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Bifunctional cancer cell–based vaccine concomitantly
drives direct tumor killing and antitumor immunity
Kok-Siong Chen1,2, Clemens Reinshagen1,2, Thijs A. Van Schaik1,2, Filippo Rossignoli1,2,
Paulo Borges1,2, Natalia Claire Mendonca1,2, Reza Abdi3,4, Brennan Simon1,2, David A. Reardon4,5,
Hiroaki Wakimoto1,2,6, Khalid Shah1,2,7*

The administration of inactivated tumor cells is known to induce a potent antitumor immune response;
however, the efficacy of such an approach is limited by its inability to kill tumor cells before inducing the
immune responses. Unlike inactivated tumor cells, living tumor cells have the ability to track and target
tumors. Here, we developed a bifunctional whole cancer cell–based therapeutic with direct tumor killing and
immunostimulatory roles. We repurposed the tumor cells from interferon-β (IFN-β) sensitive to resistant using
CRISPR-Cas9 by knocking out the IFN-β–specific receptor and subsequently engineered them to release immu-
nomodulatory agents IFN-β and granulocyte-macrophage colony-stimulating factor. These engineered thera-
peutic tumor cells (ThTCs) eliminated established glioblastoma tumors in mice by inducing caspase-mediated
cancer cell apoptosis, down-regulating cancer-associated fibroblast-expressed platelet-derived growth factor
receptor β, and activating antitumor immune cell trafficking and antigen-specific T cell activation signaling.
This mechanism-based efficacy of ThTCs translated into a survival benefit and long-term immunity in
primary, recurrent, and metastatic cancer models in immunocompetent and humanized mice. The incorporation
of a double kill-switch comprising herpes simplex virus–1 thymidine kinase and rapamycin-activated caspase 9
in ThTCs ensured the safety of our approach. Arming naturally neoantigen-rich tumor cells with bifunctional
therapeutics represents a promising cell-based immunotherapy for solid tumors and establishes a road map
toward clinical translation.
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INTRODUCTION
Therapeutic tumor cells (ThTCs) hold promise as anticancer agents
because of their ability to serve as the natural source of neoantigens.
They are typically inactivated by lysis or irradiation before being re-
administered into the body to enhance immunogenicity (1–4). This
approach has been shown to trigger robust immune cell trafficking
to the tumor site (5–8), resulting in the induction of an antitumor
immune response in different cancer types (9–13). Phase 1 to 3 clin-
ical trials have tested the therapeutic efficacy of inactivated tumor
cells for various types of cancer, including non–small cell lung car-
cinoma (NCT00298298), colorectal cancer (NCT00780988), mela-
noma (NCT01453361), and Ewing’s sarcoma (NCT01061840).
However, this therapeutic approach showed limited or no clinical
benefit (4, 14, 15), which could be attributed to the lack of direct
cytotoxic effect on tumor cells and the inability to trigger a strong
antitumor immune response.

Unlike inactivated tumor cells, living tumor cells have a unique
potential to home to and target tumors (16–20). Therefore, engi-
neering tumor cells to express therapeutic agents is a rational ap-
proach that takes advantage of their natural source of

neoantigens. Among various therapeutic agents used in cancer
treatment, interferon-β (IFN-β) is appealing because of its direct
effects, such as inhibition of tumor cell proliferation and angiogen-
esis (21–26), and indirect effects, such as activation of antitumor
immune responses (23). However, engineering tumor cells to
stably secrete IFN-β as a self-targeted anticancer treatment is
limited by premature cell death because of autocrine toxicity (25,
27, 28).

Here, we developed a bifunctional therapeutic strategy by trans-
forming living tumor cells into a potent agent that concomitantly
drives direct tumor killing and antitumor immunity. We first
used CRISPR-Cas9 to knock out the IFN-β–specific receptor
(IFNAR1) in inherently IFN-β–sensitive syngeneic tumor cells
and subsequently engineered them to constitutively produce IFN-
β for tumor cell targeting and simultaneous immunomodulation.
These therapeutic cells are further designed to coexpress granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) that facili-
tates the differentiation, proliferation, and recruitment of
dendritic cells (DCs). GM-CSF expression promotes DCs’ capacity
for antigen cross-presentation, costimulatory molecule expression,
and proinflammatory cytokine production (29, 30), thereby
priming the immune system for long-term antitumor responses
(2, 31–34). To eliminate the possibility of unwanted secondary
tumor initiation, we implemented a dual safety switch comprising
herpes simplex virus–1 thymidine kinase (HSV-TK) and rapamy-
cin-activated caspase 9 (RapaCasp9) in these ThTCs. We demon-
strate a multimechanistic tumor cell–based therapeutic approach
that can eliminate tumor cells and induce active and long-term im-
munity, which translates into marked survival benefits in primary,
recurrent, and metastatic mouse cancer models.
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RESULTS
Robust type I IFN signaling correlates with improved
therapeutic outcome for patients with cancer and an
immune-active tumor microenvironment
To understand how the regulation of type I IFN signaling within the
tumor microenvironment (TME) affects the patients’ clinical
outcome, primary tumor samples in the Cancer Genome Atlas
(TCGA) dataset were K-means clustered into three groups (clusters
K1 to K3) based on the type I IFN signaling gene signature,

hereinafter referred to as “IFNreg” (Fig. 1A and table S1). Cluster
K3 was associated with the most robust IFNreg, whereas K1 was as-
sociated with the least IFNreg (Fig. 1B). Cluster K1 constituted the
largest portion of samples across most of the cancer types, especially
for brain tumors (fig. S1A and table S1). A robust IFNreg as reflected
by the cluster K3 subtype was associated with an improved clinical
outcome and a significantly better prognosis (P < 0.01; fig. S1B and
table S1). A similar analysis using the Chinese Glioma Genome
Atlas mRNA sequencing public dataset (35) also demonstrated

Fig. 1. Targeting type I IFN signaling within TME using CRISPR-edited and engineered ThTCs. (A) K-means clustering of primary tumor samples (n = 2785) in TCGA
on the basis of IFNreg (GO: 0060338) expression signature using R2 (https://r2.amc.nl). FPKM, fragments per kilobase of exon per million mapped fragments. (B) Distri-
butions of IFNreg signature scores within the three K-means clusters, with dashed line indicating the median. (C) Expression of IFNAR1 by cancer types (n = 10,275). (D)
Expression of IFNAR1 and IFNAR2 by primary (n = 9834), recurrent (n = 47), and metastatic (n = 394) tumor samples. (E) Expression of IFNAR1 and IFNAR2 by primary
(n = 156) and recurrent (n = 13) GBM samples. (F) Cell viability assay of CT2A (top) and GL261 (bottom) upon treatment with recombinant mIFN-β in a dose-dependent
manner. (G) A schematic showing Ifnar1 CRISPR editing of tumor cells and further engineering to secrete IFN-β and GM-CSF, as well as a safety switch to create ThTCs. (H)
Cell viability of GFP-TCs treated with recombinant mIFN-β. (I) Western blot analysis of phosphorylated STAT1 upon treatment of recombinant mIFN-β in GFP-TCs. (J)
Western blot analysis of mIFN-β and GM-CSF from ThTCs. (K) Cell viability of sGBM-FmC cells cocultured with engineered TC cells, treated with or without GCV. (L)
Representative fluorescence photomicrograph of sGBM-FmC cells (red) cocultured with GM-CSF-TCs (green) or cocultured with ThTCs (green). Scale bar, 200 μm.
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that cluster K3 was associated with a better probability of survival
(fig. S1, C and D, and table S1). These findings suggest that stimu-
lating type I IFN signaling activities within the TME is likely to
improve therapeutic efficacy for patients with cancer.

To understand the association of type I IFN signaling and immu-
nomodulation of the TME, we examined the gene expression of im-
munomodulators (IMs) in tumor samples from K1 to K3 groups on
the basis of the IM signatures described previously (fig. S1E and
table S1) (36). Generally, cluster K1 had the lowest immunomodu-
latory activity within the TME (fig. S1E). Correlation analyses dem-
onstrated that IFNreg score for all K1 to K3 samples had a moderate
to strong correlation (37) with all three signature set scores (fig.
S1F), indicative of the impact of the type I IFN signaling on immu-
nomodulation within the TME. On the basis of previously de-
scribed immune subtyping (36), cluster K3 tumors are associated
with more immune-active subtypes (fig. S1G). In general, the K1,
K2, and K3 groups had distinct immune cell distributions within
the TME (fig. S1H). Upon checking the mean ratios of immune
cell activation and polarization status, K3 had a higher activated-
to-naïve ratio of memory B cells, memory CD4 T cells, natural
killer (NK) cells, and DCs, as well as a higher M1-to-M2 ratio of
macrophages, than the two other clusters (fig. S1I), highlighting
the association of type I IFN signaling in shaping the more
immune-active TME.

IFN-β is an ideal therapeutic agent to target immune-
inert tumors
To determine whether these tumors are targetable by IFN-β, which
acts as an activating cytokine in IFN signaling, we first confirmed
that IFNAR1/2 are expressed at the mRNA level with a relatively low
range of variations across different types of cancer samples (Fig. 1C,
fig. S1J, and table S1) and stages of progression (Fig. 1D and table
S1) in a TCGA dataset (n = 10,275). Similarly, IFNAR1/2 was ex-
pressed universally across different IFNreg clusters (fig. S1K and
table S1). Being one of the most aggressive and immunosuppressive
tumor types, primary and recurrent glioblastoma (GBM) in TCGA
were specifically verified to have a comparable expression of
IFNAR1/2 (Fig. 1E and table S1). Upon checking molecular sub-
types of GBM, IFNAR1/2 expression was comparable to the
common markers used for determining subtypes in the bulk RNA
sequencing (RNA-seq) TCGA dataset (fig. S1L and table S1) and
the single-cell RNA-seq dataset (GSE57872; fig. S1M and table
S1) (38). These findings imply the wide applicability of IFN-β as a
therapeutic agent for direct tumor targeting and activating type I
IFN signaling within the TME regardless of tumor subtype.

Generation of CRISPR-edited and engineered tumor cells to
target IFN-β–sensitive tumor
Preclinical syngeneic mouse tumor models play a crucial role in
testing and understanding the immune response of therapies
before their clinical translation. In our recent studies, we have
shown that CT2A and Mut3 syngeneic GBM tumors are relatively
immunologically inert compared with GL261 and GL005 (39).
Upon checking their gene expression of IMs as previously described
(40) using the murine GBM dataset (GSE151414), CT2A and Mut3
had relatively low immunostimulatory and antigen presentation
scores (fig. S2A and table S2). We also scored them on the basis
of IFNreg signature with mouse orthologs [Gene Ontology (GO):
0060338]; the immunosuppressive CT2A and Mut3 tumors had a

relatively low IFNreg score (fig. S2B and table S2). Consistent with
the analysis with human cancer data, type I IFN signaling robust-
ness likely shapes the TME immune profile of these syngeneic
GBM tumors.

To investigate whether the syngeneic GBM tumors are targetable
by type I IFN as seen in human GBM, we first confirmed Ifnar1/2
expression in these GBMs (fig. S2C and table S2). The IFNAR1 ex-
pression on the cell surface of CT2Awas also confirmed using flow
cytometry (fig. S2D). To test their sensitivity to IFN-β, we treated
CT2A and GL261 cell lines with different concentrations of recom-
binant mouse IFN-β (mIFN-β). Cell viability of both cell lines was
inhibited in a dose-dependent manner (Fig. 1F), confirming the
direct cytotoxic effect of IFN-β on these GBM cell lines in vitro.
Because CT2A is known to be the most aggressive and immunosup-
pressive syngeneic GBM cell line (39, 41, 42), we chose this as our
experimental model, hereinafter referred to as immunosuppressive
GBM (sGBM).

To establish a syngeneic self-targeting tumor model, we per-
formed several steps of genetic engineering on mouse tumor cells
(Fig. 1G). Specifically, to avoid autocrine toxicity, we knocked out
Ifnar1, the most crucial subunit of the IFN-α/β receptor for signal
transduction (43, 44), on sGBM cells using CRISPR-Cas9. This re-
sulted in mIFN-β–resistant cells, hereinafter referred to as “GFP-ex-
pressing sGBM tumor cells (GFP-TCs)” because of simultaneous
labeling with GFP (green fluorescent protein). Genomic DNA of
Ifnar1 knockout GFP-TCs was confirmed by Sanger sequencing,
where an indel mutation was detected at exon 2 of Ifnar1 (fig.
S2E). To verify resistance, we treated GFP-TCs with recombinant
mIFN-β, which did not reduce cell viability regardless of the con-
centration of mIFN-β tested (Fig. 1H). Moreover, no phosphoryla-
tion of signal transducer and activator of transcription 1 (STAT1)
was observed according to Western blot analysis on cell lysates
(Fig. 1I), confirming a reduction of Janus kinase–STAT signaling
activation as a result of Ifnar1 knockout. To enable cell killing
and immunomodulatory effects, we engineered IFN-β–resistant
GFP-TC cells to secrete mIFN-β integrated with the suicide gene
the HSV-TK, hereinafter referred to as “mIFN-β–expressing
sGBM tumor cells (IFN-β–TC).” For additional long-term immuni-
ty priming effects, IFN-β–TCs were further engineered to secrete
GM-CSF, hereinafter referred to as “ThTCs.” As a control, IFN-β–
resistant GFP-TCs were also engineered to secrete GM-CSF only,
hereinafter referred to as “GM-CSF–expressing sGBM tumor cells
(GMCSF-TCs).” The secretion of mIFN-β and GM-CSF was vali-
dated with Western blot analysis using the conditioned medium
collected from the culture of engineered cells (Fig. 1J and fig.
S2F). The suicide system of HSV-TK in ThTCs was confirmed,
where ganciclovir (GCV) treatment induced cell death for ThTCs
in a dose-dependent manner (fig. S2G).

ThTCs inhibit tumor growth in vitro
Cocultures of GFP-TCs, GMCSF-TCs, IFN-β–TCs, and ThTCs with
the parental sGBM engineered with a lentivirus expressing firefly
luciferase (Fluc)–mCherry, hereinafter referred to as “sGBM-
FmC,” showed that whereas no cytotoxic effect was observed in co-
culture of GFP-TCs with sGBM-FmC, robust cell killing over time
was seen with coculture of IFN-β–TCs and ThTCs (Fig. 1, K and L).
These cell cytotoxic effects of IFN-β–TCs and ThTCs were en-
hanced after GCV treatment because of bystander effects, because
this effect was not observed for GFP-TCs (Fig. 1K). In contrast,

Chen et al., Sci. Transl. Med. 15, eabo4778 (2023) 4 January 2023 3 of 17

SC I ENCE TRANSLAT IONAL MED IC INE | R E S EARCH ART I C L E
D

ow
nloaded from

 https://w
w

w
.science.org at H

arvard U
niversity on January 04, 2023



increased cell proliferation was observed for the coculture of GM-
CSF-TCs with sGBM-FmC (Fig. 1, K and L). To confirm that cell
cytotoxicity was mediated by mIFN-β secreted from the engineered
cells, we observed no cytotoxic effect in coculture of GFP-TCs and
IFN-β–TCs with mIFN-β–resistant GFP-TC-FmC, whereas in-
creased cell proliferation was observed for both GMCSF-TCs and
ThTCs in coculture with mIFN-β–resistant GFP-TC-FmC (fig.
S2H). Together, these findings indicate that tumor cells can be
CRISPR-edited and engineered to express IFN-β for executing
self-targeting cytotoxic effects on parental tumor cells without au-
tocrine toxicity.

ThTCs inhibit tumor growth and induce a long-term
immunity mediated by T cells in vivo
To determine the effect of the engineered tumor cells on tumor
growth in vivo, we performed intracranial implantation of sGBM-
FmC, GFP-TC-FmC, GMCSF-TC-FmC, IFN-β–TC–FmC, and
ThTC-FmC in immunocompetent C57BL/6 mice (Fig. 2A). biolu-
minescent Fluc imaging (BLI) revealed aggressive tumor growth for
all mice implanted with sGBM-FmC (Fig. 2B and fig. S3A) and
GFP-TC-FmC (Fig. 2B and fig. S3B). For GMCSF-TC-FmC, 5 of
10 mice had observable tumors (Fig. 2B and fig. S3C), implying
that GM-CSF secretion reduced the likelihood of tumor growth.
On the other hand, for IFN-β–TC-FmC, only 2 of 12 mice had
tumors (Fig. 2B and fig. S3D), indicating a stronger inhibition of
tumor growth bymIFN-β than GM-CSF. None of themice implant-
ed with ThTC-FmC had tumor growth (Fig. 2B and fig. S3E), and all
of the mice from this group had a significantly better survival
outcome compared with those in other groups (P < 0.001;
Fig. 2C), suggesting that mIFN-β and GM-CSF functioned additive-
ly to inhibit tumor growth and improve mouse survival. Similar
studies performed in male C57BL/6 mice revealed that the ThTCs
are effective in improving survival regardless of sex (fig. S3, F
and G).

To test the vaccine effects of ThTCs, we next rechallenged the
mice surviving from the first implantation after 2 months with
the parental sGBM-FmC cells in the contralateral brain hemisphere
(Fig. 2A). No tumor growth was observed in 2 of 5 mice from the
GMCSF-TC-FmC group (Fig. 2D and fig. S3H), 8 of 10 mice from
the IFN-β–TC-FmC group (Fig. 2D and fig. S3I), and all mice from
the ThTC group (Fig. 2D and fig. S3J). These tumor-free mice sur-
vived until the termination of the experiment (Fig. 2E). These find-
ings indicate that the engineered tumor cells, especially those that
secrete both mIFN-β and GM-CSF, can induce long-term antitu-
mor immunity in mice.

To investigate whether tumor growth inhibition is mediated by a
specific subset of immune cells, we used severe combined immuno-
deficiency (SCID) mice that are T cell and B cell deficient but have
intact NK cells, DCs, and macrophages (45). Tumors were observed
in all mice implanted with ThTC-FmC (Fig. 2F), suggesting that the
function of mIFN-β and GM-CSF in inhibiting tumor growth re-
quires either T cells or B cells. The efficacy of the HSV-TK
suicide system was also tested in vivo in the same experiment,
where two of the tumor-bearing mice were treated with GCV
daily starting from day 8 after implantation (Fig. 2F), and the
Fluc signal decreased markedly as compared with tumor-bearing
mice without GCV treatment (Fig. 2, F and G), indicating that
the ThTC-FmC cells were successfully eradicated upon GCV
treatment.

To further delineate whether T cells or B cells are responsible for
inhibiting tumor growth, we used athymic nude mice, which are T
cell–deficient but with intact B cells, NK cells, DCs, andmacrophag-
es (46). Similar to SCID mice, tumors were observed in all nude
mice implanted with ThTC-FmC (fig. S3K), suggesting that T
cells are crucial to inhibit tumor growth. Moreover, the median sur-
vival for both tumor-bearing SCID and nude mice was 22 days after
implantation (Fig. 2G), which was consistent with the median sur-
vival of C57BL/6 mice implanted with sGBM-FmC cells (Fig. 2C).
This confirmed that tumor growth rate of the gene-edited and gene-
engineered tumor cells is comparable to unmodified cells if T cells
were absent.

To confirm the specific subtype of T cells that is responsible for
tumor growth inhibition, we performed T cell depletion in C57BL/6
mice before and after the implantation with ThTC-FmC cells
(Fig. 2H). The depletion of CD4+ cells, CD8+ cells, or both in the
brain was confirmed with immunofluorescent staining (Fig. 2H).
No tumors were observed in mice without antibody treatment or
in mice treated with either CD4 antibody or CD8 antibody
(Fig. 2J). On the other hand, tumor growth was observed in all
mice treated with both CD4 and CD8 antibodies (Fig. 2J), and
the median survival of these tumor-bearing mice was 30 days
(Fig. 2K). These findings imply that both CD4+ and CD8+ T cells
contributed to the antitumor response seen in immune-intact mice
implanted with ThTC-FmC cells.

To determine whether depletion of either CD4+ or CD8+ cells
during the first tumor implantation influences the immunological
memory driven by ThTC-FmC as seen in Fig. 2E, we rechallenged
the surviving mice from groups treated with either CD4 antibody or
CD8 antibody with the parental sGBM-FmC (Fig. 2I). Tumor
growth was observed in all mice treated with CD4 antibody
during the first implantation compared with one of three mice
treated with CD8 antibody (Fig. 2, L and M). These findings
suggest that the immunological memory effect of ThTCs is mediat-
ed mainly by CD4+ T cells.

ThTCs eradicate residual tumor cells at the resection cavity
and prevent recurrence
To assess the therapeutic impact of the ThTCs in a clinically relevant
context, established tumors were resected, and engineered tumor
cells encapsulated with nonimmunogenic hyaluronic acid–based
synthetic extracellular matrix (sECM) were administered into the
resection cavity as treatment (Fig. 3A). Tumors recurred, and the
animals had to be euthanized 10 days after treatment in the
sECM-only, GFP-TC, GMCSF-TC, and IFN-β–TC groups,
whereas residual tumor cells at the cavity were completely eradicat-
ed in 10 of 12 mice 8 days after treatment for the ThTC group
(Fig. 3, B and C). The median survival for the ThTC group was sig-
nificantly improved compared with the control groups (P < 0.01;
Fig. 3D). A higher number of cleaved-Caspase3, denoting apoptotic
cells, was observed in tumor tissues treated with ThTCs compared
with sECM-only and GFP-TC groups based on immunofluores-
cence staining analysis (Fig. 3, E and F). This indicated higher ap-
optosis induction in tumors treated with ThTCs. We repeated the
same experiment using immunodeficient nonobese diabetic
(NOD) SCID mice, and a higher number of apoptotic cells was ob-
served in tumors treated with ThTCs (fig. S4, A and B), confirming
the direct cytotoxic effect of ThTCs to the tumor, independent from
the immune response. We also performed an in vitro immune cell
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Fig. 2. ThTCs inhibit tumor growth and induce long-term immunity through T cells. (A) Schematic of the experimental timeline for intracranial GBM implantation.
BLU, bioluminescence. (B) Graph of Fluc signal in C57BL/6 mice after intracranial implantation with wild-type sGBM-FmC (n = 10), GFP-TC-FmC (n = 4), GM-CSF-TC-FmC
(n = 10), IFN-β–TC-FmC (n = 12), and ThTC-FmC (n = 18); bars represent SEMs. RLU, relative luminescence unit. (C) Kaplan-Meier curves demonstrating the survival prob-
ability of the C57BL/6 mice implanted with different cells. Log-rank (Mantel-Cox) test and Bonferroni correction. P < 0.0001 for sGBM-FmC versus IFN-β–TC–FmC, sGBM-
FmC versus ThTC-FmC, GFP-TC-FmC versus IFN-β–TC–FmC, and GFP-TC-FmC versus ThTC-FmC. P < 0.001 for sGBM-FmC versus GMCSF-TC-FmC and GM-CSF-TC-FmC
versus ThTC-FmC. (D) Graph of Fluc signal in C57BL/6mice that survived the first intracranial implantation with GM-CSF-TC-FmC (n = 5), IFN-β–TC–FmC (n = 10), and ThTC-
FmC (n = 12) after rechallenge with sGBM-FmC cells in the contralateral brain hemisphere. (E) Kaplan-Meier curves demonstrating survival probability of C57BL/6 mice
after rechallenge. Log-rank (Mantel-Cox) test and Bonferroni correction. **P < 0.01. (F) Representative images (left) and graph (right) of Fluc signal in SCID mice treated
with or without GCV after intracranial implantation with ThTC-FmCs. (G) Kaplan-Meier curves demonstrating the median survival of both SCID and nude mice implanted
with ThTC-FmCwith and without GCV treatment. (H) Schematic of the experimental timeline for intracranial GBM implantation with antibody injection. (I) Representative
immunofluorescence staining images stained for CD4 and CD8+ cells in brain tumor tissues. Scale bar, 10 μm. (J) Representative images (left) and graph (right) of Fluc
signal in the C57BL/6 mice treated with CD4, CD8, CD4, and CD8 antibodies or without antibodies after intracranial implantation with ThTC-FmC cells. (K) Kaplan-Meier
curves demonstrating survival probability of mice with T cell depletion. P < 0.05 for control versus CD4+ cell–depleted, control versus CD8+ cell–depleted, and control
versus CD4+ and CD8+ cell–depleted after analysis by log-rank (Mantel-Cox) test without multiple comparisons correction. (L) Representative images (left) and graph
(right) of Fluc signal from surviving C57BL/6 mice after the first intracranial implantation with the depletion of CD4+ or CD8+ cells after rechallengewith sGBM-FmC cell in
the contralateral brain hemisphere. (M) Kaplan-Meier curves demonstrating survival probability of C57BL/6 mice after rechallenge.
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Fig. 3. ThTCs eradicate residual tumor cells in the resection cavity and prevent recurrence by recruitment of antitumor immune cells. (A) Schematic of the
experimental timeline for a GBM resection model. (B) Representative images of Fluc signal from sGBM-FmC-bearing C57BL/6 mice after resection and treated with
either sECM only, GFP-TCs, GMCSF-TCs, IFN-β–TCs, or ThTCs. (C) Graphs of Fluc signal in sGBM-FmC–bearing C57BL/6 mice after resection and treated with either
sECM only, GFP-TCs, GMCSF-TCs, IFN-β–TCs, or ThTCs. (D) Kaplan-Meier curves showing survival of mice treated with ThTCs (green line) and other cells. P < 0.01 for
sECM only versus ThTC, GFP-TC versus ThTC, GM-CSF-TC versus ThTC, and IFN-β–TC versus ThTC after analysis by log-rank (Mantel-Cox) test and Bonferroni correction.
(E) Representative immunofluorescence staining images showing c-Caspase3+ cells in the resection cavities of C57BL/6 mice. Scale bar, 10 μm. (F) Quantification of the
number of c-Caspase3+ cells in the resection cavities of C57BL/6 mice using the immunofluorescence images. Data were analyzed by ANOVA with Holm-Šídák test for
multiple comparisons correction. **P < 0.01. (G) Representative images (top) and graph of Fluc signal in the survivingmice shown in (D) after rechallengewith sGBM-FmC
cells. (H) Bar chart showing immune profiling of tumor tissues harvested from the mouse brain 5 days after resection and treatment with sECM only, GFP-TCs, and ThTCs
from three independent experiments. Data were analyzed by ANOVAwith Holm-Šídák test for multiple comparisons correction. *P < 0.05, **P < 0.01, and ***P < 0.001. (I)
Bar chart showing cell quantification of tumor tissues harvested from mouse brain 5 days after resection and treatment with sECM only, GFP-TCs, and ThTCs (n = 3 per
group) based on immunofluorescence staining. Data were analyzed by ANOVA with Holm-Šídák test for multiple comparisons correction. *P < 0.05 and **P < 0.01. (J)
Representative images of immunofluorescence staining of tumor tissues harvested from the mouse brain 5 days after resection and treatment. Scale bars, 500 μm (top)
and 10 μm (bottom).
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toxicity assay by treating the immune cells harvested from mouse
spleens with fresh medium or conditioned medium collected
from GFP-TC or ThTCs. No direct toxicity was observed on
immune cells (fig. S4C). To determine whether these therapeutic
cells are able to induce long-term immunity in the mice after erad-
ication of residual tumor cells in the cavity, we rechallenged the sur-
viving mice (Fig. 3A) by implanting sGBM-FmC cells in the
contralateral brain. No tumor growth was observed for these mice
(Fig. 3G). These findings suggest that ThTCs can effectively elimi-
nate residual tumor cells and induce adaptive immunity in mice.

ThTCs recruit immune cells and activate antitumor immune
responses in the resection cavity
To further clarify the immunomodulatory effect of ThTCs in this
resection model, we immuno-profiled tumor tissues harvested 5
days after treatment using multicolor flow cytometry (Fig. 3A, fig.
S5, and table S3). Compared with the sECM-only and GFP-TC
groups, treatment with encapsulated ThTCs after treatment signifi-
cantly enhanced infiltration of leukocytes (CD45+, P < 0.001), DCs
(CD45+/CD11c+, P < 0.05), and T cells (CD45+/CD3+, P < 0.001)
(Fig. 3H). These findings were confirmed by quantification of
CD3+ and CD11c+ (Fig. 3I) cells from tumor tissues using immu-
nofluorescent staining (Fig. 3J). In addition, higher numbers of
mature DCs [CD45+/CD11c+/major histocompatibility complex
(MHC) class II+], antigen-presenting cells (APCs; CD45+/MHC
class II+), and CD4+/CD8+ T cells were also observed in the
ThTC group compared with the sECM-only and GFP-TC groups
(Fig. 3I). These results were validated with immunofluorescent
staining (Fig. 3, I and J), suggesting an elevated neoantigen presen-
tation activity induced by ThTCs.

ThTCs promote type I IFN signaling and reshape the TME to
a more pronounced antitumor condition
To further elucidate the immune responses elicited by ThTCs in the
resection model, we sequenced RNA extracted from tumor tissues
harvested 5 days after treatment (Fig. 3A). The high correlation co-
efficient in sample correlation analyses (fig. S6A) and less than 50%
of the variance for PC1/PC2 in principal components analyses (fig.
S6B) demonstrated that the samples from these three groups were
highly correlated, with low intergroup variability (47). However, a
comparison of the IFNreg signature expression showed that tumor
tissues treated with ThTCs had significantly higher type I IFN sig-
naling activity than the sECM-only group (P < 0.01, Wilcoxon test)
and the GFP-TC group (P < 0.05, Wilcoxon test) (Fig. 4A and table
S4). Moreover, the IM gene expression of tissues treated with ThTCs
was relatively higher, especially for immunostimulatory and antigen
presentation genes as compared with the other groups (Fig. 4B and
table S4), indicating relatively more pronounced immune activity
within the TME. A comparison of the expression of immune cell
type–annotated genes as previously described (39, 48) showed
that ThTC samples were enriched in immune cells, including T
cells, macrophages, and activated DCs (Fig. 4C), corroborating
the recruitment of immune cells and DC activation by ThTCs.

To characterize the immune-related pathways that were mediat-
ed by ThTCs, we performed gene set enrichment analysis (GSEA)
using GO biological processes and Kyoto Encyclopedia of Genes
and Genomes (KEGG) databases. Compared with sECM-only and
GFP-TC groups, genes in multiple immune-related GO pathways
were up-regulated by the ThTC group, including cellular response

to IFN-β, adaptive immune response, defense response, and posi-
tive regulation of NK cell–mediated cytotoxicity (Fig. 4D and
table S5). On the basis of KEGG, gene sets in NK cell–mediated cy-
totoxicity and antigen processing and presentation were up-regulat-
ed in the ThTC group compared with sECM-only and GFP-TC
groups (fig. S6C and table S6). These pathways were related to
immune responses mediated by IFN-β and GM-CSF, implying
that antitumor immune responses were induced by ThTCs.

On the other hand, GSEA revealed that cell cycle–related GO
pathways, such as chromatin organization and DNA repair, were
significantly down-regulated in the ThTC group compared with
the sECM-only group (adjusted P < 0.05) and GFP-TC group (ad-
justed P < 0.05) (Fig. 4D and table S5). According to KEGG, gene
sets in cell growth–related pathways such as transforming growth
factor–β (TGF-β) signaling, Hedgehog signaling, and Notch signal-
ing were down-regulated in the ThTC group compared with sECM-
only and GFP-TC groups (fig. S6C and table S6). Down-regulation
of cell cycle and cell growth signaling might reflect direct antitumor
responses induced by ThTCs in our resection model.

In addition, pairwise differential gene expression analysis re-
vealed 105 differentially expressed genes (DEGs; 63 up-regulated
and 42 down-regulated) in the ThTC group when compared with
the sECM-only group [Fig. 4E (left) and table S7]. The up-regulated
DEGs exhibited enrichment of immune-related pathways, includ-
ing cellular response to IFN-β, immune system process, innate
immune response, and antigen processing and presentation (table
S7), consistent with the activation of immune responses induced by
ThTCs to the tumor. For down-regulated DEGs, enrichment of cell
proliferation, migration, and differentiation was observed (table S7),
suggesting the possible inhibition of tumor growth by ThTCs. On
the other hand, 13 DEGs (11 up-regulated and 2 down-regulated)
were identified in the ThTC group when compared with the GFP-
TC group [Fig. 4E (right) and table S7]. Similarly, up-regulated
DEGs demonstrated enrichment of immune-related pathways,
such as immune response-regulating signaling pathway, neutrophil
activation involved in immune response, and antigen processing
and presentation of exogenous antigens (table S7). For down-regu-
lated DEGs, enrichment of cell proliferation, migration, and differ-
entiation was observed on the basis of GO.

Among identified DEGs in the ThTC group when compared
with the sECM-only or GFP-TC groups, five were commonly up-
regulated (Tyrobp, Psme2, Ifi27l2a, Ms4a6b, and Ms4a4c) and two
were commonly down-regulated (Notch3 and Pdgfrb) in the ThTC
group (Fig. 4E and fig. S6D). These commonly up-regulated genes
were involved in immune responses, whereas those commonly
down-regulated were oncogenes involved in glioma cell prolifera-
tion. Quantitative polymerase chain reaction (qPCR) analysis vali-
dated that Pdgfrb was significantly down-regulated (P < 0.05) and
that Ifi27l2a was significantly up-regulated (P < 0.05) in the ThTC
group (fig. S6E). Given that Pdgfrb is one of the main markers for
cancer-associated fibroblasts (CAFs), the therapeutic effects of
ThTCs might involve CAFs. Lower expression of CAF markers
was observed in all ThTC-treated tumor samples based on an unsu-
pervised hierarchical clustering using the RNA-seq data (Fig. 4F). In
addition, down-regulation of platelet-derived growth factor recep-
tor β (PDGFRB) at the protein level for tissues treated with ThTCs
was observed using immunofluorescence. However, this was not the
case in other groups (Fig. 4, G and H), corroborating that the down-
regulation of PDGFRB is an additive effect of both GM-CSF and
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Fig. 4. ThTCs reshape the TME to a more pronounced antitumor condition and down-regulate CAF-secreted PDGFRB. (A) mRNA expression based on IFNreg (GO:
0060338) signature on RNA-seq data of tumor tissues harvested from themouse brain after resection and treatment with sECMonly, GFP-TCs, and ThTCs (n = 3 per group).
TPM, transcripts per million. (B) mRNA expression for 46 immunomodulation genes in tumor tissues harvested from the mouse brain after resection and treatment with
sECM only, GFP-TCs, and ThTCs. (C) Heatmap of expression of genes associated with immune cell types in tumor tissues harvested from the mouse brain after resection
and treatment with sECM only, GFP-TCs, and ThTCs, plotted as z score of normalized gene expression for each gene. (D) GSEAs demonstrating the significantly up-
regulated and down-regulated GO pathways in the ThTC group compared with sECM-only group (top) or GFP-TC group (bottom). (E) Volcano plots demonstrating
the up-regulated and down-regulated differentially expressed genes (DEGs) in the ThTC group when compared with the sECM-only group or the GFP-TC group. (F)
Unsupervised hierarchical clustering heatmap of cancer-associated fibroblast (CAF) markers in tumor tissues harvested from the mouse brain after resection and treat-
ment with sECM only, GFP-TCs, and ThTCs, plotted as z score of normalized gene expression. (G) Representative images of immunofluorescence staining of PDGFRB and
mCherry from tumor tissues harvested from mouse brains 5 days after resection and treatment. Scale bar, 10 μm. (H) Quantification of the expression of PDGFRB in the
resection cavity using the immunofluorescence images. Scale bar, 10 μm. Data were analyzed by ANOVA with Holm-Šídák test for multiple comparisons correction.
*P < 0.05, **P < 0.01, and ***P < 0.001. (I) A schematic of the putative mechanisms underlying direct and indirect antitumor effects of ThTCs.
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IFN-β. GSEAs comparing the sECM or GFP-TC to the ThTC also
demonstrated that the downstream signaling associated with CAFs,
including TGF-β signaling, Hedgehog signaling, and Notch signal-
ing, was down-regulated in the ThTC group (table S6). In addition,
cluster K3 (high IFNreg signature) had significantly lower PDGFRB
expression in human cancer samples (P < 0.0001; fig. S6F and table
S1), implying that high type I IFN signaling activity is conversely
associated with PDGFRB expression in human cancer.

Given that ThTCs were able to activate CD4+ T cell–induced
tumor cytotoxicity as shown in Fig. 2J, we asked whether the
same effect could be observed in a resection model. Upon checking
the transcriptomic signature (49) for tumor-specific cytotoxic CD4+
T cells, the TME of ThTC-treated group had significantly elevated
expression compared with control sECM-only (P < 0.01, Wilcoxon
test) or GFP-TC groups (P < 0.01, Wilcoxon test) (fig. S6G). In

addition, the ThTC treatment group also had significantly higher
expression of the common surface biomarkers (50–54) and up-
stream inducers (53, 55, 56) for cytotoxic CD4+ T cells than
sECM-only (P < 0.05, Wilcoxon test) and GFP-TC groups
(P < 0.01, Wilcoxon test) (fig. S6H). These data further suggest
that cytotoxic CD4+ T cells also contributed to the tumor elimina-
tion elicited by ThTCs in the resection cavity.

Together, findings from flow cytometry immune profiling and
RNA-seq data suggest that ThTCs can directly kill residual tumor
cells after treatment using caspase-mediated apoptosis and induce
antitumor responses by recruiting immune cells into the tumor and
promoting antigen-presenting activities. Furthermore, ThTCs
down-regulated CAF-secreted PDGFRB. All these antitumor activ-
ities led to tumor eradication and immunological memory (Fig. 4I).

Fig. 5. Engineered GM-CSF/IFN-β–secreting tumor cells from lung cancer inhibit tumor growth and prevent distant metastasis. (A) Cell viability assay for LLC
treated with increasing concentrations of recombinant mIFN-β. (B) Cell viability of coculture of parental LLC-FmC cells with LLC-TCs or LLC-ThTCs. (C) Schematic of
experimental timeline of the lung tumor and distant metastasis model. (D) Fluc signal over time in the LLC-FmC–bearing C57BL/6 mice after tumor implantation in
the lung with LLC-FmC cells. PBS group (n = 5), LLC-TC group (n = 3), and LLC-ThTC group (n = 4). (E) Kaplan-Meier curves demonstrating the survival probability of
C57BL/6 mice after tumor implantation in the lung with LLC-FmC cells. Log-rank (Mantel-Cox) test and Bonferroni correction. *P < 0.05 and **P < 0.01. (F) Kaplan-Meier
curves demonstrating the survival probability of C57BL/6 mice after rechallenge in the brain with LLC-FmC cells. Log-rank (Mantel-Cox) test. **P < 0.01. (G) Schematic of
experimental timeline of lung tumor resection and distant metastasis models. (H) Fluc signal over time in LLC-FmC–bearing C57BL/6 mice after resection and treatment
with either sECM only (n = 3), LLC-TCs (n = 3), or LLC-ThTCs (n = 4). (I) Kaplan-Meier curves demonstrating the survival probability of the C57BL/6 mice after resection and
treatment. Log-rank (Mantel-Cox) test and Bonferroni correction. P < 0.05 for sECM only versus LLC-ThTC and LLC-TC versus LLC-ThTC. (J) Kaplan-Meier curves demon-
strating the survival probability of the naïve C57BL/6 mice (n = 3) and surviving mice from LLC-ThTC group (n = 4) from (H) after rechallenge on the right flank with LLC-
FmC cells. Log-rank (Mantel-Cox) test and Bonferroni correction. P < 0.01. (K) Kaplan-Meier curves demonstrating the survival probability of the naïve C57BL/6mice (n = 3)
and surviving mice from LLC-ThTC group (n = 4) from (J) after rechallenge in the brain with LLC-FmC cells. Log-rank (Mantel-Cox) test and Bonferroni correction. P < 0.01.
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ThTCs exhibit therapeutic efficacy in a recurrent
GBM model
Given that temozolomide (TMZ) therapy, which is commonly ini-
tiated after first-time tumor surgery, may alter sensitivity to our
therapeutic approaches, a TMZ-resistant recurrent GBM (rGBM)
line was established from sGBM-FmC (fig. S7A). BLI revealed a
slight reduction of the tumor growth rate of TMZ-treated mice
compared with mice without TMZ treatment (fig. S7B). However,
tumors continued to grow despite TMZ treatment, suggesting the
development of TMZ resistance. TMZ treatment improved survival
of these tumor-bearing mice due to a slower tumor growth rate
(P < 0.01; fig. S7C).When these TMZ-treated mice reached the clin-
ical end point, tumor tissues were harvested and dissociated for cell
culture as a TMZ-resistant rGBM line (hereinafter referred to as
“rGBM-FmC”). qPCR analysis confirmed that the expression of
genes related to TMZ resistance (Mgmt), DNA mismatch repair
(Mlh1, Msh2, and Msh6), apoptosis inhibition (Birc3 and Klf8),
cell cycle regulation (Igfbp2), and cell proliferation (mKi67) was sig-
nificantly higher in rGBM-FmC cells compared with sGBM-FmC
(P < 0.05; fig. S7D), recapitulating the characteristics of rGBM
cells (57).

Assessing the therapeutic impact of ThTCs in a resection GBM
model using rGBM cells (fig. S7E) demonstrated that tumors re-
curred and animals had to be euthanized 10 days after treatment
for the GFP-TC and sECM-only groups, whereas residual tumor
cells in the cavity were completely eradicated in five of seven mice
for the ThTC group (fig. S7F). The median survival for the ThTC
group was significantly improved compared with the other groups
(P < 0.05; fig. S7G). These findings suggest that ThTCs can effective-
ly target chemoresistant recurrent tumor cells to prevent relapse.

Engineered GM-CSF/IFN-β–secreting tumor vaccines
derived from other tumor types inhibit tumor growth and
prevent distant metastasis
To determine whether this engineered cancer cell–based therapeu-
tic approach can be applied to other tumor types, we first confirmed
the sensitivity of Lewis lung carcinoma (LLC) and melanoma B16
cells to recombinant mIFN-β treatment in vitro (Fig. 5A and fig.
S8A). We then generated mIFN-β–resistant LLC-TCs and B16-
TCs as well as therapeutic LLC-ThTC and B16-ThTCs using
similar genetic engineering steps as with sGBM (Fig. 1G). Consis-
tent with the findings for GBM, no cytotoxicity effect was observed
in coculture of LLC-TCs with LLC-FmC, but cell killing was seen
for LLC-ThTCs (Fig. 5B), demonstrating the cytotoxic effect of
the mIFN-β–expressing LLC tumor cells. Although not as robust,
similar cell cytotoxicity of B16-ThTC was observed when cocul-
tured with B16-FmC, whereas no cytotoxic effect was noted for
B16-TC (fig. S8B).

To determine the long-term immunity effect in vivo, engineered
LLC cells were first subcutaneously implanted in the flank of immu-
nocompetent C57BL/6 mice, and parental LLC-FmC cells were im-
planted orthotopically into their lungs 7 days later (Fig. 5C). BLI
revealed aggressive tumor growth in the lungs of all mice from
phosphate-buffered saline (PBS) and LLC-TC groups on day 7
after tumor implantation (Fig. 5D). All mice from the LLC-TC
group were euthanized on day 10 after implantation in the lung
because of the size of flank tumors (Fig. 5E). Despite no flank
tumors, the median survival for mice from the PBS group was
day 18 after implantation due to aggressive tumor growth in the

lung (Fig. 5E). In contrast, none of the mice from the LLC-ThTC
group had tumor growth in the flank or the lung (Fig. 5D), and
they survived for more than 30 days after implantation (Fig. 5E).
This indicated that LLC-ThTCs induced antitumor immune re-
sponses to prevent tumor growth of LLC-FmC in the lung.
Similar findings were also observed in the investigations of B16-
ThTCs (fig. S8, C and D).

Given that brain metastasis is common for lung carcinoma, we
rechallenged surviving mice from the LLC-ThTC group and the
naïve C57BL/6 mice, as a control, with intracranial implantation
of LLC-FmC cells (Fig. 5C). Seventy-five percent of the mice from
the LLC-ThTC group survived rechallenge in the brain, whereas ag-
gressive tumor growth was observed in all mice from the control
group (Fig. 5F). This finding suggests that LLC-ThTCs induce
long-term systemic immunological memory that can prevent
distant metastasis of lung carcinoma.

In a resection model for LLC (Fig. 5G), tumors recurred
(Fig. 5H), and the animals had to be euthanized on day 12 after
treatment for the sECM-only group (Fig. 5I). Although a low Fluc
signal was observed for mice in the LLC-TC group after treatment
(Fig. 5H), large tumors likely arising from LLC-TCs meant that the
mice had to be euthanized on day 12 after treatment (Fig. 5I). Con-
versely, residual tumor cells in the resection cavity were completely
eradicated in all mice from the LLC-ThTC group on day 6 after re-
section (Fig. 5H), and these mice survived long term (Fig. 5I).

To determine whether these therapeutic cells can induce long-
term immunity, we rechallenged the surviving mice in the right
flank (Fig. 5G). No tumor growth was observed in the LLC-ThTC
group, and mice survived long term (Fig. 5J). Thirty days later, we
further rechallenged these surviving mice again in the brain
(Fig. 5G). Although aggressive tumor growth was observed in the
brains of naïve mice, no tumor growth was observed in the LLC-
ThTC group, and mice survived long term (Fig. 5K). Consistent
with GBM ThTCs, these findings suggest that LLC-ThTCs might
also have a dual function of effectively killing residual tumor cells
and inducing adaptive immunity that can prevent distant
metastasis.

Implementation of double suicide system and generation
of human ThTCs
To ensure the safety of using living tumor cells as a therapeutic ap-
proach, we further implemented an additional suicide system, a Ra-
paCasp9–based safety switch (58) in the tumor cells. The sGBM
cells were engineered to express both HSV-TK and RapaCasp9 as
well as Fluc-mCherry, hereinafter referred to as “sGBM-RapaTK-
FmC,” using lentiviral transduction. Cell viability assay demonstrat-
ed that GCV (Fig. 6A) and rapamycin (Fig. 6B) potently suppressed
cell viability of sGBM-RapaTK-FmC after 24 hours of treatment.
An in vivo experiment (Fig. 6C) revealed complete tumor clearance
in mice implanted with sGBM-RapaTK-FmC after 5 days of com-
bined Rapa/GCV treatment administered 7 days after tumor inoc-
ulation, whereas tumors continued to grow in mice with sGBM-
FmC with treatment and in mice with sGBM-RapaTK-FmC
without treatment (Fig. 6D). This confirmed the effectiveness of
our double suicide system in these tumor cells. In addition, no sig-
nificant (P > 0.05) weight loss was observed throughout the treat-
ment (table S9), and these mice survived for 30 days until the
termination of the experiment, implying that the Rapa/GCV treat-
ment was well tolerated.
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Therapeutic effects of human ThTCs in vitro and in vivo
To translate our findings into the patient settings, we CRISPR–
knocked out human IFNAR1 in two established human GBM cell
lines, hGBM1 and hGBM2, and patient-derived GBM cells, hGBM3
and hGBM4, referred to as hGBM-TC, and transduced them with
the lentiviral vector encoding human IFN-β and GM-CSF to gener-
ate hThTCs. IFNAR1 expression in hGBM3 and hGBM4 was con-
firmed using flow cytometry (fig. S9, A and B). Dose-dependent

cytotoxicity was observed when these engineered hThTCs were co-
cultured with their respective parental GBM lines at varying ratios
(Fig. 6, E to H), indicating their ability to kill tumor cells. Cytotox-
icity was increased for all human ThTCs after extending the cocul-
ture duration from 96 to 120 hours (Fig. 6, E to H).

To further demonstrate the therapeutic efficacy of ThTCs in a
setting that recapitulates the human immune microenvironment
in vivo, we used the BLT (bone marrow, liver, and thymus)

Fig. 6. Implementation of double suicide system in tumor cells and generation of human ThTCs. (A) Cell viability of sGBM-RapaTK-FmC treated with increasing
concentrations of GCV. (B) Cell viability assay of sGBM-RapaTK-FmC treated with increasing concentrations of rapamycin. (C) Schematic of experimental timeline to
investigate the efficacy of a double suicide system. (D) Fluc signal of C57BL/6 mice implanted with sGBM-FmC cells (n = 3) or sGBM-RapaTK-FmC cells, with (n = 3)
or without (n = 3) rapamycin and GCV treatment. (E) Coculture of hGBM1-FmC cells (U87) and engineered hGBM1-TCs (hIFNAR1KO) or hThTC1 (hIFN-β/GM-CSF-express-
ing) cells for 96 hours (left) and 120 hours (right). (F) Coculture of hGBM2-FmC cells (LN229) and engineered hGBM2-TCs (hIFNAR1KO) or hThTC2 (hIFN-β/GM-CSF–ex-
pressing) cells for 96 hours (left) and 120 hours (right). (G) Coculture of hGBM3-FmC cells (GBM23) and engineered hGBM3-TCs (hIFNAR1KO) or hThTC3 (hIFN-β/GM-CSF–
expressing) cells for 96 hours (left) and 120 hours (right). (H) Coculture of hGBM4-FmC cells (GBM4) and engineered hGBM4-TCs (hIFNAR1KO) or hThTC4 (hIFN-β/GM-CSF–
expressing) cells for 96 hours (left) and 120 hours (right). (I) Schematic of experimental timeline for the GBM resection BLT mouse model. (J) Fluc signal in the hGBM1-
bearing BLT mice after resection and treatment with either hGBM1-TC (n = 3) or hThTC1 (n = 3). (K) Kaplan-Meier showing the survival probability of the BLT mice after
resection and treatment. Log-rank (Mantel-Cox) test. P < 0.05.
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humanized mice to create a human GBM resection model. Specif-
ically, humanized mice bearing resected human GBMs (hGBM1)
were treated with sECM-encapsulated hGBM1-TC or hThTC1
(Fig. 6I). The treatment with hThTC1 suppressed hGBM1 tumor
growth and improved the survival of tumor-bearing mice after
treatment compared with hGBM1-TC control (Fig. 6, J and K). To-
gether, these data demonstrate the safety, applicability, and efficacy
of our tumor cell–based therapeutic strategy for various tumor types
in both immunocompetent and humanized mouse models, thereby
establishing a road map toward clinical translation.

DISCUSSION
This study demonstrates the therapeutic potential of using engi-
neered living tumor cells to therapeutically treat tumors and to
convert the immunosuppressive TME into an immunostimulatory
TME. Here, we show that ThTCs induce programmed cell death not
only by down-regulating cell cycle signaling but also by down-reg-
ulating CAF-expressed PDGFRB. ThTCs also promote durable an-
titumor immune responses by modulating immune cell trafficking
and signaling.

Although no model exactly recapitulates human GBM, each has
unique features that should be considered when designing preclin-
ical experiments. Given that this study is a preclinical investigation
into the use of immunotherapies where a fully functional immune
system is required, syngeneic mousemodels are preferred over other
model types. Syngeneic transplantation models also allow ortho-
topic implantation superficially and subsequent resection to
mimic the clinical scenario of surgical debulking. We chose
sGBM (CT2A) based on our previous detailed characterization of
the immune microenvironment of different syngeneic models,
demonstrating sGBM to be one of the most aggressive and sGBM
syngeneic models (39). Although genetically engineered mouse
models such as replication-competent avian sarcoma leukosis
virus long repeat with a splice acceptor (RCAS) system (59, 60)
provide immunocompetent GBM models and their defined
genetic alterations are suitable for studying genetic phenotype rela-
tionships, the immune microenvironment in these models is
less defined.

IFN-β has immune-stimulatory effects on various immune cells,
including tumor-specific T lymphocytes, B lymphocytes, and DCs
(61). This cytokine is also a determinant of the efficacy of antitumor
immunity (62). In this study, we genetically engineered tumor cells
to release a secretable variant of IFN-β (63) for on-site delivery of
IFN-β to the TME. There are several advantages of using tumor cells
for local delivery of IFN-β to the TME over other types of cellular
carriers such as mesenchymal stem cells (63) or myeloid cells (64).
First, tumor cells are highly proliferative, which provides an easy
process of expansion and genetic engineering ex vivo as well as a
prolonged secretion of IFN-β at the tumor site when used for treat-
ment. Second, tumor cells, especially patient-specific autologous
tumor cells, are a source of neoantigens, which potentially facilitate
antigen-specific T cell immunity against the tumor. However,
almost all tumor cells express IFNAR1/2 (Fig. 1C and fig. S1J)
and might be sensitive to IFN-β themselves. Therefore, IFN-β–se-
creting tumor cells are subject to the autocrine toxicity as seen in
previous studies (25, 27, 28). To our knowledge, this is the first
study to demonstrate the creation of tumor cells that stably

secrete IFN-β and with prior receptor knockout using CRISPR
technology.

The integration of GM-CSF together with IFN-β secretion by the
ThTCs further improved their antitumor effects (Fig. 2C) and
induced long-term immunological memory (Fig. 2E), suggesting
additive antitumor effects. The depletion of either CD4+ or CD8+
T cells did not abolish the tumor growth inhibitory effects elicited
by ThTCs, implying that CD4+ and CD8+ T cells can function in-
dependently in eliminating tumor cells. It is well known that CD8+
cytotoxic T lymphocytes have a role in tumor killing in immuno-
therapy, and there is much less emphasis on the role and contribu-
tion of CD4+ T cells. According to previous studies, CD4+ T cells are
able to differentiate into T helper type 1 cytotoxic T cells in vivo and
induce tumor regression independent of CD8+ T cells or NK cells
(65, 66). Our data showed that the TMEs of mice treated with
ThTCs had elevated expression of a cytotoxic CD4+ T cell signature
(fig. S6G) as well as common surface biomarkers and upstream in-
ducers for cytotoxic CD4+ T cell in comparison with sECM-only
and GFP-TC groups (fig. S6H). These data further imply that
ThTCs are able to activate the cytotoxic function of CD4+ T cells.
On the other hand, mice with CD4+ T cell depletion failed to
develop a durable immune response that could counter rechallenge
with wild-type tumor cells (Fig. 2M). This implies a role of func-
tional memory CD4+ T cells in maintaining immune surveillance
for preventing tumor growth and progression.

In our preclinical GBM resection model, the introduction of
ThTCs eradicated the residual tumor by activating apoptosis
(Fig. 3, E and F) and down-regulating PDGFRB at both mRNA
(Fig. 4E and fig. S6E) and protein (Fig. 4, G and H) levels.
PDGFRB is a well-known GBM oncogene that promotes glioma
stem cell growth, survival, and invasion (67). The expression of
STAT1, a downstream IFN-stimulated gene, has a negative correla-
tion with PDGFRB expression in fibroblasts (68), which suggests an
indirect regulation of IFN-β/GM-CSF expression to prevent tumor
growth and progression.

Considering the time needed to engineer autologous cell lines, it
would be challenging to use the ThTC strategy for primary GBM
treatment. Although this might become possible with the advances
in genetic engineering, in current settings, the treatment with
ThTCs should be aimed at the therapy of recurrent or metastatic
disease. Therefore, our studies also demonstrate the feasibility and
therapeutic efficacy of this CRISPR-edited ThTC-based therapeutic
strategy in clinically relevant mouse models of recurrent (fig. S7)
andmetastatic cancers (Fig. 5 and fig. S8), highlighting the potential
application to multiple solid tumor malignancies and stages of
tumor progression.

Given the beneficial immune responses elicited by our ThTCs at
the tumor site and to ensure a prolonged supply of therapeutic
agents, we used ThTCs as a living and active form in our preclinical
models without prior inactivation or irradiation as seen in other
studies (1–3). However, one of the main concerns of using cancer
cells as a therapeutic is their tumorigenic potential. We integrated a
prodrug-activatable suicide system to address this concern. Al-
though the implantation of our ThTCs did not form tumors in
mice with intact immune systems (Fig. 2B), we demonstrate that
tumors developed in immunodeficient mice and these therapeutic
cancer cells expressing HSV-TK can be safely eliminated with GCV
treatment in vivo, and no tumor relapse was observed (Fig. 2, F and
G). This is consistent with the findings in clinical studies where a
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robust safety profile of HSV-TK systems was observed when used in
proliferating cells in patients (69, 70). In addition, we further intro-
duced an additional RapaCasp9-based suicide gene (58) in the
tumor cells to provide another layer of security toward translating
these therapeutic cancer cells into the clinic (Fig. 6, A to D).

The therapeutic effects in vivo are dependent not only on direct
cytotoxicity to the tumor but also on the antitumor immune re-
sponses elicited by ThTCs. In addition to inhibiting the growth
and progression of residual tumor after resection, the direct cyto-
toxicity of ThTCs also contributes to the antigen spread after
tumor cell death. Tumor antigens can be presented and cross-pre-
sented by DCs, thereby activating tumor-specific immune respons-
es with the aid of IFN-β and GM-CSF secreted by ThTCs to
promote tumor eradication and immunity. This is corroborated
by our GBM resection experiments using BLT humanized mice,
where human ThTCs are able to improve the survival of mice
bearing human GBM (Fig. 6, I to K). Although optimization of
the treatment regimen is still required for the BLT humanized
mouse model, our data demonstrate the feasibility and efficiency
of our proposed immunotherapeutic approach for GBM and ad-
vances clinical translation.

There are several limitations to this study. As discussed earlier,
the syngeneic transplantation model enabled us to mimic the clin-
ical scenario of surgical debulking in this study; however, we recog-
nize that tumor engraftment is not how GBM arises and therefore
cannot completely recapitulate the TME. A potential follow-up
study could be evaluating the therapeutic potential of ThTCs
using spontaneous GBM mouse models, such as an RCAS system
after extensive immunophenotyping on the model. In this study,
we observed a durable systemic immunological memory induced
by ThTCs in the mouse models. This immunological effect is
likely linked to the recognition of neoantigens expressed by
ThTCs and derived from tumor cell death upon treatment.
However, further investigations are required to understand the
mechanisms of how ThTC-based therapy activates tumor antigen
presentation and tumor-specific T cell immunity.

Together, our study establishes a bifunctional cancer cell–based
therapeutic strategy that can directly target tumor cells and indirect-
ly induce immune-mediated cell death and durable immunity to
prevent tumor recurrence and progression. Our investigations
suggest that the introduction of IFN-β/GM-CSF–secreting ThTCs
into the resection cavity can result in transcriptional and cellular
reprogramming, converting the immunoinhibitory TME into an
immunostimulatory TME. Exhibiting robustness and wide applica-
bility, this therapeutic strategy using ThTCs has the potential to
affect patients by preventing tumor progression, recurrence, and
metastasis. We envision that this bifunctional therapeutic cancer
cell could offer a personalized cellular therapy and ultimately
improve clinical outcomes for patients with cancer.

MATERIALS AND METHODS
Study design
The objective of this study was to develop an efficient therapeutic
strategy that can simultaneously induce a direct killing of tumor
cells and elicit antitumor immune responses to counter the tumor
aggressiveness and the immunosuppressive microenvironment. We
hypothesized that genetic engineering of cancer cells would allow us
to use and repurpose their self-homing and neoantigen-rich

features for cancer treatment. All experiments performed in this
study had at least three replicates to demonstrate biological repro-
ducibility and to ensure adequate statistical power for comparisons.
All animals were randomly allocated to the control and treatment
groups with equivalent tumor size. The study was not blinded,
and no statistical methods were used to predetermine the sample
size. Details for in vivo experiments, number of cells used, duration,
and statistical tests are described below, in the Supplementary Ma-
terials, and in the figure legends.

Intracranial deep implantation
C57BL/6, SCID, or nude mice were anesthetized and immobilized
on a stereotactic frame. Tumor cells (2 × 105) in 3 μl of PBS were
implanted 2.2 mm deep, 2.5 mm lateral from bregma, and 2.5 mm
ventral from dura in the left hemisphere for the first implantation
and in the right hemisphere for the rechallenge.

Intracranial resection model
C57BL/6, NOD SCID, or BLT humanized mice were used for this
procedure. Cranial windows were created by removing ~1 mm di-
ameter of the skull 2 mm lateral from the bregma and 2 mm ventral
from dura in the right hemisphere of anesthetizedmice. Tumor cells
(2 × 105) in 3 μl of PBS were implanted 0.7 mm deep in the cranial
window. Tumor growth was checked by BLI every 3 days. Fluores-
cence-guided resection was performed. A total of 1 × 106 cells were
encapsulated with sECM hydrogel (#HYSC020-1KT, Sigma-
Aldrich) and administered onto the resection cavity as treatment
on day 10 after tumor implantation. Tumors were analyzed before
and after treatment by BLI.

TMZ-resistant rGBM line establishment
C57BL/6 mice were intracranially implanted with sGBM-FmC and
administered with TMZ intraperitoneally daily for 5 days starting
from day 6 after implantation (fig. S7A). When these TMZ-
treated mice reached the clinical end point, the tumor tissues
were harvested and dissociated for cell culture as rGBM-FmC.

Subcutaneous tumor implantation
C57BL/6micewere anesthetized, and 5 × 105 tumor cells in 100 μl of
PBS with 50% Matrigel (#356234, Corning) were implanted under
the skin into the subcutaneous tissue on the left or right flanks of
the mice.

Subcutaneous tumor resection
C57BL/6 mice were used in this procedure. Subcutaneous tumors
were allowed to grow to 1 cm3 until the resection. A total of 1 ×
106 cells were encapsulated with sECM hydrogel and administered
onto the resection cavity as treatment.

Lung tumor implantation
C57BL/6 mice were anesthetized, and 1 × 105 tumor cells in 20 μl of
PBS with 50% Matrigel were implanted into the intercostal space
between ribs 5 and 6 of the right lung.

Mouse brain tissue harvest
C57BL/6, SCID, NOD/SCID, and BLT humanized mice were per-
fused with 10 ml of PBS by cardiac puncture. For immunofluores-
cence analyses, mice were further perfused with 10 ml of 10%
buffered formalin (Thermo Fisher Scientific) for fixation, and
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brains were harvested. For immune profiling, tumor tissues were
harvested and processed for flow cytometry analysis. For RNA-
seq, tumor tissues were harvested and processed for RNA
extraction.

Lentiviral transductions and engineering of stable cell lines
Lentiviral packaging was performed by transfection of 293T cells as
previously described (71), and cells were transduced with lentiviral
vectors at a multiplicity of infection (MOI) of 2 in medium contain-
ing protamine sulfate (2 μg/ml). For BLI, cancer cells were trans-
duced with LV-Pico2-Fluc-mCherry and selected by fluorescence-
activated cell sorting (FACS) using a BD FACSAria Fusion cell
sorter or puromycin selection (1 μg/ml) in culture. GFP or
mCherry expression was confirmed by fluorescence microscopy.

For mouse Ifnar1 knockout, top and bottom strands of single-
guide RNA (sgRNA) oligos were aligned as previously described
(72), followed by cloning strategy as previously described (19)
into PX459 plasmid (Addgene, plasmid 48139) using restriction
enzyme Bbs I. U6-sgRNA regions of sequencing-confirmed
PX459-sgRNA clones were PCR-amplified with the following
primers containing flanking gateway-attB1 and gateway-attB2 se-
quences, respectively: attB1-forward, 5′-GGGGACAAGTTTGTA
CAAAAAAGCAGGGTCCGAGGGCC TATTTCCCATGATT-3′
and attB2-reverse, 5′-GGGGACCACTTTGTACAAGAAAGCTGG
GTCTCTAGAGCCATTTGTC TGCAG-3′. To prepare gateway
entry clones, the amplified PCR products were gel-extracted, puri-
fied, and cloned into pDONR201 vector (Invitrogen) using the
gateway BP reaction. The lentiviral cDNA/short hairpin–mediated
RNA gateway vectors pLKO.DEST.egfp (Addgene, plasmid 32684)
or pLKO.DEST.hygro (Addgene, plasmid 32685) served as destina-
tion vectors after gateway LR reaction. All destination sgRNA ex-
pression vectors were sequenced to confirm correct U6-sgRNA
inserts before proceeding with third-generation lentiviral packag-
ing. For targeting of mouse Ifnar1, either CACTGCCCATTGACT
CTCCGTGG or TTCGTGTCAGAGCAGAGGAAGGG was used.

To establish knockout mouse lines, we transduced cells with len-
tiviral Cas9 expression vectors coding for either tetracycline-induc-
ible or constitutively expressed Cas9 protein as previously described
(73, 74). Confirmed Cas9 lines were engineered with lentiviral
sgRNA expression vector pLKO.DEST.hygro containing the
sgRNA target sequences described above, followed by selection
with hygromycin (200 to 500 μg/ml). To screen for knockout effi-
cacy, we analyzed whole-cell lysates of mixed populations for sensi-
tivity to respective ligands in comparison with non-engineered
controls. Candidate populations were then clonally selected, fol-
lowed by screening of individual clones for knockout status with
Western blotting of cell lysates. To analyze knockout clones for tar-
geted indel formation, we isolated genomic DNA from clonal cell
populations as previously described (75), and the following
primers were used for sequencing of target regions: Ifnar1 exon 2,
CTTTCTGTACCGTACTGGTCATT (forward) and TCTCAGCT
CAGTCTCCACGG (reverse) and Ifnar1 exon 3, AACACGTTTT
AAAAGCCCATGTAT (forward) and GGACCTGCTAAAA
GGCTCTTGA (reverse). To establish IFN-β–expressing cell lines,
cells were transduced with lentiviral pRRL.ppt.EFS.GFP vector
with mIFN-β (63) and HSV-TK (19) genes and selected by FACS
using a BD FACSAria Fusion cell sorter. To establish GM-CSF–ex-
pressing cell lines, cells were transduced with lentiviral pico2-

mCherry vector with GM-CSF gene (UniProtKB, P01587) and se-
lected by puromycin (2 μg/ml) treatment.

For human IFNAR1 knockout, top and bottom strands of
sgRNA oligos were aligned as previously described (73), followed
by cloning strategy into lentiCRISPRv2GFP plasmid (Addgene,
plasmid 82416) using restriction enzyme Bsm BI. All destination
sgRNA expression vectors were sequenced to confirm correct U6-
sgRNA inserts before proceeding with third-generation lentiviral
packaging. For targeting of human IFNAR1, TAACCATGTGAC
TACTAACGTGG was used. To establish cell lines expressing
human IFN-β, GM-CSF, and HSV-TK, cells were transduced with
lentiviral pRRL.ppt.EFS.GFP vector with the secretable human IFN-
β (63), GM-CSF (UniProtKB, P04141), andHSV-TK (19) genes and
selected by FACS using a BD FACSAria Fusion cell sorter.

Statistical analysis
Data were expressed as means ± SD for in vitro studies and ±SEM
for in vivo studies and analyzed by Student’s t test or analysis of var-
iance (ANOVA) with Holm-Šídák test for multiple comparisons
correction. Survival times of mouse groups were analyzed and com-
pared using log-rank (Mantel-Cox) test and Bonferroni correction.
GraphPad Prism 9 software was used for all statistical analysis and
also to generate Kaplan-Meier survival plots. Differences were con-
sidered significant at *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.
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This PDF file includes:
Materials and Methods
Figs. S1 to S9
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