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Abstract

Colorectal carcinoma (CRC) exerts a growing global disease burden, with microsatellite-
stable/proficient mismatch repair (MSS/pMMR) tumors exhibiting intrinsic refractoriness to immune-
checkpoint blockade (ICB) owing to low tumor mutational burden, limited neoantigenicity, and an
immunosuppressive tumor microenvironment (TME) dominated by regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs). This review evaluates induced pluripotent stem cell
(iPSC)—derived polyvalent vaccines as ontogenetically recapitulative immunogens capable of
reinstating broad antitumor immunity. Reprogramming induces re-expression of oncofetal tumor-
associated antigens, including cancer-testis antigens (NY-ESO-1, MAGE-A3), aberrant glycoforms of
CEA and MUCI, and clinically actionable neoepitopes such as KRAS"G12D/V, thereby promoting
epitope spreading and immunogenic cell death. Irradiated autologous or syngeneic iPSCs, delivered
with Toll-like receptor 9 agonists, facilitate robust MHC I/II cross-presentation, driving CD8*
cytotoxic T-cell activation, Thl polarization, perforin/granzyme-mediated cytolysis, and favorable
effector-to-suppressor ratios. Preclinical models of melanoma, pancreatic ductal adenocarcinoma,
and MSS CRC demonstrate prophylactic and therapeutic efficacy, with neoantigen-enhanced iPSCs
synergizing with radiotherapy-induced DAMPs to achieve durable regressions and memory T-cell
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formation. Translational priorities include CRISPR-engineered hypoimmunogenic iPSC platforms,
GMP-compatible non-integrating reprogramming, and combinatorial integration with STING
agonists, ICB, CAR-NK cells, and LNP-mRNA constructs to enable biomarker-guided clinical
deployment in minimal-residual-disease CRC.

Keywords: induced pluripotent stem cell (iPSC) vaccines; oncofetal tumor-associated antigens
(TAAs); microsatellite-stable colorectal carcinoma (MSS CRC); immunogenic cell death (ICD) and
epitope spreading; tumor microenvironment (TME) reprogramming

1. Introduction

Colorectal cancer (CRC) represents one of the most formidable challenges in oncology, ranking
among the top three cancers in global incidence and mortality. According to the Global Cancer
Observatory, CRC accounted for approximately 1.93 million new cases and 940,000 deaths in 2020,
and projections estimate an alarming increase to over 3.2 million new cases by 2040 [1]. This rising
burden is driven by aging populations, Westernized diets, sedentary lifestyles, and increasing obesity
rates. Despite advances in screening and multimodal treatment, CRC continues to impose a major
clinical and socioeconomic burden worldwide [2]. The five-year survival rate exceeds 90% in
localized disease but declines sharply to approximately 14% for metastatic CRC, reflecting the limited
efficacy of current systemic therapies [3,4]. Conventional modalities, including surgery, cytotoxic
chemotherapy regimens such as FOLFOX (folinic acid, fluorouracil, oxaliplatin) and FOLFIRI (folinic
acid, fluorouracil, irinotecan), and targeted agents against VEGF (e.g., bevacizumab) or EGFR (e.g.,
cetuximab, panitumumab), have collectively improved median survival for advanced CRC from
roughly 12 to 24 months over the past two decades [5,6]. Nonetheless, therapeutic resistance, relapse,
and metastatic dissemination remain common, underscoring the urgent need for transformative
therapeutic paradigms [7].

Molecularly, CRC exhibits profound heterogeneity, encompassing multiple subtypes with
distinct genetic and immunological landscapes. Approximately 15% of CRCs display microsatellite
instability-high (MSI-H) or mismatch repair deficiency (dAMMR), characterized by a high tumor
mutational burden, abundant neoantigen load, and increased T-cell infiltration, features that render
these tumors responsive to immune checkpoint inhibitors (ICIs) such as pembrolizumab and
nivolumab [8,9]. In stark contrast, the majority of cases (~85%) are microsatellite-stable (MSS) or
mismatch repair proficient (pMMR), typified by low immunogenicity, sparse immune infiltration,
and an immunosuppressive “cold” tumor microenvironment (TME) [10]. These MSS/pMMR tumors
exhibit resistance to single-agent immunotherapy, highlighting a major therapeutic void. Even within
responsive subsets, durable responses to ICIs are limited to a minority of patients, while toxicity,
immune escape, and antigenic drift constrain long-term efficacy [10,11]. Thus, there is a pressing need
for immunotherapeutic strategies capable of converting immunologically inert tumors into “hot”
tumors amenable to durable immune surveillance.

In this context, cancer vaccines have re-emerged as a promising frontier for harnessing and
directing the immune system against tumor cells. Unlike passive immunotherapies that rely on
exogenous antibodies or adoptive cell transfer, cancer vaccines aim to induce a self-sustaining,
antigen-specific immune response capable of recognizing and eradicating malignant cells while
establishing long-term memory to prevent recurrence [12]. Early vaccine platforms in CRC, such as
peptide vaccines targeting carcinoembryonic antigen (CEA), mucin-1 (MUC1), or mutant KRAS
epitopes, as well as dendritic cell (DC) and irradiated tumor cell-based vaccines, have shown
immunogenic potential but achieved only modest clinical efficacy [13]. Major barriers include tumor
heterogeneity, immune tolerance, poor antigen presentation, and suppression within the TME.
Moreover, the narrow antigenic repertoire of peptide or nucleic acid vaccines limits their
effectiveness against highly heterogeneous tumors like CRC [13].
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A paradigm-shifting concept has emerged with the use of induced pluripotent stem cells (iPSCs)
as a multivalent, tumor-mimetic vaccine platform. Discovered by Shinya Yamanaka in 2006, iPSCs
are generated by reprogramming adult somatic cells through defined transcription factors (Oct4,
Sox2, Klf4, c-Myc), reverting them to an embryonic-like pluripotent state [14]. Intriguingly, this
reprogramming process mirrors certain molecular hallmarks of oncogenesis, leading to the re-
expression of oncofetal genes and tumor-associated antigens (TAAs) that are typically silenced in
differentiated adult tissues [15]. Transcriptomic and proteomic analyses reveal that iPSCs share
extensive similarities with embryonic stem cells (ESCs) and cancer stem cells, particularly in the
expression of antigens such as SSEA-3/4, TRA-1-60, and various cancer-testis antigens (CTAs) [16,17].
This overlap forms the biological rationale for employing iPSCs as a broad-spectrum antigen source,
essentially providing an “antigenic mirror” of tumor cells without relying on patient-specific tumor
sequencing or biopsy-derived material.

Preclinical evidence has substantiated the immunogenic potential of iPSC-based vaccines. In
murine models of melanoma, breast, lung, and pancreatic cancer, inactivated or irradiated iPSCs have
been shown to elicit potent CD8* T-cell responses, promote dendritic cell activation, and inhibit tumor
growth and metastasis [18,19]. These effects are further enhanced when combined with
immunostimulatory adjuvants such as CpG oligodeoxynucleotides, TLR agonists, or cytokine
modulators (GM-CSEF, IL-12). Importantly, iPSC vaccination can induce durable immune memory,
conferring protection upon rechallenge with tumor cells [20,21]. Translational studies have also
demonstrated the capacity of iPSC-derived vaccines to modulate the tumor immune milieu,
increasing the infiltration of cytotoxic T lymphocytes and reducing regulatory T-cell (Treg) and
myeloid-derived suppressor cell (MDSC) populations [21].

From a clinical and ethical standpoint, iPSCs offer significant advantages over embryonic stem
cell-based platforms. They circumvent ethical concerns associated with embryo use and can be
derived autologously, minimizing alloimmune rejection [22]. However, iPSCs also present unique
safety considerations, including the potential risk of teratoma formation or autoimmune reactivity
against shared self-antigens. Therefore, ensuring complete inactivation or differentiation of iPSC
material prior to administration is critical for clinical translation [23]. Advances in irradiation
protocols, mitomycin C treatment, and gene editing have largely mitigated these risks in preclinical
studies [24]. Moreover, scalable “off-the-shelf” iPSC lines, engineered to express immune adjuvants
or checkpoint modulators, are under exploration as universal vaccine platforms with standardized
antigenic profiles.

In the context of CRC, iPSC-based vaccines hold particular promise for overcoming the
limitations of the immunologically “cold” TME. By presenting a broad array of TAAs,including
oncofetal antigens, neoantigens, and shared tumor epitopes,iPSCs may prime both innate and
adaptive immunity, thereby enhancing tumor antigen visibility and T-cell infiltration [25]. When
combined with immune checkpoint blockade (anti-PD-1, anti-CTLA-4), cytokine therapy,
radiotherapy, or nanotechnology-based delivery systems, iPSC vaccines could transform the
immunologic landscape of pMMR/MSS CRC [26]. Recent innovations in synthetic immunology and
cellular engineering also envision using iPSCs not merely as vaccines but as versatile cellular chassis
for generating CAR-T, CAR-NK, or CAR-macrophage therapies, offering integrated platforms for
tumor targeting, antigen presentation, and immune modulation.

The present review provides a comprehensive synthesis of current advances in iPSC-based
vaccine research, with a focus on their translational potential in colorectal cancer. It examines the
immunogenic underpinnings of iPSCs, mechanisms of T-cell priming and memory formation, and
strategies to enhance vaccine efficacy through adjuvants, nanodelivery, and combinatorial therapies.
We also critically assess the safety, regulatory, and manufacturing challenges associated with iPSC-
derived platforms and discuss their integration within the broader CRC immunotherapy landscape.
By uniting stem cell biology, cancer immunology, and translational biotechnology, iPSC-based
vaccines represent a compelling and multifaceted avenue toward next-generation
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immunoprevention and immunotherapy for CRC,offering the prospect of durable, systemic, and
personalized anti-tumor immunity beyond the constraints of current therapeutic modalities.
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2. Foundations of iPSC-Based Cancer Vaccines
2.1. Oncofetal Similarities and Historical Rationale

The idea that cancer cells and embryonic cells share common molecular features is not new. As
early as the early 20th century, researchers observed that immunization with embryonic or fetal
tissues could induce rejection of tumors in animal models. This observation led to the “oncofetal
antigen” hypothesis , the idea that many proteins expressed during early embryonic development
become aberrantly re-expressed in malignant tissues [27]. These proteins, often silenced after birth,
act as tumor-associated antigens (TAAs) when re-emerging in cancer cells. Classic examples include
carcinoembryonic antigen (CEA), alpha-fetoprotein (AFP), MUC1, and SSEA family members [28].
Because these molecules are largely absent from healthy adult tissues, they present an opportunity
for selective immune targeting of tumors. Early experimental vaccines based on embryonic stem cells
(ESCs) or fetal tissue extracts demonstrated that immunization could trigger immune responses
capable of recognizing tumor cells sharing these embryonic antigens [29,30]. However, these early
strategies faced major obstacles: ethical controversies surrounding the use of embryos, risks of
uncontrolled proliferation or teratoma formation, and strong allogeneic immune rejection due to
mismatched major histocompatibility complex (MHC) molecules between donors and recipients.

The discovery of induced pluripotent stem cells (iPSCs) in 2006 by Shinya Yamanaka and
colleagues revolutionized this landscape. By reprogramming adult somatic cells (such as fibroblasts
or blood cells) using a defined set of transcription factors (OCT4, SOX2, KLF4, and c-MYC),
researchers could generate cells nearly identical to ESCs in morphology, self-renewal capacity, and
gene expression profiles , without using embryos [14]. iPSCs express high levels of telomerase,
maintain open chromatin states, and reactivate many genes typically expressed during early
embryogenesis and in tumors [31]. Genome-wide studies have confirmed extensive overlap between
the transcriptomes of iPSCs, ESCs, and cancer cells, particularly in pathways related to proliferation,
metabolism, and stemness [17,32,33]. Importantly, reprogramming appears to awaken a set of genes
and antigens collectively termed the “iPSC-cancer signature.” These include cancer-testis antigens
(CTAs) such as MAGE-A and NY-ESO-1, as well as developmental regulators and proto-oncogenes
(MYC, KLF4, LIN28, NANOG) [33]. This molecular resemblance forms the scientific rationale for
iPSC-based vaccines: if the immune system can be safely exposed to the antigenic landscape of iPSCs,
it may develop adaptive responses that recognize and eliminate cancer cells expressing similar
antigens.

Early assumptions suggested that autologous iPSCs , derived from a patient’s own cells, would
be immunologically inert, making them ideal for regenerative medicine. However, landmark studies
by Araki et al. (2013) and others revealed that undifferentiated iPSCs are in fact immunogenic even
in genetically identical (syngeneic) hosts [34]. Teratomas formed from autologous iPSCs were rejected
by T-cell-mediated immune mechanisms, similar to allogeneic ESC-derived teratomas [35]. Later,
studies by Ouyang and Kooreman demonstrated that irradiated, autologous iPSCs could function as
potent vaccines [36,37]. Mice vaccinated with iPSCs developed robust CD8* cytotoxic T-cell and
antibody responses, producing long-term immunological memory and cross-reactivity against cancer
cells [36]. These findings confirmed that undifferentiated iPSCs naturally express a wide spectrum of
antigens recognized as “non-self,” providing a broad immunological training ground for tumor
recognition. This shared “oncofetal mirror” relationship between iPSCs and CRC cells forms the
conceptual foundation of pluripotent-cell-based cancer vaccines (Figure 1).
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Figure 1. Conceptual basis of iPSC-based cancer vaccines: the oncofetal mirror hypothesis. A schematic overview
lillustrating how induced pluripotent stem cells (iPSCs) recapitulate the antigenic and molecular features of
colorectal carcinoma (CRC) cells, providing a rationale for their use as polyvalent cancer vaccines. (A) Somatic
cell reprogramming: Adult fibroblasts are reprogrammed with the Yamanaka factors (OCT4, SOX2, KLF4, c-
MYC) to generate pluripotent colonies exhibiting epigenetic resetting. (B) Shared antigen expression: iPSCs and
CRC cells display overlapping oncofetal antigens such as SSEA-4, MUC1, and CEA, normally silent in adult
tissues. (C) Immune recognition of shared antigens: Dendritic cells (DCs) internalize iPSC-derived antigens and
present them via MHC molecules to activate CD8* T cells, leading to cytotoxic responses through granzyme B
and IFN-vy release. (D) Rationale for vaccine protection: Vaccination with inactivated iPSCs (with CpG adjuvant)

elicits robust innate and adaptive immune responses, induces immune memory, and promotes tumor regression.

2.2.iPSC Versus ESC Vaccines and the Role of Adjuvants

Both ESCs and iPSCs share key immunogenic features, but iPSCs offer distinct advantages for
translational use. ESCs are inherently allogeneic and ethically constrained, while iPSCs can be
derived autologously or from universal donor lines. This flexibility reduces immune rejection risks
and allows scalable vaccine production [38]. Comparative studies indicate that when matched for
antigen expression, iPSCs and ESCs trigger comparable levels of immune activation. Yet, ESC
vaccines often elicit stronger alloimmune responses due to mismatched MHC molecules, which can
confound interpretation of tumor-specific immunity [29]. Autologous iPSCs, by contrast, avoid these
background immune reactions, offering a cleaner model to study antigen-specific tumor responses.
Despite their intrinsic immunogenicity, unmodified or adjuvant-free iPSC vaccines typically induce
only partial or transient anti-tumor protection [29]. The immune system requires “danger signals” ,
molecular cues that alert antigen-presenting cells (APCs) such as dendritic cells (DCs) and
macrophages to initiate adaptive immunity [39]. Therefore, iPSC-based vaccines are generally
combined with strong immunostimulatory adjuvants to boost efficacy [40].

Among these, Toll-like receptor (TLR) agonists , particularly CpG oligodeoxynucleotides (TLR9
ligands) , have been most widely used. CpG motifs mimic bacterial DNA and activate plasmacytoid
DCs, leading to secretion of type I interferons and IL-12, which enhance Th1 responses and CD8* T-
cell priming [40]. When CpG is co-administered with irradiated iPSCs, there is a marked increase in
dendritic cell activation, cytokine production, and infiltration of cytotoxic T cells into tumors [36].
This combination has been shown to suppress tumor growth and even achieve complete tumor
regression in murine melanoma, lung, and pancreatic cancer models. Other adjuvants under
investigation include poly(I:C) (a TLR3 agonist that simulates viral RNA), GM-CSF (to recruit DCs to
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the injection site), and STING agonists, which activate innate DN A-sensing pathways [40]. The choice
of adjuvant can be tailored to the tumor’s immunogenic profile or microenvironmental context. For
example, in CRC vaccine studies, GM-CSF-based adjuvants (such as in GVAX formulations) have
shown the ability to recruit and activate DCs within the TME, while CpG adjuvants are particularly
effective at initiating systemic T-cell immunity [41].

The combination of iPSCs and adjuvants represents a synergistic approach: iPSCs provide a
comprehensive library of tumor-relevant antigens, while adjuvants provide the inflammatory cues
needed to activate innate and adaptive immunity. This balance is critical , without adjuvants, immune
tolerance may occur; with excessive stimulation, systemic inflammation or autoimmunity could arise
[42]. Preclinical data consistently show that optimized adjuvant pairing transforms iPSC vaccines
from modestly immunogenic formulations into potent inducers of durable, tumor-specific immunity
[36].

2.3. Safety Considerations: Irradiation and Autoimmunity

The greatest safety concern in iPSC-based vaccination is tumorigenicity. Undifferentiated iPSCs
retain pluripotent potential and can form teratomas , benign but uncontrolled growths containing
cells from all three germ layers. To eliminate this risk, all preclinical studies employ inactivation
strategies before administration. The most established approach is gamma irradiation or X-ray
exposure at high doses (typically 50-60 Gy), which halts cell proliferation while preserving antigen
integrity [43]. Irradiated iPSCs can still present their antigenic repertoire to the immune system but
cannot divide or form tumors. In all reported animal models, no teratoma formation has occurred
following vaccination with properly irradiated iPSCs. Interestingly, irradiation may provide
additional benefits beyond safety [44]. The process of cellular damage triggers the release of danger-
associated molecular patterns (DAMPs) such as ATP, HMGB1, and calreticulin, which further
stimulate innate immune receptors on APCs [45]. This “immunogenic cell death” amplifies antigen
presentation and promotes a pro-inflammatory environment conducive to effective T-cell activation
[46].

Autoimmunity represents another theoretical concern, as many embryonic antigens are shared
between iPSCs and certain adult tissues (for instance, testis or placental antigens). However,
preclinical data thus far have shown minimal evidence of autoimmune toxicity (19,36,47). Vaccinated
mice maintain stable body weight, normal organ histology, and absence of circulating autoantibodies
[36,47]. The immune responses appear focused on tumor-associated antigens rather than
indiscriminate self-reactivity. Nevertheless, careful immune monitoring , including serum
autoantibody assays and organ pathology , remains essential as this technology moves closer to
human application [47,48].

Additional safety innovations are being explored to ensure translational viability. These include
genetic “suicide switches” such as inducible caspase-9 systems, which can selectively ablate any
residual proliferative iPSCs upon administration of a small-molecule activator, and cell-sorting
techniques to remove undifferentiated pluripotent cells before vaccine formulation [49,50]. iPSC-
based cancer vaccines integrate a century-old concept of oncofetal antigen immunology with cutting-
edge stem cell technology. Through inactivation, adjuvant optimization, and immune safety
profiling, these vaccines offer a highly versatile, multivalent, and potentially transformative platform
for cancer immunotherapy. By training the immune system against a broad repertoire of tumor-
associated antigens, iPSC vaccines hold the promise of generating durable, cross-reactive immunity
, a crucial step toward combating refractory and immunologically “cold” malignancies such as
colorectal cancer.
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3. Mechanisms of Anti-Tumor Immunity via iPSC Vaccines
3.1. Activation of Cellular and Humoral Immunity: T-Cell Priming, Effector Responses, and Tumor Infiltration

The antitumor efficacy of iPSC-based vaccines fundamentally depends on their ability to activate
the adaptive immune system,most notably CD8* cytotoxic T lymphocytes (CTLs),supported by CD4*
helper T cells and, to a lesser extent, B-cell-mediated humoral responses. The sequence of immune
activation begins when irradiated iPSCs are administered along with an appropriate adjuvant (such
as CpG oligodeoxynucleotides) [48]. The irradiation process induces immunogenic cell death,
releasing a complex mixture of tumor-associated antigens (TAAs) and damage-associated molecular
patterns (DAMPs) such as ATP, calreticulin, and HMGBI1. These molecular signals recruit and activate
antigen-presenting cells (APCs),particularly dendritic cells (DCs) and macrophages,within the injection
site [51].

Activated DCs internalize iPSC-derived debris and process the TAAs via two major antigen-
presentation pathways. The MHC class I pathway leads to cross-presentation of intracellular or
exogenous iPSC antigens to CD8* T cells, while the MHC class II pathway presents processed peptides
to CD4* T helper (Th) cells [52]. This dual presentation results in the clonal expansion of both effector
and helper T-cell subsets [53]. Together, these events outline the mechanistic framework of iPSC
vaccine-induced anti-tumor immunity (Figure 2). CD8* CTLs recognize tumor cells expressing
shared iPSC-derived antigens and eliminate them through the release of perforin and granzymes,
initiating apoptosis in target cells. Meanwhile, CD4* Thl cells produce interleukin-2 (IL-2) and
interferon-y (IFN-y), reinforcing CD8* activation and promoting macrophage cytotoxic functions [54].

Kooreman and colleagues provided compelling mechanistic evidence for this process using a
syngeneic melanoma model. Mice vaccinated with autologous, irradiated iPSCs combined with CpG
displayed a significant increase in CD8* T-cell frequency and IFN-y production in tumor-draining
lymph nodes [19]. When CD8* cells were depleted, the antitumor efficacy of the vaccine was
completely abrogated, establishing CD8* T cells as the central mediators of vaccine-induced
protection. Adoptive transfer experiments further validated this: transferring CD8* T cells from
vaccinated mice conferred tumor resistance to naive recipients, confirming that the immune
protection is antigen-specific and transferable [21,55].

iPSC vaccination also remodels the tumor microenvironment (TME) by altering immune cell
composition. Vaccinated mice exhibit enhanced infiltration of CD8* effector T cells and a concomitant
reduction in immunosuppressive regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs)
[21]. This shift increases the effector-to-suppressor (E:T) ratio, tipping the TME toward an
immunostimulatory state. In pancreatic and colorectal cancer (CRC) models, this effect correlated
with elevated expression of granzyme-B, IFN-y, and TNF-a within the tumor, demonstrating a
transition from an immune-excluded to an immune-permissive phenotype [56,57].

While cellular immunity dominates, humoral responses also contribute to the vaccine’s efficacy.
B cells exposed to iPSC antigens differentiate into plasma cells that secrete IgG antibodies recognizing
both iPSC and tumor surface antigens [58,59]. These antibodies may facilitate antibody-dependent
cellular cytotoxicity (ADCC) by engaging Fc receptors on NK cells or macrophages, or promote
opsonization and phagocytic clearance of tumor cells. In the melanoma model, vaccinated mice
generated tumor-reactive IgG capable of binding tumor cells and enhancing immune cell-mediated
killing. However, the humoral response mainly complements rather than drives the protective effect
[60].

An additional hallmark of iPSC-based vaccination is epitope spreading [61]. As iPSC-primed T
cells attack tumor cells expressing shared TAAs, the ensuing tumor cell death releases new tumor-
specific antigens, broadening the immune repertoire. APCs capture and present these secondary
antigens, allowing the immune system to mount responses against previously unrecognized tumor
epitopes. This cascade amplifies the antitumor effect beyond the original antigenic scope of the
vaccine, generating polyclonal and diverse T-cell responses,an essential feature for tackling tumor
heterogeneity in CRC [62,63].
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Figure 2. Mechanistic frameworks of iPSC-based vaccines and induced anti-tumor immunity. (A) Irradiated
iPSCs combined with CpG adjuvant form an immunogenic vaccine that initiates local immune priming. (B)
Dendritic-cell uptake of iPSC antigens releases cytokines (IL-12, IFN-a) and drives Thl polarization. (C)
Activated antigen-presenting cells prime CD4* and CD8* T cells, which mediate tumor-cell lysis via perforin and
granzyme. (D) Effector and central memory T cells persist to provide durable surveillance and rapid recall
responses upon tumor rechallenge. Abbreviations: TAA, tumor-associated antigen; DAMP, damage-associated

molecular pattern.

3.2. Development of Immunological Memory and Long-Term Tumor Protection

One of the most desirable features of cancer vaccines is their capacity to generate long-lasting
immunological memory. iPSC-based vaccines excel in this regard by inducing both effector-memory
(T_EM) and central-memory (T_CM) T-cell subsets [19,48]. Following antigen priming, a fraction of
activated T cells persists in secondary lymphoid organs, where they differentiate into memory
populations that provide continuous immune surveillance against tumor recurrence or metastasis
[64].

In murine studies, vaccinated animals demonstrate remarkable durability of protection. Ouyang
et al. reported that mice immunized with iPSCs + CpG in a pancreatic ductal adenocarcinoma model
remained tumor-free for several months after initial challenge. Upon re-exposure to tumor cells, these
animals rapidly mounted a recall response characterized by the expansion of CD44"hiCD62L"hi
(central-memory) CD8* T cells producing IFN-y and IL-2 [36]. In colorectal cancer models, similar
patterns were observed: iPSC vaccination led to the persistence of memory CD8* T cells capable of
recognizing tumor peptides in vitro long after the last immunization [21].

The protective effect of these memory populations has been confirmed through tumor rechallenge
experiments. Mice cured of primary tumors by iPSC vaccination often reject secondary tumor
inoculations months later, without requiring booster doses. Adoptive transfer of splenic memory T
cells from such animals to naive hosts reproduces the protective effect, establishing a direct causal
link between memory formation and long-term antitumor immunity [19,36].

Mechanistically, the generation of durable memory depends on CD4* T-cell help during priming.
CD4* Th1 cells secrete cytokines that promote the survival of activated CD8* cells and program them
into long-lived memory subsets [65]. These T_CM and T_EM cells maintain proliferative potential
and can rapidly differentiate into cytotoxic effectors upon antigen re-exposure [66].
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The establishment of memory is particularly significant for microsatellite-stable (MSS) or proficient
mismatch-repair (pMMR) CRC, where relapse after resection is common and adjuvant therapy options
remain limited. iPSC vaccines could serve as prophylactic agents for high-risk patients,those with
residual microscopic disease or genetic predispositions,providing ongoing immunological
surveillance capable of intercepting early metastatic lesions [67,68].

Interestingly, the quality of the memory response induced by iPSC vaccination differs from that
elicited by conventional peptide or dendritic-cell vaccines. Because iPSCs present an exceptionally
broad antigen repertoire, the resulting memory pool recognizes multiple antigens, reducing the risk
of immune escape due to tumor antigen loss [64,69]. This breadth of recognition may explain why
iPSC-vaccinated animals often exhibit protection across different tumor types that share stemness or
oncofetal antigens. The major tumor-associated and neoantigenic targets that underpin colorectal
cancer vaccine design,including KRAS mutations, oncofetal antigens, and cancer-testis antigens,are
summarized in Table 1.

Table 1. Principal Antigenic Targets Investigated in Colorectal Cancer Vaccinology.

Antigen / Target Type / Class Prevalence in CRC Vaccine Strategy / Relevance

Used in peptide and DC vaccines;

Cancer-testis 10-20 % of CRCs; highly immunogenic; often combined
NY-ESO-1
antigen (CTA) serum antibody =10 %  with CEA / MUCI1 for broader coverage
[70,71].
Tested in multi-epitope peptide
constructs; limited single-antigen
MAGE-A3/ MAGE-A4 CTA 5-15 %
efficacy; promising for combination
vaccines [71,72].
Identified as novel CRC antigen via
Overexpressed; absent immunoinformatics; CTL epitopes
DKKL1 (Dickkopf-like 1) CTA
in normal colon validated in vitro; suitable for
peptide/DC vaccines [73].
Incorporated in in-silico multi-epitope
FBXO039 CTA Elevated in CRC tissues constructs; elicits human CTL
activation [73].
OIP5 (Opa-interacting Frequently upregulated Immunogenic in vitro; included in
CTA
protein 5) in CRC composite CTA vaccine designs [73].
Validated by ELI-002 trial; induced
~50 % of metastatic durable CD4* and CD8* responses;
Mutant KRAS (G12D/V) Neoantigen
CRC correlated with improved RFS/OS
[71,72].
Basis for individualized mRNA or
Rare in MSS; abundant
Personalized neoantigens Neoantigen peptide vaccines; early clinical testing

in MSI-H
ongoing [71].
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Central biomarker and vaccine target;

CEA (Carcinoembryonic Oncofetal Highly expressed (>80
peptides less immunogenic alone; used
antigen) glycoprotein % CRC)
with GM-CSF or viral vectors [71,72].
Studied in peptide/DC vaccines;
Oncofetal
MUCI1 (aberrant glycoform) Widely expressed moderate efficacy; potential preventive
glycoprotein

use in adenoma recurrence [71,72].

3.3. Integration of Neoantigens and Synergy with Radiotherapy

Although native iPSCs express a vast array of TAAs and oncofetal proteins, these shared
antigens are sometimes insufficient to overcome immune tolerance in established, low-mutational-
burden cancers such as CRC. To increase antigenic precision and potency, researchers have
engineered iPSCs to express tumor-specific neoantigens,mutant peptides arising from nonsynonymous
somatic mutations unique to cancer cells. These neoantigen-augmented iPSCs (NA-iPSCs) serve as
customized vaccine platforms capable of stimulating highly specific T-cell responses [74].

A pioneering study used adeno-associated viral vectors to insert genes encoding multiple CRC-
associated neoepitopes,such as mutant KRAS, TP53, and SMAD4 peptides,into mouse iPSCs. When
vaccinated, these NA-iPSCs induced strong CD8* T-cell responses specific to the introduced
neoantigens [75,76]. However, the therapeutic efficacy was dramatically enhanced when vaccination
was combined with localized radiotherapy (RT).

Radiotherapy acts as an immunological amplifier. Ionizing radiation induces tumor cell
apoptosis and necrosis, releasing a diverse array of TAAs and neoantigens into the TME. This process
increases MHC class I expression on tumor cells, activates the STING—type I interferon pathway, and
promotes recruitment of DCs to the irradiated site. Essentially, RT converts the tumor into an in situ
vaccine, enhancing antigen availability and immune infiltration [77].

When NA-iPSC vaccination was coupled with RT in murine models of microsatellite-stable
CRC, approximately 60% of treated animals achieved complete tumor regression. These responses
were accompanied by high frequencies of neoantigen-specific CD8* T cells secreting IFN-y and TNF-
a, along with dense infiltration of cytotoxic lymphocytes and CD11lc* DCs within the tumors.
Importantly, these effects extended beyond local control: vaccinated and irradiated mice exhibited
reduced lung and liver metastases, demonstrating systemic immune activation [75].

Mechanistically, the synergy between NA-iPSC vaccination and RT arises from complementary
processes. The vaccine primes a systemic pool of neoantigen-specific T cells, while RT enhances local
antigen presentation and facilitates T-cell trafficking into tumors. RT-induced cytokines such as
CXCL10 and CCL5 act as chemoattractants, guiding effector T cells into the tumor bed [78]. Moreover,
RT downregulates immunosuppressive factors (e.g., TGF-p, VEGF) and transiently increases PD-L1
expression, providing a window for combination with immune checkpoint inhibitors. This integrated
approach,combining NA-iPSCs, RT, and checkpoint blockade,represents a powerful strategy to
convert immunologically “cold” MSS tumors into “hot,” inflamed Ilesions responsive to
immunotherapy [78].

3.4. Innate Immune Activation and Remodeling of the Tumor Microenvironment

Although the adaptive immune response drives specificity, innate immunity provides the
essential foundation for vaccine efficacy. iPSC vaccination inherently engages innate sensors through
the release of DAMPs and the inclusion of TLR agonists as adjuvants. CpG oligodeoxynucleotides,
the most common adjuvant, activate Toll-like receptor 9 (TLR9) on DCs and B cells, leading to secretion
of IL-12, IL-6, and type I interferons. These cytokines create a pro-inflammatory environment that
favors Th1 polarization and enhances cross-priming of CD8* T cells (39,42,65).

Simultaneously, innate effector cells such as natural killer (NK) cells are activated. NK cells
recognize stress-induced ligands like NKG2D on tumor cells and mediate direct cytotoxicity, bridging
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innate and adaptive immunity. Vaccination with iPSCs plus CpG has been shown to increase NK-

cell infiltration into tumors, elevating IFN-y production and promoting DC maturation via reciprocal

cytokine crosstalk [75].

The iPSC vaccine also reshapes the immunosuppressive components of the TME. Preclinical
CRC and melanoma models report a significant decline in FoxP3* Tregs and CD11b*Gr1* MDSCs
following vaccination [26]. This reduction is associated with increased M1-polarized macrophages
expressing iNOS and TNF-a, and decreased M2-associated cytokines such as IL-10 and Arginase-1.
The resulting microenvironment becomes conducive to antigen presentation, T-cell infiltration, and
effector function [79].

Beyond cellular remodeling, soluble factors play an important role. iPSC vaccination enhances
the expression of chemokines (CXCL9, CXCL10) that attract CXCR3* effector T cells to tumor sites,
while reducing angiogenic factors like VEGF, thereby limiting tumor vascularization and metastasis.
The net result is a coordinated reprogramming of the TME from an immunosuppressive “cold” niche
to an inflamed, cytotoxic milieu capable of sustaining long-term tumor control [56,80].

Collectively, iPSC-based vaccines act as multivalent immunogenic platforms that engage both
innate and adaptive immunity through a cascade of interconnected processes:

a) Antigen release and presentation — Irradiated iPSCs release a broad array of TAAs and DAMPs
that recruit and activate APCs, enabling MHC-I and MHC-II antigen presentation [45,52].

b) Adaptive immune activation — DC-mediated priming leads to expansion of CD8* CTLs and
CD4* Th1 cells, generating a cytotoxic and cytokine-rich immune response [53].

c¢) Humoral response and epitope spreading — B-cell-derived antibodies complement cellular
immunity, while tumor cell death releases additional antigens that broaden recognition [61].

d) Memory formation — Effector and central memory T cells provide long-term surveillance,
protecting against recurrence and metastasis [66].

e) Innate amplification — Adjuvants like CpG and RT-induced inflammatory cues reinforce innate
activation, bridging to adaptive responses [46,78].

f)  Microenvironment reprogramming — The balance of immune infiltrates shifts toward effector
dominance (CD8*, NK, M1 macrophages) with reduced suppressive populations (Tregs,
MDSCs) [79].

Through these mechanisms, iPSC vaccines can effectively train the immune system to recognize
the shared antigenic landscape between pluripotent stem cells and malignant cells. When combined
with modern immunomodulatory agents or radiotherapy, they have the potential to overcome
immune exclusion, achieve systemic tumor control, and establish long-lasting antitumor

immunity,an especially critical advance for refractory malignancies such as microsatellite-stable
colorectal cancer.

4. iPSC Vaccines in the Context of Colorectal Cancer and Frontiers in CRC
Vaccine Platforms

4.1. Cross Cancer Foundations and Translational Relevance to CRC

Much of the foundational understanding of induced pluripotent stem cell (iPSC)-based vaccines
comes from preclinical models in other epithelial cancers, such as melanoma, breast carcinoma, lung
adenocarcinoma, mesothelioma, and pancreatic ductal adenocarcinoma (PDAC) [36]. In these
models, autologous iPSC vaccines formulated with potent adjuvants like CpG oligodeoxynucleotides
elicited durable, antigen specific T cell responses capable of preventing tumor establishment or
slowing growth of established disease [36]. For instance, in PDAC,a tumor with a profoundly
immunosuppressive and fibrotic microenvironment analogous to colorectal cancer (CRC),syngeneic
iPSC + CpG vaccines prevented tumor formation in over 70% of mice, highlighting their ability to
convert immunerefractory malignancies into immunologically active states [81]. The translational
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relevance of these findings to CRC lies in the shared molecular and immunological hallmarks
between PDAC and pMMR/MSS CRC: both display low tumor mutational burden (TMB), high
stromal density, limited immune infiltration, and poor responsiveness to checkpoint inhibitors [82].
Furthermore, both malignancies express overlapping oncofetal and stemness associated antigens,
such as carcinoembryonic antigen (CEA), MUC1, SSEA3/4, and TRA160, which are also abundant in
iPSCs [19,82,83]. This antigenic convergence suggests that the same vaccine principles proven in
PDAC and breast cancer may be extrapolated to CRC, particularly in subtypes characterized by
immune exclusion and low neoantigen load. Moreover, success in mesothelioma and lung carcinoma
models,diseases with low immunogenicity,underscores that iPSC vaccines need not rely on high
TMB but can instead exploit shared developmental antigens [19,82]. These findings collectively
establish iPSCs as a cross cancer immunogen platform capable of priming broad spectrum antitumor
immunity, providing a strong biological rationale for their application to colorectal malignancies.

4.2. CRC-Specific iPSC Vaccine Studies and Antigen Discovery

Recent experimental evidence has extended the iPSC vaccine paradigm directly into colorectal
cancer. The landmark murine studies by Jwo et al. (2025) established both prophylactic and
therapeutic efficacy of autologous, irradiated iPSC vaccines in syngeneic CRC models [26]. In
prophylactic settings, vaccination prior to tumor challenge prevented tumor establishment in a
majority of mice, whereas in therapeutic settings, vaccination significantly delayed tumor
progression and improved overall survival. Mechanistically, these outcomes were associated with
heightened intratumoral infiltration of CD8* cytotoxic T lymphocytes and increased secretion of IFN
v and granzyme B, indicative of a potent Thltype immune response [26]. Depletion experiments
confirmed that both CD4* and CD8* T cells were indispensable for vaccine induced protection,
validating a dual arm adaptive mechanism. Importantly, proteomic and transcriptomic profiling of
iPSCs and CRC cell lines identified two nuclear proteins,heterogeneous nuclear ribonucleoprotein U
(HNRNPU) and nucleolin (NCL),as shared immunogenic targets. These proteins were overexpressed
in both CRC and iPSCs but not in normal adult tissues, fulfilling the ideal criteria for tumor associated
antigens (TAAs). MHC class I binding predictions further indicated strong affinity of HNRNPU and
NCL derived peptides for common murine H2 alleles [26]. Subsequent dendritic cell (DC) vaccination
using these peptides (with CpG adjuvant) recapitulated the cytotoxic T-cell activation and tumor
control observed with whole iPSC vaccines, confirming that iPSCs can serve not only as vaccines but
also as antigen discovery platforms for identifying novel, shared CRC antigens [26]. Hybrid strategies
further extend this utility: iPSCs engineered to overexpress HNRNPU or NCL, when irradiated and
combined with CpG, produced enhanced CD8* responses and induced partial tumor regressions in
established CRC models. These data underscore a dual role for iPSCs,as both polyvalent antigen
sources and customizable carriers for disease specific antigen expression,thereby bridging whole cell
and targeted vaccine paradigms [26].

4.3. Integrating iPSC Vaccines into the CRC Immunotherapy Landscape

Colorectal cancer exemplifies the principle of cancer immunoediting, wherein immune pressure
drives the selection of resistant tumor clones and progressive immune evasion. In most CRC
cases,particularly the 85-90% that are microsatellite stable (MSS) and mismatch repair—proficient
(PMMR),the tumor microenvironment (TME) remains immunologically “cold,” characterized by
high densities of Tregs, MDSCs, and stromal fibroblasts that suppress effector T-cell infiltration
[84,85]. Immune checkpoint inhibitors (ICIs), such as anti-PD1 (pembrolizumab, nivolumab) and
anti-CTLA4 (ipilimumab), have demonstrated remarkable efficacy in microsatellite instability-high
(MSIH) CRC but remain largely ineffective in pMMR/MSS subtypes. iPSC vaccines have the potential
to reshape this immunological landscape by providing a multivalent antigenic stimulus that
broadens T-cell repertoires and increases immune infiltration [86]. When combined with ICIs, iPSC
vaccines could supply the missing priming signal required for checkpoint blockade to succeed in
MSS tumors [87]. In concept, an iPSC vaccine could “ignite” the TME, transforming it from cold to
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hot by increasing chemokine gradients (CXCL9, CXCL10), recruiting effector T cells, and reducing
suppressor populations [88,89]. Parallel immunotherapy modalities, such as CART, CARNK, and
CAR macrophage (CARM) therapies, further illustrate the complementary potential of iPSC-based
vaccination [90,91]. CART therapies targeting CEA, GUCY2C, and EpCAM have shown limited
efficacy in CRC due to on target toxicity and the physical barriers of the TME [90]. An iPSC vaccine
that primes systemic immunity could augment CART function by preconditioning the TME with
activated T cells and inflammatory cytokines, improving CART infiltration and persistence [92].
Conversely, iPSC derived stem cells can be genetically engineered into CAR bearing effector cells
themselves,offering a closed loop system where the same iPSC platform provides both antigenic
priming (via vaccine) and effector cytotoxicity (via differentiated CAR immune cells) [93,94].
Dendritic cell vaccines, peptide vaccines, and viral vector-based vaccines have historically shown
safety but modest efficacy in CRC, often due to limited antigen breadth or inadequate T-cell priming
[95,96]. By presenting the full complement of TAAs,including shared developmental proteins and
neoantigens,iPSC vaccines overcome these constraints [75]. As such, they may serve as a priming
backbone in combination immunotherapy regimens that include checkpoint blockade, radiation, or
adoptive cell transfer [90,92].

4.4. Expanding CRC Vaccine Strategies: KRAS, CT Antigens, and Neoantigens

Advances in CRC vaccine development provide synergistic frameworks for integrating iPSC
technology. One major frontier is KRAS targeted vaccination. Approximately 40-50% of CRCs
harbour activating KRAS mutations (e.g., G12D, G12V, G13D), which represent ideal neoantigenic
targets due to their tumor exclusivity and shared recurrence across patients [97]. The ELI002 2P “off
the shelf” vaccine exemplifies this approach. It delivers KRAS mutant peptides conjugated to
amphiphile adjuvants that enhance lymph node delivery [97]. In the Phase I AMPLIFY201 trial,
ELI002 induced KRAS specific CD4* and CD8* T-cell responses in over 80% of patients with resected
CRC or PDAC, translating to prolonged relapse free survival among high immune responders [98].
Notably, antigen spreading was observed in two thirds of patients, mirroring the epitope broadening
effects characteristic of iPSC vaccination [97]. Another promising avenue involves cancer—testis
antigens (CTAs) such as NYESO1, MAGEA3, LAGE1, DKKL1, and FBXO39, which are normally
restricted to germline tissues but re-expressed in CRC [99]. Bioinformatic epitope prediction and
multi peptide design enable vaccines that cover intertumoral heterogeneity [100]. These epitope
driven vaccines, often formulated with GMCSF or TLR agonists, induce robust IFN y-secreting CTL
responses in preclinical models [26] . Incorporating CTA epitopes into iPSC vaccines,either via
transduction or pulsing,could create hybrid formulations that merge the breadth of iPSC antigens
with the specificity of known CTA targets [75]. Personalized neoantigen vaccines based on next
generation sequencing (NGS) of patient tumors represent another transformative area. By mapping
the patient’s mutanome and selecting predicted HLA binding peptides, vaccines can be designed to
elicit tailored Tcell responses [101]. However, for MSS CRC, which often exhibits low TMB, the
number of actionable neoantigens is limited. Here, iPSC platforms could bridge the gap by serving
as scaffolds for integrating known neoepitopes or delivering shared developmental antigens to
complement the sparse mutational repertoire [75]. The emerging neoantigen augmented iPSC
(NAiPSC) approach,where iPSCs are genetically modified to express tumor specific
mutations,demonstrates this convergence, achieving significant tumor regression and immune
activation when combined with local radiotherapy in MSS CRC models [75].

4.5. Future Integration: Delivery Innovations and Combination Therapies

The delivery and formulation of CRC vaccines are rapidly evolving with the advent of mRNA
and nanotechnology-based systems. mRNA vaccines, validated during the SARS-CoV-2 pandemic,
offer scalable, safe, and flexible platforms for encoding tumor antigens [102,103]. Lipid nanoparticle
(LNP)-encapsulated mRNA vaccines can deliver multiple TAAs or neoantigens directly to dendritic
cells [103,104]. In CRC, preclinical mRNA formulations encoding KRAS mutations, CTAs, or
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oncofetal antigens have induced potent CD8* Tcell responses and suppressed tumor growth
[102,105]. The modularity of mRNA design allows for combination with iPSC derived lysates or
adjuvants, generating hybrid vaccine regimens that couple the precision of mRNA with the broad
antigenic spectrum of iPSCs [103]. Nano vaccines further enhance antigen delivery and presentation.
Poly (lactic-co-glycolic acid) (PLGA), iron oxide, or virus like particle (VLP) carriers can encapsulate
iPSC lysates or TAA peptides alongside CpG or STING agonists, ensuring colocalized antigen—
adjuvant delivery and sustained release within lymphoid organs. Such systems improve antigen
uptake by DCs and facilitate cross presentation to T cells. Moreover, targeted nanoparticles can be
engineered to release contents in response to pH or enzymatic cues within tumors, offering precise
spatiotemporal control of immune activation [106]. From a systems immunology perspective, the
most promising horizon for CRC lies in combination therapies. iPSC vaccines could serve as a
priming platform to be followed by checkpoint inhibitors (anti-PD1, anti-CTLA4), adoptive transfer
(CART, CARNK), or immunogenic radiotherapy. Radiotherapy enhances antigen release and MHC
upregulation, synergizing with iPSC induced Tcell priming [102,105]. Similarly, coadministration of
cytokine adjuvants (e.g., IL12, GMCSF) or oncolytic viruses could further potentiate the response by
amplifying antigen exposure and immune cell recruitment [107]. In future clinical designs, sequential
regimens might involve iPSC vaccination to establish antigen specific immunity, checkpoint
inhibition to prevent exhaustion, and CAR or NK cell infusions to deliver direct tumor cytotoxicity.
Together, these integrative strategies could finally breach the immunological barriers that have long
defined MSS CRC.

4.6. Perspective

The intersection of iPSC-based vaccines and colorectal cancer immunotherapy represents a
transformative frontier. By leveraging the shared antigenic landscape between pluripotent stem cells
and tumors, integrating neoantigen or CTA engineering, and adopting next generation delivery
systems, iPSC vaccines offer an unprecedentedly versatile and immunologically rich platform. Their
unique capacity to simultaneously provide antigenic diversity, innate activation, and adaptive
priming situates them at the convergence of whole cell and precision immunotherapy. In the coming
decade, systematic evaluation of iPSC vaccines,alone or in combination with checkpoint blockade,
radiotherapy, or cellular therapies,could redefine immune management in CRC, especially for the
vast MSS population that remains unresponsive to current treatments.

5. Tumor Microenvironment (TME): Challenges and Strategies, and Preclinical
to Early Clinical Evidence of iPSC-Based Vaccines in Colorectal Cancer

5.1. Immunosuppressive Tumor Microenvironment in Colorectal Cancer

One of the principal barriers to effective immunotherapy in colorectal cancer (CRC) is the
profoundly immunosuppressive tumor microenvironment (TME) [108]. The majority of
CRCs,especially the microsatellite-stable (MSS) and proficient mismatch repair (pMMR)
subtypes,exhibit a “cold” immune phenotype characterized by poor infiltration of cytotoxic T
lymphocytes (CTLs) and antigen-presenting dendritic cells (DCs) [109]. Instead, these tumors are
heavily populated with regulatory and suppressive immune subsets that create a hostile milieu for
effector immunity [110]. Key immunosuppressive elements include regulatory T cells (Tregs), myeloid-
derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs) of the M2 phenotype, all of
which secrete inhibitory cytokines such as TGF-f, IL-10, and VEGF [111]. These soluble factors
suppress effector T-cell activation, inhibit DC maturation, and promote angiogenesis and tumor
proliferation [112]. Metabolic constraints within the TME,such as hypoxia, acidosis, and nutrient
competition (glucose and amino acids),further blunt T-cell function and promote exhaustion through
expression of inhibitory receptors (PD-1, TIM-3, LAG-3) [113].

This immunosuppressive network is reinforced by the structural properties of the CRC
microenvironment. Dense desmoplastic stroma, abnormal vasculature, and fibrotic extracellular
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matrix hinder the trafficking of immune cells into tumor nests [114]. Tumor epithelial cells
overexpress PD-L1 and indoleamine-2,3-dioxygenase (IDO), while stromal fibroblasts secrete
CXCL12 and TGE-p to actively exclude T cells from tumor cores [115,116]. As a result, the dominant
immune phenotypes in pMMR CRC are “immune-desert” or “immune-excluded,” with minimal T-
cell infiltration and negligible cytotoxic activity [115]. By contrast, the minority of CRCs with high
microsatellite instability (MSI-H/dMMR) exhibit abundant CD8* T-cell infiltration and respond
robustly to immune checkpoint inhibitors (ICIs) such as pembrolizumab and nivolumab [117]. The
challenge, therefore, lies in reprogramming the pMMR/MSS microenvironment into an immune-
permissive state capable of sustaining T-cell infiltration and activity,an objective that iPSC-based
vaccination strategies are beginning to address.

5.2. iPSC Vaccine-Mediated Modulation of the Tumor Microenvironment

Induced pluripotent stem cell (iPSC) vaccines have demonstrated the capacity to partially
remodel the suppressive CRC TME [48]. In preclinical models, iPSC vaccination,particularly when
formulated with the TLR9 agonist CpG,induces a strong systemic Th1-skewed immune response that
translates into increased infiltration of CD8* CTLs and natural killer (NK) cells into the tumor [36].
These changes occur in parallel with a decline in immunosuppressive populations, including FoxP3*
Tregs and CD11b*Gr1* MDSCs, thus improving the effector-to-suppressor ratio within the tumor [21,26].
In a 2025 murine CRC study using a CpG-adjuvanted iPSC vaccine, histological analyses revealed a
marked increase in intratumoral CD8* T cells expressing granzyme B and perforin, accompanied by
a significant reduction in FoxP3* cells [26,36]. Flow cytometry confirmed that the CD8*/Treg ratio
increased by more than threefold compared to unvaccinated controls. Cytokine profiling of tumor
tissue showed elevated IFN-y, TNF-a, and IL-12p70, alongside reduced IL-10 and TGF-p, reflecting a
shift toward an inflammatory, cytotoxic milieu [118,119].

When the same vaccine was combined with focal radiotherapy (RT), the effect was amplified.
RT induced immunogenic cell death in tumor cells, upregulated MHC class I expression, and released
endogenous damage-associated molecular patterns (DAMPs) such as calreticulin and HMGB1 [120].
These signals enhanced local antigen presentation and DC recruitment, allowing systemic iPSC-
primed T cells to home to the tumor [121]. Immunohistochemistry revealed a dense infiltration of
CD8* and NK1.1* cells within irradiated tumors, with increased expression of the activation marker
NKG2D. The combined treatment also decreased intratumoral MDSCs and polarized TAMs toward
an M1-like phenotype expressing iNOS and CD86. These data indicate that iPSC vaccination not only
induces systemic immunity but can also locally “heat up” the CRC microenvironment by recruiting
and activating cytotoxic effectors while dismantling suppressive networks [122]. Although the degree
of modulation is modest compared to viral or checkpoint-based immunotherapies, it establishes a
foundation for combinatorial approaches that can further amplify immune reprogramming in MSS
CRC [123,124]. This reprogramming of the colorectal tumor microenvironment,from a suppressive,
immune-excluded niche to an effector-dominant and inflamed state,is illustrated in Figure 3.
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Figure 3. Remodeling of the colorectal tumor microenvironment (TME) by iPSC vaccination. (A) Baseline “cold”

microsatellite-stable (MSS) colorectal tumor characterized by fibroblast-rich stroma, myeloid-derived

suppressor cells (MDSCs), and T-cell exclusion. (B) Following iPSC vaccination, antigen presentation and
cytokine signaling (IL-12, IFN-y) promote infiltration of CD8* T cells and NK cells and stromal remodeling. (C)

Effector dominance emerges through M1 macrophage polarization, increased CXCL9/10-mediated chemotaxis,

and tumor-cell lysis via granzyme B. (D) Combination with radiotherapy and PD-1 blockade amplifies antigen

release and T-cell-mediated tumor clearance. Abbreviations: TME, tumor microenvironment; MDSC, myeloid-

derived suppressor cell; RT, radiotherapy.

Table 2. Vaccine Platforms Evaluated in Colorectal Cancer and Current Development Status.

Vaccine Clinical Stage /

Example / Target Key Outcomes / Challenges
Platform Trial

OncoVAX (irradiated Reduced recurrence in stage II; modest benefit in stage III;
Phase III (stage
autologous colon logistic and cost barriers due to individualized
Whole-cell II/1II CRC)
tumor + BCG) manufacturing [125,126].
tumor
Vigil™ (autologous

vaccines Phase I/ case Safe; occasional long-term remissions in metastatic CRC;

tumor + GM-CSF +
furin inhibitor)

CEA-RNA/DC, p53-

Dendritic-cell

vaccines

Peptide

vaccines

SLP/DC, tumor-

lysate/DC

KRAS G12D/V (ELI-

002 2P)

MUCT1 long-peptide

(OCV-501)

CEA, NY-ESO-1

peptides

reports

Phase I-1I

Phase I

(AMPLIFY-201)

Phase II
(adenoma

prevention)

Phase I-1I

remains investigational with limited scalability [127-129].

Induced tumor-specific T cells in many patients; clinical

responses modest; DC yield and standardization remain

technical challenges [130].

84 % of patients developed KRAS-specific T-cell

responses; higher responders had prolonged RFS / OS;

expanding to Phase II with PD-1 blockade [131].

Immunogenic and well-tolerated; trend toward reduced

adenoma recurrence [132,133].

Safe; variable T-cell induction; limited efficacy alone —

supports multi-antigen combinations [134].




18 of 36

DNA plasmid Early-phase / Generated humoral + cellular responses; development

(pVAX1-CEA, pGS-21) preclinical shifting toward mRNA platforms.

Nucleic-acid

Early clinical

vaccines mRNA (neoantigen / Rapid, customizable; encouraging immunogenicity in GI
(Moderna,
shared antigen) tumors; CRC-focused trials ongoing.
BioNTech)
MVA-CEA, MVA- Strong innate activation; safe; combinable with adjuvants
Phase I
MUC1 or checkpoint inhibitors [135].

Viral-vector

Oncolytic viruses (T-
vaccines Preclinical / Induce tumor lysis + immune priming; under evaluation
VEC, adenoviral

Phase I for CRC metastases [136].
constructs)
Multivalent antigen display; prophylactic and therapeutic
iPSC-based Autologous iPSCs + Preclinical
efficacy; potent T-cell activation; teratoma-safe after
vaccines CpG (syngeneic) (murine)

irradiation; no human trials yet [37].

5.3. Combination Strategies to Overcome Immunosuppression

Given the complexity of the CRC TME, monotherapy with vaccines is unlikely to suffice for

durable tumor control. Rational combinations that simultaneously activate the immune system and

neutralize suppression are essential. Several strategies have shown preclinical efficacy in enhancing

iPSC vaccine potency:

Innate immune agonists: CpG (TLR9), poly(I:C) (TLR3), and imiquimod (TLR7) are among the
most effective adjuvants for triggering DC maturation and type I interferon production. CpG
has been used in nearly all iPSC vaccine formulations, but new synthetic TLR and STING
agonists may provide stronger and more sustained DC activation [137]. STING agonists, for
instance, promote cGAS-mediated interferon signaling, facilitating cross-presentation of tumor
antigens to CD8* cells [138].

Checkpoint inhibitors: Checkpoint blockade is a logical partner for iPSC vaccines. Anti-PD-1,
anti-PD-L1, or anti-CTLA-4 antibodies can release inhibitory constraints on iPSC-induced T
cells, enhancing effector proliferation and cytotoxicity [139,140]. While MSS CRC rarely
responds to checkpoint blockade alone, vaccines that expand tumor-reactive T cells can create
sufficient immune infiltration to render these antibodies effective. Preclinical CRC models are
currently testing iPSC + anti-PD-1 combinations, showing promising synergy in tumor control
and survival extension [141].

Cytokine adjuvants: Cytokines such as IL-12, IL-15, and GM-CSF can enhance T-cell survival
and effector differentiation. GM-CSF, widely used in whole-cell vaccines (e.g., GVAX), recruits
and matures DCs at vaccination sites. Low-dose IL-2 selectively supports effector T-cell
expansion when carefully titrated to avoid Treg proliferation. IL-15 strengthens NK and memory
CD8* compartments, offering a complementary axis to checkpoint or vaccine-induced activation
[142,143].

Chemotherapy and radiotherapy: Certain cytotoxic agents have immunomodulatory roles.
Oxaliplatin and cyclophosphamide induce immunogenic cell death, releasing tumor antigens
and transiently depleting Tregs, respectively. Combining these with iPSC vaccination enhances

antigen availability and reduces suppression [144]. RT not only provides local tumor control but
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also serves as an in-situ vaccine by increasing antigen release and vascular permeability,
facilitating immune cell trafficking [120].

¢ Anti-angiogenic and metabolic modulators: Agents like bevacizumab (anti-VEGF) normalize
tumor vasculature, improving T-cell access to the tumor parenchyma. Targeting tumor
metabolism,such as IDO inhibitors to prevent tryptophan depletion or lactate blockers to reverse
acidosis,could further enhance T-cell persistence and function after vaccination [145,146].
Through such integrative approaches, iPSC vaccines can serve as a “priming hub” in multimodal

regimens designed to convert cold tumors into inflamed, targetable lesions. A comparative summary

of current colorectal cancer vaccine platforms,including whole-cell, dendritic-cell, peptide, nucleic-
acid, and iPSC-based strategies,and their developmental status is provided in Table 2.

6. Preclinical and Early Clinical Data Supporting iPSC-Based Cancer Vaccines
6.1. Murine Model Evidence

Across preclinical models, the hallmark finding is that iPSC-based vaccines, especially in
combination with adjuvants, confer strong prophylactic immunity and measurable therapeutic
effects. In melanoma, lung, and PDAC models, weekly administrations of irradiated syngeneic iPSCs
(1-2 x 10¢ cells per dose) with CpG achieved tumor rejection in 60-75% of vaccinated mice. The
Ouyang et al., 2021 PDAC study demonstrated that 6 of 8 vaccinated mice completely resisted tumor
challenge, whereas all controls succumbed to progressive disease. In therapeutic settings with
established tumors, single-agent iPSC vaccines slowed tumor growth but rarely eradicated large
lesions [36]. However, combination strategies yielded striking improvements. In the Huang et al., 2024
study, a neoantigen-augmented iPSC (NA-iPSC) vaccine combined with localized RT achieved
complete regression in 60% of mice bearing MSS CRC tumors. Treated tumors exhibited increased
infiltration by IFN-y* CD8* T cells and reduced lung and liver metastases [75]. Similarly, combining
iPSC vaccines with subtherapeutic chemotherapy or agonistic anti-OX40 antibodies enhanced tumor
clearance, suggesting that immune costimulation or tumor debulking can synergize with vaccination
[147]. Immunological analyses consistently show robust activation of both arms of adaptive
immunity. Splenocytes from vaccinated animals display high IFN-y secretion upon tumor antigen
stimulation, and serum antibodies recognize shared epitopes on tumor cells. In vivo cytotoxic assays
confirm that CD8* T cells from vaccinated mice kill target cells in an MHC-I-restricted manner. Long-
term follow-up indicates the presence of memory CD44"hiCD62L"hi CD8" cells capable of mediating
rejection upon tumor rechallenge months later.

6.2. Pancreatic Cancer iPSC Vaccine Models as CRC Analogs

PDAC provides an excellent surrogate for MSS CRC due to its low TMB, desmoplastic stroma,
and poor immune infiltration. In Ouyang et al. (Stem Cell Reports, 2021), PDAC-bearing mice
vaccinated with autologous iPSCs + CpG showed robust systemic immunity, elevated granzyme B
and perforin levels in splenocytes, and increased tumor-infiltrating CD8* T cells with reduced Tregs
[36]. Tumor-free survival was significantly prolonged following resection, modeling adjuvant
immunotherapy for minimal residual disease,a clinically analogous scenario to post-colectomy CRC
patients at high recurrence risk. Transcriptomic comparison revealed substantial overlap between
PDAC and CRC “iPSC-cancer signature” gene sets, validating iPSC-derived antigens as relevant to
both [36].

6.3. Early Human Data: Lessons from KRAS Peptide Vaccines

Although iPSC vaccines have not yet entered human trials, insights can be drawn from related
peptide vaccine studies in CRC. The ELI-002 2P KRAS-mutant vaccine (Phase I, AMPLIFY-201, 2024—
2025) enrolled 25 patients (20 PDAC, 5 CRC) with residual disease post-surgery. The vaccine,
consisting of KRAS G12D/G12V peptides conjugated to amphiphile adjuvants, was well tolerated
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with no serious adverse events [148]. Inmunogenicity was robust,84% of patients developed KRAS-
specific T-cell responses, encompassing both CD4* and CD8* compartments. Notably, 67% exhibited
epitope spreading to additional tumor antigens beyond KRAS, paralleling the poly-antigenic immunity
elicited by iPSC vaccination in animal models [148].

Clinically, patients with high immune responses achieved markedly superior outcomes: median
relapse-free survival was not reached compared to 3.0 months in low responders (p = 0.0002), and
median overall survival was also not reached versus 15.9 months (p = 0.0099). Approximately 24% of
patients cleared circulating tumor DNA (ctDNA), providing molecular evidence of disease control
[148]. These findings demonstrate that robust, mutation-directed vaccination can generate clinically
meaningful immune activity in CRC and related solid tumors, supporting the translational trajectory
of iPSC-based vaccines. A summary of representative preclinical iPSC vaccine studies demonstrating
prophylactic and therapeutic efficacy across tumor models is presented in Table 3.

Table 3. This table concisely summarizes all major murine and preclinical iPSC vaccine experiments discussed

in the text.

Study (Year)

Cancer Model

iPSC Source /

Adjuvant

Key Experimental Findings

Kooreman et al.
(2018, Cell Stem

Cell)

Ouyang et al.
(2021, Stem Cell

Reports)

Huang et al.
(2024, Cancer

Immunol Res)

Jwo et al. (2025,
Nat Commun,

preclinical)

Murine melanoma,
breast carcinoma,

mesothelioma

Murine pancreatic
ductal
adenocarcinoma

(PDAC)

Microsatellite-stable
(MSS) colorectal

carcinoma and TNBC

Murine colorectal
carcinoma (CT26,

MC38)

Autologous mouse
iPSCs; CpG (TLR9

agonist)

Autologous mouse

iPSCs; CpG adjuvant

Autologous iPSCs
engineered with
eight CT26
neoantigens via
AAV; combined
with focal

radiotherapy

Autologous iPSCs;

CpG adjuvant

Prophylactic vaccination prevented tumor growth in
~60 % of mice; induced strong CD8* cytotoxic T-cell
and antibody responses; adoptive transfer of T cells
from vaccinated mice conferred protection;
demonstrated cross-reactivity between iPSC and
tumor antigens [37].

75 % of vaccinated mice rejected tumors completely;
vaccine elicited robust effector/memory CD8* T cells
and humoral immunity; reduced intratumoral
FoxP3* Tregs and MDSCs; prolonged survival in

adjuvant (post-surgical) setting [36].

iPSC + RT yielded ~60 % complete regression vs <10
% with single modality; generated strong
neoantigen-specific CD8* T-cell responses, high IFN-
v / granzyme B expression, and reduced metastasis;
validated synergy between iPSC vaccination and RT-

induced antigen release [75].

Demonstrated both prophylactic and therapeutic
efficacy; increased tumor-infiltrating CD8* cells,
elevated IFN-vy; identified shared antigens HNRNPU
and NCL as dominant targets; peptide vaccines
against these antigens reproduced cytotoxic and

memory responses [26].
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Proof-of-concept studies established pluripotent

Allogeneic/

Multiple stem cells as broad antigen sources; antitumor

Melanoma, lung, syngeneic ESCs or

groups (2000s— efficacy observed only with potent adjuvants or in

ovarian, colon models iPSCs + CpG,

2020s) combination with checkpoint blockade, highlighting
poly(I:C), GM-CSF

need for multi-modal design [149,150].

Preclinical evidence establishes iPSC vaccines as potent inducers of both systemic and
intratumoral immunity, capable of preventing tumor initiation and synergizing with radiotherapy
and adjuvants to eradicate established disease. The translational insights from KRAS peptide vaccine
trials further underscore that antigen-targeted vaccination can prolong survival in CRC patients,
validating the underlying immunological framework of vaccine-induced tumor control [97,98]. The
next steps involve first-in-human iPSC vaccine trials, most feasibly in high-risk, post-resection CRC
or PDAC patients with minimal residual disease settings where the immune system is least
suppressed and antigen load is lowest. Critical questions include the optimal iPSC dose, frequency,
adjuvant formulation, and integration with standard-of-care regimens such as oxaliplatin-based
chemotherapy or PD-1 blockade. As the field moves toward clinical translation, the convergence of
stem cell biology, immunoengineering, and precision oncology positions iPSC-based vaccines as a
new frontier in solid tumor immunotherapy. Key experimental and clinical approaches to remodel
the colorectal tumor microenvironment and enhance vaccine responsiveness,including innate
agonists, cytokines, radiotherapy, and anti-angiogenic agents,are summarized in Table 4.

Table 4. Experimental and Clinical Strategies to Modulate the Colorectal Tumor Microenvironment (TME).

Primary TME Mechanism / Functional Representative Example /
Strategy / Agent
Target Effect Status
Activate innate sensors — type CpG used in iPSC vaccine
TLR agonists (CpG, Dendritic cells / IIEN + IL-12 release; promote protocols; multiple TLR
poly(I:C)) macrophages cross-presentation and Th1 agonists in clinical testing as
polarization. adjuvants [138].
Block inhibitory signaling — Approved for MSI-H CRC;
Checkpoint inhibitors (anti- restore effector function; trials ongoing in MSS CRC
Exhausted T cells

PD-1, anti-CTLA-4)

TLR2/4 agonists (MPLA,

poly-ICLC)

Cytokines (GM-CSF, IL-2, IL-

12, IL-15)

synergize with vaccines by

sustaining T-cell activity.

Trigger NF-«xB and IRF

APC activation pathways; enhance antigen

presentation; safe adjuvants.

Recruit and activate APCs and
DCs /T cells /| NK
effector cells; strengthen
cells
cytotoxic responses.

with vaccine combination
[86,140,147].

MPLA used in HPV vaccine
(Cervarix); adapted for
experimental cancer vaccines
[137,138,151].

GM-CSF in GVAX and iPSC
vaccines; IL-12/IL-15 potent but
dose-limited clinically

[142,143].
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Induces immunogenic cell
Synergy demonstrated in NA-
Tumor cells and death, increases MHC 1
Radiotherapy (RT) iPSC + RT CRC model; clinical
vasculature expression, releases DAMPs;
validation underway [78,120].
normalizes vasculature.

Oxaliplatin triggers
Combined in CRC vaccine
Chemotherapy (Oxaliplatin, Tumor + immune  immunogenic death; low-dose
trials to enhance immune
Cyclophosphamide) cells cyclophosphamide transiently
priming [144,152].
depletes Tregs.
Normalizes vessels, increases Widely used in metastatic
Anti-angiogenic therapy Tumor vasculature
T-cell infiltration, reduces CRC; under evaluation with
(Bevacizumab) / hypoxia
MDSCs. vaccines + ICI [145,146].
T-VEC approved for
Cause direct tumor lysis and
Oncolytic viruses (T-VEC, Tumor cells and melanoma; engineered
release neoantigens; viral
AdV, VV) innate pathways adenoviral/vaccinia vectors in

PAMPs activate STING / TLR.
CRC Phase I [136,153]

7. Safety, Translational Considerations, and Opportunities for Innovation
7.1. Safety and Translational Considerations

The clinical translation of induced pluripotent stem cell (iPSC)-based cancer vaccines demands
careful balancing of immunogenic efficacy with biological safety and manufacturing feasibility. Two
main safety issues dominate the translational landscape: autoimmunity and tumorigenicity.

Autoimmunity Risks: Because iPSCs express a broad spectrum of oncofetal and developmental
antigens, there is theoretical concern that immune responses could cross-react with normal adult
tissues expressing low levels of the same antigens [154]. However, extensive murine data indicate
minimal evidence of autoimmunity. Mice vaccinated with irradiated autologous or syngeneic iPSCs
did not develop pathological inflammation or autoimmune lesions in organs such as the liver, kidney,
or skin [155]. This suggests that while iPSC vaccines elicit broad immune activation, the responses
remain focused on tumor-associated antigens rather than self-tissues. Nevertheless, clinical
translation requires stringent monitoring, including serum autoantibody assays, histopathological
surveillance, and immune profiling to detect subclinical autoimmunity [156].

Tumorigenicity Risks: Residual undifferentiated iPSCs can form teratomas if not adequately
inactivated. Therefore, gamma irradiation (typically 50-60 Gy) or X-ray exposure is mandatory to
eliminate proliferative potential while preserving antigenicity. All preclinical studies have confirmed
complete prevention of teratoma formation using this approach. For clinical-grade production,
comprehensive quality controlincluding viability assays, sterility testing, and colony-forming unit
checks,is required to ensure no live pluripotent cells persist. Genetic “suicide switches” such as
inducible caspase-9 (iCasp9) or thymidine kinase systems are being developed as redundant
safeguards [157].

Autologous vs. Off-the-Shelf Models: Translational application of iPSC vaccines involves a
trade-off between autologous personalization and off-the-shelf scalability. Autologous
vaccines,generated from the patient’s own somatic cells,ensure full HLA compatibility and include
personalized tumor-associated and neoantigens [158]. However, they are labor-intensive, costly, and
time-consuming, often requiring several weeks to generate clinical-grade material. This limits use in
fast-progressing cancers. Conversely, allogeneic or “universal donor” iPSC vaccines can be
manufactured at scale, cryopreserved, and deployed rapidly. To overcome immune rejection,
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researchers are engineering hypoimmunogenic iPSC lines via CRISPR-mediated deletion of MHC-
I/Il genes combined with overexpression of immune-inhibitory molecules such as CD47. Such
“immune-cloaked” iPSCs may act as universal antigen sources while minimizing host rejection. A
hybrid approach,rapidly deploying an off-the-shelf iPSC vaccine followed by a patient-specific
booster containing personalized neoantigens,represents a practical translational path [159].

Manufacturing and Regulatory Oversight: Clinical manufacturing must follow Good
Manufacturing Practice (GMP) standards. iPSCs should be derived using non-integrating vectors
(Sendai virus, episomal plasmids, or synthetic mRNA) to prevent insertional mutagenesis. Each batch
requires characterization for pluripotency (OCT4, SOX2, NANOG), sterility, genomic stability, and
absence of replication-competent vectors. After irradiation, the vaccine can be formulated as whole-
cell suspensions, lysates, or membrane fractions combined with adjuvants such as CpG or GM-CSEF.
Release criteria must include potency assays (e.g., induction of IFN-y in dendritic cell co-culture) and
stability validation during storage. Regulatory agencies will evaluate iPSC vaccines as complex
biologics combining features of cellular therapy and prophylactic vaccines. Documentation of safety,
reproducibility, and lot consistency will be critical [160]. Early-phase human trials are expected to
enroll post-resection or minimal-residual-disease CRC patients, where the immune system is intact
and tumor burden is low. Ethical oversight focuses mainly on donor consent, genetic data privacy,
and equitable access. Unlike embryonic stem cell-derived products, iPSCs raise few ethical
controversies, but transparency in donor use and data governance will remain essential [161].

In essence, the safe and reproducible translation of iPSC vaccines hinges on three pillars:
biological containment (irradiation and genetic safeguards), immunological specificity (avoiding self-
reactivity), and manufacturing standardization (GMP workflows with clear regulatory endpoints).

7.2. Opportunities for Innovation

The iPSC platform is uniquely positioned to drive innovation at the intersection of stem cell
biology, synthetic immunology, and nanotechnology. Beyond acting as antigen sources, iPSCs can be
engineered into integrated therapeutic systems encompassing cellular vaccines, immune effectors,
and smart monitoring tools.

iPSC-Derived Immune Effectors: One of the most promising innovations is the differentiation
of iPSCs into immune effector cells,iPSC-derived NK cells, macrophages, and T cells,that can be
genetically modified with chimeric antigen receptors (CARs) [162]. Several iPSC-NK cell products
(e.g., FT500, FT576) are already in early clinical trials for solid tumors, including gastrointestinal
cancers [163]. These “off-the-shelf” cytotoxic cells combine the uniformity of a cell line with the
potency of adoptive immunotherapy. The future integration of iPSC vaccines with iPSC-derived
CAR-NK or CAR-T cells could enable a two-phase treatment: the vaccine primes tumor-specific
immunity, and the engineered effector cells deliver direct cytotoxic clearance [164].

Synthetic Immunology and Controlled Activation: Synthetic biology tools allow precise
regulation of immune responses. Incorporating inducible “safety switches” or logic-gated CAR
designs can prevent off-target cytotoxicity,a crucial consideration for CRC antigens such as CEA that
are expressed on normal mucosa [165]. Engineering iPSCs or their derivatives to secrete immune-
modulating cytokines (IL-12, IL-15) or co-stimulatory ligands under conditional promoters could
fine-tune the amplitude and duration of immune activation. Such programmable iPSC vaccines could
achieve robust immunity while minimizing systemic inflammation [166].

Nanotechnology-Enhanced Vaccine Delivery: Nanotechnology provides new opportunities for
optimizing antigen presentation. Encapsulation of iPSC lysates or membranes within biodegradable
nanoparticles containing CpG or STING agonists can ensure synchronized delivery of antigen and
adjuvant to dendritic cells in draining lymph nodes [167]. Lipid nanoparticles (LNPs), proven in
mRNA vaccine platforms, could carry RNA transcripts derived from iPSC antigens, effectively
combining the antigenic diversity of iPSCs with the tunability of mRNA technology. These systems
improve stability, targeting efficiency, and scalability for clinical deployment [168].
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Real-Time Immune Monitoring and AI-Driven Optimization: To accelerate translation, real-
time assessment of immune dynamics is essential. Imaging techniques, such as PET using
radiolabeled PD-L1 tracers or MRI with superparamagnetic iron oxide-labeled immune cells,can
noninvasively track T-cell infiltration and vaccine response in vivo [169]. Integration of
bioinformatics and Al pipelines can guide antigen selection, predict patient-specific HLA binding,
and optimize dosing regimens based on immune signatures or circulating tumor DNA (ctDNA)
kinetics. Machine learning—driven modeling could further help distinguish productive immune
responses from tolerance or exhaustion [170,171].

System Integration for CRC: For colorectal cancer, where the immune landscape is often cold,
iPSC technology could combine several of these innovations into a unified platform: irradiated iPSC
vaccines as antigen sources; CAR-engineered iPSC-derived effector cells for cytolytic function; nano-
vaccine formulations for efficient delivery; and real-time imaging for immune tracking. Collectively,
these strategies can convert immunologically inert MSS CRC into responsive disease states
[168,172,173]. The translational continuum of iPSC vaccine development, from GMP manufacturing
and clinical testing to integration with computational, nanotechnological, and synthetic-biology
innovations, is summarized in Figure 4. iPSC vaccines occupy a unique translational niche, bridging
conventional vaccination and advanced cell therapy. Through safe manufacturing, rigorous
regulation, and integration with next-generation technologies such as CAR engineering,
nanodelivery, and Al-guided immune monitoring, they represent a flexible and evolvable platform
poised to redefine tumor immunotherapy.
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Figure 4. Translational integration and future directions of iPSC vaccines in colorectal cancer (CRC). The
schematic outlines the roadmap for advancing iPSC-based vaccines from laboratory concept to clinical
implementation. (A) Synergistic combination therapies are checkpoint inhibitors, cytokine adjuvants, and
radiotherapy enhance iPSC-induced immune priming and tumor clearance. (B) Engineering and technological
innovations involves integration of CAR-engineered iPSC-derived effectors, nanovaccine formulations, and Al-
driven antigen design improves precision and personalization. (C) Clinical translation pathway are GMP-grade
iPSC production, formulation, and Phase I/II trial design enable safe and standardized deployment. (D) Future
horizons includes data-driven optimization using organoid and digital-twin platforms refines vaccine efficacy
and patient-specific response prediction. Abbreviations: GMP, Good Manufacturing Practice; CAR, chimeric

antigen receptor; Al artificial intelligence; CRC, colorectal cancer.
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8. Conclusion and Future Directions
8.1. Conclusion

Induced pluripotent stem cell (iPSC)-based vaccines represent a transformative step in the
evolution of cancer immunotherapy, offering a unified framework that merges developmental
biology, immunology, and translational oncology. Their rationale is grounded in a simple yet
powerful concept , iPSCs recapitulate the antigenic landscape of embryonic and malignant cells,
enabling the immune system to recognize a wide array of tumor-associated antigens (TAAs) and
neoantigens that traditional peptide or dendritic cell vaccines may overlook. Preclinical evidence
across multiple cancer models, including colorectal cancer (CRC), has consistently demonstrated that
irradiated iPSC vaccines can elicit robust CD8* cytotoxic T-cell and Thl-polarized immune responses,
generating durable immune memory and significantly delaying or preventing tumor growth. When
combined with immune adjuvants such as CpG oligodeoxynucleotides or granulocyte-macrophage
colony-stimulating factor (GM-CSF), iPSC vaccines amplify dendritic cell activation, enhance
cytokine release (IFN-y, IL-12), and improve antigen cross-presentation. These responses translate
into improved CD8*/Treg ratios and heightened tumor infiltration by effector lymphocytes ,
outcomes critical for converting “cold,” immune-desert CRC tumors into immunologically “hot”
lesions responsive to therapy.

In particular, studies integrating iPSC vaccines with radiotherapy, chemotherapy, or checkpoint
blockade (anti-PD-1, anti-CTLA-4) have shown synergistic effects, underscoring the flexibility of this
platform in multi-modal regimens. While direct clinical trials for iPSC vaccines in CRC are pending,
analogous data from the KRAS peptide vaccine trial (ELI-002) have validated key translational
principles: vaccines targeting shared tumor mutations can induce strong, durable T-cell immunity
and correlate with improved relapse-free survival. These findings indirectly reinforce the feasibility
of iPSC-based vaccines as broad-spectrum immunogens capable of producing clinically meaningful
outcomes. At the conceptual level, iPSC vaccines blur the boundary between prophylactic and
therapeutic immunotherapy. They can prime the immune system against shared oncofetal antigens
(preventive potential) and simultaneously boost existing anti-tumor immunity in established disease.
With their ability to incorporate both tumor-wide and patient-specific antigens, iPSC vaccines
provide a versatile foundation for next-generation, multi-epitope immunotherapies against CRC.

8.2. Future Directions

Future progress in iPSC vaccine research will hinge on a translational continuum that connects
molecular innovation to clinically measurable benefit. The immediate priority lies in conducting
biomarker-driven, early-phase trials designed to evaluate safety, immunogenicity, and preliminary
efficacy in patients with minimal residual disease (e.g., post-resection high-risk CRC). This setting
minimizes tumor-induced immune suppression and maximizes vaccine responsiveness. Biomarkers
such as tumor mutational burden (TMB), immune cytolytic (IC) score, CD8* infiltration, and PD-L1
expression should guide patient stratification and correlate with immune response metrics. Parallel
mechanistic studies must refine antigen selection and vaccine formulation , determining whether
irradiated whole cells, lysates, or RNA-loaded nanoparticles achieve optimal cross-presentation.
Comparative analyses between autologous versus allogeneic (hypoimmunogenic) iPSC lines will
define the balance between personalization and scalability. Manufacturing pipelines should
standardize reprogramming (using non-integrating vectors), irradiation protocols, and potency
assays to meet global GMP requirements. The field’s trajectory also points toward integration with
next-generation immunotherapeutics. iPSC-based vaccines can synergize with checkpoint inhibitors,
to release T-cell inhibition in MSS CRC, cytokine therapy (IL-12, IL-15), to reinforce effector and
memory cell function, nanotechnology-based delivery systems, to enhance lymphoid targeting and
control antigen release kinetics, and iPSC-derived immune effectors (CAR-T or CAR-NK)), to provide
immediate cytotoxic reinforcement following immune priming.
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Emerging computational approaches will play a pivotal role. Artificial intelligence and
immunoinformatics pipelines can identify shared CRC antigens within iPSC transcriptomes, predict
epitope-HLA affinities, and model immune dynamics, thereby optimizing vaccine design and dosing.
Real-time immune monitoring using molecular imaging (PET, MRI) and liquid biopsy (ctDNA, T-cell
receptor sequencing) will transform vaccine trials into adaptive feedback systems capable of
individualized therapeutic adjustment. Long-term, iPSC vaccines could redefine cancer care through
preventive immunization in genetically predisposed populations or as adjuvant immunotherapy
following curative surgery. The ultimate goal is a scalable, universal platform , potentially an “off-
the-shelf” iPSC-derived vaccine line covering common CRC antigens , integrated with patient-
tailored boosters encoding neoantigens. In essence, iPSC-based vaccines represent the convergence
of stem cell engineering, immunogenomics, and precision oncology. Their future depends on
disciplined translational execution: moving from mechanistic validation to human efficacy through
rational trial design, biomarker integration, and global regulatory collaboration. If realized, this
platform could reshape the therapeutic landscape of colorectal cancer , transforming it from a late-
stage, treatment-resistant disease into one that can be durably controlled, or even pre-empted,
through immune memory.
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