBMI18 and GBM31R. The immune
microenvironment across all patient samples was characterized by
dominant myeloid cells (CD11c+ DCs and CD68+ macrophages),
with T lymphocytes constituting a smaller portion of the immune
cell population. These findings are representative of GBM patients’
immune landscape, where myeloid cells represent the vast majority
of non-cancerous cells in the tumor microenvironment, and in
particular macrophages can account for up to 30% of the tumor
mass (30). By contrast, tumor-infiltrating lymphocytes have been
found to represent only about 2.5% of all cells in GBM, and usually
consist of T-cells and to a lesser extent NK cells and B
lymphocytes (31).

The isolated cells were enriched and expanded through
neurosphere culture, and their capacity to establish tumors was

assessed in immunocompromised mice. The grafted tumors
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displayed varied growth rates, highlighting the functional
disparity among the GBM lines. This successful establishment of
tumors in immunocompromised mice set the stage for subsequent
experiments in humanized mouse models intended to examine the
immune landscape within the established tumors.

Within these humanized models, human immune cells,
encompassing CD56+ NK cells, CD1lc+ DCs, CD68+
macrophages, and T lymphocytes, infiltrated the tumors. This
infiltration was confirmed through immunofluorescent staining.
Moreover, diverse lymphoid organs, including tumor-draining
lymph nodes, bone marrow, and spleen, exhibited evidence of
reconstitution by human immune cells. Although the types of
immune cells detected were consistent between the tumor
samples, we observed some differences in the distribution of the
subpopulations between immunofluorescence and flow cytometry
analysis. This can be due to the technical differences between the
two assays. In particular, while flow cytometry processes the
sample as a whole, irrespective of any spatial localization,
immunofluorescence analyzes a specific region of the sample,
represented by the slices. The spatial heterogeneity of the tumor
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could be reflected in these readout differences. Moreover, using
different antibodies, buffers, and reference samples could have also
contributed to the observed differences.

It is important to note, however, that there remain limitations to
the BLT mouse model, including within the context of cancer
research, that necessitate further development and exploration.
For instance, these mice tend to develop Graft-versus-host disease
(GvHD), a systemic inflammatory condition characterized by the
transplanted graft’s immune cells attacking the host cells, restricting
the experimental window to six months post-engraftment.
However, BLT-humanized mice constructed with a C57BL/6
immunodeficient background, show resistance to GvHD (32).
Another drawback lies in the need for advanced expertise,
resources and experience for their production, along with the
limited availability of required fetal tissues. Recently, a novel
BLT-like humanized mouse model has emerged, utilizing non-
autologous human cord blood-derived hematopoietic stem cells
and human neonatal/pediatric thymus, partially dealing with these
challenges. Furthermore, ongoing efforts are focused on improving
BLT mice so that they develop a more complete human immune
system as considerable challenges remain, such as cross-reactivity
between rodents and humans, restricted development,
differentiation, and migration of human hematopoietic stem cells,
and the instability in the reconstitution of T-cells. The current
widely used immunodeficient mouse model featuring an IL-2
receptor ¥ chain deletion results in incomplete development of
mouse lymphoid organs, hampering the development of a robust
humoral immune response. Constructing BLT-humanized mice
through immunodeficient mouse models with necessary human
transgenic factors and cytokines, or integrating the required human
secondary lymphoid tissue, such as the spleen, could optimize
human B cell development and overcome humoral immune
response limitations in the model. Moreover, it necessitates
mentioning that the BLT tumor microenvironment did not
recapitulate the myeloid dominant TME seen in patients,
highlighting a fundamental limitation in myeloid engraftment. To
address this, NSG-SGM3 BLT mice, a model characterized by their
transgenic expression of human stem cell factor (SCF), granulocyte
macrophage colony-stimulating factor (GM-CSF), and interleukin-
3 (IL-3) following engraftment of what normally characterizes BLT
models (human hematopoietic stem cells, autologous fetal live, and
thymic tissues), has demonstrated improved human B-cell
development and represent a potential future avenue of
investigation (33). Nevertheless, our findings provide compelling
evidence that human immune cells can effectively infiltrate
established GBM tumors within the BLT mouse model, thereby
offering a more relevant representation of the human immune
response in vivo, which was not attainable with traditional mouse
models. These GBM models notably offer a platform to scrutinize
how different components of the human immune system engage
with the microenvironment of human tumors. Furthermore, our
model provides a translational platform for testing novel
therapeutics, including checkpoint blockade immunotherapy
alone (34) or in combination with cytotoxic agents (35), allowing
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us to elucidate the variable effects observed in mouse
immunocompetent models and human clinical trials within the
complex immune landscape of GBM.

In conclusion, this study’s comprehensive exploration of patient
GBM tumors and their interaction with the human immune system
within the humanized BLT mouse model presents a promising
avenue for advancing GBM research and immunotherapy
development. This study confirms that patient-derived GBMs
orthotopically established in humanized mouse models allow the
recruitment and infiltration of variable human immune cells within
the tumor, creating a unique immune landscape compared with
lymphoid organs. Extending the study could involve directly
implanting patient-derived samples into BLT mice to expedite the
process, and faithfully represent the original tumor. These findings
offer valuable insights into the intricate dynamics of GBM-immune
interactions, opening new avenues for refining treatment strategies
for this challenging malignancy and underscoring the necessity
for a more faithful representation of the human immune
system in preclinical models to enhance the precision and
relevance of experimental outcomes in the pursuit of effective
translational applications.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

Patient brain tissue samples were obtained and analyzed under
appropriate IRB approvals from Massachusetts General Hospital
(MGH) and Dana Farber Cancer Institute (DFCI). The studies
were conducted in accordance with the local legislation and
institutional requirements. The human samples used in this study
were acquired from gifted from another research group. Written
informed consent for participation was not required from the
participants or the participants’ legal guardians/next of kin in
accordance with the national legislation and institutional
requirements. All in vivo procedures were approved by the
Institutional Animal Care & Use Committee at Brigham and
Women’s Hospital (BWH) and Massachusetts General Hospital
(MGH). The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

LL: Data curation, Formal analysis, Investigation, Methodology,
Project administration, Validation, Visualization, Writing — original
draft, Writing - review & editing. TS: Data curation,
Formal analysis, Investigation, Methodology, Validation,

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1324618
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

Visualization, Writing - original draft. K-SC: Formal analysis,
Investigation, Methodology, Resources, Validation, Visualization,
Writing - review & editing, Data curation, Writing — original draft.
FR: Formal analysis, Methodology, Validation, Visualization,
Writing - original draft. PB: Methodology, Writing - original
draft, Data curation, Investigation. VV: Methodology, Writing —
original draft, Resources. HW: Methodology, Writing — original
draft, Investigation, Supervision, Validation, Visualization, Writing
- review & editing. KS: Conceptualization, Investigation,
Methodology, Supervision, Validation, Visualization, Writing -
review & editing, Formal analysis, Funding acquisition, Project
administration, Resources.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by NIH grants R01-CA201148 (KS) and RO1-
NS121096 (KS).

Acknowledgments

We would like to thank Naomi Besson, Anne Carlisle, Kathleen
Pfaff and Scott Rodig, all members of the Dana Farber Cancer
Institute for their help with the multiplex fluorescence imaging of
patient GBM tumor sections.

Conflict of interest

KS owns equity in and is a member of the Board of Directors of
AMASA Therapeutics, a company developing SC-based therapies
for cancer. KS’s interests were reviewed and are managed by BWH
and Partners HealthCare in accordance with their conflict of
interest policies.

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.

References

1. Guo X, Yang X, Wu J, Yang H, Li Y, Li J, et al. Tumor-treating fields in
glioblastomas: past, present, and future. Cancers (Basel) (2022) 14. doi: 10.3390/
cancers14153669

2. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob JJ, Cowey CL,
et al. Overall survival with combined nivolumab and ipilimumab in advanced
melanoma. N Engl ] Med (2017) 377:1345-56. doi: 10.1056/NEJMoal709684

3. Wolchok JD, Rollin L, Larkin J. Nivolumab and ipilimumab in advanced
melanoma. N Engl ] Med (2017) 377:2503-4. doi: 10.1056/NEJMoal709684

4. Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, Kefford R, et al. Five-year
survival outcomes for patients with advanced melanoma treated with
pembrolizumab in KEYNOTE-001. Ann Oncol (2019) 30:582-8. doi: 10.1093/
annonc/mdz011

5. Hodi FS, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, Cowey CL, et al.
Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in

Frontiers in Immunology

11

10.3389/fimmu.2023.1324618

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.2023.
1324618/full#supplementary-material

SUPPLEMENTARY FIGURE 1

Characterization of the patient-derived GBM cell lines. (A) Quantification of
SOX2-positive cells as a ratio of DAPI-positive cells for all samples. N=6. Mean
+ SEM. (B) Western blot analysis showing the expression patterns of p53, p-
p53, pAKT, AKT, EGFR, pEGFR, p110a, Nectinl, DR4, DR5, and IL-13Ra2 in the
cell lysates prepared from hGBM lines after in vitro culturing. B-Actin was
used as a loading control. (C) Images obtained from IVIS bioluminescence
imaging were used to determine tumor growth of the BLT humanized mice
for three patient-derived GBM cell lines (n=5 per group).

SUPPLEMENTARY FIGURE 2

Characterization of patient-derived GBM tumors in humanized BLT mice. (A)
Representative flow cytometry plots showing the gating strategy of the
immune phenotype of humanized BLT mice flow cytometry analysis. (B)
Representative images of SOX2 single immunofluorescence staining in
sections from GBM8 and GBM18 tumors implanted in humanized BLT mice
at a magnification of 20X. (C) Quantification of SOX2-positive cells obtained
from single immunofluorescence staining in sections from GBM8 and GBM18
tumors implanted in humanized BLT mice as a ratio of DAPI-positive cells.
N=5. Mean + SEM. (D) Representative images of CD31 single
immunofluorescence staining in sections from GBM8 and GBM18 tumors
implanted in humanized BLT mice at a magnification of 20X. (E)
Quantification of CD31-positive cells obtained from single
immunofluorescence staining in sections from GBM8 and GBM18 tumors
implanted in humanized BLT mice as a ratio of DAPI-positive cells. N=5. Mean
+ SEM. (F) Representative images of Ki67 single immunofluorescence staining
in sections from GBM8 and GBM18 tumors implanted in humanized BLT mice
at a magnification of 20X. (G) Quantification of Ki67-positive cells obtained
from single immunofluorescence staining in sections from GBM8 and GBM18
tumors implanted in humanized BLT mice as a ratio of DAPI-positive cells.
N=5. Mean + SEM.

advanced melanoma (CheckMate 067): 4-year outcomes of a multicentre,
randomised, phase 3 trial. Lancet Oncol (2018) 19:1480-92. doi: 10.1016/S1470-
2045(18)30700-9

6. Akter F, Simon B, de Boer NL, Redjal N, Wakimoto H, Shah K. Pre-clinical tumor
models of primary brain tumors: Challenges and opportunities. Biochim Biophys Acta
Rev Cancer (2021) 1875:188458. doi: 10.1016/j.bbcan.2020.188458

7. Paolillo M, Comincini S, Schinelli S. In vitro glioblastoma models: A journey into
the third dimension. Cancers (Basel) (2021) 13. doi: 10.3390/cancers13102449

8. Celiku O, Gilbert MR, Lavi O. Computational modeling demonstrates that
glioblastoma cells can survive spatial environmental challenges through exploratory
adaptation. Nat Commun (2019) 10:5704. doi: 10.1038/s41467-019-13726-w

9. 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

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1324618/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1324618/full#supplementary-material
https://doi.org/10.3390/cancers14153669
https://doi.org/10.3390/cancers14153669
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1093/annonc/mdz011
https://doi.org/10.1093/annonc/mdz011
https://doi.org/10.1016/S1470-2045(18)30700-9
https://doi.org/10.1016/S1470-2045(18)30700-9
https://doi.org/10.1016/j.bbcan.2020.188458
https://doi.org/10.3390/cancers13102449
https://doi.org/10.1038/s41467-019-13726-w
https://doi.org/10.1038/s41467-020-17704-5
https://doi.org/10.3389/fimmu.2023.1324618
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

10. Mestas J, Hughes CC. Of mice and not men: differences between mouse and
human immunology. ] Immunol (2004) 172:2731-8. doi: 10.4049/jimmunol.172.5.2731

11. Eruslanov EB, Singhal S, Albelda SM. Mouse versus human neutrophils in
cancer: A major knowledge gap. Trends Cancer (2017) 3:149-60. doi: 10.1016/
j.trecan.2016.12.006

12. de Jong M, Maina T. Of mice and humans: are they the same?-Implications in
cancer translational research. J Nucl Med (2010) 51:501-4. doi: 10.2967/
jnumed.109.065706

13. Doeing DC, Borowicz JL, Crockett ET. Gender dimorphism in differential
peripheral blood leukocyte counts in mice using cardiac, tail, foot, and saphenous
vein puncture methods. BMC Clin Pathol (2003) 3:3. doi: 10.1186/1472-6890-3-3

14. Sanmamed MF, Chester C, Melero I, Kohrt H. Defining the optimal murine
models to investigate immune checkpoint blockers and their combination with other
immunotherapies. Ann Oncol (2016) 27:1190-8. doi: 10.1093/annonc/mdw041

15. Khalsa JK, Shah K. Immune profiling of syngeneic murine and patient GBMs for
effective translation of immunotherapies. Cells (2021) 10. doi: 10.3390/cells10030491

16. Xuan W, Lesniak MS, James CD, Heimberger AB, Chen P. Context-dependent
glioblastoma-macrophage/microglia symbiosis and associated mechanisms. Trends
Immunol (2021) 42:280-92. doi: 10.1016/j.it.2021.02.004

17. Wege AK. Humanized mouse models for the preclinical assessment of cancer
immunotherapy. BioDrugs (2018) 32:245-66. doi: 10.1007/540259-018-0275-4

18. Melkus MW, Estes JD, Padgett-Thomas A, Gatlin J, Denton PW, Othieno FA,
et al. Humanized mice mount specific adaptive and innate immune responses to EBV
and TSST-1. Nat Med (2006) 12:1316-22. doi: 10.1038/nm1431

19. Cogels MM, Rouas R, Ghanem GE, Martinive P, Awada A, Van Gestel D, et al.
Humanized mice as a valuable pre-clinical model for cancer immunotherapy research.
Front Oncol (2021) 11:784947. doi: 10.3389/fonc.2021.784947

20. Yin L, Wang XJ, Chen DX, Liu XN, Wang X]. Humanized mouse model: a review on
preclinical applications for cancer immunotherapy. Am J Cancer Res (2020) 10:4568-84.

21. Wakimoto H, Mohapatra G, Kanai R, Curry WT Jr,, Yip S, Nitta M, et al.
Maintenance of primary tumor phenotype and genotype in glioblastoma stem cells.
Neuro Oncol (2012) 14:132-44. doi: 10.1093/neuonc/nor195

22. Wakimoto H, Kesari S, Farrell CJ, Curry WT]Jr., Zaupa C, Aghi M, et al. Human
glioblastoma-derived cancer stem cells: establishment of invasive glioma models and
treatment with oncolytic herpes simplex virus vectors. Cancer Res (2009) 69:3472-81.
doi: 10.1158/0008-5472.CAN-08-3886

23. Esaki S, Nigim F, Moon E, Luk S, Kiyokawa J, Curry W Jr., et al. Blockade of
transforming growth factor-beta signaling enhances oncolytic herpes simplex virus
efficacy in patient-derived recurrent glioblastoma models. Int J Cancer (2017)
141:2348-58. doi: 10.1002/ijc.30929

Frontiers in Immunology

12

10.3389/fimmu.2023.1324618

24. Jahan N, Lee JM, Shah K, Wakimoto H. Therapeutic targeting of chemoresistant
and recurrent glioblastoma stem cells with a proapoptotic variant of oncolytic herpes
simplex virus. Int ] Cancer (2017) 141:1671-81. doi: 10.1002/ijc.30811

25. Brainard DM, Seung E, Frahm N, Cariappa A, Bailey CC, Hart WK, et al.
Induction of robust cellular and humoral virus-specific adaptive immune responses in
human immunodeficiency virus-infected humanized BLT mice. ] Virol (2009) 83:7305—
21. doi: 10.1128/JV1.02207-08

26. Chen KS, Harris L, Lim JWC, Harvey TJ, Piper M, Gronostajski RM, et al.
Differential neuronal and glial expression of nuclear factor I proteins in the cerebral
cortex of adult mice. ] Comp Neurol (2017) 525:2465-83. doi: 10.1002/cne.24206

27. McQuin C, Goodman A, Chernyshev V, Kamentsky L, Cimini BA, Karhohs KW,
et al. CellProfiler 3.0: Next-generation image processing for biology. PloS Biol (2018)
16:€2005970. doi: 10.1371/journal.pbio.2005970

28. Friebel E, Kapolou K, Unger S, Nunez NG, Utz S, Rushing EJ, et al. Single-cell
mapping of human brain cancer reveals tumor-specific instruction of tissue-invading
leukocytes. Cell (2020) 181:1626-1642 €20. doi: 10.1016/j.cell.2020.04.055

29. Klemm F, Maas RR, Bowman RL, Kornete M, Soukup K, Nassiri S, et al.
Interrogation of the microenvironmental landscape in brain tumors reveals disease-
specific alterations of immune cells. Cell (2020) 181:1643-1660 el7. doi: 10.1016/
j.cell.2020.05.007

30. Quail DF, Joyce JA. The microenvironmental landscape of brain tumors. Cancer
Cell (2017) 31:326-41. doi: 10.1016/j.ccell.2017.02.009

31. Domingues P, Gonzalez-Tablas M, Otero A, Pascual D, Miranda D, Ruiz L, et al.
Tumor infiltrating immune cells in gliomas and meningiomas. Brain Behav Immun
(2016) 53:1-15. doi: 10.1016/j.bbi.2015.07.019

32. Lavender KJ, Pang WW, Messer R], Duley AK, Race B, Phillips K, et al. BLT-
humanized C57BL/6 Rag2-/-gammac-/-CD47-/- mice are resistant to GVHD and
develop B- and T-cell immunity to HIV infection. Blood (2013) 122:4013-20. doi:
10.1182/blood-2013-06-506949

33. Jangalwe S, Shultz LD, Mathew A, Brehm MA. Improved B cell development in
humanized NOD-scid IL2Rgamma(null) mice transgenically expressing human stem
cell factor, granulocyte-macrophage colony-stimulating factor and interleukin-3.
Immun Inflammation Dis (2016) 4:427-40. doi: 10.1002/iid3.124

34. Garg AD, Vandenberk L, Van Woensel M, Belmans J, Schaaf M, Boon L, et al.
Preclinical efficacy of immune-checkpoint monotherapy does not recapitulate
corresponding biomarkers-based clinical predictions in glioblastoma.
Oncoimmunology (2017) 6:¢1295903. doi: 10.1080/2162402X.2017.1295903

35. Zeng J, See AP, Phallen J, Jackson CM, Belcaid Z, Ruzevick J, et al. Anti-PD-1
blockade and stereotactic radiation produce long-term survival in mice with
intracranial gliomas. Int ] Radiat Oncol Biol Phys (2013) 86:343-9. doi: 10.1016/
jijrobp.2012.12.025

frontiersin.org


https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.1016/j.trecan.2016.12.006
https://doi.org/10.1016/j.trecan.2016.12.006
https://doi.org/10.2967/jnumed.109.065706
https://doi.org/10.2967/jnumed.109.065706
https://doi.org/10.1186/1472-6890-3-3
https://doi.org/10.1093/annonc/mdw041
https://doi.org/10.3390/cells10030491
https://doi.org/10.1016/j.it.2021.02.004
https://doi.org/10.1007/s40259-018-0275-4
https://doi.org/10.1038/nm1431
https://doi.org/10.3389/fonc.2021.784947
https://doi.org/10.1093/neuonc/nor195
https://doi.org/10.1158/0008-5472.CAN-08-3886
https://doi.org/10.1002/ijc.30929
https://doi.org/10.1002/ijc.30811
https://doi.org/10.1128/JVI.02207-08
https://doi.org/10.1002/cne.24206
https://doi.org/10.1371/journal.pbio.2005970
https://doi.org/10.1016/j.cell.2020.04.055
https://doi.org/10.1016/j.cell.2020.05.007
https://doi.org/10.1016/j.cell.2020.05.007
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1016/j.bbi.2015.07.019
https://doi.org/10.1182/blood-2013-06-506949
https://doi.org/10.1002/iid3.124
https://doi.org/10.1080/2162402X.2017.1295903
https://doi.org/10.1016/j.ijrobp.2012.12.025
https://doi.org/10.1016/j.ijrobp.2012.12.025
https://doi.org/10.3389/fimmu.2023.1324618
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Establishment and immune phenotyping of patient-derived glioblastoma models in humanized mice
	Introduction
	Materials and methods
	Study design
	Cell lines
	Viral vectors and lentiviral transductions
	Western blot analysis
	Mouse passaging
	Humanization in BLT mice
	Tumorigenicity studies in NOD-SCID and BLT mice
	Human tissue immunofluorescent multiplex staining and quantification
	Tissue processing and immunofluorescence staining
	Flow cytometric analysis
	Statistical analysis

	Results
	Patient-derived GBM tumor models are genetically and phenotypic distinct but have a similar immune compartment
	Enriched patient-derived GBM cells are able to form intracranial tumors in the BLT mice
	Human immune cells infiltrate into the established GBMs in the BLT mice

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



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


