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Abstract: Despite the clinical success of immune checkpoint inhibitors (ICIs), resistance driven by a metabolically hostile tumor 
microenvironment (TME), particularly lipid metabolic reprogramming, remains a formidable challenge. Tumors actively exploit lipid 
mediators, notably prostaglandin E2 (PGE2), to suppress CD8+ T cells and promote immunosuppressive macrophage polarization. 
Although targeted nanotherapeutics aim to locally reverse these defects, their in vivo efficacy is frequently abrogated by the host’s 
nutritional baseline. Specifically, high dietary intake of Omega-6 polyunsaturated fatty acids fuels systemic PGE2 biosynthesis, 
creating a metabolic “sink” that localized nanotherapies struggle to neutralize. To address this limitation, this review proposes a dual- 
compartment therapeutic framework combining systemic dietary modulation with precision nanotherapy. As a distinctive contribution, 
we bridge these biological mechanisms with pharmaceutical design by integrating critical translational barriers, advanced formulation 
strategies, and emerging technologies for lipid reprogramming. Building upon this, we critically evaluate the most promising 
formulations, including stimuli-responsive and lipid-targeted nanocarriers, to elucidate their synergistic potential with nutritional 
interventions. Ultimately, pairing systemic Omega-3 dietary preconditioning with localized nanotherapeutics provides a biologically 
rational strategy to dismantle lipid-driven immune evasion. Maximizing patient outcomes and advancing future clinical prospects will 
depend on the rigorous translation of these combinatorial regimens to effectively overcome ICI resistance. 
Keywords: metabolic immunotherapy, immunotherapy resistance, lipid metabolic reprogramming, nanotherapeutics, omega-3 fatty 
acids

Introduction
Immune checkpoint inhibitors (ICIs) achieve durable remissions in a limited fraction of patients with advanced solid 
tumors.1,2 Frequent intrinsic and acquired resistance severely restricts broader clinical success, demanding new strategies 
to reverse immune evasion.3 Aberrant lipid metabolism within the tumor microenvironment (TME) represents a highly 
actionable target to overcome this therapeutic barrier.4,5 Lipid metabolic reprogramming in both malignant cells and 
tumor-infiltrating immune populations reshapes the intratumoral immune landscape through multiple mechanisms, 
including the polarization of tumor-associated macrophages (TAMs) toward immunosuppressive M2 phenotypes, func
tional exhaustion of cytotoxic T lymphocytes, and metabolic exclusion of antitumor effector cells from nutrient-depleted 
niches.6 Indeed, the targeted reversal of such M2 macrophage polarization is increasingly recognized as a vital strategy to 
restore robust antitumor immunity and improve overall therapeutic efficacy.7 Crucially, these immunometabolic changes 
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are not solely dictated by cell-intrinsic oncogenic programs. The host systemic nutritional status substantially influences 
the lipid composition within the tumor and thereby governs the functional states of resident immune populations.8

Dietary polyunsaturated fatty acids (PUFAs) serve as physiologically accessible and mechanistically significant 
modulators of the immunometabolic axis. The ratio of systemic omega-6 to omega-3 PUFA intake directly influences 
the equilibrium between proinflammatory and anti-inflammatory eicosanoid biosynthesis within the TME.9 The increased 
availability of dietary omega-6 PUFA enhances the production of prostaglandin E2 (PGE2) via cyclooxygenase-2 (COX- 
2)/microsomal prostaglandin E synthase-1 (mPGES-1) pathway. This process suppresses antitumor immunity by inhibit
ing effector T cell function through EP2/EP4 receptors and promoting the recruitment of myeloid-derived suppressor 
cells (MDSCs).10 Conversely, dietary supplementation with omega-3 PUFA competitively reduces eicosanoid synthesis 
from arachidonic acid (AA), decreases the availability of substrates necessary for the biosynthesis of immunosuppressive 
prostaglandins, and facilitates the resolution of chronic intratumoral inflammation.11,12 Independent of these systemic 
effects, the intratumoral lipid microenvironment directly influence TAMs polarization through transcriptional and 
epigenetic mechanisms. This includes the upregulation of the fatty acid scavenger receptor CD36, which enhances the 
internalization of exogenous lipids and supports fatty acid oxidation (FAO)-dependent M2 metabolic programming.13,14 

These observations suggest that the baseline systemic lipid environment serves as an upstream determinant of TME 
immunosuppression, functioning in parallel with and potentially modulating the efficacy of targeted intratumoral 
interventions.

Nanomedicine platforms engineered to reprogram intra-tumoral lipid metabolism present precisely targeted 
mechanisms to disrupt localized immunosuppressive circuits. However, their translation encounters a fundamental 
challenge that has not received adequate conceptual attention. Actively targeted lipid nanoparticles, biomimetic 
exosomes, and polymeric nanocarriers are capable of delivering FAO inhibitors, cholesterol metabolism modulators, 
and PGE2 pathway antagonists with high spatial selectivity to TAMs and other TME populations.15,16 Nonetheless, 
the pharmacological efficacy of these localized interventions is contingent upon the upstream systemic lipid 
environment. An abundant systemic supply of pro-inflammatory omega-6-derived lipid mediators can perpetually 
regenerate the intra-tumoral immunosuppressive milieu that nanomedicine aims to rectify, potentially limiting the 
durability of the therapeutic effect. This systemic-local interaction has not been explicitly considered as a design 
factor in the development of nanomedicine for cancer immunotherapy, representing a conceptual gap with direct 
translational relevance. Addressing such complex interactions demands the development of an integrated mechan
istic taxonomy and a clear translational roadmap, analogous to frameworks proposed for other precision 
immunotherapies.17

The integration of systemic dietary PUFA modulation with precision nanomedicine serves as a critical strategy 
to overcome lipid-driven immune evasion in solid tumors. The present review will delve into the mechanisms by 
which dietary PUFA profiles shape the intratumoral immune landscape and influence ICIs responsiveness, and then 
will detail the design of nanocarrier systems tailored for TME penetration and lipid immunometabolic reprogram
ming. Ultimately, the review outlines a translational framework that combines systemic nutritional interventions 
with targeted nanotechnology. This combined approach aims to establish a reproducible and clinically viable 
strategy for enhancing ICIs efficacy in patients with lipid-metabolically hostile solid tumors (Figure 1).

Literature Search Strategy
To ensure a comprehensive and objective overview of the current landscape, a literature search was conducted using 
primary scientific databases, including PubMed, Web of Science, and Scopus. The search included peer-reviewed articles 
published in English up to May 2026. We utilized combinations of the following core search terms: “metabolic 
immunotherapy”, “immunotherapy resistance”, “tumor microenvironment”, “lipid metabolic reprogramming”, “prosta
glandin E2”, “omega-3 fatty acids”, “dietary modulation”, “combination therapy”, and “nanotherapeutics”. Articles were 
manually screened for relevance, with a primary focus on studies elucidating the mechanisms of lipid-driven immune 
evasion, the application of targeted nanotherapeutics, and the combinatorial strategies integrating systemic nutritional 
interventions with nanomedicine in cancer immunotherapy.
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Dietary PUFAs and Metabolic Remodeling of the Tumor 
Microenvironment
Mammals lack the δ-12 and δ-15 desaturases necessary for de novo synthesis of essential PUFAs, making systemic 
PUFA profiles entirely dependent on dietary intake.18–20 Under physiological conditions, exogenous lipids integrate into 
cellular membranes to regulate bilayer fluidity and receptor signaling.21,22 During oncogenesis, structurally abnormal 
tumor neovasculature, characterized by fenestrated endothelium and deficient pericyte coverage, facilitates dispropor
tionate extravasation of circulating lipoproteins into the TME.23,24 This localized lipid accumulation is further amplified 
by transcriptional upregulation of lipid-scavenging receptors, notably CD36 and fatty acid-binding proteins, in malignant 
cells and tumor-infiltrating immune populations.25,26 As a result, the intratumoral lipid pool reflects the habitual dietary 
composition of the host and provides the substrates that drive immunometabolic reprogramming across multiple immune 
cell compartments.27,28

Lipid Accumulation and Transporter-Mediated Immunosuppression
Aberrant lipid partitioning within the TME establishes a metabolically hostile niche that selectively impairs infiltrating 
cytotoxic populations, including CD8+ T lymphocytes and natural killer (NK) cells.29 CD36-mediated internalization of 
excess oxidized lipids in CD8+ tumor-infiltrating lymphocytes triggers intracellular lipid peroxidation and a ferroptosis 
program that abrogates cytotoxic capacity, and elevated CD36 expression correlates with progressive T cell dysfunction 

Figure 1 Mechanistic rationale for synergistic nutritional immunotherapy. (A) PGE2-mediated immune evasion. Circulating AA drives intratumoral PGE2 synthesis via COX- 
2 in TAMs. This metabolic PGE2 sink suppresses CD8+ T cells, recruits Tregs, and locks TAMs in an immunosuppressive M2-like state. (B) Monotherapy failure. Conventional 
treatments face two barriers: the desmoplastic stroma (①) physically blocks nanomedicine penetration, while the PGE2 metabolic overload (②) sustains localized 
immunosuppression and therapy resistance. (C) Synergistic intervention. Dietary omega-3 (EPA/DHA) competitively displaces AA in cellular membranes, restricting 
PGE2 synthesis and generating SPMs. The reduced PGE2 environment enhances the efficacy of lipid-targeting nanoplatforms. The synergistic blockade forces M2-to-M1 
TAM repolarization, triggers ICD, and promotes DC-mediated CD8+ T cell activation for robust tumor eradication. 
Abbreviations: AA, arachidonic acid; CRT, calreticulin; DAMPs, damage-associated molecular patterns; DC, dendritic cell; DHA, docosahexaenoic acid; EPA, eicosapen
taenoic acid; ER, endoplasmic reticulum; HMGB1, high-mobility group box 1; ICD, immunogenic cell death; LNP, lipid nanoparticle; MDSC, myeloid-derived suppressor cell; 
PGE2, prostaglandin E2; SPM, specialized pro-resolving mediator; TAM, tumor-associated macrophage; TME, tumor microenvironment; TNF-α, tumor necrosis factor-alpha; 
Treg, regulatory T cell.
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and poor clinical outcomes in multiple tumor types.30–33 Within TAMs, CD36-mediated uptake of oxidized low-density 
lipoprotein activates the IRE1α and ATF6 branches of the unfolded protein response rather than simply accumulating as 
inert lipid droplets, promoting the formation of lipid-laden immunosuppressive macrophages that reinforce pro-tumoral 
polarization.34,35 Importantly, the functional consequences of CD36-driven lipid loading differ across immune cell 
subsets: in CD8+ T cells it drives ferroptotic elimination, while in regulatory T cells it enhances immunosuppressive 
function through effects on mitochondrial metabolism, indicating that the lipid-enriched TME exploits a shared receptor 
to generate divergent immunosuppressive outputs across the immune cell repertoire.36,37

Enzymatic Substrate Competition and Eicosanoid-Mediated Immune Evasion
Once incorporated into cellular phospholipids, PUFAs are released as free precursors of bioactive lipid mediators via 
cytosolic phospholipase A2 (cPLA2).38 The immunological outcome of this cascade depends on the competition between 
omega-6 and omega-3 PUFAs for the active site of the inducible COX-2, which predominates in tumor cells and 
infiltrating immune populations, as well as lipoxygenase isoforms.39 In dietary patterns weighted toward high omega-6 
intake, AA predominates at the COX-2 catalytic site, sustaining overproduction of PGE2, the principal immunosuppres
sive eicosanoid in the TME.40,41 PGE2 suppresses CD8+ T cell proliferative expansion and effector differentiation 
principally through EP2 and EP4-mediated cAMP-PKA signaling, which attenuates TCR-proximal signal transduction 
and reduces autocrine IL-2 availability, thereby impairing mTORC1-dependent metabolic reprogramming required for 
effector function.42 Through the same EP2/EP4-cAMP axis, PGE2 abrogates conventional type 1 dendritic cell (cDC1) 
cytokine and chemokine production and promotes MDSC accumulation and regulatory T cell suppressive activity.43,44 

The detailed cellular mechanisms downstream of PGE2 in each immune subset are discussed in Dietary PUFAs and 
Metabolic Remodeling of the Tumor Microenvironment. Increasing systemic omega-3 availability enables EPA and 
DHA to competitively occupy COX-2 catalytic sites, reducing PGE2 synthesis and redirecting enzymatic output toward 
specialized pro-resolving mediators including resolvins, protectins, and maresins.45,46 These mediators suppress chronic 
intratumoral inflammation and restore conditions permissive for antitumor immunosurveillance primarily by promoting 
apoptotic cell clearance, antagonizing EP receptor signaling, and restoring dendritic cells (DCs) and NK cells functional 
activity. It should be noted that the pharmacology of this switch is not binary: certain protectins and D-series resolvins 
can act as positive allosteric modulators of EP4 at low concentrations, indicating that the immunological outcome of 
altering the omega-3 to omega-6 ratio reflects a dynamic receptor pharmacology rather than a simple on-off transition 
between immunosuppressive and immunoprotective states.

Dietary-Microbiota-Epigenetic Axis
Beyond direct cellular effects, systemic PUFA profiles shape gut microbial ecosystem composition. Omega-3-enriched 
diets selectively promote the proliferation of fermentatively active commensal taxa,47 which metabolize complex dietary 
carbohydrates into short-chain fatty acids (SCFAs), primarily butyrate, propionate, and acetate, that enter systemic 
circulation and modulate immunity at sites distant from the gut.48,49 Circulating SCFAs influence antitumor immunity 
through direct activation of GPR43 and GPR109A on immune and epithelial cells, and through epigenetic reprogram
ming via selective inhibition of class I histone deacetylases (HDACs).50 By antagonizing class I HDACs activity, 
butyrate and related SCFAs prevent histone deacetylation in CD8+ T cells, promoting transcriptionally permissive 
chromatin marks at key effector gene loci including IFNG and TNF.51,52 This chromatin remodeling enhances IFN-γ, 
TNF-α, and granzyme B (GZMB) secretion, while concurrent mTOR activation, driven in part by increased intracellular 
acetyl-CoA availability, sustains the metabolic fitness and clonal expansion of effector T cell populations.53,54 

Importantly, butyrate also increases histone acetylation at the promoter regions of PDCD1 and CD28 in CD8+ T cells, 
upregulating PD-1 and CD28 surface expression and thereby enhancing responsiveness to anti-PD-1 checkpoint block
ade, a mechanism that offers a direct molecular explanation for the observed correlation between gut microbiota 
diversity, dietary fiber intake, and clinical response to immunotherapy (Figure 2).55 The net effect of this dietary- 
microbiome-epigenome axis is systemic host conditioning that lowers the threshold for CD8+ T cell intratumoral 
infiltration and functionally sensitizes established malignancies to immune checkpoint blockade.
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Lipid-Driven Metabolic Reprogramming in the TME
Dietary lipid composition directly shapes the intratumoral metabolic landscape and governs the functional states of three 
critical immune populations, namely TAMs, CD8+ T cells, and cDC1s. Lipid-derived signals suppress each population 
through mechanistically distinct but interconnected pathways, collectively establishing a self-reinforcing immunosup
pressive network.

TAM Metabolic Rewiring and Its Consequences for Tumor Cell Fate
TAMs represent the predominant stromal immune population in solid tumors and exhibit considerable phenotypic 
plasticity closely linked to intracellular metabolite availability.56–58 In pro-inflammatory macrophages, aerobic glycolysis 
and the pentose phosphate pathway form the metabolic foundation for antitumor effector functions.59,60 The pentose 
phosphate pathway maintains a cytosolic NADPH pool that supplies electrons to the NOX2 complex,61,62 whose ROS 
generation supports the oxidative burst and production of pro-inflammatory mediators including TNF-α.63,64

In a TME enriched with omega-6 dietary lipids, elevated PGE2 concentrations disrupt this program. PGE2 engages 
EP2 and EP4 receptors, activating adenylate cyclase and PKA, which downregulates c-Myc and its downstream 
glycolytic transcriptional targets.65–67 Concurrently, upregulation of CD36, FABP4, and CPT1A shifts macrophage 
bioenergetics toward fatty acid oxidation and mitochondrial OXPHOS.26,68,69 The resulting FAO-derived acetyl-CoA 
fuels selective histone acetylation at promoters of pro-tumoral genes including Arg1, Il10, and Tgfb1, epigenetically 
consolidating an immunosuppressive macrophage state.70,71 Reduced flux through the pentose phosphate pathway 
simultaneously depletes the NADPH pool available to NOX2, impairing oxidative burst capacity (Figure 3A).72–74

The attenuation of macrophage oxidative output carries meaningful consequences for neighboring tumor cells. Under 
physiological conditions, paracrine ROS and TNF-α from pro-inflammatory macrophages engage all three canonical 
UPR sensors in tumor cells.75 When proteotoxic load is high and sustained, PERK-dependent phosphorylation of eIF2α 
drives CHOP induction, committing cells to apoptosis accompanied by calreticulin surface translocation, ATP release, 
and HMGB1 secretion, the hallmark DAMP triad of ICD.76–78 PGE2-mediated TAM reprogramming lowers this 
oxidative paracrine output, reducing the probability that tumor cell ER stress reaches the pro-apoptotic threshold. 

Figure 2 The Omega-3-Microbiota-Epigenetic Axis in CD8+ T Cell Activation. Dietary Omega-3 PUFAs modulate intestinal microbial ecology to favor the expansion of 
SCFA-producing commensals. Systemically absorbed SCFAs penetrate the TME via hematogenous routes to modulate tumor-infiltrating lymphocytes. Within CD8+ T cells, 
SCFAs act as potent HDAC inhibitors. This inhibition promotes permissive histone acetylation at the IFNG locus, such epigenetic remodeling primes CD8+ T cells for robust 
IFN-γ secretion upon cognate antigen recognition, ultimately amplifying antitumor immunosurveillance. 
Abbreviations: HDAC, histone deacetylase; IFNγ, interferon-gamma; PUFA, polyunsaturated fatty acid; SCFA, short-chain fatty acid.
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Under diminished stress, tumor cells preferentially engage adaptive UPR arms, upregulating GRP78 to restore protein- 
folding capacity and transcriptionally inducing PD-L1 on the cell surface.79–81 Beyond reducing the upstream oxidative 
trigger, PGE2 functions as an inhibitory DAMP that neutralizes downstream immunostimulatory signals even when 

Figure 3 Lipid-Driven Metabolic Reprogramming in the TME. (A) PGE2 signaling dictates M2 macrophage metabolic rewiring. PGE2 binds EP2 and EP4 receptors to elevate 
cAMP. PKA activation suppresses HIF-1α and glycolysis while enhancing Acetyl-CoA production. Nuclear Acetyl-CoA drives HAT-dependent H3K27 acetylation to secure 
Arg1 and Il10 transcription. Concurrently, membrane CD36 internalizes extracellular fatty acids. CPT1A transports these lipids into mitochondria to fuel FAO. The 
generated NADPH pool suppresses ROS via NOX2. These integrated metabolic shifts firmly establish the immunosuppressive M2 phenotype. (B) Lipid dysregulation drives 
CD8+ T cell ferroptosis. CD36 internalizes oxLDL. ACSL4 integrates these lipids to form vulnerable PE-PUFA membrane species. Simultaneously, tumor-driven cystine 
depletion collapses the intracellular GSH pool. This inactivates GPX4 and unleashes lipid peroxidation. Additionally, PD-1 signaling activates the Akt/GATA1 axis to suppress 
PLPP1 expression. The resulting phospholipid deficiency physically sensitizes the membrane. Unchecked lipid peroxide accumulation ultimately executes T cell ferroptosis. 
(C) cDC1 Dysfunction and Systemic Priming Disruption. PGE2 signals through cDC1 EP2 and EP4 to activate the nuclear cAMP/PKA/CREM cascade. This signaling 
thoroughly represses IRF8 and CCR7 transcription. The loss of CCR7 traps antigen-loaded cDC1s within the tumor stroma, completely severing the link to systemic 
immune priming. Intracellular aberrant lipid bodies further blockade cross-presentation. Persistent cAMP signaling also induces IDO1 expression, whose paracrine 
kynurenine product propagates tolerogenic reprogramming across neighboring cDC2s. The concurrent elimination of spatial localization and functional identity enforce 
systemic immune tolerance across the tumor-draining lymph node axis. In this figure, solid arrows indicate direct activation, molecular conversion, or signaling pathways; 
dashed arrows represent indirect processes, paracrine signaling, or multi-step metabolic conversions; T-bars indicate negative regulation or direct inhibition; red downward 
arrows denote downregulation or reduced levels; and crosses denote blocked pathways, suppression, or loss of function. 
Abbreviations: AA, arachidonic acid; ACSL4, acyl CoA synthetase long chain family member 4; Akt, protein kinase B; cAMP, cyclic adenosine monophosphate; CPT1A, 
carnitine palmitoyltransferase 1A; EP2/EP4, prostaglandin E2 receptors 2/4; FAO, fatty acid oxidation; GATA1, GATA binding protein 1; GPX4, glutathione peroxidase 4; 
GSH, reduced glutathione; HAT, histone acetyltransferase; HIF 1α, hypoxia inducible factor 1-α; IDO1, indoleamine 2,3 dioxygenase 1; IRF8, interferon regulatory factor 8; 
NADPH, reduced nicotinamide adenine dinucleotide phosphate; NOX2, NADPH oxidase 2; oxLDL, oxidized low density lipoprotein; PD-1, programmed cell death protein 
1; PE-PUFA, polyunsaturated phosphatidylethanolamine; PGE2, prostaglandin E2; PKA, protein kinase A; PLPP1, phospholipid phosphatase 1; PUFA, polyunsaturated fatty 
acid; ROS, reactive oxygen species; TAM, tumor associated macrophage; tdLN, tumor draining lymph node.
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canonical DAMPs are generated, dominantly skewing the net immunological outcome toward tolerogenic rather than 
immunogenic cell death.82,83

CD8+ T Cell Ferroptosis
The aberrant lipid composition of the TME exerts direct cytotoxic pressure on infiltrating CD8+ T lymphocytes through 
a multi-input ferroptosis sensitization mechanism. Through upregulated CD36, oxidized lipids and PUFAs accumulating 
in the TME are excessively internalized.30,31 ACSL4 converts free PUFAs into PUFA-PE species incorporated into 
membranes, directly sensitizing cells to iron-catalyzed lipid peroxidation.84,85

Two independent pathways amplify this susceptibility. First, tumor cells competitively monopolize extracellular 
cystine through high SLC7A11 expression, depriving adjacent T cells of the principal glutathione precursor.86 This 
cystine deprivation impairs GPX4 activity and independently upregulates CD36-mediated lipid uptake in T cells, creating 
a feed-forward amplification circuit in which antioxidant depletion and lipid overloading reinforce each other.87 Second, 
PD-1 signaling suppresses PLPP1 expression through the Akt-GATA1 axis, reducing total membrane phospholipid pools 
and lowering the threshold at which PUFA-PE species accumulate to ferroptosis-executing concentrations (Figure 3B).32

An important contextual paradox warrants acknowledgment. The IFN-γ that CD8+ T cells deploy to drive tumor cell 
ferroptosis simultaneously creates conditions that render T cells themselves more susceptible to ferroptotic elimination.30 

Furthermore, tumor cells sustain GPX4-independent ferroptosis resistance through the FSP1-CoQ10 axis, which regen
erates CoQ10 to quench lipid radical propagation without requiring glutathione.88 This asymmetric resistance profile 
means the lipid-enriched TME functions as a selective elimination pressure that preferentially depletes effector immune 
cells while sparing malignant cells, representing a fundamental barrier to ICIs efficacy in solid tumors.

cDC1 Dysfunction and Disruption of Systemic Immune Priming
Effective anti-tumor immunity requires coupling intratumoral cytotoxicity with systemic adaptive priming in tumor- 
draining lymph nodes (tdLNs), a process physically bridged by cDC1s.89,90 Aberrant lipid accumulation impairs cDC1 
function at two mechanistically distinct levels. At the intracellular level, oxidized lipids generated as byproducts of 
omega-6 PUFA metabolism are taken up by cDC1s via scavenger receptors.91 The resulting oxidatively truncated lipid 
bodies covalently bind HSP70, preventing peptide-MHC class I complex translocation to the cell surface and abolishing 
cross-presentation capacity.92

At the receptor signaling level, tumor-derived PGE2 activates EP2 and EP4 on cDC1s, engaging the downstream 
cAMP-PKA-CREM pathway.93 Critically, combined EP2 and EP4 signaling rather than either receptor alone drives 
cDC1 transcriptional reprogramming, and dual but not single-receptor blockade completely rescues IRF8 expression. 
IRF8 loss effectively dedifferentiates cDC1s toward a tolerogenic phenotype and reduces CCR7 expression required for 
migration toward tdLNs, physically confining antigen-loaded cDC1s within the tumor stroma.93 Persistent cAMP 
signaling additionally induces IDO1, whose paracrine kynurenine product propagates tolerogenic reprogramming across 
neighboring cDC2s (Figure 3C).94

PGE2 thus operates as a dual inhibitor of cDC1-mediated immunity, simultaneously dismantling cDC1 functional 
identity through the EP2/EP4-cAMP-IRF8 axis and neutralizing extracellular DAMP-mediated DCs activation. Together 
with the TAM and CD8+ T cell suppression mechanisms described above, these defects prevent naive CD8+ T cell clonal 
expansion and enforce systemic immune tolerance, completing the self-reinforcing immunosuppressive network across 
all three cellular axes.

Synergistic Nutritional Immunotherapy: Integrating Dietary Lipids with 
Targeted Nanomedicine
Reversing the multi-layered immunosuppressive network described above requires interventions that address both 
systemic substrate availability and local intratumoral signaling simultaneously. Neither dietary modulation nor pharma
cological blockade alone achieves this dual objective, which motivates a combinatorial paradigm termed synergistic 
nutritional immunotherapy.
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Pharmacokinetic Constraints of Monotherapies
Systemic enrichment of the host lipid pool with omega-3 PUFAs reduces baseline pro-inflammatory eicosanoid produc
tion and shifts the systemic lipid environment toward an immunologically permissive state.95,96 However, reliance on 
dietary modulation alone faces structural barriers imposed by the tumor. Cancer-associated fibroblasts (CAFs) within 
desmoplastic stroma continuously cross-link collagen and hyaluronan, physically compressing local vasculature and 
generating interstitial fluid pressures of 5 to 40 mmHg compared to near-zero baseline levels.97,98 This convective barrier 
traps circulating lipid metabolites at the tumor periphery, preventing dietary interventions from reaching concentrations 
sufficient to interrupt TAM-tumor cell metabolic crosstalk in the hypoxic core.44

Targeted pharmacological blockade of the PGE2-EP2/EP4 axis offers a direct therapeutic strategy, but systemic 
administration of free COX-2 inhibitors or EP4 antagonists carries significant clinical liabilities. Broad prostaglandin 
suppression disrupts physiological lipid homeostasis, producing gastrointestinal mucosal injury and elevated thromboem
bolic risk.99,100 Free therapeutic agents also lack active targeting capacity, undergo rapid systemic clearance, and cannot 
overcome elevated interstitial fluid pressure that restricts passive diffusion into dense myeloid infiltrates, resulting in 
subtherapeutic local concentrations.101,102 These delivery and efficacy deficits establish the pharmacological rationale for 
coupling systemic dietary lipid recalibration with the spatiotemporal precision of engineered nanomedicines to address 
both systemic and localized immunosuppressive barriers.

Nanomedicine-Driven Precision Lipid Metabolic Reprogramming
Precision immunometabolic therapy requires selective intratumoral drug delivery. As a prominent strategy in macro
phage-targeted nanomedicine, coating nanocarriers with mannose or M2-targeting peptides directs payload delivery 
specifically to immunosuppressive TAMs, which overexpress CD206 and CD163 receptors relative to surrounding 
stromal cells. Ligand binding triggers receptor-mediated endocytosis, depositing therapeutic cargo directly into the 
macrophage cytoplasm.103–105 To preserve payload integrity against lysosomal degradation, formulations incorporating 
ionizable lipids or pH-responsive polymers exploit endosomal acidification to release active cargo into the cytosol.106,107

Cytosolic delivery initiates TAM metabolic rewiring through three convergent mechanisms. First, CPT1 inhibitors 
such as etomoxir have been used as proof-of-concept tools to block mitochondrial fatty acid import in preclinical models, 
forcing a metabolic shift from OXPHOS toward aerobic glycolysis that promotes pro-inflammatory macrophage 
repolarization, CD8+ T cell recruitment, and elevated GZMB expression.108,109 The clinical translation of etomoxir itself 
is limited by off-target mitochondrial toxicity at effective concentrations, and more selective CPT1-targeting strategies 
are an active area of development. Second, SOAT1 inhibitors such as avasimibe block aberrant cholesterol esterification. 
In CD8+ T cells, SOAT1 inhibition increases free membrane cholesterol, enhancing T cell receptor clustering and 
immunological synapse formation to amplify cytotoxic capacity.110,111 Third, nanomedicine-driven CD36 blockade 
eliminates the exogenous lipid supply to TAMs. Without this substrate, the elevated FAO that drives mitochondrial 
ROS production, JAK1 phosphorylation, SHP1 dephosphorylation, and downstream STAT6 activation to maintain 
immunosuppressive macrophage function is extinguished.26,112

Targeting the COX-2-PGE2 paracrine axis restores cDC1 function through two complementary approaches. 
Nanoparticle-delivered COX-2 siRNA reduces PGE2 synthesis at the transcriptional level, preventing EP2/EP4- 
mediated IRF8 downregulation in cDC1s and restoring their capacity to coordinate CD8+ T cell responses.113 

Alternatively, PLGA nanoparticles encapsulating EP2/EP4 antagonists block PGE2 signaling at the receptor level, 
enabling DCs to recover co-stimulatory molecule expression including CD80 and CD86, and reactivating CD8+ T cell 
priming.114 Single-cell transcriptomic analyses demonstrate that EP2/EP4 antagonism restores c-Myc target gene 
expression and OXPHOS capacity in both T cells and macrophages, reversing the PGE2-mediated metabolic impairment 
of effector immunity.115,116 Representative nanocarrier platforms implementing these strategies are detailed in Table 1.

Dietary Conditioning as a Pharmacological Complement to Nanomedicine
The efficacy of targeted nanomedicines is directly conditioned by the dietary lipid environment. High omega-6 intake 
drives systemic AA accumulation, providing abundant COX-2 substrate that elevates intratumoral PGE2 to 
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concentrations substantially exceeding the physiological range.126 This ligand excess creates a fundamental pharmaco
logical challenge for receptor-level interventions. Preclinical evidence demonstrates that dual EP2/EP4 blockade is 
required for optimal immune activation, as EP2 and EP4 share overlapping cAMP-mediated downstream signaling 
and single-node antagonism is insufficient to restore immune cell function when endogenous PGE2 concentrations are 
high.127 Endogenous PGE2 therefore competes with delivered antagonists for receptor occupancy under conditions of 
high ligand availability, and because solid tumor barriers inherently limit intratumoral nanoparticle accumulation, 
antagonist concentrations may remain below the endogenous PGE2 threshold.128

Omega-3 supplementation addresses this constraint at the substrate level. EPA and DHA compete with AA for COX- 
2 processing, generating the substantially less immunosuppressive PGE2 and thereby reducing baseline pro-inflammatory 
eicosanoid output.129 Clinical evidence from a randomized crossover trial confirms that supplementation with 2.4 g EPA 
and 1.2 g DHA daily for six months significantly reduces plasma PGE2 concentrations at one, three, and six months, 
demonstrating that dietary omega-3 enrichment reliably lowers the systemic endogenous ligand burden.130 In murine 
cancer models, dietary omega-3 enrichment reduces intratumoral immunosuppressive cytokines, decreases regulatory 
T cell proportions, enhances cytotoxic T cell activity, and synergizes with anti-PD-1 blockade to suppress tumor 
growth.131 A parallel line of evidence demonstrates that dietary omega-3 supplementation stabilizes endogenous epoxy 
fatty acids in the TME and enhances ICIs efficacy in multiple murine tumor models.132 These independent lines of 
evidence support the concept that dietary lipid modification lowers the endogenous PGE2 burden and may therefore 
reduce the competitive threshold that currently limits receptor antagonist efficacy under conditions of restricted 
intratumoral nanoparticle penetration. Whether dietary omega-3 preconditioning meaningfully augments the activity of 
targeted EP2/EP4 antagonist nanomedicines in a controlled experimental model has not yet been directly tested, 
representing a defined research gap that warrants prospective investigation. The evidence summarized in Table 2 presents 
representative nanocarrier platforms achieving TME immunomodulation, which provide the pharmacological foundation 
against which such dietary combination strategies should be evaluated.

Tumor Heterogeneity and the Limits of Uniform Intervention
The immunometabolic mechanisms and therapeutic strategies discussed in preceding sections represent generalizable 
principles, but their practical relevance depends critically on the physical and metabolic context of individual tumor 

Table 1 Representative Nanomedicines Targeting Lipid Metabolism in the TME

Nanocarrier Platform Metabolic Target/Pathway Loaded Payload Primary Target Cells Tumor Model Ref.

Lipid uptake and cholesterol 
metabolism

PPWQ CD36; fatty acid uptake Tungsten, quercetin, PD-L1 
peptide

Tumor cells, DCs, TAMs 4T1 breast cancer [117]

Albumin NPs SOAT1; cholesterol esterification Auranofin, avanafil Tumor cells, CD8+ T cells B16F10 melanoma [118]

Thermosensitive nanogel CD36; lipid droplet accumulation BBR TNBC cells, macrophages 4T1 breast cancer [112]

Fatty acid–camouflaged NPs CD36; mitochondrial lipid metabolism Disulfiram, photothermal Cu3BiS3 CD36-overexpressing tumor 

cells

Breast cancer [119]

Lipid peroxidation and ferroptosis

Acid-responsive nanocomposites GPX4 antioxidant defense; lipid 
peroxidation

Chlorin e6, ferric ions, 
evodiamine

Tumor cells Colorectal cancer [120]

Photosensitive lipid NPs FSP1/CoQ10 antioxidant system FSP1 siRNA, verteporfin Tumor cells, DCs Colon cancer [121]

Iron-based hollow silica NPs Ferroptosis-to-pyroptosis transition Iron, CCCP Malignant cells 4T1 breast cancer [122]

De novo lipogenesis

Biomimetic nanovesicles FASN; de novo lipogenesis FASN inhibitor Malignant cells Prostate cancer [123]

COX-2/PGE2 signaling axis

Cell membrane–bionic NPs COX-2/PGE2 signaling axis Celecoxib Tumor cells, MDSCs, T cells Postoperative 

melanoma

[124]

Detachable micelleplexes COX-2/PGE2 synthesis Celecoxib, doxorubicin Tumor cells, cDC1s B16F10 melanoma [125]

Abbreviations: PPWQ, polyphenol–metal coordination polymer; CCCP, carbonyl cyanide m-chlorophenyl hydrazone; BBR, berberine; NPs, nanoparticles; FASN, fatty acid 
synthase; FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxidase 4; CoQ10, coenzyme Q10; SOAT1, sterol O-acyltransferase 1.
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types. Solid tumors differ substantially in stromal architecture and lipid niche composition, and these differences impose 
constraints that uniform dietary or nanomedicine strategies cannot adequately address.137

The Desmoplastic Barrier in Pancreatic Cancer
Pancreatic ductal adenocarcinoma (PDAC) exemplifies the immunologically cold tumor, defined by a dense desmoplastic 
stroma in which CAFs continuously deposit fibrillar type I collagen and high-molecular-weight hyaluronan.138 The 
resulting structural network elevates interstitial fluid pressure, compresses intratumoral vasculature, and generates 
chronic hypoxia that severely restricts both CD8+ T cell infiltration and the deep-tissue penetration of systemically 
administered omega-3 PUFAs.139 Single-cell RNA sequencing data from PDAC models and patient samples reveal that 
eicosanoid synthesis is distributed across multiple cell compartments. Analysis of scRNA-seq datasets identifies PGE2 
and prostacyclins as products of CAFs, PGD2 and thromboxanes as predominantly myeloid-derived, and a transition 
from PGD2 to PGE2 production in the tumor epithelium during malignant progression.140 This multicellular eicosanoid 
network introduces spatial heterogeneity that bulk-tissue lipidomic measurements cannot fully resolve, with implications 
for the specificity of systemic PGE2-lowering strategies.

Within nutrient-deprived zones, TAMs sustain FAO and OXPHOS through PPAR pathway activation, a state further 
stabilized by reduced RIPK3 expression that prevents caspase-1-mediated cleavage of PPAR-γ.141 This bioenergetic 
adaptation preserves an immunosuppressive phenotype that is partially insulated from circulating lipid composition, 
presenting a fundamental limitation for systemic nutritional interventions alone. Accessing these compartments requires 
nanocarriers engineered for active stromal penetration, including size-shrinkable architectures that exploit MMP activity 
in the stroma and surface functionalization with tumor-penetrating peptides such as iRGD to activate transcytosis- 
dependent deep tissue transport.142–145

The Adipocyte-Rich Niche in Ovarian and Breast Cancer
Tumors developing within adipocyte-rich environments face a distinct metabolic landscape. In omental metastases of 
high-grade serous ovarian cancer and breast cancer invading adjacent adipose depots, malignant cells drive adipocyte 
lipolysis through paracrine IL-6, IL-8, and PTHrP signaling, upregulating ATGL and HSL to release free fatty acids that 
are transferred to tumor cells and macrophages via CD36-mediated uptake and FABP4-facilitated redistribution.146–149 

The sustained local abundance of adipocyte-derived fatty acids maintains CD36-mediated lipid internalization in TAMs, 
continuously supplying substrates for both FAO and COX-2-dependent PGE2 synthesis.150 This locally amplified 

Table 2 Dietary Restriction Strategies Combined with Precision Nanocarrier Delivery for TME Reprogramming

Dietary 
Strategy

Nanocarrier 
Platform

Synergistic Mechanism Key Therapeutic Outcomes Status Ref.

FMD iLipo-HCQ Caloric restriction elevates tumor autophagy flux and 

selectively upregulates IGF2R, concentrating liposome 

accumulation and amplifying lysosomal HCQ-mediated 
autophagic blockade

Metabolic synthetic lethality; 

pronounced tumor apoptosis 

with reduced systemic toxicity

Preclinical 

(in vivo)

[133]

KD Nano-PI3Ki Carbohydrate restriction suppresses compensatory 

hyperinsulinemic feedback, restoring tumor sensitivity 
to PI3K-targeted blockade

Synergistic growth inhibition; 

partial reversal of acquired PI3K 
inhibitor resistance

Preclinical 

(in vivo)

[134]

IF Liposomal 

doxorubicin

Fasting reduces extracellular matrix collagen density 

and activates caveolae-mediated liposome 
internalization, lowering physical barriers to 

intratumoral delivery

Enhanced intratumoral drug 

accumulation; improved 
chemotherapeutic efficacy in 

HCC

Preclinical 

(in vivo)

[135]

STF Biomimetic 
RBC–liposome 

nanovesicles

Nutrient deprivation activates lipid raft-mediated 
endocytosis in tumor cells while reducing macrophage 

phagocytic clearance of circulating carriers

Synergistic cytotoxicity against 
TNBC; suppression of metastasis 

at reduced drug dosage

Preclinical 
(in vivo)

[136]

Abbreviations: FMD, Fasting-mimicking diet; iLipo, IGF2R-targeted liposomes; HCQ, hydroxychloroquine; KD, Ketogenic diet; IF, Intermittent fasting; STF, Short-term 
fasting; Nano-PI3Ki, PI3K inhibitor nanoformulation; HCC, hepatocellular carcinoma; TNBC, triple-negative breast cancer; RBC, red blood cell.
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immunosuppressive lipid cycle operates at concentrations that standard-dose systemic omega-3 supplementation is 
unlikely to overcome. Locally targeted co-delivery of CD36 siRNA and EP2/EP4 antagonists offers a more direct 
approach to simultaneously interrupt exogenous lipid influx and downstream immunosuppressive signaling in these 
niches, representing precisely the kind of tailored intervention required to sensitize the highly immunosuppressive 
ovarian cancer microenvironment.151–153

Together, these tumor type-specific contexts make clear that lipid-targeted immunotherapy cannot be uniformly 
applied across solid malignancies. The dominant lipid metabolic program of each tumor niche must guide the choice 
of nanocarrier architecture, targeting strategy, and dietary adjunct dosing. This principle directly informs how patients are 
selected and stratified in clinical trials evaluating lipid-targeted approaches.

Clinical Translation from Biomarker Evaluation to Precision Trials
Quantitative Lipidomic Evaluation and Patient Stratification
Tumor heterogeneity requires precise patient selection for lipid targeted therapies. Observational studies demonstrate that 
systemic lipidomic profiles predict immune checkpoint inhibitor efficacy. Advanced NSCLC patients with elevated 
baseline serum EPA to AA ratios achieve better overall survival. This survival benefit operates independently of tumor 
mutational burden and PD-L1 expression.154–157 Pro-inflammatory lipid profiles drive primary immune resistance. 
Sustained PGE2 signaling impairs IL-2 responsiveness and mitochondrial function in TCF1+ CD8+ T cells.158 This 
lipid environment also downregulates IRF8 in cDC1 cells. This specific downregulation impairs cDC1 effector functions 
including IL-12 and CXCL9 production, disrupting their ability to orchestrate effective CD8+ T cell responses within 
tumors and tdLNs.93 These combined defects cause the accumulation of exhausted T cells expressing high levels of TOX, 
PD-1, TIM-3, and LAG-3.159 Omega 3 supplementation requires careful application based on the microenvironment. 
While DHA exhibits anti-inflammatory effects on DCs by inhibiting maturation and pro-inflammatory cytokine produc
tion, the optimal dosing and timing relative to immunotherapy remains to be established in clinical trials.160

Advanced liquid chromatography tandem mass spectrometry combined with multi-omics pipelines provides quanti
tative measurements of plasma eicosanoids and structural phospholipids.161,162 A six lipid plasma panel successfully 
distinguished disease control from progressive disease in NSCLC patients receiving chemoimmunotherapy.163 Profiling 
circulating tumor derived extracellular vesicles offers superior diagnostic specificity. These vesicles carry lipid signatures 
directly from parent tumor cells. Tumor secreted vesicle associated PGE2 actively promotes MDSC accumulation and 
macrophage immunosuppression.164–166 Table 3 summarizes these predictive peripheral lipidomic signatures across 
different solid tumors.

Prospective Clinical Trials of Nutritional Immunotherapy
Current prospective trials offer early pharmacodynamic support for combining Omega-3 supplementation with ICIs. 
Peripheral blood analyses from supplemented cohorts show a consistent decrease in polymorphonuclear MDSCs along
side stable regulatory T cell populations.171 Meta-analyses further confirm that EPA and DHA co-administration lowers 
systemic serum levels of IL-6, TNF-α, and C-reactive protein.172 These favorable shifts in peripheral immune markers 
provide proof-of-concept for systemic eicosanoid remodeling. However, they cannot confirm actual immune reprogram
ming within the TME. Several ongoing trials are evaluating dietary lipid modulation, caloric restriction, and gut 
microbiome interventions alongside immunotherapy (Table 4). Methodological limitations in their design restrict their 
ability to validate the combined mechanisms proposed in this review. Most studies fail to quantify intratumoral PGE2 
concentrations or local tissue PUFA composition, leaving our core hypothesis without direct histological validation. 
Habitual Omega-6 intake also remains largely unstandardized at baseline. This inter-patient variability in AA supply 
inevitably dilutes the resulting eicosanoid-related immune signals. Most importantly, current protocols lack an Omega-3 
preconditioning phase before ICIs initiation. Early nutritional intervention is necessary to suppress baseline intratumoral 
PGE2 levels. Lowering this baseline breaks the pharmacodynamic ceiling of immune tolerance and creates the optimal 
microenvironment required for subsequent targeted nanocarriers to achieve maximum efficacy.

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S626371                                                                                                                                                                                                                                                                                                                                                                                                      11

Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Translational Limitations and Future Directions
Pharmacokinetic and Biological Delivery Barriers
Several physiological barriers restrict the clinical application of synergistic nutritional immunotherapy. Individual 
variations in gut microbiome composition and bile acid metabolism dictate the gastrointestinal absorption of oral 
lipids.173,174 Free fatty acids in the systemic circulation bind extensively to albumin or accumulate in the liver and 
adipose tissues. This systemic distribution severely reduces the active lipid fraction reaching the malignant tissue.175 The 
high interstitial fluid pressure of desmoplastic stroma further restricts lipid penetration. Intratumoral accumulation often 
remains too low to overcome local PGE2 driven immunosuppression.101 Oral supplementation modulates the peripheral 
immune system but fails to independently remodel the dense tumor core. Current trial designs reflect these limitations. 
Most studies do not quantify intratumoral PGE2 concentrations or local tissue PUFA composition. Unstandardized 
baseline Omega 6 intake causes high inter-patient variability and dilutes the observable immune signals.

Nanomedicine platforms designed to cross these barriers face distinct biological challenges. Serum proteins rapidly 
coat intravenously administered nanoparticles. This dynamic protein corona hides engineered targeting ligands such as 
mannose residues and reduces targeting precision.176–178 Complement proteins deposit C3b fragments on the carrier 
surface. The mononuclear phagocyte system recognizes these fragments and clears the nanoparticles into the liver and 
spleen.179,180 PEGylation strategies often fail due to pre-existing anti-PEG antibodies in the general population. These 
antibodies enrich in the protein corona and accelerate macrophage uptake.181,182 Biomimetic cell membrane cloaking 
offers a physiological alternative. Coating nanocarriers with cell membranes introduces CD47 to engage inhibitory 
SIRPalpha receptors on circulating phagocytes. This cloaking incorporates CD55 and CD59 to block opsonin deposition 
and extend systemic circulation time.183,184 Manufacturing these membrane coated nanocarriers at a clinical scale 
remains a major engineering challenge.

Biomarker Limitations and Precision Oncology Design
Current biomarker platforms require significant technical refinement. Bulk plasma profiling captures systemic eicosanoid 
states but cannot reliably isolate tumor specific metabolic signals. Tumor derived extracellular vesicle lipidomics offers 
better specificity. Standardized isolation protocols must resolve the low proportion of tumor derived vesicles in the blood 
before reliable clinical application.185 Clinical patient selection must also exclude lipid independent resistance mechan
isms. Intrinsic Wnt β catenin activation suppresses chemokine production and prevents cDC1 recruitment independently 
of eicosanoid biology.186 The loss of HLA class I expression through genomic deletion or NLRC5 silencing blocks tumor 

Table 3 Clinical Evidence of Peripheral Lipidomic Signatures as Predictive Biomarkers for ICI Efficacy

Cancer Cohort Treatment 
Regimen

Lipidomic 
Signature

Immunological/TME Correlates Clinical Outcomes Ref.

NSCLC Pembrolizumab High serum EPA/AA 
ratio

Reduced systemic inflammation; 
surrogate marker for decreased AA- 
derived PGE2 pool

Significantly improved OS; 
predictive of favorable ICI 
response

[157]

Solid tumors (Pan-cancer) Nivolumab or 
pembrolizumab

Elevated fecal and 
plasma SCFAs (eg, 
isovaleric acid)

Microbiome-derived lipid metabolites 
acting as systemic immune modulators

Significantly improved PFS and 
ORR

[167]

Squamous cell carcinoma ICI therapy Low plasma LPC levels Reflects systemic chronic inflammation 
(elevated IL-6, TNF-α) and impaired 
immune readiness

Predictive of poor 
immunotherapy efficacy; 
reduced OS

[168]

Advanced gastric cancer Anti-PD-1 + 
chemotherapy

6-lipid metabolite 
plasma risk score 
(including bile acids)

Modulates systemic metabolic 
reprogramming and immune signaling in 
the TME

Predicts OS and PFS with 
superior discrimination 
compared to PD-L1 CPS

[169]

dMMR/MSI-H colorectal cancer Anti-PD-1 Serum structural 
lipidomic profiles

Captures dynamic metabolic rewiring 
independent of genomic instability 
status

Accurately stratifies 
responders from primary- 
resistant non-responders

[170]

Abbreviations: CPS, combined positive score; dMMR, deficient mismatch repair; LPC, lysophosphatidylcholine; MSI-H, microsatellite instability-high; NSCLC, non-small cell 
lung cancer; ORR, objective response rate; OS, overall survival; PFS, progression-free survival.
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Table 4 Prospective Clinical Trials Combining Systemic Metabolic Interventions with Cancer Immunotherapy

Cancer Type Phase NCT ID Intervention Key Endpoints Anticipated Translational Limitations Status

Dietary lipid modulation + immunotherapy

Advanced EC II NCT07272382 EPA + DHA + PD-1 inhibitor 

Double-blind RCT

ΔSMI (primary); PGE2/eicosanoid profile; T cell subsets; PFS, OS ● Inter-individual GI absorption variability
● Hepatic/adipose omega-3 sequestration
● No intratumoral PUFA sampling planned

Recruiting

LA-G/GEJ AC (Stage III) II NCT07050524 Omega-3 + neoadjuvant ICI + chemo 

Open-label RCT

pCR rate (primary); MPR rate; CD8+ TIL density; tumor regression 

grade

● Omega-6/omega-3 dietary background uncontrolled Registered

LA-NPC II NCT07136519 Toripalimab+nab-paclitaxel/cisplatin 
→ RT + omega-3 (RT phase only) 

Single-arm

Safety/AEs (primary); ORR; locoregional control; PFS, OS ● Omega-3 confined to RT phase, not induction
● RT–ICI interaction confounds omega-3 attribution

Registered

Caloric and macronutrient restriction + 
immunotherapy

Advanced solid tumors NA NCT06438588 Cyclic FMD 

(low-calorie, low-protein) 
+ ICI 

Single-arm

irAE incidence/severity; QoL; IGF-1, ketone bodies; Treg/MDSC 

frequency

● Adherence challenging in cachexia-prone patients
● irAE heterogeneity across tumour types

Recruiting

HNSCC (recurrent/metastatic) NA NCT05083416 Prolonged nightly fasting + ICI 
Single-arm

Gut microbiome diversity; fecal metabolomics; ORR ● BMI criterion excludes cachectic patients Completed

Gut microbiome modulation + immunotherapy

Melanoma (stage III–IV) II NCT04645680 High-fiber diet + ICI 

Single-arm

Gut microbiome structure/function; intratumoral CD8+; ORR, PFS; 

irAE rate

● Microbiome responder heterogeneity across patients
● GI tolerability limiting 50 g/day adherence

Completed

Abbreviations: AC, adenocarcinoma; EC, esophageal cancer; G/GEJ, gastric/gastroesophageal junction; HNSCC, head and neck squamous cell carcinoma; LA, locally advanced; NPC, nasopharyngeal carcinoma. CT, computed 
tomography; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FMD, fasting-mimicking diet; irAE, immune-related adverse event; ORR, objective response rate; OS, overall survival; PFS, progression-free survival; PUFA, 
polyunsaturated fatty acid; QoL, quality of life; SMI, skeletal muscle index; ΔSMI, longitudinal change in skeletal muscle index.
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antigen recognition and lipid targeted therapies cannot reverse these specific genetic and epigenetic resistance 
programs.25,187,188

Future adaptive clinical trials must incorporate Omega 3 preconditioning phases before initiating immunotherapy or 
nanomedicine delivery. This early intervention lowers the baseline intratumoral PGE2 burden prior to targeted receptor 
blockade. Trial designs should require paired biopsies to quantify local tissue PUFA composition and validate intratu
moral eicosanoid suppression. Enrolling patients based on elevated circulating PGE2 metabolites and unfavorable Omega 
6 to Omega 3 ratios will concentrate trials on the most responsive populations.171,189 Preclinical research should evaluate 
the direct combination of dietary preconditioning and targeted nanomedicines in desmoplastic and adipocyte rich tumor 
models. Standardizing vesicle isolation protocols will eventually enable clinicians to pair metabolic vulnerabilities with 
targeted nanomedicine delivery. This integrated approach represents the biological foundation of precision immunometa
bolic oncology (Figure 4).

Conclusion
Malignant tissues actively orchestrate local lipid partitioning to enforce immune exclusion. Within the TME, dietary 
omega 6 fatty acids are funneled into the AA cascade, fueling COX-2 mediated PGE2 synthesis. This localized 
eicosanoid pool locks TAMs into a suppressive state dependent on fatty acid oxidation, precipitates lipid peroxidation 
driven ferroptosis in infiltrating CD8+ T cells, and paralyzes cDC1 lymph node trafficking. Consequently, systemic 
immune surveillance collapses at multiple spatial checkpoints.

Monotherapeutic attempts to dismantle this lipid shield remain fundamentally constrained by spatial and biochemical 
barriers. Systemic dietary shifts toward omega 3 fatty acids effectively deplete circulating AA but fail to breach the dense 
stromal architecture of established tumors. Conversely, nanomedicines engineered to block PGE2 signaling are fre
quently outcompeted by the overwhelming local concentration of TME derived eicosanoids.

Figure 4 Proposed clinical translational roadmap for synergistic nutritional immunotherapy. Left panel: Patient stratification. Integrates liquid biopsies (plasma lipidomics, 
PGE2 metabolites, tEVs), tumor biopsies (baseline TME lipid profiles), and exploratory fecal microbiome profiling to guide precise patient selection. Center panel: Two-phase 
intervention. Phase I: Omega-3 dietary pre-conditioning to deplete the intratumoral PGE2 sink and restore nanomedicine sensitivity. Phase II: Co-administration of lipid- 
targeting nanocarriers (eg, EP4 antagonists) and anti-PD-1 immune checkpoint inhibitors (ICI). Right panel: Outcome monitoring. Assesses primary clinical endpoints (ORR, 
PFS, OS), evaluates TME immune infiltration (eg, CD8+ T cells and M1 macrophages), and tracks safety through irAEs and systemic inflammatory markers (eg, IL-6, CRP, 
transaminases). 
Abbreviations: CRP, C-reactive protein; EP4, prostaglandin E2 receptor subtype 4; ICI, immune checkpoint inhibitor; IL-6, interleukin-6; irAE, immune-related adverse 
event; ORR, objective response rate; OS, overall survival; PFS, progression-free survival; PGE2, prostaglandin E2; tEV, tumor-derived extracellular vesicle; TME, tumor 
microenvironment.
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To resolve these isolated vulnerabilities, we propose a sequential intervention paradigm. Systemic preconditioning 
with dietary omega 3 fundamentally erodes the baseline AA supply, depressing the intratumoral PGE2 reservoir. This 
metabolically sensitized environment opens a critical therapeutic window, allowing EP4 antagonist loaded nanocarriers 
to achieve functional TAM reprogramming and rescue cDC1 migration. Liquid biopsy platforms quantifying circulating 
omega 6 to omega 3 ratios, PGE2 metabolites, and extracellular vesicle lipidomes will enable the precise prospective 
stratification of patients harboring this lipid dependent phenotype.

Realizing this clinical translation necessitates overcoming inherent nanomedicine delivery barriers and validating 
robust lipidomic biomarkers. Future Phase I trial designs must map longitudinal metabolic responses, establish precise 
dosing kinetics, and verify intratumoral immune remodeling. Ultimately, neutralizing this lipid driven evasion network 
provides a mechanistic rationale to rescue systemic antigen presentation, laying the essential groundwork for durable 
responses to ICIs.
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