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Cancer stem cells are initiating cells of cancer and propagate its
growth through self-renewal and differentiation of its daughter
cells. CD133 is a cell surface antigen that is present on glioma
stem cells and has been used to prospectively isolate glioma
stem cells. We hypothesized that a major histocompatibility
complex (MHC)-independent and long-lasting immune
response against CD133 could be generated by transfecting
CD133 mRNA into dendritic cells and vaccinating animals
with experimental gliomas. To test this hypothesis, we devel-
oped a novel humanized mouse model using CD34-positive he-
matopoietic stem cells. We confirmed the robust simultaneous
activation of CD8- and CD4-positive T cells by dendritic cell
vaccination with modified CD133 mRNA leading to a potent
and long-lived immune response, with subsequent abrogation
of CD133-positive glioma stem cell propagation and tumor
growth. This study for the first time demonstrates in both a hu-
manized mouse model and in a syngeneic mouse model of glio-
blastoma that targeting a glioma stem cell-associated antigen is
an effective strategy to target and kill glioma stem cells. This
novel and simple humanized mouse model for immunotherapy
is a significant advance in our ability to test human-specific im-
munotherapies for glioblastoma.
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INTRODUCTION
Glioblastoma (GBM) represents the most lethal form of brain cancer
and comprises 15.4% of primary malignant brain tumors, which have
a yearly incidence rate of 7.25/100,000.1 Current treatments, such as
surgical resection, radiation, and chemotherapy, have done little to
improve themedian survival time of GBM patients, which now stands
at approximately 14.6 months.2 Brain tumor stem cells (BTSCs) are
prospectively isolated by their cell-surface marker CD133.3–6 Enrich-
ment of CD133 BTSCs (CD133-positive) has indicated a highly
tumorigenic population7,8 that is negatively correlated with patient
survival,9 making these cells an ideal population for targeted immu-
notherapy. We previously identified histocompatibility leukocyte an-
tigen (HLA)-A2-restricted epitopes for CD13310 and tested its safety
in HLA-A2 transgenic mice. We considered the use of CD133 mRNA
for the following potential benefits: the absence of HLA restriction,
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which enables treatment of all patients; the use of multiple potential
cytotoxic and helper epitopes, generating both helper and cytotoxic
T cell responses; and the ability to test both in a syngeneic as well
as a humanized model of intracranial GBM.

The challenge with targeted immunotherapy is that several ap-
proaches have been developed exclusively using ex vivo analysis,
non-invasive procedures, or moving immediately to clinical trials.11

Such approaches have been deemed necessary largely because animal
modeling has been hindered by differences in mammalian biology,
particularly within the immune system where many aspects are spe-
cies specific. This problem has been exacerbated by the fact that new
therapeutic and immunomodulatory agents are human specific.
Although humanized mouse models have been previously
created,12–14 in this study, we use a novel modification of a CD34-pos-
itive stem cell-generated immune system in a humanized mouse
model, where dendritic cells (DCs) can supply the necessary inter-
leukin (IL)-2 to generate an anti-tumor cellular immune response.
We test the efficacy of this vaccine approach and suggest that this
study lays the foundation for pre-clinical testing of human-specific
immunologic interventions for GBM.
RESULTS
CD133 Is Highly Expressed on BTSCs

We first determined whether our BTSCs (murine GL261 and human
BTSC5) had the hallmark features of BTSCs (i.e., self-renewal and dif-
ferentiation) that have been previously described by us and others.3–6

GL261 and BTSC5 cultured in stem cell media resulted in neuro-
sphere formation. CD133 expression was observed on neurosphere-
forming cells by immunofluorescence staining (Figure S1). Fluores-
cence-activated cell sorting (FACS) analysis indicated that CD133 is
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Figure 1. Dendritic Cells Transfected with Modified CD133 mRNA Showed Increased T Cell Activation

(A) Graph depicting IL-12 releasing ability from immature dendritic cells (DCs), non-transfectedmature DCs, and fromDCs transfected with modified human CD133mRNA at

24 h after maturation and at 48 h after maturation. (B) Graph depicting IL-2 production from T cells only, DCs transfected with CD133 only, T cells cultures with non-

transfected DCs, and T cells cultured with DCs transfected with CD133. (C) Graph depicting IFN-g releasing ability from DCs cultured with human BTSCs and various other

cell groups. (D) Graph depicting IFN-g releasing ability from DCs cultured with murine BTSCs and various other cell groups.
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highly expressed on BTSCs, with 79.04% of BTSC5 cells and 20.1% of
GL261 cells being positive for CD133 expression (Figure S2).

DCs TransfectedwithModifiedCD133mRNAShowed Increased

T Cell Activation

Using an attached signal sorting (SS) fragment and a transmembrane–
cytoplasmic (TM/cyto) domain fragment juxtaposed on either side of
CD133 (Figure S3), human or mouse, depending on which mouse
model was used, we were able to allow for cross-presentation of major
histocompatibility complex (MHC) class I- and class II-restricted anti-
gens, thereby enhancing the immune response. The SS fragment and
TM/cyto domain fragments promoted the transport of CD133 protein
efficiently not only to MHC class I compartments but also to MHC
class II compartments on DCs for eventual cross-presentation.15,16

To evaluate DC function for antigen presentation, as well as the po-
tential for activation of T cells, we analyzed DC IL-12 production.
DCs transfected with modified human CD133 mRNA demonstrated
increased secretion of IL-12 at 24 and 48 h after maturation as
compared to DCs without RNA transfection. At 24 h, DCs that
were transfected showed 318 pg/mL versus 170 pg/mL in non-trans-
fected DCs. This effect on IL-12 release was maintained in DCs that
were transfected at 48 h, measuring 305 pg/mL (Figure 1A), showing
that transfected DCs are more efficient at activating T cells.

To further examine the immune response elicited by DCs, we
measured IL-2 production as a means of evaluating cell proliferation
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and T cell activation to effector cells. As shown in Figure 1B, there was
a 2-fold higher production of IL-2 when T cells were co-cultured with
DCs transfected with modified mRNA versus T cells co-cultured with
non-transfected DCs (116 pg/mL versus 55 pg/mL), indicating that
transfected DCs not only activate T cells but that there is a corre-
sponding T cell response. DCs transfected with modified mRNA
without T cells and T cells cultured without DC stimulation had
IL-2 production of 33 and 32 pg/mL/104 cells, respectively.

Next, we determined whether transfected DCs, cultured with T cells,
would mount an immune response to BTSCs. As a measure of T cell
activation, we determined the interferon (IFN)-g production from
T cells stimulated with DCs. DCs transfected with CD133 mRNA
co-cultured with CD4-positive T cells and CD8-positive T cells
with BTSC5 elicited the highest IFN-g release (137 pg/mL/104 cells)
compared to all other conditions (Figure 1C). In contrast, DCs trans-
fected with modified human CD133 mRNA co-cultured with only
CD8-positive T cells and BTSC5 showed 84 pg/mL/104 cells of
IFN-g releasing ability. However, when DCs without RNA transfec-
tion were co-cultured with CD4- and CD8-positive T cells and
BTSC5, DCs showed only 1.6 pg/mL of IFN-g releasing ability.
DCs transfected and cultured with either CD8-positive T cells only
or both CD4- and CD8-positive T cells without BTSC5 showed little
IFN-g releasing ability, that is, 2.5 and 30.3 pg/mL, respectively.

Similarly, when mouse DCs were transfected with modified
mouse CD133 mRNA and co-cultured with CD4-positive T cells,



Figure 2. DCs Transfected with CD133 mRNA Induced Tumor Killing Activity In Vitro

(A) CTL assays showing percentage of BTSC5 cells induced to apoptosis after culture with the various groups of cells. (B) CTL assays showing percentage of GL261 cells

induced to apoptosis after culture with the various groups of cells.
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CD8-positive T cells, and GL261, DCs showed the highest IFN-g
release of 125 pg/mL/104 cells (Figure 1D). In contrast, DCs trans-
fected with modified mouse CD133 mRNA co-cultured with only
CD8-positive T cells and GL261 showed 66 pg/mL of IFN-g releasing
ability. However, when DCs without RNA transfection were co-
cultured with CD4- and CD8-positive T cells and GL261 and the
DCs showed only 33 pg/mL of IFN-g releasing ability. DCs trans-
fected and cultured with either CD8-positive T cells only or both
CD4- and CD8-positive T cells without GL261 showed little IFN-g
releasing ability. Therefore, in the presence of BTSCs with CD133,
transfected DCs and T cells released more cytokines to further acti-
vate the immune system than did non-transfected DCs or T cells
alone.

DCs Transfected with CD133 mRNA Induced Tumor Killing

Activity In Vitro

To confirm that DCs were able to elicit cytotoxic T lymphocytes
(CTLs), CTL killing assays were performed with both human andmu-
rine cancer stem cells. The greatest proportion of cells were killed
when CD4- and CD8-positive T cells were stimulated with DCs trans-
fected with modified human CD133 mRNA with 88.63% of BTSC5
cells induced to apoptosis (Figure 2A). This was in comparison to
CD8 cells alone (62.09%) or CD8 and CD4 cells stimulated with
non-transfected DCs (13.25%). As for GL261 cells, when co-cultured
with CD4- and CD8-positive cells stimulated by DCs transfected with
modified murine CD133 mRNA, 46.92% of GL261 cells were induced
to apoptosis. However, when cultured with only CD8-positive cells
stimulated by DCs transfected with modified murine CD133 mRNA
or CD4-positive cells and CD8-positive cells stimulated by DCs
without RNA transfection, 34.09% and 34.14% of GL261 cells were
induced to apoptosis, respectively (Figure 2B). These results confirm
the elicitation of both CD4 helper and CD8 cytotoxic T cell responses
as a result of vaccination with DCs transfected with CD133 mRNA.

Successful Humanization of Immune-Deficient Mice with Stem

Cell Transplant

To develop an appropriate animal mouse model for immunotherapy
that could recapitulate the human microenvironment, and yet be
conducive to brain tumor formation, we assessed the potential of hu-
manization of immuno-deficient NOG mice.17 CD34-positive he-
matopoietic stem cells isolated from human peripheral blood mono-
nuclear cells (PBMCs) that have the same HLA phenotype as BTSCs
were implanted into NOGmice. NOGmice received a busulfan injec-
tion (for suppression of their immune system), and CD34-positive
hematopoietic stem cells were implanted via tail vein injection. Blood
collections were performed 4 and 8 weeks after CD34-positive he-
matopoietic stem cell implantation. Blood samples collected at
4 weeks after humanization showed that 11.80% were CD45-positive
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Figure 3. DC Vaccination Modified with CD133 mRNA Induces Immune Response in Humanized Mouse Model

(A) Population of CD8-positive T cells in blood samples collected from three groups of humanized mice at 8 weeks after humanization. Group 1: vaccinated with DCs

transfected with modified human CD133 mRNA. Group 2: vaccinated with DCs without mRNA transfection. Group 3: vaccinated with phosphate-buffered saline. (B)

Population of CD4-positive T cells in the aforementioned groups.
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and of those 31.42% were human CD3-positive cells. Furthermore,
0.19% of human CD45-positive cells were human CD4-positive cells,
and 13.29% of human CD45-positive cells were CD8-positive cells.

DC Vaccination Modified with CD133 mRNA Induces Immune

Response

In order to test the efficacy of our cancer vaccine in our humanized
mousemodel, we separatedmice into three groups at 40 days after hu-
manization. Group 1 received a vaccination of DCs transfected with
modified human CD133 mRNA. Group 2 received a vaccination of
DCs without mRNA transfection. Group 3 received an injection of
phosphate-buffered saline (PBS). Blood samples were collected
from all groups at 8 weeks after humanization. The population of hu-
man CD3-positive cells (gated from CD45-positive cells) was 18.54%
in group 1. Human CD3-positive cells were 0.7% and 4.96% in groups
2 and 3, respectively. In group 1, the population of CD8- and CD4-
positive T cells within the CD3 cell population was 69.97% and
33.33%, respectively. In groups 2 and 3, CD8- and CD4-positive cells
could not be detected (Figure 3).

Humanized Mice Given Transfected DC Vaccination Were Able

to Generate Specific CTLs

To confirm the generation of CD133-specific CTLs in the humanized
mouse models, we used a tetramer assay and evaluated blood samples
collected from humanized mice that were vaccinated. Two tetramers
were developed and previously described to detect T cells that
respond to two HLA-A2-restricted 9-aa epitopes of CD133. The
numbers of CD8-positive cells that responded to tetramers of HLA-
A2 combined with CD133-405 peptide, HLA-A2 combined with
CD133-753 peptide, and HLA-A2 alone were 0.96%, 26.3%, and
4.11%, respectively, in blood samples from group 1 (Figure 4).
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Non-transfected DCs (without CD133 mRNA) or the injection of
PBS instead of DCs (i.e., groups 2 and 3) was unable to generate
enough CD8-positive cells to perform the tetramer assay.

Mice Given Transfected DC Vaccination Had Improved Survival

To assess the anti-tumor effect of DC vaccination against an ortho-
tropic GBM mouse model, we generated a DC vaccine where we
transfected either mouse or human CD133mRNA into DCs for vacci-
nation against mice bearing intracranial human GBMs. We per-
formed a Kaplan-Meier analysis on the humanized mouse model.
Those treated with DCs transfected with human CD133 mRNA
had median survival times of more than 60 days, whereas those
mice treated with non-transfected DCs had median survival times
of 40 days and 38 days for the PBS control group (Figure 5A). Results
of theWilcoxon test of equality for the three groups were significantly
different with a p value of 0.0013.

We also performed a Kaplan-Meier analysis on the syngeneic mouse
model. Mice treated with DCs transfected with mouse CD133 mRNA
had median survival times of 38 days versus those treated with non-
transfected DCs, which had median survival times of only 20 days.
The PBS control group had a median survival time of 22 days (Fig-
ure 5B). Results of the Wilcoxon test of equality for the three groups
were significantly different with a p value of 0.007. These results re-
vealed that vaccination using DCs transfected with modified CD133
mRNA can prolong the survival of GBM-bearing mice.

Immunohistochemistry Analysis of Mouse Models Revealed

Infiltration in Mice Treated with Transfected DC Vaccine

To confirm the generation of human immunocompetent cells in hu-
manized mice, spleen and bone marrow were collected from



Figure 4. Humanized Mice Given Transfected DC

Vaccination Were Able to Generate Specific

Cytotoxic T Lymphocytes

Shown are the amounts of CD8-positive cells that re-

sponded against HLA-A2 combined with CD133-405

peptide, HLA-A2 combined with CD133-753 peptide,

and non-combined HLA-A2 tetramer. Note that results

are from the group 1 humanized mice. There were not

enough CD8-positive cells to perform the tetramer assay

in groups 2 and 3.
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humanized mice that had been vaccinated with DCs transfected with
modified CD133 mRNA after humanization or from normal NOG
mice. H&E staining revealed the presence of granulocytes in the
spleen and bone marrow from humanized mice (Figures 6A and
6B). Using immunohistochemical (IHC) staining, human CD34-pos-
itive cells were also confirmed in spleen and bone marrow from hu-
manized mice (Figures 6C and 6D). IHC staining further revealed
numerous human CD45-positive cells that infiltrated into lymphoid
follicles in the spleens of humanized mice (Figure 6E). Human
CD3-, CD4-, and CD8-positive cells were among the human CD45-
positive cells (Figures 6F, 6G and 6H). Human immunocompetent
cells were not found in the spleen or bone marrow from normal
NOG mice (data not shown). IHC staining revealed that human
CD45, CD3, CD4, and CD8 were also confirmed in the bone marrow
of humanized mice (data not shown). However, there was a paucity of
those cells compared to the numbers found in the spleen.

Brains of humanized mice were collected at 30 days after BTSC5 im-
plantation in order to confirm CD133 expression and T cell infiltra-
tion. Immunofluorescence staining revealed that brain tissue from
non-treated humanized mice has large brain tumors and high cellu-
larity, including necrotic lesions with CD133-positive cells confirmed
at the border of necrotic lesions, and CD133 proteins were shown to
exist on the extracellular membrane of tumor cells (Figure 6I). Alter-
natively, CD133-positive cells could not be confirmed in normal brain
(data not shown).

IHC staining revealed that there was no tumor growth in brain tissue
from humanized mice that received vaccination using DCs transfected
with CD133 mRNA (Figure 6J). IHC staining of humanized mouse
brains that received PBS vaccination showed large tumors, and human
CD3-positive cells infiltrated into brain tumor (Figure 6K). Infiltration
of human CD4-positive cells and human CD8-positive cells were rarely
seen by IHC analysis of non-treated humanizedmice (data not shown).
Mouse brains of animals vaccinatedwithDCswithoutmRNA transfec-
tion demonstrated large tumor growth and infiltration of human CD3-
positive cells into mouse brain (Figure 6L). However, there was an
absence of CD4- and CD8-positive cell infiltration (data not shown).

DISCUSSION
Cancer stem cells from human brain tumors can be enriched by pro-
spectively isolating CD133-positive tumor cells.3–6,18 CD133-positive
BTSCs have been investigated as a means of elucidating the tumori-
genic process in the central nervous system and to develop therapies
that target BTSCs.7,8,19–21 The exact cellular functions of CD133 are
not well understood; however, its association with resistance to radi-
ation and chemically induced cell death has been established. As a
large protein with five transmembrane domains, CD133 may trigger
a cascade of intracellular signals to activate a host of genes that are
involved in cellular survival and DNA repair mechanisms. Our aim
here was to exploit the glioma stem cell properties associated with
CD133 through immunologic targeting of this stem cell marker.

Historically, DCs are powerful antigen-presenting cells that induce
and maintain primary CTL responses directed against tumor anti-
gens. Therefore, there has been a concerted effort to determine how
to generate and enhance CTL responses through modification of
DCs to express tumor antigens or immunostimulatory molecules
via gene transfer, mRNA transfection, peptide stimulation, or protein
antigen loading.22–25 We previously identified CTL epitopes on
CD133 that could target human CD133-bearing cancer stem cells
in vitro; however, the HLA-restricted nature of this approach relied
solely on the CD8 cytotoxic arm of the T cell response and limited
the patient population that could be treated. We hypothesized that
with the use of DCs transfected with mRNA, we would be able to
induce a synergistic helper and cytotoxic T cell response. In this study,
we enhanced the anti-tumor effect of DCs transfected with mRNA by
enabling the efficient presentation of CD133 through bothMHC class
I and II compartments (cross-presentation) via a modified plasmid
cassette.15,16,26 This was verified with blood samples in a humanized
NOG mouse model showing large populations of CD4 and CD8 cells
and immunohistochemistry analysis showing infiltration into GBMs
induced in the mouse models. Furthermore, cytokine-releasing assays
revealed that modifications to mRNA can boost the IL-12 and stim-
ulatory effect of DCs to induce IFN-g release from T cells. These re-
sults revealed that MHC class I-restricted antigen presentation to
CD8 coincided with MHC class II-restricted antigen presentation
to CD4 and would therefore be able to enhance the immune activity
of not just MHC class I but class II as well.

The mechanism by which CD133 is presented is thought to be due to
the ability to introduce the entire CD133 protein to the DC and allow-
ing antigen processing to take place by both MHC class I and MHC
class II pathways. The mechanism by which CD133 is presented is
thought to be due to the ability to introduce the entire CD133 protein
to the DC and allowing antigen processing to take place by both the
MHC class I and MHC class II pathways. In our previous study, we
showed that CD133 contains at least two HLA-A2-restricted cytotoxic
Molecular Therapy: Oncolytics Vol. 18 September 2020 299
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Figure 5. Kaplan-Meier Analysis on the Humanized and Syngeneic Mouse

Model Showed That Mice Given a Transfected DC Vaccination Had

Improved Survival

(A) Kaplan-Meier curves in the humanized mouse model for the various treatment

groups. (B) Kaplan-Meier curves in the syngeneic mouse model for the various

treatment groups.
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T cell epitopes that show immunogenicity, which we converted to pep-
tides, deemed CD133-405 (ILSAFSVYV) and CD133-753 (YLQ-
WIEFSI). We showed that of the two peptides, CD133-405, when
loaded into DCs and co-cultured, elicited a significant immune
response.10 However, in this study, where CD133 mRNA was trans-
fected into HLA-A2-bearing DCs, the 405 region of the protein did
not elicit a significant immune response; instead, the 753 region did.
We suspect that due to the hydrophobic nature of peptide CD133-
405, which has been reported27 to contain the amino acid sequence
AFS, that antigen processing alters the presentation toMHCmolecules
resulting in no significant immune response. Thus, when peptide
loading of DCs is replaced with transfection of the entire CD133
mRNA sequence, antigen processing may impact the hydrophobic na-
ture of peptide 405, resulting in a higher immune response in peptide
CD133-753. Consistent with this hypothesis, it has been reported that
the hydrophobic structure is known to be easily cleaved by endosomal
immunoproteases in the course of antigen processing. In the present
study, we showed that 26.3% of CD8-positive T cells responded against
CD133-753 peptide by a tetramer assay. This value was extremely high
compared with our previous data.28

The results of an in vitro killing assay also showed that antigen pre-
sentation to CD8 coincided with antigen presentation to CD4 by
DCs transfected with modified CD133 mRNA, resulting in a substan-
tial increase in tumor cell death. Co-culturing of human CD8- and
300 Molecular Therapy: Oncolytics Vol. 18 September 2020
CD4-positive T cells with human DCs transfected with modified
CD133 mRNA resulted in 86.63% cell death by a caspase-3 assay.
Interestingly, co-culturing with mouse CD8- and CD4-positive
T cells induced by mouse DCs transfected with modified CD133
mRNA resulted in 46.92% cell death. The apparent decrease in cell
death induction in GL261 compared to BTSC5 cells is consistent
with the level of CD133 expression we see between the two BTSCs,
where BTSC5 contained 79.04% of CD133-positive cells but GL261
neurosphere cells showed only 20.17% CD133-positive cells.

With the knowledge that DCs transfected with CD133mRNA elicited
cytokine release, and in vitro killing of BTSCs, we aimed to develop a
targeted therapy to CD133 within a mouse model that was both effi-
cacious and safe. Previously, we have demonstrated the safety of vac-
cinations with specific HLA-A2-restricted epitopes of CD133 in an
HLA-A2 transgenic mouse model.10 However, we could not test
this human therapy in an experimental animal tumor model. Hence,
we focused on the development of a humanized mouse model to
investigate the efficacy of targeting CD133 cancer stem cells in mice
bearing intracranial tumors.

In mice, similar to humans, the primary lymphoid organs are the bone
marrow and the thymus.Normal immunocompetent cells are produced
in the bone marrow, and specific expansion of CD8-positive T cells oc-
curs in the thymus under IL-2 secretion. However, our humanized
mouse model (NOG.Cg-Prkdcscid Il2rgtm1Sug/JicTac mice) lacks a
thymus, and therefore one would think that it lacks the capacity to pro-
duce CD8-positive T cells. Previous work has suggested that CD8-pos-
itive cells were present just after humanization but decreased gradually
over time in a humanized mouse model.29,30 Other laboratories have
used human fetal thymus implantation to help solve the decline in
CD8-positive cells.31,32 However, human fetal thymus implantation
has had several problems ethically, technically, and in cost. We think
that CD8-positive T cells are generated by naive T cells (CD4) that
are under the influence of IL-2 secretion produced with DC vaccina-
tion.25 This is evidenced by the fact that the CD8-positive T cell popu-
lation 4 weeks after humanization of mice was 13.29% and, similar to
findings in other studies, declined to undetectable levels by 8weeks after
humanization. However, when we introduced DCs transfected with
modified CD133 mRNA after humanization, the level of CD8-positive
T cells was maintained, unlike DCs introduced after humanization that
were not transfected with mRNA, or with PBS injection after humani-
zationwhereCD8-positiveT cellswereundetectable. Furthermore,DCs
transfected with modified CD133 mRNA had 2-fold the levels of IL-2
secretion, which has been shown to be important for CD8 cell
expansion, particularly for CD8 memory T cells. Although we have
demonstrated the prolonged survival of the CD8-positive T cell popu-
lation, we did not examine the long-term potential of CD8-positive
T cells, as this was beyond the scope of our study. This result suggests
that vaccination using DCs transfected with modified mRNA can
induce a sufficient amount of CD8-positive T cells in the short-term,
and also revealed that humanized mice lacking a human fetal thymus
may have promise as an appropriate animal model for cancer
immunotherapy.



Figure 6. Immunohistochemical Analysis

(A and B) H&E staining of bonemarrow (A) and of spleen (B) of a humanizedmouse that received vaccination using DCs transfected with CD133mRNA revealed granulocytes

in spleen and bone marrow of the mouse. (C and D) H&E staining from spleen (C) and bone marrow (D) from a humanized mouse that received vaccination using DCs

transfected with CD133 mRNA (8 weeks after humanization) revealed human CD34-positive cells. (E) Immunohistochemical staining also revealed numerous amounts of

human CD45-positive cells in the spleen. (F–H) Within the CD45-positive cells were CD3-positive cells (F), CD4-positive cells (G), and CD8-positive cells (H). (I) Immuno-

fluorescence analysis of humanized mouse brain (removed 30 days after tumor implantation). DAPI (blue) showed that an implanted GBM had high cell density and involved

the necrosis area, with CD133 positivity (green) found on the extracellular membrane. (J) There was no tumor found in NOG mice vaccinated with DCs transfected with

CD133 mRNA. (K) Brain tissues from a humanized mouse that received PBS as a control showed a large tumor. (L) Brain tissues from a humanized mouse that received

vaccination using DCs without transfection showed a large tumor.
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We have shown the potential of a humanized mouse as a model for
cancer immunotherapy. Under certain conditions, DCs transfected
with modified mRNA can maintain CD8-positive T cells in a human-
ized mouse model for a significant period of time with the benefit of
CD4-positive T cell activation. Our present study also showed that
DCs transfected with modified mRNA could induce strong specific
CTL activity against GBM cancer stem cells both in vitro and in vivo,
and vaccination using DCs transfected with modified mRNA could
prolong the survival of tumor-bearing mice. These results revealed
that both MHC class I- and MHC class II-restricted antigen presen-
tation caused by modified mRNA transfection can activate CD8- and
CD4-positive T cells, acquiring a stronger immune response against
GBM. Our data strongly suggest that modified mRNA transfection
as a tumor antigen loading method using DCs transfected with modi-
fied CD133 mRNA should be pursued for its clinical therapeutic po-
tential to target cancer stem cells.

MATERIALS AND METHODS
Cell Culture

GL261 is an established mouse GBM cell line purchased from the
Frederick National Laboratory’s Laboratory Services at the National
Cancer Institute (NCI). Patient brain tumor samples classified as
GBM based on the World Health Organization (WHO) criteria33

were obtained in accordance with the appropriate Institutional Re-
view Boards and isolated as previously described. BTSCs (BTSC5)
were cultured in neurobasal (NBE) media as previously described.4

BTSCs were generated at Cedars-Sinai Medical Center. BTSC5 was
enriched for CD133 by FACS sorting using the CD133/2 (293C) anti-
body (Miltenyi Biotec, 130-090-854).

Mouse Model

C57BL/6 mice were obtained from Charles River Laboratories. NOG
mice were obtained from Taconic and housed in a specific pathogen-
free environment. All mice weighing between 25 and 35 g were used
in this study. Free access to sterilized food and water was provided.
This experiment was reviewed by the Institutional Animal Care and
Use Committee at the Cedars-Sinai Medical Center.

Modified CD133 mRNA

Plasmid constructs have been described previously.15,16,26 Briefly, for
in vitro transcription, the plasmids were cloned with pSP64 vector
(Promega). A TRP-2 signal sequence fragment and TM/cyto domain
Molecular Therapy: Oncolytics Vol. 18 September 2020 301

http://www.moleculartherapy.org


Molecular Therapy: Oncolytics
were amplified from TRP-2 cDNA by using PCR (Ex Taq polymerase;
Takara Bio). The PCR products were cloned as a HindIII-PstI signal
sequence fragment and a BamHI-SmaI TM/cyto domain fragment
into pSP64 (Figure S3) to allow in vitro transcription under the con-
trol of an SP6 promoter to transport the CD133 protein efficiently to
MHC class II compartments for eventual cross-presentation by both
classes I and II on DCs in a cognate manner.

The total RNAs of the BTSC5 and GL261 neurosphere cells were
collected for reverse transcriptase PCR by using TRIzol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.
Primers used can be found in Supplemental Materials and Methods.

Experimental Design

NOG mice were injected with CD34-positive hematopoietic stem
cells that were isolated from human PBMCs with the same HLA-
A2 phenotype as BTSCs. Immunosuppression of NOG mice was
aided by busulfan injection. Blood collections at 4 and 8 weeks
were used to determine NOG mice humanization where CD45,
CD3, CD4, and CD8 cell percentages were determined by FACS.
DCs were then obtained from human PBMCs with the same HLA-
A2 phenotype as BTSCs and evaluated by measuring IL-2, IFN-g,
and IL-12 production and were then used for introduction of human
CD133 mRNA, which then served as a vaccine against experimentally
generated mice bearing intracranial GBM tumors, with appropriate
controls (i.e., PBS, no transfection). Survival analysis and evaluation
of CD133, CD45, CD3, CD4, and CD8 to confirm the efficacy and ef-
ficiency of DC vaccination on intracranial GBM bearing mice were
performed through immunofluorescence, immunohistochemistry,
and Kaplan-Meier survival analysis. Studies on mice were carried
out in accordance with protocols approved by Cedars-Sinai Medical
Center Institutional Animal Care and Use Committee. In vitro anal-
ysis using CTL cell killing assays and CD133 peptide loading further
confirmed the utility of CD133 as a target for immunotherapy.
Similar results were obtained for a syngeneic mouse model. Further
details about experimental procedures and statistical analysis is given
in the Supplemental Materials and Methods.

Statistical Analysis

For determining sample size, we estimatedmean ± standard deviation
of 36 ± 2 days for survival in our untreated control group based on
preliminary data. Therefore, our final study of five animals per group
would have 80% power to detect an increase of at least 6 days in
average survival times with the two-sided non-parametric Kruskal-
Wallis rank test at the 0.05 significance level. Power analysis was per-
formed using PASS v11 software. Survival times were tested across
groups using the Gehan-Breslow-Wilcoxon test visualized via the Ka-
plan-Meier method with SAS 9.3 software. p values for pairwise com-
parisons were adjusted for multiple comparisons using the Tukey-
Kramer method.
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