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Abstract

Cancer immunotherapy is limited by the immunosuppressive tumor microenvironment (TME), largely shaped by
tumor-associated macrophages (TAMs). mRNA-based vaccines offer a novel strategy to reprogram TAMs from
a tumor-promoting M2 to a tumoricidal M1 phenotype. Delivered via targeted lipid nanoparticles, these vaccines
enhance anti-tumor immunity and synergize with checkpoint inhibitors. This approach holds promise for
converting “cold” tumors into “hot,” improving outcomes in resistant cancers.
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Cancer immunotherapy has emerged as a transformative approach in oncology, offering durable responses across
various malignancies through strategies like immune checkpoint blockade (ICB), CAR-T cells, and cancer
vaccines (1). Despite these advancements, a significant proportion of patients fail to benefit from current
immunotherapeutic modalities, primarily due to the immunosuppressive tumor microenvironment (TME), which
acts as a physical and functional barrier against immune cell infiltration and activation. Among the diverse cellular
components of the TME, tumor-associated macrophages (TAMs) are particularly prominent, often comprising up
to 50% of the tumor mass in solid tumors such as breast, lung, pancreatic, and ovarian cancers (2). These
macrophages, predominantly polarized to an M2-like phenotype, actively support tumor progression by promoting
angiogenesis, enhancing tumor cell invasion and metastasis, and suppressing adaptive immune responses through
the secretion of anti-inflammatory cytokines such as IL-10 and TGF-f, and the expression of immune checkpoint
ligands like PD-L1 (3). Their immunosuppressive and pro-tumorigenic functions not only facilitate cancer
progression but also mediate resistance to conventional immunotherapies. Thus, TAMs represent a compelling
target for therapeutic intervention aimed at reprogramming the TME to favor anti-tumor immunity (4) (Figure 1).
Preclinical studies have provided compelling evidence supporting the efficacy of this approach. In murine models
of melanoma and breast cancer, LNP-formulated mRNA encoding IRF5 and IKKf effectively reprogrammed
TAMs, reduced tumor burden, and extended survival (5). These effects were associated with increased infiltration
of cytotoxic CD8" T cells and elevated production of inflammatory mediators within the TME. Notably,
combining these TAM-targeted mRNA vaccines with ICB agents such as anti-PD-1 or anti-CTLA-4 antibodies
resulted in synergistic anti-tumor activity, overcoming resistance in immunologically “cold” tumors(6).
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Furthermore, co-delivery strategies have been explored wherein mRNA vaccines simultaneously deliver TAM-
reprogramming factors alongside tumor antigens, thereby priming both innate and adaptive arms of the immune
system in a coordinated attack against cancer cells (7).

While these findings are promising, several challenges must be addressed to ensure clinical translation. First,
achieving cell-type specificity is critical, as systemic reprogramming of macrophages may lead to off-target
effects and unintended inflammation. This necessitates careful design of delivery systems and identification of
TAM-specific surface markers for targeting (8). Second, TAMs are highly heterogeneous and dynamically adapt
to environmental cues within different tumor types and stages. A deeper understanding of TAM subpopulations
and their functional roles will be essential to tailor mRNA vaccines for maximal therapeutic benefit. Third,
although mRNA vaccines are generally well-tolerated, repeated administration could elicit anti-vector immunity
or off-target immune activation. Thus, strategies to minimize immunogenicity of the delivery vehicles and
optimize dosing regimens will be important for maintaining efficacy and safety over multiple doses (9).
Additionally, the modular nature of mRNA synthesis allows for rapid customization of payloads, enabling the
development of patient-specific formulations that incorporate tumor-specific antigens and immune-modulatory
agents tailored to the individual's tumor immune landscape (9). This could be particularly valuable in combination
settings, where mRNA vaccines serve as adjuvants to reprogram the TME and sensitize tumors to checkpoint
blockade or other forms of immunotherapy. Importantly, mRNA vaccines may also play a role in overcoming
resistance to existing therapies by reversing immune exclusion and reactivating immune surveillance mechanisms
(10) (table 1).

The integration of single-cell sequencing, spatial transcriptomics, and in vivo imaging technologies will further
refine our understanding of TAM dynamics and inform the rational design of mRNA therapeutics (11). Clinical
trials are anticipated to explore the safety, pharmacodynamics, and immune correlates of TAM-targeted mRNA
vaccines, either as monotherapy or in combination with ICIs, adoptive cell therapies, or conventional
chemotherapy. Furthermore, the development of next-generation delivery vehicles capable of crossing biological
barriers and achieving site-specific delivery will expand the applicability of mRNA vaccines beyond accessible
tumors to include metastases and hematologic malignancies (12)(13).

In conclusion, mRNA-based cancer vaccines targeting tumor-associated macrophages represent a novel and
transformative strategy to reprogram the immunosuppressive TME and enhance the efficacy of cancer
immunotherapy. By leveraging the plasticity of TAMs and the versatility of mRNA technology, this approach
offers the potential to convert immunologically “cold” tumors into “hot,” inflamed environments conducive to
durable anti-tumor responses. As preclinical findings continue to translate into clinical applications, TAM-
reprogramming mRNA vaccines may soon become a cornerstone in the next generation of immuno-oncology
treatments.

Figure 1 the image shows the dual roles of immune cells in the tumor microenvironment, with tumor-killing cells
releasing cytotoxic molecules or promoting phagocytosis and pro-inflammatory cytokines, and
immunosuppressive cells releasing anti-inflammatory cytokines that support tumor immune evasion and
progression. Tumor-killing cells, such as NK1, Th1l, NKT1, ILC1, and DCs, act by releasing cytotoxic molecules.
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Category Details Clinical Implications References
Target Cells Tumor-Associated =~ Macrophages | Broad applicability across | [2], [3]
(TAMs), predominantly M2-like in | multiple tumor types with high
solid tumors TAM density
Therapeutic Goal | Reprogram M2-like (tumor- | Could restore immune | [3], [4]
promoting) TAMs to Ml-like | surveillance and reduce
(tumoricidal) phenotype immunotherapy resistance

Delivery Vehicle | Lipid Nanoparticles (LNPs) for | Enables localized action and | [5],[7]
targeted delivery of mRNA payloads | minimizes systemic toxicity
mRNA Payloads | IRF5, IKKf key regulators of | Induces effective macrophage | [5]
inflammatory macrophage function | repolarization to support anti-
tumor response

Mechanism of | Promotes pro-inflammatory | Amplifies innate and adaptive | [5], [6]
Action cytokines, enhances antigen | immune responses in the tumor
presentation, recruits cytotoxic T | microenvironment
cells
Synergistic Immune checkpoint inhibitors, | Enhances efficacy of existing | [6], [10],
Therapies tumor antigens, chemotherapy, | therapies and may overcome | [13]
adoptive cell therapies resistance
Benefits of | Rapid customization, transient | Ideal for personalized, timely, and | [7], [10],
mRNA Approach | expression, dual immune activation, | flexible cancer treatment | [13]
non-integration strategies
Challenges and | TAM  heterogeneity, off-target | Requires precise delivery | [8], [9]
Barriers effects, immune activation risk, | strategies and patient stratification
marker specificity for efficacy and safety
Strategies to | TAM-targeted ligands, spatial | Improves targeting precision and | [9], [11]
Improve omics, single-cell profiling reduces risk of immune-related
Specificity adverse events
Clinical In vivo tracking, pharmacodynamic | Supports rational trial design and | [10], [11],
Development biomarkers, combination regimen | patient monitoring in clinical | [12]
Needs testing settings

Potential Impact | Converts “cold” tumors to “hot” | Expands the pool of | [1], [6], [10]
tumors, reverses immune exclusion | immunotherapy responders and
improves durable response rates
Table 1 this table summarizes the key components, mechanisms, and therapeutic implications of mRNA -based
cancer vaccines targeting tumor-associated macrophages (TAMs). It outlines molecular strategies for TAM
reprogramming, delivery methods, clinical challenges, and potential synergies with existing immunotherapies.
Clinical implications highlight how these innovations may enhance anti-tumor immunity and improve patient
outcomes.
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