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ABSTRACT

Glioblastoma (GBM) is the most common and lethal primary brain tumor. The development of alternative
humanized mouse models with fully functional human immune cells will potentially accelerate the progress of
GBM immunotherapy. We successfully generated humanized DRAG (NOD.Rag1KO.IL2Rγ cKO) mouse model
by transplantation of human DR4+ hematopoietic stem cells (hHSCs), and effectively grafted GBM patient-
derived tumorsphere cells to form xenografted tumors intracranially. The engrafted tumors recapitulated
the pathological features and the immune cell composition of human GBM. Administration of anti-human
PD-1 antibodies in these tumor-bearing humanized DRAG mice decreased the major tumor-infiltrating
immunosuppressive cell populations, including CD4+PD-1+ and CD8+PD-1+ T cells, CD11b+CD14+HLA-DR+
macrophages, CD11b+CD14+HLA-DR−CD15− and CD11b+CD14−CD15+ myeloid-derived suppressor cells,
indicating the humanized DRAG mice as a useful model to test the efficacy of GBM immunotherapy. Taken
together, these results suggest that the humanized DRAG mouse model is a reliable preclinical platform for
studying brain cancer immunotherapy and beyond.
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Statement of significance: We developed a humanized DRAG mouse model of human glioblastoma (GBM),
which recapitulates the human tumor pathology and microenvironment. This model also recapitulates
the interplay between the human immune system and human GBM, thus providing a reliable preclinical
platform for brain cancer immunotherapy and beyond.

KEYWORDS: glioblastomas; humanized DRAG mice; brain cancer immunotherapy; tumor immune microenvironment;
tumor-infiltrating immunosuppressive cells

INTRODUCTION

Glioblastoma (GBM), the most common and lethal pri-
mary brain tumor, is characterized by the highest mor-
tality rates and a short median survival rate among all
cancers. Immunotherapies have yielded tremendous success
in many types of cancers [1, 2]. Unfortunately, the hope
of using immunotherapy for brain tumor treatment has
been smashed due to the recent frustrating results of clinical
trials [3, 4]. This outcome discrepancy is partly due to the
lack of a suitable animal model for brain cancer research.
Although there are many etiological and physiopatholog-
ical similarities and relevance between mouse and human
brain tumors [5], the commonly used rodent models of
gliomas could not faithfully recapitulate the human tumors.

Nevertheless, immunodeficient (e.g., NOD-SCID) mice
have been successfully used to transplant human brain
tumor cells or tissues [6–8]. These human tumors–
xenografted immunodeficient mice can mainly mimic the
human tumor environment, thus providing a powerful tool
to study the therapeutic efficacy of the anti-tumor drugs.
However, tumor progression is generally the outcome of
the interplay between the tumor cells and the immune
cells in clinical settings. While in these immunodeficient
mice, the absence of an immune system makes testing
immunotherapies for brain tumors unfeasible since the
success of the immunotherapies mainly involves the modifi-
cations/activation of immune cells to improve their tumor-
killing capacity. Recently, several humanized mouse models
that harness the human immune system in immunodeficient
mice have been developed to study specific types of cancers
[9–12]. In these humanized mouse models, human periph-
eral blood mononuclear cells (PBMCs) or hematopoietic
stem cells (HSCs) have been successfully engrafted in
different backgrounds of immunodeficient mice, and the
engrafted/differentiated human cells demonstrated various
levels of immune responses for cancer cell killing. However,
the synergy between the brain tumor cells and the tumor-
relevant human immune cells, such as myeloid cells and
regulatory T-cell development in those mice, has not been
fully characterized. Therefore, developing an alternative
humanized mouse model with fully functional human
immune cells is clinically significant for studying brain
tumors, especially for brain tumor immunotherapy.

In this study, we generated a new humanized mouse
model by engrafting the human DR4+ HSCs into DRAG
mice. The HSCs were well engrafted and differentiated
into an entire lineage of human immune cells, including
CD4+ and CD8+ T cells, B cells, natural killer (NK) cells,

monocytes/macrophages and dendritic cells (DCs). Based
on this DRAG mouse, we established a humanized GBM
model by intracranially implanting patient-derived tumor
neurospheres. Pathological and immunological characteri-
zation revealed that this humanized GBM faithfully reca-
pitulates the hallmark features of patient tumors including
the presence of a functional immune microenvironment.
Notably, a pilot study of immune checkpoint blockade
showed the distribution changes of immune cells (especially
for T cells), suggesting that this humanized GBM model
can be a valuable tool for understanding GBM biology and
preclinically testing immunotherapy.

RESULTS

Engraftment and differentiation of human immune cells in
DRAG mice

To generate humanized DRAG mice, we irradiated the
mice with a dose of 250 centigray (cGy) and intravenously
administered 2 × 105 CD34+hDR4+ HSCs after 6 h of
irradiation (Fig. 1A). The mice were monitored for more
than 12 weeks, waiting for the HSCs to differentiate. After
12 weeks, we collected blood and spleen from the DRAG
mice to characterize human immune cells by staining and
flow cytometry. We also detected human CD45+ (hCD45)
cell differentiation in the blood samples and spleen of the
HSC-engrafted mice. The average percentage of hCD45+
cells is 11.6 in PBMCs (Supplementary Fig. 1A) and 13.2
in the spleens (Supplementary Fig. 1A), with the highest
percentage of 57.1 and 65.8% of hCD45+ cells in the
peripheral blood and spleen, respectively (Supplementary
Figs 1B and 2B). The variations among the humanized
mice had been seen in every humanized mouse model, and
the variations could be due to several factors, including
the individual genetic variance of the mice and the tail
vein administration of human hematopoietic stem cells.
We observed human lymphocytes (such as CD4+ T cells,
CD8+ T cells, NK cells and B cells), CD14+ cells, CD11b
and CD11c-expressing cells in the PBMCs and spleens with
different frequencies (Fig. 1B and C; Supplementary Figs 1
and 2; Supplementary Fig. 3B and C for gating strategy).
The median percentage of CD3+ cells, CD4+ T cells, CD8+

T cells, NK cells, B cells, monocytes, CD11b+ cells and
CD11c+ cells in the PBMCs was 40, 28.6, 5.3, 14.2, 54.3,
19.5, 4.7 and 4.7, respectively (Fig. 1B and C; Supplemen-
tary Fig. 1C–H). The median percentage of these cells in
the spleens was 46.4, 17.1, 8.1, 3.1, 29.3, 53.5, 0.9 and 3.9,
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respectively (Fig. 1B and C; Supplementary Fig. 2B–G).
When comparing frequencies of the immune cells of the
PBMCs from the humanized DRAG mice with the ones
from human donors, the T cells (both CD3+ and CD8+) and
myeloid cells are comparable, while the humanized DRAG
mice had a higher percentage of B cells than in human
PBMCs, demonstrating a better B cell differentiation in
DRAG mice (Supplementary Fig. 4A). Moreover, we could
detect human Foxp3+CD25+ regulatory CD4+ and CD8+

T cells (Tregs) in both tissues with a very low percentage.
The percentage of regulatory CD4+ and CD8+ T cells was
1.4 and 0.23 in the PBMCs and 0.12 and 0.033 in the
spleen (Fig. 1D, H and I and Supplementary Fig. 3A for
gating strategy), and the presence of Tregs in the PBMCs
from human donors is comparable to the PBMCs from
the humanized DRAG mice (Supplementary Fig. 4C and
D). Furthermore, we examined human memory CD4+

and CD8+ T cells in both PBMCs and spleen of the
mice (Fig. 1E–G), including CD62L+CD45RA− (central
memory), CD62L+CD45RA+ (naïve), CD62L−CD45RA−

(effector memory) and CD62L−CD45RA+ (terminal
effector memory) cells. In the PBMCs, CD4+ central and
effector memory cells were the highest memory cell subsets;
however, CD4+ effector and terminal effector cells in the
spleen presented the highest memory cell subsets in the
engrafted DRAG mice (Fig. 1E–G and Supplementary
Fig. 3A for gating strategy). In contrast, in the PBMCs
from the human donors, the effector memory cell subset
showed a high level in both CD4+ and CD8+ T cells, which
is similar to the humanized mice. However, the terminal
effector memory cell subset was also at a considerably
higher level than that was shown in humanized DRAG
mice (Supplementary Fig. 4B and E). Nevertheless, these
results suggest that the DRAG mice developed a full lineage
of immune cells as in humans.

Humanized DRAG mice support the growth of GBM
patient–derived tumor neurospheres

To elucidate the function of the differentiated human
immune cells in such engrafted DRAG mice, we tested
whether these immune cells can respond to patient GBM
cells that were intracranially implanted in the brains of the
DRAG mice. First, two GBM patient–derived neurosphere
lines, GSC262 and TS543, were intracranially implanted
in the DRAG mouse brains, respectively. Tumor growth
was monitored using the bioluminescence in vivo imaging
system (IVIS) and magnetic resonance imaging (MRI)
in these mice (Fig. 2A). Second, hematoxylin and eosin
(H&E) staining showed spatial heterogeneity including
tumor cores with a high density of malignant cells, tumor
edges and invasive areas where tumor cells infiltrated the
normal brain parenchyma (Fig. 2B). To examine tumor-
infiltrating immune cells that were differentiated from
CD34+hDR4+ HSCs, we performed immunofluorescence
(IF) staining analysis of CD45+ and CD3+ cells in the
tumor tissues from the DRAG mice bearing GSC262-
and TS543-derived GBM. Of note, CD45+ immune cells
represented 4.3 ± 1.1% and 11.6 ± 2.9% of the whole
tumor tissue cellularity in GSC262- and TS543-derived
GBM, respectively (Fig. 2C). Furthermore, CD3+ T cells

represented 2.7 ± 0.9% and 4.0 ± 1.8% of the whole
tumor tissue cellularity in GSC262- and TS543-derived
GBM, respectively (Fig. 2C). A previous study reported
that the CD45+ myeloid cells and CD3+ T cells represented
24 ± 18% and 1.4 ± 2% of the whole tumor sample
cellularity, respectively, based on the investigation of
the cellular composition of 55 primary GBM samples
[13]. Pathologically, we found the enrichment of tumor-
infiltrating immune cells, including CD3+ (lymphocytes)
and IBA1+ (microglia/macrophage-specific marker) cells,
in tumor core areas compared with tumor edge and brain
parenchymal areas (Fig. 2D). Collectively, these results
indicate that the glioma models using DRAG mice can
recapitulate the human GBM immune microenvironment.

Humanized DRAG mouse-derived tumors retaining
histopathological properties of patient GBM

To assess whether the tumors derived from the humanized
DRAG mice recapitulate histopathological features of
patients’ GBM, H&E analysis revealed that the brain
tumors displayed typical GBM pathological features—
pseuodopalisading necrosis and microvascular prolifera-
tion (MVP), which are a few of the hallmark characteristics
of hypoxic and perivascular niches, including neoangiogen-
esis in the invasive niche of the GBM tumor (Fig. 3A).
Furthermore, histopathological characterization of these
tumors documented other classical GBM properties,
including a high proliferative index (Ki67) and robust
expression of astrocyte and oligodendrocyte lineage
marker genes, glial fibrillary acidic protein (GFAP) and
Oligodendrocyte Transcription Factor 2 (Olig2) (Fig. 3B).
The hallmark of GBM is the existence of GBM stem
cells (GSCs), which are able to be characterized by highly
expressed neural stem cell lineage markers (such as Nestin
and SOX2) [14]. Therefore, we examined these tumors
and observed high expression of these genes in the tumor
core (CT), the leading edge of the tumors (LE) and the
invasive regions (Fig. 3B and C). To further examine the
distribution of tumor-infiltrating immune cells in our GBM
DRAG models, we performed immunohistochemistry
(IHC) staining and found the proximity of CD3+ T cells
and IBA1+ microglia/macrophages in the regions of
pseudopalisading necrosis and macrovascular proliferation
(Figure 3D and E). These results indicate that the novel
humanized DRAG mice model supports the GBM tumor
engraftment and progression and faithfully recapitulates
the pathological and molecular features of GBM.

High immunosuppression in the humanized DRAG
mouse-derived GBM

GBM is generally considered highly immunosuppressive
and resistant to immunotherapy, mainly because of a
relatively low mutational burden, high percentages of
M2-like protumor macrophages and low numbers of
tumor-infiltrating lymphocytes and other immune effector
cells [3, 15–17]. To examine the features of immuno-
suppression in the humanized DRAG mouse-derived
GBM, we first analyzed infiltrating tumor–associated
macrophages in tumors by flow cytometry and found
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Figure 1. Engraftment and differentiation of human immune cells in DRAG mice. (A) The mice were administered with hCD34+hDR4+ hematopoietic
stem cells 6 h after gamma irradiation with a dose of 250 cGy. After 12 weeks, human immune cells in the PBMCs and spleen were characterized with flow
cytometry. (B) Differentiation of human immune cells and their distribution in the blood of the engrafted DRAG mice. Human stem cells differentiated
into CD45+, CD3+, CD4+, CD8+, CD56+, CD19+, CD14+, CD11b+ and CD11c+ cells with different frequency. (C) Differentiation of human immune
cells and their distribution in the spleens of the engrafted DRAG mice. (D) Differentiation and the percentages of regulatory T cells (CD25+Foxp3+CD4+
and CD25+Foxp3+CD8+ Tregs) in PBMCs and in spleens. Only one mouse is shown as the representative. (E) Differentiation and the percentages of
memory T cells (both CD4+ and CD8+) in PBMCs and in spleens. Only one mouse is shown as the representative. (F) Statistics of the percentages of
various memory T cells in PBMCs. (G) Statistics of the percentages of various memory T cells in spleens. (H) Statistics of the percentages of Tregs in
PBMCs. (I) Statistics of the percentages of Tregs in spleens. For all the statistical figures, each bar represents four to six mice.
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Figure 2. Establishment of xenograft tumors using DRAG mice bearing GBM patient-derived tumor cells. (A) The luminescence images show a DRAG
mouse bearing TS543 cells after implantation at three different time points; MRI from a DRAG mouse after intracranial implantation of GSC262 cells.
T2 sequences demonstrate infiltrative tumors in the mouse brain (dashed circle). (B) H&E analyses of tumor sections show the core, edge and invasion
regions of the tumors derived from the DRAG mice bearing TS543 and GSC262 cells. (C) Representative IF staining images for CD45+ and CD3+ cells
in tumor sections from the DRAG mice bearing TS543 and GSC262. Quantitation of indicated cells in tumor regions and each dot represents one field
of the tumor regions from these tumors. (D) Representative IF staining images for the distributions of CD3+ and IBA1+ cells in the core and edge areas
of the tumors derived from the DRAG mice bearing TS543 as well as brain parenchyma in this mouse model.

16% of CD11b+/HLA-DR+/CD14+ cells in the CD45+ cell
population (Fig 4A and B). Notably, M2-like macrophages
(CD45+CD206+) accounted for 60.8% of the CD45+

cells in the tumors (Fig 4A and B). As evident in human
GBM [18], we have also observed that CD45+CD206+

M2 macrophage cells as the most predominant as com-
pared to other myeloid cells within TILs (Fig. 4B).
Besides these myeloid cells, we have found a significantly
higher frequency of CD11b+/CD14+/HLA-DR+ tumor-
associated macrophages (TAMs) than myeloid-derived
suppressor cells (MDSCs) within the CD45+ immune cells
(Fig. 4B).

The regulatory T cells (Tregs) play a critical role in
inhibiting the activation and differentiation of CD4 helper
T cells and CD8+ cytotoxic T cells to interact against
tumor-expressed antigens [19] and PD-1 is identified as
a typical T cell immunosuppressive marker [20]. Thus, we
quantified PD-1+ T cells and CD25+FOXP3+ regulatory
T cells among the CD3+T cells in the tumor immune
microenvironment (TIME). Based on the gating using
the spleen cells derived from the same DRAG mice,
we found that the percentage of CD8+PD-1+ T cells is
predominantly higher than that of CD4+PD-1+ T cells
(Fig. 4C; Supplementary Fig. 5A). We also detected the
presence of CD25+FOXP3+ regulatory T cells (Tregs) in
the TIME, where the frequency of CD8+ Tregs is higher

than the CD4+ Tregs (Fig. 4D; Supplementary Fig. 5A).
Taken together, these results demonstrated that GBM
tumors engrafted in humanized DRAG mice not only
mimic the human GBM tumor in terms of pathological
and molecular features but also recapitulate the TILs for its
progression.

Immune responses in the humanized DRAG mouse-derived
GBM after anti-PD-1 antibody treatment

To determine whether the human immune cells differenti-
ated in the humanized DRAG mice have the same response
after the treatment of immune checkpoint inhibitors (ICIs)
as in humans, we have compared the tumor-infiltrated
immune profile in these mice after the administration of
the anti-PD-1 (Programmed death protein-1) antibody or
an isotype IgG as control. As expected, we found significant
decreases in the frequency of CD4+PD-1+ and CD8+PD-1+

T cells in the anti-PD-1-treated group when we examined
the status of immune cells within the TIME by flow
cytometry analysis (Fig. 5A). Furthermore, we noted that
Tregs tend to decrease in number upon the treatment with
the anti-PD-1 antibody (Fig. 5A). Of note we did observe
a trend of a decrease in tumor progression after anti-
hPD-1 treatment (Supplementary Fig. 6A and B) although
there are no statistically significant differences between
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Figure 3. Histopathological analysis of human GBM from humanized DRAG mice. (A) Representative H&E images harvested from humanized DRAG
mice showing MVP in the PVN niche, pseudopalisading necrosis in the hypoxic niche, and angiogenesis and aggressive MVP in the invasive region. (B,
C) Representative images of immunohistochemical staining of normal brain region (the third box for each section), tumor core region (the first box) and
invasive tumor region (the second box) showing expressions of high proliferative index Ki67, astrocyte and oligodendrocyte lineage marker genes GFAP
and Olig2, neural stem cell lineage markers Nestin and SOX-2 expression in GBM tumors. (D, E) Representative IHC images show CD3+ T cells and
IBA1+ microglia/macrophages in the regions of pseudopalisading necrosis and macrovascular proliferation on the tumors derived from the DRAG mice
bearing TS543 cells.

both groups regarding tumor volume and survival possibly
due to the variation in the proportion of immune cells
among different mice based on the limited mouse number.
The clinical studies of GBM anti-PD-1 monotherapy
have shown similar observations that pembrolizumab
monotherapy in GBM patients has limited survival benefits
compared with control groups [21–23]. These data suggest
that our humanized DRAG GBM model can recapitulate
the human TIME response to ICI treatment, which can be

used to understand the molecular mechanism of immune
resistance and to test combination therapies in preclinical
studies.

To test whether the treatment of anti-PD-1 anti-
body has affected TAM and MDSC infiltration in the
tumors, we stained the cells with human TAM and
MDSCs markers for flow cytometry analysis. There
is no difference in the frequency of human CD45+

immune cells between the anti-PD-1 Ab-treated and
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Figure 4. Infiltrating human lymphocytes (TILs) in the tumor derived from humanized DRAG mouse analyzed by flow cytometry. (A)
The flow cytometry charts show the gating and percentages of the macrophage populations, including hCD45+/hCD206+, hCD45+/hCD11b+,
hCD45+/hCD11b+/hCD14+/hHLA-DR−/hCD15−, hCD45+/hCD11b+/hCD14+/hHLA-DR+ and hCD45+/hCD11b+/hCD14−/hCD15+ in the total
infiltrated cells from the tumor derived from humanized DRAG mice. (B) Histograph showing the percentages of CD11b+/CD14+/HLA-DR+,
CD11b+/CD14+/HLA-DR−/CD15−, CD11b+CD14−CD15+ and CD206+ in the total human CD45+ cells in the tumors. (C, D) Histograph showing
the percentages of CD4+/PD-1+, CD8+/PD-1+, CD4+/CD25+/FOXP3+ and CD8+/CD25+/FOXP3+ in the total human CD3+ cells in the TILs derived
from DRAG mice bearing TS543 cells. Each dot represents one mouse.

control-IgG-treated groups, but a significantly lower
frequency of CD45+CD163+CD206+ M2 macrophages
has been observed in the anti-PD-1 Ab-treated mice
(Fig. 5B). We also observed that the frequencies of
CD11b+CD14−HLA-DR+ macrophages, CD11b+CD14+

HLA-DR−CD15− and CD11b+CD14−CD15+ MDSCs are
significantly depleted upon the treatment of anti-PD-1
Ab as compared with the control-IgG Ab (Fig. 5B and
C). This observation could be explained by the anti-PD-1
Ab inhibiting cell proliferation of M2 macrophages and
MDSCs because they highly express PD-1/PD-L1 [24, 25].

To determine whether CD8+ T cells were activated
following anti-hPD-1 treatment, we performed IF co-
staining CD8 with CD69 and HLA-DR in the tumor tissues
and found a trend of increase of CD8+/CD69+ cells and
CD8+/HLA-DR+ cells in the tumors after the treatment
with anti-hPD-1 compared with the IgG group (Fig. 5D
and E). Taken together, these results indicate that our
humanized DRAG mouse model bearing patient-derived
GBM can faithfully mimic human immune response to
immune-related therapeutics in preclinical studies of brain
cancer.
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Figure 5. Effect of anti-PD-1 on immune cells infiltrating GBM tumors derived from DRAG mice. The anti-PD-1 antibody and isotype IgG control salines
were injected intraperitoneally at 10 mg/kg on day 14 and day 21 post-intracranially implantation of orthotopic xenografting of TS543 cells in the brain.
(A) The percentage of tumor infiltration of CD4+/PD-1+ cells, CD8+/PD-1+ cells and CD4+/CD25+/FOXP3+ regulatory T cells in the human CD3+
cells. (B) The percentage of tumor infiltration of CD163+/CD206+ macrophages. (C, D) The percentage of tumor infiltration of CD11b+/CD14+/HLA-
DR+ macrophages, CD11b+/CD14+/HLA-DR−/CD15− and (G) CD11b+/CD14−/CD15+ MDSCs from the TILs that were isolated from the DRAG
mice bearing TS543 cells with the treatment of anti-PD-1 antibody versus the isotype IgG. (E, F) Representative IF staining images for CD8+/CD69+
and CD8+/HLA-DR+ cells in the tumor regions of the DRAG mice bearing TS543 cells with the treatment of anti-PD-1 antibody versus the isotype IgG.
Each dot represents one mouse (A–D) or one tumor area (E, F); data are presented as the mean ± SD. P-values were calculated using a two-tailed paired
t-test (A–D) or a one-way unpaired t-test (E, F).

DISCUSSION

A good humanized mouse model that can recapitulate the
clinical setting of the human cancer microenvironment is
crucial not only for tumor biology research but also for
the development of therapeutic strategies and agents. In
this study, we established the humanized DRAG mouse
model and found that the human stem cells can be well
engrafted and differentiated into a full lineage of human
immune cells in these mice. Using this humanized DRAG
model, we found that GBM patient–derived tumorsphere
cells can successfully be engrafted and form tumors, which
recapitulate the pathological features and the immune
cell composition of human GBM. Importantly, we also
observed this human GBM mouse model shows the
response to an anti-human PD-1 antibody treatment,

suggesting the feasibility of testing the efficacy of ICIs in
GBM immunotherapy.

We have previously established a humanized DRAG
mouse model to test a DNA vaccine protecting human
cells against Zika virus infection [26]. It is worth noting
that the non-humanized DRAG mice are devoid of
murine T cells, B cells and natural killer cells due to
the NOD/Rag−/− background-caused immunodeficiency,
especially after irradiation, the residual murine cells
will largely remain non-functional [26]. Therefore, the
immune responses we detected are solely from the human
immune cells in these humanized DRAG mice [25]. It
is worth noting that the immune cell frequencies vary
among different humanized DRAG mice, suggesting
that human cell engraftment and differentiation in these
mice are not the same, likely because of the intrinsic
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genetic variations among the mice. Variations in immune
cell frequencies among individual mice have also been
found in other humanized models [9, 12, 27]. Meanwhile,
our supplementary data (Supplementary Fig. 4) also
show wide frequency variations in various immune cell
populations among the human PBMCs from different
donors. Given that the intrinsic genetic variations, both
in humans and mice, may cause immune cell variations, we
believe these variations do not dampen the value of using
these DRAG mice for recapitulating the human immune
system.

Compared with other commonly used humanized
models, such as Human peripheral blood lymphocytes
(Hu-PBL) and Bone marrow-liver-thymus (BLT) mouse
models, the DRAG mouse model has several advantages:
(1) constitutive expression of human HLA-DR4 molecules
favors engraftment of human pro-T cells in the mouse
thymus for further development into mature T cells [28]; (2)
immune response in DRAG mice is much more robust; (3)
unlike other humanized mouse models, the antibody class
switching from Immunoglobulin M (IgM) to IgG occurs
in humanized DRAG mice, which results in a more robust
antibody response [29]; and (4) the DRAG mice have well-
developed Peyer’s patch and gut-associated lymph tissue
and robustly reconstitute human T cells in the gut and other
mucosal sites [30], which contains the major population of
T cells. After 12 weeks HSCs injection, the mice developed
a full complement of human immune cell types, including
CD4+ and CD8+ T cells, B cells and myeloid cells (Fig. 1).
These characteristics of DRAG mice make them a valuable
model for investigating how the functional human immune
cells regulate cancer progression upon immunotherapies
for brain tumor treatments.

Despite various types of GBM models, like syn-
geneic models, genetically engineered mouse models
and xenograft models, unfortunately, none of them can
faithfully recapitulate the human GBM and its TIME,
enabling the investigation of the efficacy of immune-
checkpoints antibody inhibitors [31]. Our DRAG mice
GBM model provides a promising platform to study patho-
logical and molecular changes occurring in a GBM tumor
during tumor progression. In this study, we demonstrated
that the orthotopic xenograft model of GBM patient–
derived tumorsphere cells intracranially implanted GBM
tumor displays specific niches like hypoxic, perivascular
(PVNs), GSC and invasive niches [32]. In the PVNs,
the blood vessels have evolved into MVP (GMP), a
common hallmark in GBM within the GBM-PVN.
Another hallmark characteristic of GBM is pseudopal-
isading necrosis, within the hypoxic niche, which has also
been displayed by the GBM tumor implanted in these
DRAG mice.

Besides these pathological features, we also showed that
the expressions of GSC markers like SOX-2, Olig-2 and
Ki67 are higher in the tumor region than in the normal
brain region in these GBM DRAG mice. The self-renewal
pluripotency of GSC is one of its unique characteristics that
are responsible for GBM heterogeneity and aggressiveness
[33]. Our IHC results have also detected the expression of
Glial Fibrillary acidic protein (GFAP) and Nestin in the
tumor core and invasive region, which supports that these

GBM tumors display the glial and neuronal phenotypes
for tumor progression [34, 35]. Our results suggest that
this GBM tumor exhibits the pathological and histological
features of intra-tumoral heterogeneity at the cellular and
molecular levels for the tumor aggressiveness and progres-
sion; thus, the GBM DRAG mouse model replicates these
key features of a human GBM tumor [31].

This humanized DRAG mouse model is a novel model
that is not limited to displaying the hallmark features of
human GBM; it also faithfully recapitulates the tumor-
infiltrated microenvironment. Several mouse models are
available, but the humanized DRAG mouse model has
shown more competence in the human immune system than
others [36–38]. Our model showed the presence of hCD45+

immune cells, including CD3+, CD4+ and CD8+ T cells,
which are significantly associated with the progression of
human GBM tumors [39]. The TIME in this mouse model
also comprises a typical immunosuppressive environment
by infiltrating more TAMs, MDSCs, PD-1+ T cells and
regulatory T cells.

In this study, we observed that anti-PD-1 antibody
treatment on the GBM tumor–bearing mice significantly
decreases the number of immunosuppressive cells within
the TIME, indicating that this novel humanized mouse
model can be used for predicting the therapeutic outcomes
of immunotherapy in preclinical studies. By using this
humanized mouse model platform, we can evaluate
immune-checkpoint blockade/antibody or chimeric anti-
gen receptor T cell (CAR-T) therapy for human GBM
treatment. Meanwhile, using this humanized GBM-DRAG
mouse model, we can study not only the pathological,
histological and immune microenvironment changes
caused by the tumors but also the effect of anti-PD-1
antibodies on tumor progression and TILs. Taken together,
our study shows that the novel GBM DRAG mouse model
can faithfully recapitulate the human GBM and represent
a valuable resource for testing antitumor drugs in GBM
therapy.

MATERIALS AND METHODS

Generation of humanized DRAG mice

DRAG mice are NRG mice (or NOD.Rag1KO.IL2Rγ cKO
mice) transgenic for human DR4 (RRID: IMSR_JAX:
017914), which were purchased from Jackson Laboratories
and bred in the vivarium of the University of Texas Health
Science Center at Tyler. For humanization, the DRAG
mice were irradiated with a dose of 250 cGy. After 6 h
of irradiation, 2 × 105 hDR4+ HSCs (purchased from
Stemcell Technologies Inc, and then DR4 genotyping was
performed) were intravenously administrated into the mice.
After 10–12 weeks, the human cell reconstitution was char-
acterized by immune staining using a panel of biomarkers
shown below.

Isolation of PBMCs and splenic cells from DRAG mice

PBMCs were isolated from mice blood using Ficoll-Paque
Plus (GE Healthcare Life Science, Piscataway, NJ, USA)
procedure. After washing, the cells were treated with ACK

https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbad021#supplementary-data
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lysing buffer (Thermo Fisher Scientific, Waltham, MA,
USA) to lyse red blood cells. The spleens were ground and
passed through a cell strainer. After centrifugation at 400g
for 10 min, the cell pellets were subjected to ACK lysing
buffer. The cells were then washed and counted before
staining for flow cytometry.

Intracranial xenograft tumor models

The intracranial xenograft tumor models were established
as previously described [14, 16, 40]. Briefly, The DRAG
mice were anesthetized by intraperitoneal injection with
ketamine/xylazine solution (200-mg ketamine and 20-mg
xylazine in 17 mL of saline) at a dosage of 0.15 mg/10 g body
weight. Then, these anesthetized mice were placed into
stereotactic apparatus equipped with a z axis (Stoelting) to
make a small hole in the skull 0.5-mm anterior and 3.0-mm
lateral to the bregma using a dental drill. GBM patient–
derived tumorsphere cells, TS543 and GSC262, diluted in
5-μL DPBS at 2 × 105 cells, were intracranially injected
in these DRAG mice. Animals were followed daily for the
development of tumors by behavior monitoring, MRI and
bioluminescent imaging.

MRI and bioluminescent imaging

MRI and bioluminescent imaging of mice were performed
at Rangos Research Center Animal Imaging Core by
using the protocol as previously described [16]. Tumor
appearance in the mouse brain was detected by either
MRI or bioluminescent imaging. The tumor size was
analyzed with ITK-SNAP. For bioluminescent imaging,
DRAG mice were intraperitoneally injected with d-luciferin
(150 mg/kg; GoldBio), and images were captured by
the IVIS Lumina S5 system (PerkinElmer). All animal
experiments were performed with the approval of the
University of Pittsburgh’s Institutional Animal Care and
Use Committee (IACUC).

Flow cytometry

Before staining, human and mouse FC receptors were
blocked using Human TruStain FcX (BioLegend, San
Diego, CA, USA) and purified anti-mouse CD16/32 anti-
body (BioLegend), respectively. The cells were then stained
with the following fluorescent-conjugated antibodies: anti-
human BV421-CD45 (clone 2D1), PE/Cy7-CD45 (2D1),
PE-CD3 (SK7), Alexa flour 488-CD4 (SK3), PE/Cy7-
CD8 (SK1), BV605-CD8 (SK1), PE/Cy5-CD56 (HCD56),
BV510-CD14 (MSE2), APC-CD11b (ICRF44), BV510-
CD3 (OKT3), FITC-CD4 (A161A1), PE/Dazzle 594-
CD62L (DREG-56), APC-CD45RA (HI100), BV711-
CD25 (BC96), BV421-Foxp3 (206D), anti-mouse Alexa
flour 700-CD45 (13/2.3) and anti-mouse APC/Cy7-
CD45 (30-F11), all from BioLegend, and AmCyan-
CD19 (SJ25C1) and PE/CF594-CD11c (BU15) from
BD Bioscience (San Jose, CA, USA). The fluorescent-
conjugated antibodies utilized as isotype control included
mouse PE, PE/Cy7, PE/Cy5, Alexa flour 488, PE-CF594,
APC, BV510, FITC, BV605, PE/Dazzle 594, BV711,
BV421 conjugated IgG1(MOPC-21), mouse BV510-IgG2a
(MOPC-173) and mouse APC-IgG2b (MOPC-21) from

BioLegend and mouse AmCyan-IgG1 (X40) from BD
Bioscience. The stained cells were collected by Attune NXT
(Thermo Fisher Scientific), and the data were analyzed with
FlowJo (Tree Star, Ashland, OR, USA). Dead cells were
removed by both forward and side scatter gating. For tumor
immune cell analyses, after blocking Fc receptors, cells
were stained with the following fluorescent-conjugated
antibodies: anti-human PE-CD45 (2D1), FITC-CD3
(UCHT1), BV421-CD4 (RPA-T4), PE/Dazzle-594-CD8
(SK1), PerCP-PD-1 (EH12.2H7), Alexa fluor 700-CD25
(BC96), PE-FOXP3 (H1.2F3), BV421-HLA-DR (L243),
APC/Fire810-CD11b (M1/70), APC-CD163 (GH1/61),
PE-Cyanin7- CD206 (15–2), PE/DAZZLE-594-CD14
(HCD14) and BV711-CD15(W6D3).

IF and IHC staining

Mouse brain tissues were fixed in 4% paraformaldehyde
overnight and soaked in 20% sucrose solution. After 24 h,
the tumor tissue was embedded in OCT cryostat sectioning
medium on dry ice for IF or processed in paraffin for
IHC. Subsequently, IHC and IF staining were performed
as we described previously [14, 16, 41]. The antibodies
used for IF and IHC staining include mouse monoclonal
anti-Nestin (Santa Cruz Biotechnology Cat# sc-23927),
rabbit polyclonal anti-GFAP (Agilent, Cat# Z0334), rabbit
polyclonal anti-Olig-2 (Millipore Cat# AB9610), rabbit
monoclonal anti-SOX2 (Abcam, Cat# ab92494), rabbit
monoclonal anti-Ki67 (Vector Laboratories, Cat# VP-
RM04), rabbit monoclonal anti-IBA1 (Abcam, Cat#
ab178846), purified anti-mouse/human CD45R/B220
(Biolegend, Cat#103201), mouse anti-human CD69 (Biole-
gend, Cat#310902), monoclonal rabbit anti-human CD8
(R&D, Cat# MAB3804) and mouse anti-human HLA-DR
(Biolegend, Cat#307602), mouse monoclonal anti-CD3
(Biolegend, Cat#362701).

Statistical analysis

Each treatment was duplicated, and the experiments were
repeated at least once to ensure reproducibility. Power
analysis was performed to determine the sample size to
ensure biological significance. The data were analyzed
using FlowJo and GraphPad Prism software. Unpaired
or paired student T-tests (one-tailed or two-tailed) were
used to analyze the differences between treated and control
groups. All statistical data are represented as mean ± SD.
Statistical significance was defined as ∗P ≤ 0.05, ∗∗P ≤ 0.01
and ∗∗∗P ≤ 0.001.
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