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ABSTRACT
Targeted therapies leveraging the innate immune system are emerging as promising cancer treatments. The
mitochondrial antiviral signaling protein (MAVS) plays a crucial role in initiating innate immune responses,
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but its clinical use is limited by the risk of uncontrolled activation and systemic toxicity. To address this, we ~ Accepted 6 March 2025

developed a novel therapeutic agent, the truncated interferon activation switch (TRIAS), combining MAVS
truncates with a tumor antigen-targeting single-chain variable fragment (scFv). This design ensures antigen-
dependent, controlled activation. Lentiviral delivery of TRIAS induced significant antitumor responses,
including complete tumor regression in some cases. Flow cytometry (FCM) analysis further confirmed that
tumor cells were the predominant population expressing the transgene. TRIAS-expressing tumor cells
exhibited enhanced antitumor activity, likely due to increased cytokine release and upregulated major
histocompatibility complex (MHC) expression, enabling tumor cells to function as antigen-presenting cells.
This activated other immune cells, driving adaptive immune responses. Additionally, TRIAS promoted
a proinflammatory shift in the tumor microenvironment (TME). In conclusion, TRIAS was validated as an
innovative immunotherapeutic agent with MAVS-like immune-activating properties and tightly controlled
mechanisms, offering a safer and more effective approach for clinical cancer immunotherapy.
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Introduction
immunotherapy, particularly immune checkpoint inhibitors

(ICIs), has shown significant efficacy in patients with micro-
satellite instability-high (MSI-H) or mismatch repair-deficient

Colorectal cancer (CRC) continues to be a major contributor to
cancer-related deaths on a global scale.' While
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(dMMR) CRC.>™* However, the majority of CRC cases, char-
acterized as microsatellite stable (MSS) or mismatch repair-
proficient (p)MMR), remain resistant to such therapies,” high-
lighting the need for alternative or complementary immu-
notherapeutic approaches.

Recent studies have explored the potential of activating
innate immunity to overcome the immune evasion commonly
observed in CRC. The innate immune system functions as the
first line of defense against pathogens and tumor cells and plays
a crucial role in shaping adaptive immune responses.® Various
preclinical and clinical investigations have demonstrated that
innate immune activation can potentiate antitumor immunity
in CRC.” For example, agonists targeting pattern recognition
receptors (PRRs), such as Toll-like receptors (TLRs), RIG-
I-like receptors (RLRs), and STING, have been shown to
increase dendritic cell maturation, increase type I interferon
production, and activate cytotoxic T lymphocytes in mouse
models of CRC.*” These findings underscore the importance
of targeting innate immunity as an effective therapeutic strat-
egy for CRC.

MAVS is a central adaptor in the RLR pathway, playing
a pivotal role in the innate immune defense against RNA
viruses.'’ It orchestrates the signal transduction of NF-kB
and interferon regulatory factor (IRF) 3/7 signaling, followed
by increased production of type I IFNs and other proinflam-
matory cytokines.'' Notably, downstream cytokines such as
IFN-P have demonstrated significant antitumor effects in pre-
clinical CRC models, including disrupting cell cycle progres-
sion, reducing vascularization of liver metastases and inducing
apoptosis.'*"'> Furthermore, type I IFNs enhance antigen pre-
sentation and promote antitumor immune cell functions such
as dendritic cell activation, M1 macrophage polarization, and
CD8+ T cell cytotoxicity while inhibiting regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs).'*!”
Analysis of The Cancer Genome Atlas (TCGA) revealed that
MAVS expression and the type I IFN pathway are significantly
downregulated in various solid tumors, including CRCs."® The
overexpression of MAVS in colorectal cancer cells has been
shown to restore type I IFN signaling, stimulate systemic
tumor antigen-specific immune responses and enhance ICI
responsiveness, highlighting its potential as a therapeutic target
in cancer immunotherapy.'®

Given the emerging evidence linking MAVS to antitumor
immunity, further investigations are warranted to harness its
potential in CRC therapy. To achieve precise and controllable
immunostimulatory activity through MAVS signaling, we
developed a novel immune activation molecule termed
TRIAS. Our preclinical studies demonstrated the efficacy of
the lentivirus (LVs) encoding TRIAS delivered intravenously
(i.v.), which achieved significant tumor inhibition while avoid-
ing the severe toxicity associated with systemic MAVS activa-
tion. The greatest efficacy was achieved via the intratumoral (i.
t.) delivery route, which demonstrated that the activation of
TRIAS within tumor sites evoked strong antitumor effects and
led to complete tumor regression. To broaden the application
scope, tumor cells were engineered to express TRIAS, which
showed robust antitumor efficacy. Mechanistic investigations
revealed that TRIAS-mediated efficacy was driven by enhanced
MHC molecule expression and the release of proinflammatory

cytokines, which collectively amplified immune responses
within the tumor microenvironment. These findings position
TRIAS as a promising therapeutic strategy with tightly regu-
lated immune activation, offering a novel and effective
approach for the treatment of CRC.

Materials and methods
Cell lines

The mouse CT26 colon cancer cell line (RRID: CVCL_7254)
were purchased from Cellcook Biotech Company (Guangzhou,
China) and cultured in RPMI 1640 media supplemented with
10% FBS and 1x penicillin—streptomycin. The mouse MC38
colon cancer cell line (RRID: CVCL_B288) was purchased
from Cyagen Biosciences (Suzhou, China) cultured in
DMEM media supplemented with both 10% FBS, 1x penicil-
lin—streptomycin and 1x non-essential amino acids. The
mouse LLC Lewis lung carcinoma cell line (RRID:
CVCL_4358) were purchased from Cellcook Biotech
Company (Guangzhou, China) and cultured in DMEM (mod-
ified) media supplemented with 10% FBS and 1x penicillin-
streptomycin. The human embryonic kidney HEK293T cell
line (RRID: CVCL_0063) was purchased from Procell Life
Science & Technology Company (Wuhan, China) and cultured
in DMEM media supplemented with 10% FBS and 1x penicil-
lin—streptomycin. All experiments were performed with myco-
plasma-free cells.

Construction of lentiviral plasmid

To generate the lentivirus, the GFP, MAVS and TRIAS con-
structs were inserted into a third generation pTRPE lentiviral
backbone with expression driven by an EFla promoter using
standard molecular cloning techniques. The anti-EDB-FN-
specific single-chain variable fragment (scFv), L19-scFv, was
derived from the human EDB antibody L19"° (GenBank acces-
sion: AJ006113.2). The TRIAS construct was designed to
include the L19-scFv, a (GGGGS)s linker, the CD8 hinge,
a CD8 transmembrane domain, and a truncated MAVS intra-
cellular domain. The lentiviral vector express MAVS or TRIAS
linked to a GFP-expressing sequence via a P2A element.
Lentivirus packaging was performed in HEK293T cells.
Briefly, HEK293T cells were co-transfected with the packaging
plasmids pLP1, pLP2, and the envelope plasmid pVSV-G using
293 ExpiFectamine (Thermo Fisher Scientific, A14525). The
supernatants containing viral particles were collected 48 hours
post-transfection and concentrated using the Lenti-X™
Concentrator (Takara 631,232).

Determination of the virus titer

Lentiviruses encoding luciferase, GFP, MAVS or TRIAS were
produced via co-transfection of the packaging and envelope
plasmids pLP1, pLP2, and pVSV-G into HEK293T cells.** The
titer of the lentiviral vectors was determined using the serial
dilution method in MC38 cells and calculated with the follow-
ing formula: titer (TU/mL) = (% of cells successfully infected) x



(total cell count per well) x (dilution factor)]/(volume of
inoculum added to cells).

In vivo imaging

Luciferase (Luc) signals in vivo were detected through biolu-
minescence imaging (BLI) with the IVIS Spectrum In Vivo
Imaging System (Perkin Elmer) and analyzed with Living
Image 4.5 (PerkinElmer).”' D-Luciferin (Yeasen, 40902ES03)
in 100 uL of PBS was intraperitoneally (i.p.) injected, and after
10 min, the mice were imaged with an exposure time of 10 min.
To assess the anatomical distribution of protein expression
after intravenous injection of LVs, the mice bearing CT26
tumors were implanted with LVs_Luc via tail vein, and the
Luc expression was examined at different indicated time after
lentivirus injection. For imaging of the therapeutic model of
MC38 tumor cells, the Luc signals of the tumor cells were
examined weekly.

Manufacture of TRIAS MC38 cells

MC38 cells were transduced with lentiviruses encoding MAVS
or TRIAS. High-purity positive cells were sorted via fluores-
cence-activated cell sorting (FACS), and the expression of
MAVS and TRIAS was confirmed via flow cytometry.

Detection of IFN-B release

For the self-activation assay, MC38 cells were lentivirally trans-
duced with MAVS or TRIAS, release of IFN-f in the culture
media was detected via an IFN-f (ABclonal, RK00420) ELISA
kit at the indicated time. For the antigen stimulation assay,
untransduced (UTD), MAVS or TRIAS MC38 cells were trea-
ted with 2 pg/mL EDB-his protein (96-well plate, 200 pL/well).
After 48 hours of stimulation, the cell culture supernatants
were collected to measure IFN- release.

Immunoblotting (IB) analysis of phosphorylation

TRIAS MC38 cells were stimulated by 2 pg/mL EDB-his pro-
tein for 0, 2, 4 and 6 hours. At the indicated time points, cell
lysates were collected and lysed using RIPA buffer (Yeasen,
20101ES60) with protease inhibitors (Yeasen, 20124ES03) and
phosphatase inhibitors (Yeasen, 20109ES05). The IB assay was
conducted using standard SDS-PAGE technique. The antibo-
dies used in these experiments were as follows: NF-kB p65/
RelA Rabbit mAb (ABclonal, A19653), phospho-NF-kB p65
(C22B4) Rabbit mAb (CST, 3033S), IRF-3 Rabbit mAb
(ABclonal, A19717), and phospho-IRF-3 (Ser396) (4D4G)
Rabbit mAb (CST, 4947S). The membranes were incubated
with Immobilon Western Chemiluminescent HRP Substrate
(Millipore, WBKLS0500) for signal detection. The signals from
the blots were detected with a Tanon 4600SF
Chemiluminescent Imaging System.

CCK-8 assay

TRIAS MC38 cells were seeded in 96-well culture plates and
incubated with varying concentrations of EDB-his for
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24 hours. Afterward, 10puL of CCK-8 solution (Yeasen,
40203ES76) was added to each well, and cell viability was
assessed using a microplate reader at 450 nm.

Detection of MHC molecules expression on tumor cells

UTD, GFP or TRIAS MC38 cells were treated with 2 ug/mL
EDB-his protein for 24 hours, the expression of MHC mole-
cules was detected by FCM using APC-conjugated anti-mouse
H-2Kb antibodies (Biolegend 116,517) and PerCP-conjugated
anti-mouse MHC II (I-A/I-E) antibodies (Elabscience, E-AB-
F0990F).

FCM analysis of intratumoral GFP-expressing cells

1 x 10° mCherry-MC38 cells were implanted subcutaneously
into the flanks of C57BL/6 mice, 1 x 10° TU LVs_GFP were
inoculated intratumorally at 5 days after initial implantation
every 3 days for three times. One day after the last injection,
whole tumors tissues were collected, minced into fragments
smaller than 1 mm, and digested with 100 ug/mL collagenase
I and 75 pug/mL DNAse I for 1 hour at 37°C. The mixture was
passed with a 70-um filter and red blood cells were eliminated
by incubation with ACK Lysis Buffer (Yuanye, R20172). The
cells were stained with fluorochrome-conjugated Abs in PBS
containing 2% FBS for 30 min at 4°C after blockade with
purified rat anti-mouse CD16/CD32 (Mouse BD Fc Block)
(2.4G2) (BD 553,141). The following Abs were used: Fixable
Viability Stain 780 (BD 565,388) and Alexa Fluor 700 rat anti-
mouse CD45 (30-F11) (BD 560,510). Data acquisition was
performed using an LSR flow cytometer (BD Biosciences),
and the results were analyzed with FlowJo software (version 9).

Measurement of cytokine in the tumor tissue

Tumor tissue was homogenized with a tissue homogenizer in
ice-cold RIPA lysis buffer supplemented with protease inhibi-
tor (Yeasen, 20124ES03). Intratumoral cytokines in MC38
tumor models were quantified via an IFN-p (ABclonal,
RK00420) ELISA kit. The concentrations of cytokines in the
tumor lysates were standardized to the total protein of each
sample, which was measured via a BCA protein assay kit
(Beyotime, P0011).

Mouse models

Female BALB/c mice and C57BL/6 mice aged 6-8 weeks
were purchased from Aniphe BioLab (Nanjing, China) and
housed under SPF conditions at China Pharmaceutical
University. For evaluation of in vivo efficacy of
LVs_TRIAS, tumor models were established via the subcu-
taneous injection of 5 x 10° CT26 cells into BALB/c mice or
1 x 10° MC38 cells into C57BL/6 mice. The tumor volume
was determined via the following formula: V = (L x W x W)/
2, where V represents the tumor volume, W is the tumor
width, and L is the tumor length. The mice were considered
to have reached humane endpoints if their body weight
decreased by more than 15% or if their tumor volume
exceeded 1000 mm®. The animals were euthanized following
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the ethical guidelines for animal experimentation. For the
lentivirus treatment model, the mice were randomized on
the basis of tumor size and stratified into treatment groups
at 5 days after tumor cell implantation. Tumor volume and
body weight were measured every 3-4 days. For intravenous
delivery, a single dose of 1x 10 TU of LVs_GFP,
LVs_MAVS or LVs_TRIAS was injected via the tail vein
(n=5). For intratumoral delivery, lentivirus was delivered
every 3 days for three times (n=5). After 1 month, the mice
with complete tumor regression and age-matched naive
mice were challenged with 1x10° MC38 cells in the left
flank and 5x 10° LLC cells in the right flank. For the
therapeutic tumor vaccine model, mice were randomized
into treatment groups based on tumor size 5days after the
initial implantation of tumor cells, and stratified into treat-
ment groups of MAVS MC38 cells or TRIAS MC38 cells (n
=5). Tumor growth was monitored by in vivo biolumines-
cence imaging every week.

Immunohistochemistry (IHC) analysis

A total of 5 x 10° CT26 cells were injected subcutaneously into
BALB/c mice, and 1 x 10° MC38 cells were injected subcuta-
neously into C57BL/6 mice. Different volumes of tumor tissues
were collected, and EDB expression was detected by IHC with
an L19 antibody.

Bulk RNA sequencing (RNAseq)

1 x 10° MC38 cells were implanted subcutaneously into the
flanks of C57BL/6 mice, saline or 1x 10° MAVS MC38 cells
or TRIAS MC38 cells were inoculated intravenously at 5 days
after initial implantation. Tumor tissues were resected 7 days
after the treatment. Library preparation and Illumina sequen-
cing were conducted at GENEWIZ Co. Ltd. (Suzhou, China)
using 1 pg of total RNA from every group. Gene and isoform
expression levels were estimated using HTSeq (V.0.6.1) from
the paired-end cleaned data. Differential expression analysis
was conducted with the edgeR (V3.28.1) Bioconductor pack-
age, based on a negative binomial distribution model.
Dispersion estimates and logarithmic fold changes in gene
expression were derived from data-driven prior distributions.
A significance threshold for gene expression differences (Padj)
was set at < 0.05. The volcano plot was created using the
R package EnhancedVolcano (V.1.16), and the heatmap was
generated using Complexheatmap (V.2.16.0) after normalizing
and scaling the data within each specified gene set. Normalized
counts from DESeq2 were used for analysis with GSEA.

Statistical analysis

For the comparison of multiple groups, one-way or two-way
analysis of variance (ANOVA) was employed. Kaplan-Meier
curves were utilized to graphically represent the in vivo survi-
val data and the log-rank test was implemented to ascertain the
differences between the groups.

Results
Construction of TRIAS with inducible activity

Given that MAVS plays a crucial role in immune stimula-
tion, we first injected a lentivirus encoding MAVS
(LVs_MAYVS) via tail vein using a subcutaneous CT26
tumor model. Notably, a single dose of LVs_MAVS admin-
istration led to severe toxicity with piloerection, eye inflam-
mation and significant body weight loss compared with
those of the control group (Supplementary Figure S1).
This finding suggests that systemic activation of MAVS
signaling is deleterious to the body, corresponding with
the  clinical  toxicity  associated  with  IFN-f
administration.”” To address this challenge, we developed
a switchable MAVS variant designed to only activate in the
presence of tumor antigens, termed as TRIAS. TRIAS lacks
the mitochondrial membrane domain and incorporates
a tumor antigen-specific scFv along with a cytoplasmic
transmembrane domain at its N-terminus (Figure la).
Previous research has demonstrated that the fibronectin
(Fn) variant extra domain B (EDB) is exclusively expressed
in processes such as embryonic development or tumor
angiogenesis.”>** This restricted expression makes EDB-
fibronectin an attractive target.”> Furthermore, type
I IFNs are known to inhibit angiogenesis, providing
a complementary mechanism for targeting the tumor
vasculature.”®”” On the basis of these properties, L19
scFv, an antibody fragment with high specificity for EDB-
fibronectin, was chosen for its potential to adapt this
design.

To characterize the functionality of TRIAS, we com-
pared the downstream IFN-B signaling dynamics of
TRIAS and MAVS in MC38 cells over 96 hours post-
transduction (Figure 1(c)). The overexpression of MAVS
in cells triggered autonomous IFN-f release, with activity
decreasing within 96 hours post-transduction. TRIAS
exhibited minimal self-activation within the initial
24 hours (Figure 1(c)). After 96 hours, when IFN-f signal-
ing returned to baseline, antigen stimulation of TRIAS-
expressing cells led to significant release of IFN-f
(Figure 1(d)). In contrast, MAVS-expressing cells remained
inactive, underscoring the antigen-specific and switchable
nature of TRIAS activity (Figure 1(d)). To evaluate whether
this design exhibited antigen-dependent activity without
causing toxicity, the same delivery strategy was also applied
with TRIAS in the subcutaneous CT26 tumor model
(Figure 1(e)). Tumor growth was suppressed in the TRIAS-
treated group, demonstrating its therapeutic potential
(Figure 1(f)). Additionally, no significant loss in body
weight was observed during the treatment (Figure 1g).
The expression of EDB in CT26 tumors was confirmed by
IHC (Supplementary Figure S2), and it can be speculated
that the activation of TRIAS is localized and occurs exclu-
sively within tumor sites, which aligns with the inducible
mechanism of this therapeutic approach. Collectively, these
findings indicate that TRIAS exhibits tightly regulated anti-
tumor activity and a favorable safety profile compared with
MAVS.
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Figure 1. Evaluation of TRIAS activity (a) schematic representation of TRIAS components. TRIAS comprises an L19 scFv, CD8 hinge, CD8 transmembrane domain, and the
truncated MAVS intracellular domain. (b) Schematic representation of lentiviral vectors. The lentiviral vectors express TRIAS linked to a gfp-expressing sequence via
a P2A element. (c) Monitoring of ifn-B release after the overexpression of MAVS and TRIAS at the indicated time post transduction. Average and standard deviation of
triplicate culture wells are shown. p-values were calculated by two-way ANOVA with Tukey’s multiple comparison test. **p < 0.01; ****p < 0.0001. (d) Detection of ifn-f3
release by TRIAS cells upon stimulation with antigens. Average and standard deviation of triplicate culture wells are shown. p-values were calculated by two-way
ANOVA with Tukey’s multiple comparison test. ****p < 0.0001; ns, non-significant). (e) Schematic illustration of the CT26 tumor model. BALB/c mice bearing
subcutaneous CT26 tumors received a single intravenous injection of 1x 10” TU LVs on day 5. (f) Tumor growth of different groups. (g) Monitor of body weights
during the whole procedure. Average and standard error of the mean of the tumor volume and body weight after treatment with saline, LVs_GFP and LVs_TRIAS (n =5/
group) are shown. p-values were calculated by two-way ANOVA with Tukey’s multiple comparison test. *p < 0.5; ***p < 0.001; ns, non-significant.
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Intratumoral administration of LVs_TRIAS induced
complete tumor regression and long-term protection
against tumors

In vivo imaging following intravenous injection of
LVs_luciferase confirmed successful luciferase expression
across cells (Supplementary Figure S3), which supports the
efficacy achieved in the intravenous treatment model.
However, it demonstrated a lack of tissue specificity despite
stronger signals accumulating in the liver (Supplementary
Figure $3). The liver bypasses most lentivirus particles,”®
which limits the efficacy of TRIAS via intravenous delivery.
To obtain the maximal efficacy of TRIAS, we next evaluated
the antitumor effects via intratumoral injection of LVs_TRIAS,
ensuring efficient delivery of lentivirus within the tumor sites
(Figure 2(a)-i and ii). In CRC immunotherapy research, the
two most commonly used immune-competent syngeneic mur-
ine models are the CT26* and MC38° tumor models.
Notably, MC38 cells are highly immunogenic with an immune-
infiltrated phenotype,’" whereas CT26 cells are highly undif-
ferentiated and proliferative.”* To characterize the behavior of
TRIAS in different immunological backgrounds, antitumor
efficacy was examined in both the CT26 and MC38 tumor
models. In the CT26 tumor model, treatment with
LVs_TRIAS significantly inhibited the growth of CT26 tumors
and prolonged overall survival (Figure 2(b,f)). The MC38
tumor model exhibited superior outcomes, including enhanced
tumor suppression and extended survival (Figure 2(c,g)).
Notably, two out of five mice in the LVs_TRIAS group
achieved complete tumor regression (CR) in the MC38 tumor
model (Figure 2(c)). No weight loss was observed in any of the
groups during the entire process (Figure 2(d,e)). CR mice were
rechallenged with parental MC38 cells and LLC cells to assess
the development of tumor-specific immunologic memory
responses (Figure 2(a)-iii). The mice that had previously been
cured of the tumors completely rejected subsequent MC38
tumor growth, whereas the naive mice grew tumors with the
expected kinetics (Figure 2(h)), it revealed that TRIAS expres-
sion-induced innate immune activation led to sustained adap-
tive immunological memory against the tumors. In addition,
the growth of LLC tumors was effectively inhibited in immu-
nized mice compared with that in naive mice (Figure 2(i)),
indicating the development of a systemic antitumor immune
response with cross-reactivity. These findings demonstrated
that TRIAS activation within tumor sites demonstrated robust
antitumor efficacy, achieving complete tumor eradication in
certain cases. Additionally, it elicits durable immune memory
responses, providing long-term protection against tumor
recurrence.

Engineering of TRIAS tumor cells and validation of its
immunostimulant activity

To assess the in vivo translation efficiency and identify the cell
types involved in lentivirus uptake and translation, we admi-
nistered a lentivirus encoding GFP intralesionally followed by
FCM analysis of GFP+ cells in the tumor tissues. The MC38
cells were tagged using mCherry for better characterization of
tumor cells. Our data revealed that tumor cells (mCherry+),

leukocytes (CD45+) and stromal cells (mCherry-CD45-) were
all able to uptake and translate the injected lentivirus, whereas
tumor cells were the dominant population (Supplementary
Figure S4). To estimate the function of the expression of
TRIAS in tumor cells and broaden the application scenarios,
we engineered MC38 cells with TRIAS by lentivirus transduc-
tion, and approximately 70% of the cells successfully expressed
TRIAS, as detected by flow cytometry (Figure 3(a)). TRIAS
shares the same functional domains as MAVS, to test whether
the stimulation of TRIAS with specific antigens induces the
same signal transduction as MAVS does, the in vitro activity
profiles of TRIAS-treated MC38 cells were examined by stimu-
lating the cells with antigens. In vitro stimulation of MC38 cells
with antigens demonstrated the phosphorylation of IRF-3 and
NF-«kB (Figure 3(b)), which was indicative of MAVS down-
stream signaling, e.g., type I immune response. Type I IFN
stimulation has been shown to induce the expression of major
histocompatibility complex (MHC) molecules on tumor cells,
increasing their immunogenicity.”> FCM analysis demon-
strated that the activation of TRIAS downstream signaling
significantly upregulated MHC class I and class II molecule
expression in MC38 tumor cells (Figure 3(c)), further support-
ing its role in antigen presentation. Enhanced IFN-{ secretion
and upregulation of MHC molecule expression were also
observed in CT26 cells (Supplementary Figure S5), indicating
that these effects are not restricted to specific cell lines.
Moreover, cell viability was suppressed in an antigen concen-
tration-dependent manner (Figure 3(d)). Taken together, these
findings suggest that TRIAS-induced tumor cells have antigen-
dependent stimulatory effects, with increased production of
proinflammatory cytokines, suppression of tumor growth,
and increased capacity for antigen presentation. These findings
highlight the multifaceted role of TRIAS in mediating robust
antitumor immune responses and its potential utility in tumor
immunotherapy.

TRIAS tumor cells exhibited significant tumor growth
inhibition

Motivated by the in vitro immunostimulatory effects of TRIAS
tumor cells, we further evaluated the in vivo antitumor efficacy
of TRIAS MC38 cells using a subcutaneous MC38 tumor
model as well. To assess the tumor-targeting and specific
activation ability of TRIAS, an intravenous treatment model
was established to investigate the therapeutic efficacy of TRIAS
MC38 cells administered via tail vein injection (Figure 4(a)).
Specifically, mice were treated with a single dose of tumor
vaccine 5days after initial tumor cell implantation. TRIAS
MC38 cells demonstrated significant tumor inhibition
(Figure 4(b,c)), effectively suppressing tumor growth without
causing body weight loss (Figure 4(d)). In contrast, no efficacy
was observed in the MAVS MC38 cell treatment group
(Figure 4b,c), suggesting a loss of MAVS MC38 cell activity
during the production process. No weight loss was observed in
all groups during the entire process (Figure 4(d)). Collectively,
these results underscore the durable activity of TRIAS MC38
cells and its potential as a promising strategy for inducing
systemic antitumor immunity.
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Figure 2. Intratumoral delivery of LVs_TRIAS induced systemic antitumor immunity in vivo (a) schematic illustration of the CT26 and MC38 tumor models. A total of 5 x
10° CT26 cells were implanted into the flanks of BALB/c mice, and 1 x 10° MC38 cells were engrafted into the flanks of C57BL/6 mice. At 5-, 8- and 11-days post-
implantation, the tumors were intralesionally challenged with 1 x 108 TU LVs for three times. (b—c) Tumor growth curve with different treatments. (d—e) Body weight
curve with different treatments. Average and standard error of the mean of the tumor volumes and body weight after intratumoral treatment with saline, LVs_GFP and
LVs_TRIAS (n = 5/group) are shown. p-values were calculated by two-way ANOVA with Tukey’s multiple comparison test. **p < 0.01; ***p < 0.001; ****p < 0.0001; ns,
non-significant. (f-g) Kaplan—Meier survival curves of different treatment groups. p-values were calculated by Log-rank test. **p < 0.01. (h—i) Mice with complete tumor
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Figure 3. TRIAS expression on tumor cells induced proinflammatory effects (a) the expression of TRIAS in MC38 cells was confirmed by flow cytometry. (b) Cell lysates
were collected to detect the phosphorylation levels of IRF-3 and NF-kB following antigen stimulation at the indicated time points. (c) FCM analysis of MHC | and MHC Il
expression in MC38 cells engineered with different constructions. (d) The viability of the TRIAS cells exposed to different concentrations of antigens was detected by

a CCK-8 assay.

Immunization of TRIAS MC38 cells promotes type | IFN
signaling and reprograms the TME to a more inflamed
state

To validate the specific activation of TRIAS MC38 cells upon
recognition of antigens, we investigated whether the concen-
tration of cytokines was effectively enriched within tumors and
observed a significant increase of IFN-f levels compared with
those in the control group (Figure 5(a)). We then performed
multicolor flow cytometry to detect the infiltration of immune
cells within the tumor tissue and found a greater portion of
CD45+ leukocytes accumulated in the tumor tissue
(Figure 5(b)). To gain deeper insight into the immune
responses triggered by the TRIAS tumor cells, we performed
RNA sequencing on samples extracted from tumor tissues
collected 7 days post-treatment. Pairwise differential gene
expression analysis revealed 1141 differentially expressed
genes (DEGs; 546 upregulated and 595 downregulated)
(Figure 5(c)).

Consistent with the in vivo anti-tumor activity assay,
treatment with MAVS MC38 cells failed to elicit immune
responses. (Figure 5(a,b,d)). A comparison of the IFN reg-
ulation signature expression revealed that tumor tissues trea-
ted with TRIAS MC38 cells had significantly greater type
I IFN signaling activity than did the control group

(Figure 5(d)). To characterize the immune-related pathways
affected by TRIAS in MC38 cells, we performed gene set
enrichment analysis (GSEA) via the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database. The GSEA results
demonstrated significant upregulation of multiple inflamma-
tion-related pathways, including the TNF signaling pathway,
Toll-like receptor signaling pathway, NF-kB signaling path-
way and RIG-I-like receptor signaling pathway, as well as
immune activation pathways, such as cytokine-cytokine
receptor interaction, chemokine signaling pathway, T-cell
receptor signaling pathway, and JAK-STAT signaling path-
way, in the TRIAS group compared to the control group
(Figure 5(e)). These pathways are closely associated with
type I IEN signaling. For example, type I IFN production is
activated in the TLR signaling pathway and the RLR signal-
ing pathway through the induction of IRFs and NF-xB.
Additionally, The JAK-STAT signaling pathway is a central
downstream effector of type I IFN signaling, mediating the
transcriptional activation of interferon-stimulated genes
(ISGs). Taken together, the findings from ELISA of cytokine
production, FCM analysis of immune infiltration and RNA-
seq data suggest that TRIAS MC38 cells induce an antitumor
response by specifically releasing proinflammatory cytokines,
recruiting immune cells and promoting proinflammatory
events.
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Figure 4. TRIAS MC38 cells have robust antitumor effects (a) schematic illustration of the MC38 tumor model. 1 x 10° luc-MC38 cells were implanted into the flanks of
C57BL/6 mice, 1 x 10° saline, MAVS MC38 cells or TIIAR MC38 cells were inoculated via the tail vein at 5 days after initial implantation. In vivo bioluminescence imaging
was performed every week. (b) Monitoring of in vivo bioluminescence signals at the indicated time. (c) Statistical analysis of bioluminescence of different groups. (d)
Body weight curve with different treatment. Average and standard error of the mean of the bioluminescence and body weight after treatment with saline, MAVS MC38
cells and TRIAS MC38 cells (n = 5/group) are shown. p-values were calculated by two-way ANOVA with Tukey’s multiple comparison test. ****p < 0.0001; ns, non-

significant.

Discussion

Evidence from clinical trials and preclinical studies highlights
the intricate relationship between the innate immune system
and adaptive immune responses.” The activation of the innate
immune system allows for sustained effector lymphocyte-
mediated tumor cell killing, thereby bridging innate immunity
with long-term adaptive immune protection.* MAVS is
a crucial adaptor in the innate immunity and local overexpres-
sion of MAVS has been shown to enhance CD8+ T-cell-

mediated antitumor immunity, highlighting its therapeutic
potential.'"® However, intratumoral delivery of MAVS faces
significant challenges in clinical applications because of the
location and accessibility of tumors. CRC tumors are often
located deep within the abdominal cavity or the rectum, mak-
ing them less accessible for direct intralesional injection with-
out advanced imaging or invasive procedures. To address these
limitations, we investigated the possibility of delivering
LVs_MAVS by intravenous injection but it demonstrated the
associated toxicity of widespread MAVS expression
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(Supplementary Figure S1). This prompted the design of
a novel, controllable interferon activation switch, termed
TRIAS (Figure 1(b)). The tightly regulated activity of TRIAS
was proved both in vitro (Figure 1(d)) and in vivo (Figure 1f).

FCM analysis of intratumoral cells following LVs_GFP
injection revealed that GFP expression was predominantly
observed in tumor cells (Supplementary Figure S4). Based on
the significant antitumor efficacy demonstrated by LVs_TRIAS
(Figure 2), it is plausible that tumor cells expressing TRIAS
play a critical immunomodulatory role within the tumor
microenvironment. Therapeutic tumor cells represent
a promising approach in cancer treatment because of their
capacity to act as a natural source of neoantigens.”> They are
typically inactivated through lysis or irradiation prior to
administration to enhance immunogenicity, which stimulates
immune infiltration to the tumor site with strong antitumor
immune response.’® Unlike inactivated tumor cells, living
tumor cells possess unique characteristics of tumor
homing.37_40 Despite of these characteristics, there are several
advantages of engineering tumor cells with TRIAS. First,
tumor cells can act as “Trojan horses” for therapeutic delivery,
as their native tumor-tropic ability, combined with targeted
antigen recognition mediated by engineered scFv molecules of
TRIAS, ensures the precise delivery of immune responses
within the tumor microenvironment. Furthermore, tumor
cells, particularly patient-specific autologous tumor cells,
serve as a source of neoantigens, which can potentially pro-
mote antigen-specific T-cell immunity targeting the tumor.>

The limited efficacy observed with MAVS MC38 cells, in
contrast to the robust antitumor activity of TRIAS cells, can be
attributed to several key factors. First, MAVS cells lack the
controlled activation mechanism inherent to TRIAS. As
demonstrated in Figure 1(c,d), MAVS MC38 cells initiated
cytokine release immediately after transduction, but this
response diminished by 96 hours, likely due to pathway
exhaustion or desensitization. In contrast, TRIAS MC38 cells
exhibited sustained activation, as their response was tightly
regulated by tumor-associated antigens, ensuring prolonged
and targeted immune stimulation. In addition, while tumor
cells possess intrinsic homing capabilities, the incorporation of
the L19 scFv domain in TRIAS enhances tumor targeting. This
allows a greater number of TRIAS cells to traffic to tumor sites,
amplifying the immune response. MAVS cells, however, lack
this targeting ability, and their activity may be diluted in the
bloodstream before reaching the tumor microenvironment.
This is further supported by Figure 5(a), where IFN-P levels
were significantly elevated only in the TRIAS-treated group,
while the MAVS group showed levels comparable to the con-
trol group. Collectively, these findings underscore the critical
advantages of TRIAS, including its antigen-dependent activa-
tion and enhanced tumor targeting, which synergistically con-
tribute to its superior antitumor efficacy. This highlights the
importance of precise immune modulation in achieving effec-
tive cancer immunotherapy.

Recent studies have demonstrated the efficacy of engineered
tumor cells that secrete immunomodulatory agents such as
IFN-p and GM-CSF in achieving efficient tumor
eradication.’ In this study, TRIAS activation triggered IRF-3
and NF-kB phosphorylation, leading to the release of IFN-f
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(Figure 5(b)) along with other pro-inflammatory cytokines and
chemokines. Therefore, the immune response of TRIAS tumor
cells could further be amplified by the addition of these
immunostimulants.

In immune responses to specific antigens, major histocom-
patibility complexes (MHC-I and MHC-II) are critical for
targeting and presenting antigens, both within cells and from
external pathogens.*' The downregulation of MHC-I has been
described in numerous tumor types and is often tightly asso-
ciated with immune evasion.*' IFNs have been shown to coun-
teract this by restoring MHC-I expression and enhancing
antigen processing.*” In addition, MHC II molecules are
often expressed on professional APCs, which are mainly den-
dritic cells, whereas several studies have attempted to express
MHC-II molecules on tumor cells by transfection of class II
major histocompatibility complex transactivator (CIITA) to
make tumor cells highly immunogenic and therefore induce
a protective CD4+ T-cell response.*** Our study revealed that
stimulation with TRIAS upregulated the expression of both
MHC-I and MHC-II molecules on tumor cells (Figure 3(c)).
This dual upregulation suggests a potential mechanism for
TRIAS-mediated antitumor efficacy by enhancing T-cell
recognition, thereby bolstering both CD8+ and CD4+ T-cell
responses against tumor cells.

In conclusion, our investigation highlights that TRIAS has
advantages over MAVS, with specific and controllable activity
without inducing systemic toxicity. Notably, the intratumoral
expression of TRIAS triggered potent antitumor effects with
partial complete tumor regression. Furthermore, FCM analysis
of single-cell suspensions from tumor tissues revealed that tumor
cells were the dominant population that expressed TRIAS after
lentivirus injection, which underscores the possible activity
mechanism of TRIAS. Additionally, to broaden the therapeutic
potential, we investigated TRIAS-expressing tumor cells function-
alities and found that they exhibited enhanced antitumor efficacy,
likely through the upregulation of MHC class I and II molecules,
enabling them to function as nonprofessional antigen-presenting
cells. Collectively, these findings suggest that TRIAS, which has
MAVS-like immunostimulatory activity and an antigen-
dependent “on switch” mechanism, may be a promising targeted
therapeutic strategy for clinical immunotherapy applications.
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