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Why the link between immune infiltration and tumor control varies so strongly across tissues remains unre-
solved. We propose the “immunometabolic gatekeeping” framework, whereby tissue-intrinsic metabolic ac-
tivity and waste-handling capacity shape anti-tumour immunity. In high-flux tissues, metabolic stress impairs
immune surveillance, decoupling infiltration from control and allowing tumor outgrowth. This framework
explains cancer paradoxes—including T cell prognostic heterogeneity, hereditary and pediatric tumor tro-
pisms, sex-biased tumor incidence, and cancer-resistant species—and suggests metabolism-aware strate-
gies for cancer prevention and immunotherapy.

Introduction: Cancer risk through a
metabolic lens

Traditional models of cancer emphasize
mutations, cell-intrinsic transformation,
and immune surveillance, yet tissues
differ dramatically in their energetic
demands and in their ability to clear
metabolic intermediates and byproducts.
These differences are not incidental;
they determine the biochemical environ-
ment in which immune cells operate
and in which early lesions evolve. Here,
we outline a framework of immunometa-
bolic gatekeeping, in which the meta-
bolic intensity and waste-handling ca-
pacity of healthy tissues shape local
immune competence and cancer sus-
ceptibility. This metabolic constraint
helps explain why pediatric and certain
hereditary solid cancers show speci-
fic tissue tropisms, why men exhibit
higher incidence of several tumors, and
why T cell infiltration predicts good
outcomes in some cancers but poor
outcomes or no benefits in others. Note
we focus here on solid tissues and
cancers, where constrained diffusion
makes local waste accumulation par-
ticularly relevant; hematological malig-
nancies are beyond the scope of this
discussion.

Metabolic tone of healthy tissues as
an immune constraint
Mammalian tissues can vary in their meta-
bolic rate by an order of magnitude,’ the
global composite of which is the body’s
basal metabolic rate. High metabolic
rates lead to the production of abundant
reactive oxygen species (ROS), lactate,
protons, and other organic waste. If diffu-
sion or perfusion cannot match produc-
tion, metabolic byproducts accumulate
locally, even in the absence of disease.
Single-cell transcriptomic profiles of fi-
broblasts and endothelial cells from
high-flux organs (e.g., kidney, brain, and
eye) reveal elevated expression of key
glucose transporter (GLUT1) and pH-
handling genes, indicating high energy
demand and high homeostasis manage-
ment  following waste production
(Table 1). Lineage-encoded tissue meta-
bolism is also expected to shape how
resident cells respond to (oncogenic)
stress. Here, we focus on immunity
without excluding relevant effects on tu-
mor and stromal compartments.
Metabolic byproducts or associated
acidosis suppress nearly every arm of
antitumor immunity, impairing T cell
motility, infiltration, and cytokine produc-
tion; promoting checkpoint expression;
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skewing macrophage polarisation toward
M2-like phenotypes; and dampening
dendritic and natural killer cell cytotox-
icity. Moreover, metabolic stress and
acidosis can disrupt proteostasis, pro-
moting proteotoxic stress responses that
further impair immune cell viability and
effector function.” In addition, highly
active stromal and tumor cells can
outcompete T cells for nutrients via, e.g.,
overexpression of GLUT1, impairing
T cell glycolysis and IFNy production.
Glycolysis-dependent effector T cells,
particularly cytotoxic CD8" T and Thi
subsets, may therefore be especially sus-
ceptible to metabolic dysfunction in high-
flux niches.

This suggests that some tissues are
predisposed to form immune-exhausting
niches that can be intensified by emerging
lesions through metabolic rewiring and
genetic programs of immune evasion,
rather than needing to create such condi-
tions de novo. Primary cancers are
notably rare in tissues at metabolic ex-
tremes—such as white adipose (low)
versus heart/red skeletal muscle (high).
While differences in proliferative capacity
and lineage-specific programs clearly
contribute to this rarity, their minimal
metabolic flux or highly efficient, tightly
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Table 1. Comparison of CD8" T cell infiltration, prognostic impact, and proxied baseline metabolic activity across 15 normal tissues associated with cancer initiation®

pH homeostasis

SLC2A1 (GLUT1) expression by

expression by fibroblasts and TOX expression
CD8" T cell fibroblasts and endothelial cells by T cells in Mitochondrial resp. No. of publ./ratio
infiltration —  endothelial cells in in normal human  normal human average (complex IV) of endo. + fib.

Normal tissue (cancer type) prognosis?® normal human tissue™®  tissue'® tissue'® in healthy young mice'  cellsto Tcells’®  Notes

Kidney (renal cell carcinoma) very poor high high very high very high 13/3:1 The renal proximal
tubule, where many
RCCs originate, is
among the highest in
mitochondrial density
and oxygen use

Brain (glioma, glioblastoma) poor very high int-high very high very high 23/38:1 -

Eye (uveal melanoma) poor® very high high very high int-high 6/27:1 Not included in
Bruni et al.”

Esophageal (esophageal cancer)  poor very high very high high N/A 4/10:1 -

Prostate gland (prostate cancer)  int-poor int-high very high int-high N/A 4/2:1 -

Stomach (gastric cancer) intermediate  int-high int-high intermediate high 4/1:1 -

Pancreas (pancreatic ductal int-good high very high int-high intermediate 5/8:1 -

adenocarcinoma)

Lung (lung cancers, incl. int-good high high high int-high 24/1:1 -

adenocarcinoma)

Head and neck good N/A N/A N/A N/A N/A -

Breast (breast cancer) very good intermediate intermediate high N/A 4/9:1 -

Liver (hepatocellular carcinoma) very good intermediate intermediate low high 11/1:1 -

Bladder (bladder cancer) very good low low intermediate N/A 3/3:1 2 scRNA-seq datasets
for “bladder organ,” 1
for “urinary bladder”

Fallopian tubes (ovarian cancer)  very good low low low int-low 3/3:1 -

Skin (melanoma) very good low low low low 7/3:1 -

Colon (colorectal cancer) very good low low low low 11/1:1 -

aTissues are ordered by the strength and direction of the cross-cohort CD8* T cell infiltration-prognosis relationship as reported in Bruni et al.” and Zuo et al.® “Poor” = predominantly adverse or null
prognostic effect?; “very good/poor” = uniformly beneficial/adverse.? Tissue-level, cross-publication aggregated “expression” values were extracted from CELLXGENE'® (Feb. 2026, “disease” =
“normal”) for “cell type” = “fibroblast,” “endothelial cell,” or “T cell,” filtered to retain “tissue” x “cell type” x “gene” combinations with > 10 cells expressing. We calculated cell-count-weighted
averages across stromal cell types for each stromal marker panel: i. SLC2A1, ii. pH-homeostasis genes SLC9A1, SLC4A2, SLC4A3, CA2, CA9, CA4, SLC4A7, SLC4A4, and SLC4A5 (gene-level
weighted expressions were normalized across tissues to their maximum and then averaged). TOX was used as a marker of baseline T cell exhaustion propensity, as it stabilizes the exhausted tran-
scriptional program. “No. of publications” reflects the number of independent single-cell RNA sequencing (scRNA-seq) studies contributing fibroblast, endothelial cell, and/or T cell expression data
for the indicated tissue after filtering; stromal to T cell ratios reflect relative cell representation therein. Full analysis and regular updates with database can be found on https://github.com/
NaomilrisvdBerg/immunometabolic_gatekeeping.
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Figure 1. Inmunometabolic gatekeeping across tissues and development

(A) Immunometabolic gatekeeping as a complement to canonical models of tumor development. The schematic illustrates how tissue-intrinsic metabolic activity
and waste-handling capacity establish baseline biochemical conditions that shape local immune surveillance even prior to transformation. While accumulation of
metabolic intermediates and byproducts is known to contribute to cancer development via, e.g., promoting inflammation and mutagenesis, we emphasize a
complementary mechanism in which metabolic and proteotoxic debris impair infiltrating immune cells” and facilitate tumor initiation and growth.*T cells
themselves —especially when metabolically inflexible—may further contribute to an immunometabolically hostile environment.* **Tumors directly impose
metabolic dysfunction in immune cells by, e.g., tumors transferring mutant mtDNA to infiltrating T cells'* or by tumors hijacking functional mitochondria from

immune cells, including CD8* T cells.'®

(B) Basal metabolic rate (BMR) generally declines with age. At any given age, males tend to have higher BMR than females. High-flux tissues such as the brain will
have higher metabolic rates than the whole-body average represented by the BMR.

(legend continued on next page)
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buffered metabolism may further reduce
the likelihood of establishing recurrent
waste-rich, immune-suppressive niches.

Reconciling the paradox of T cell
infiltration
Although immunometabolic gatekeeping
may begin pre-transformation, its conse-
quences extend into tumor progression.
When transformation occurs in organs
whose parenchyma are normally high
flux, the emerging lesion does not
arise in a metabolic vacuum; it “inherits”
both the surrounding stromal and diffu-
sive baseline and lineage-encoded meta-
bolic wiring of its cell of origin. Even as
normal organ function is lost within the
transformed tissue, oncogenic reprog-
ramming (e.g., HIF, MYC, and p53
pathway alterations) becomes layered
onto this metabolically demanding foun-
dation, extending and intensifying pre-ex-
isting metabolic plasticity and potential
(Figure 1A). In the early stages, nascent le-
sions are still embedded in the original
hostile environment; immune surveillance
is recruited, and immune cells must
operate in niches already close to their
immunometabolic limits. As the tumor
evolves, cancer and (reprogrammed)
stromal cells add further glycolytic/oxida-
tive stresses and acquire additional
immune-evasive adaptations, progres-
sively tightening local immunometa-
bolic constraints. As the tumor grows,
declining surface-area-to-volume ratios
may further limit the diffusion and clear-
ance of tumor-generated waste, ampli-
fying local metabolic stress and poten-
tially contributing to size-dependent
tipping points in immune control (consis-
tent with, e.g., the ~3 cm clinical
threshold in small renal masses).

In cancers such as melanoma, bladder,
and colorectal —particularly following sur-

gical resection of the primary tumor with
curative intent—high T cell infiltration
(e.g., “brisk” infiltration in melanoma) is
linked to reduced risk of recurrence and
improved outcomes.? By contrast, in renal
cell carcinoma (RCC), uveal melanoma,
lower grade glioma, and glioblastoma
multiforme (GBM), cross-cohort analyses
indicate that within a given tumor type,
patients whose tumors are most heavily
infiltrated by effector T cells do not
consistently fare better and in some cases
do worse than those with lower T cell den-
sities.?® These cancers originate in meta-
bolically high-flux tissues (Table 1), sug-
gesting a unifying explanation: effector
immune cells can enter but cannot
properly function—and may in fact
contribute to an even more immunosup-
pressive tumor microenvironment (TME)
themselves.”

Clear cell renal cell carcinoma (ccRCC)
illustrates how cell-of-origin  context
and oncogenic rewiring can entrench
immunometabolic failure. Proximal tubule
epithelium—ccRCC’s likely cell of
origin—is among the most metabolically
demanding tissues (Table 1), and near-
universal VHL loss overlays an HIF-driven
glycolytic and angiogenic program onto
this high-flux background. Consistent
with this, ccRCC CD8" TILs were shown
to be abundant but metabolically
impaired—even in early stages of dis-
ease’—and that metabolic rescue (via
pyruvate supplementation or ROS scav-
engers) partially restored their activation.®

Indeed, immune cells themselves are
metabolically active participants in this
ecosystem; during effector activity they
shift toward glycolysis, adding to local
lactate and proton production, particu-
larly when metabolically constrained.” In
already nutrient-limited, waste-rich mi-
croenvironments, this can create a posi-
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tive feedback loop in which infiltrating
T cells both experience and reinforce
metabolic stress, deepening exhaustion.
This dynamic may help explain why,
in some tumor types with especially hos-
tile metabolic microenvironments, high
T cell infiltration associates with poorer
rather than better prognosis (Table 1;
Figure 1A).

Rather than viewing infiltration as uni-
versally beneficial, immunometabolic
gatekeeping argues that the prognostic
value of infiltration depends on both tu-
mor-intrinsic evolution and tissue meta-
bolic context. In metabolically quiescent
tissues, infiltrating T cells are more likely
to retain metabolic compatibility and
function, and immune suppression is
driven predominantly by tumor-acquired
mechanisms. In metabolically intense
tissues, infiltrating T cells begin at a
disadvantage—entering niches already
competitive for nutrients, high in organic
waste, and prone to acidification—onto
which tumor evolution can superimpose
additional (epi)genetic modes of immune
escape, further decoupling infiltration
from effective control.

Fibrosis and physical barriers as
immunometabolic modulators
Physical microenvironmental features
shape metabolic and immune dynamics.
Fibrosis and cell-dense stromal remodel-
ing restrict diffusion and perfusion of oxy-
gen, nutrients, and waste, effectively
increasing local byproduct concentra-
tions. Stiff extracellular matrices also
induce glycolytic reprogramming in fibro-
blasts—even in the absence of cancer—
via upregulation of GLUT1 and MCT4.2
Within the immunometabolic gatekeeping
framework, such effects may create
waste-rich niches that blunt immune
surveillance, offering a complementary

(C) Age-dependent decline in T cell metabolic flexibility and conceptual relationship to tissue demand. Increasing tissue metabolic demand constrains local
immunometabolic compatibility, raising the risk of local T cell exhaustion. Age-related declines in T cell metabolic flexibility (i.e., ability to change fuel sources to
meet energy demands) shift this relationship downward, such that a given tissue is more likely to exceed the functional tolerance of T cells in older adults than that
in children. Pediatric solid tumors, while rare, arise disproportionately in metabolically intense organs, consistent with tissue-specific metabolic priming during
development. Primary bone tumors (osteosarcoma and Ewing sarcoma) similarly emerge during periods of rapid skeletal growth, when local metabolic demand is

transiently high.

(D) Local metabolic exhaustion risk of T cell infiltration across tissues and ages. This qualitative schematic illustrates how multiple metabolic factors—tissue
metabolic rate, metabolic inefficiency, nutrient competition, impaired waste clearance, and T cell metabolic inflexibility —combine to shape local T cell metabolic
exhaustion risk. Axes represent qualitative contributors to local immunometabolic stress; increased radial extent reflects greater constraint on T cell function.
Following transformation, local metabolic stress in high-flux tissues increases due to tumor, (reprogrammed) stromal, and immune cell demand and reduced
metabolic efficiency (via Warburg effect), even as overall organ function may decline. A shared color scheme is used across the example spider plots. *The aging-
induced decline in T cell metabolic flexibility can be mitigated by physical activity; older active adults’ T cells show better mitochondrial-glycolytic switching, a
higher mitochondrial dependence and lower glucose dependence at rest, as well as a reduced inflammatory phenotype and lower metabolic demand compared

to T cells of less active peers. '’
Figure made using BioRender.
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explanation for increased cancer risk in
fibrotic diseases (e.g., cirrhosis, chronic
pancreatitis, and pulmonary fibrosis)
beyond chronic inflammation, aberrant
repair, physical immune blockage, or dys-
regulated signaling.

Viral oncogenesis as natural
immunometabolic reprogramming
Oncogenic viruses commonly reprogram
and upregulate host-cell metabolism to-
ward higher aerobic glycolysis to support
replication. These shifts increase lactate
and ROS, mirroring tumor-driven (i.e.,
Warburg-mediated) immunosuppression
and demonstrating that metabolic reprog-
ramming can precede transformation.
Viral-induced fibrosis or stromal signals
further metabolically stress the tissue, im-
pairing immune function. Viral oncogen-
esis therefore offers a natural experiment
in immunometabolic gatekeeping; viral in-
fections can impose Warburg-like and
fibrotic metabolic stresses on tissues,
narrowing the window for effective im-
mune surveillance even before overt
transformation, complementing estab-
lished genetic and inflammatory mecha-
nisms of virus-induced cancer.

Tissue tropism in hereditary and
pediatric cancers

Hereditary cancer syndromes driven by
germline mutations in metabolic path-
ways (e.g., VHL, SDH, and FH) often
show organ tropism that is not easily ac-
counted for by the ubiquity of the germline
mutation or by simple cell-of-origin
models. In VHL disease, individuals carry
a germline VHL mutation in all tissues,
yet clinically apparent lesions arise pre-
dominantly in metabolically intense sites
(i.e., the renal cortex, eye, brain/CNS,
and adrenal medulla). This tropism is usu-
ally interpreted as reflecting tissue-spe-
cific metabolic advantages of VHL loss
in high-flux organs. Within our framework,
these same tissues may also impose
stronger immunometabolic constraints,
potentially contributing to where VHL-
deficient clones progress versus remain
controlled.

Pediatric solid tumors show similar pat-
terns; while rare overall, they arise dispro-
portionately in metabolically intense or-
gans, such as the brain/CNS (glioma and
medulloblastoma), adrenal gland (neuro-
blastoma), kidney (renal tumors and
Wilms), and eye (retinoblastoma). Germ-

line or early developmental mutations
and tissue-specific developmental pro-
grams clearly play central roles, yet pedi-
atric tumor tropism suggests that both im-
mune and metabolic state shape the
selective landscape in which emerged
clones progress. Periods of high meta-
bolic demand and rapid remodeling may
transiently narrow the functional margin
of the pediatric immune system and alter
the fitness costs and benefits of onco-
genic events, allowing transformed pro-
genitors to expand in particular tissues
(Figures 1B-1D), without implying that im-
mune surveillance failure is the sole driver
of pediatric tumorigenesis.

Sex differences and systemic
metabolic tone
Men have higher incidence of numerous
solid tumors, including kidney, liver,
esophageal, and bladder cancers. While
lifestyle and hormone differences can
play a role, the etiology for these dispar-
ities remains inconclusive. However,
emerging data points to sex-specific
metabolic dimorphism. For instance,
male kidneys exhibit approximately
2-fold higher lactate production than fe-
males in non-diseased rat models.°
Higher basal metabolic rate in males
compared to females (matched for age
and body weight) may both increase
intrinsic mutagenic/metabolic stress and
generate more acidic or waste-prone mi-
croenvironments (Figure 1A). In our
framework, this systemic dimorphism
narrows the functional margin for immune
surveillance across tissues, providing a
complementary layer to tumor-intrinsic
explanations for male-biased cancer
risk in most shared/non-reproductive
anatomic sites (Figures 1B-1D).
Systemic metabolic states, including
obesity, hyperglycemia, and chronic
inflammation, also modulate immunome-
tabolic tone. Hyperglycemia increases
substrate availability for glycolysis while
inflammation and insulin resistance impair
immune metabolic flexibility. Sedentary
behavior reduces adult mitochondrial
adaptability in T cells,’® making them
more vulnerable to acidic or nutrient-
competitive environments. These sys-
temic states are well known to influence
tumor-intrinsic evolution and signaling
(e.g., via growth factors and insulin/IGF
axes); in parallel, our framework highlights
how they can also erode immune meta-
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bolic fithess and thereby intensify tissue-
level vulnerability.

Cross-species patterns and cancer-
resistant mammals

Immunometabolic gatekeeping offers a
unifying explanation for several cross-
species cancer paradoxes. Large mam-
mals have lower mass-specific metabolic
rates, producing fewer metabolic byprod-
ucts per gram of tissue, in accordance
with allometric scaling laws (Kleiber’'s
law). However, the physical process
of passive diffusion of small molecules
(governed by Fick’s laws) does not
scale allometrically with body size, such
that diffusion coefficients are largely
conserved across species. Therefore,
improved metabolic homeostasis may
help explain why large, long-lived species
show lower spontaneous tumorigenesis
despite greater cellularity and longevity.
While taxon-specific genetic factors
contribute (e.g., TP53 expansions in
elephants), inherently lower predisposi-
tion to metabolic waste accumulation
may be a complementary, universal layer
to explain cancer resistance in large
animals.

Conversely, some small mammals
show remarkable cancer resistance,
such as naked mole rats (NMRs). Living
in chronically hypoxic burrows, NMRs
exhibit extreme metabolic suppression—
up to 85% in acute hypoxia—and down-
regulate glycolysis, p-oxidation, and
ATP-consuming processes, thereby
sparing small carbohydrate stores and
minimizing the accumulation of anaerobic
end products.’’ Accordingly, it may be
the NMR’s unusual metabolic programs
(and resulting microenvironmental states)
that help prevent early transformed
clones from ever reaching permissive, im-
mune-evading niches, shifting emphasis
from purely cell-intrinsic resistance mech-
anisms to an immunometabolic barrier to
tumor outgrowth.

Both large, long-lived animals with
improved metabolic homeostasis and
small mammals with specialized meta-
bolic adaptations maintain tissue ecosys-
tems less prone to immune-suppressive
byproduct accumulation, illustrating that
cancer resistance may in part be aided
by metabolic suppression and efficient
waste management.

Beyond cancer-resistant species on
metabolic extremes, the
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immunometabolic gatekeeping model
holds in broader cross-species compari-
sons; a comparative genomics study
across nearly 200 vertebrates found that
genes whose conservation levels corre-
late negatively with cancer resistance
are enriched for metabolic functions,'?
suggesting that metabolic activity con-
tributes to cancer incidence disparities
across species. Direct cross-species
measurements of immune surveillance ef-
ficiency are scarce, so this signal does not
by itself demonstrate enhanced immunity
in cancer-resistant taxa. Rather, this
signal is consistent with the hypothesis
that differences in tissue metabolism
shape the conditions under which im-
mune surveillence operates, as proposed
in our framework (Figure 1A), now viewed
across species.

Therapeutic and preventive
implications

Viewing tumors as arising within pre-ex-
isting metabolic constraints highlights
key strategies:

1. Buffering local acidity and
reducing glycolytic flux: sodium bi-
carbonate, MCT inhibitors, GLUT1
inhibitors, and LDHA inhibitors have
shown efficacy in preclinical models.
These interventions aim to reduce
the metabolic hostility of the environ-
ment, potentially synergizing with
checkpoint blockade.

2. Modulating systemic metabolic
tone: caloric restriction, dietary
amino-acid modulation, GLP-1 re-
ceptor agonists, and physical activ-
ity have been associated with
reduced cancer risk and improved
immune metabolic function.

3. Stratifying tumors by metabolic
ecology: the metabolic intensity of
the tissue of origin may help predict
which tumors will respond to immu-
notherapy, where metabolic inter-
ventions should be prioritized, and
which early lesions require active
surveillance.

4. Intervening in high-risk tissues:
For genetically predisposed indi-
viduals (e.g., VHL mutation car-
riers), interventions targeting early
metabolic shifts —buffering acidifi-
cation, modulating glycolytic tone,
or enhancing perfusion—may delay
transformation or progression.
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While caution is warranted and further
clinical evidence is needed, the overall
principle remains: restoring and opti-
mizing immunometabolic compatibility
may be an important synergist in
achieving successful (immuno)therapy of
solid cancers.

Conclusion

Immunometabolic gatekeeping reframes
anti-tumor immunity as a property of tis-
sue metabolism rather than exclusively
of tumor genetics or the TME. On its
own, immunometabolic gatekeeping
does not predict cancer incidence, which
is often dominated by mutational load,
cell-intrinsic programs and the expo-
some. However, when mutational load is
low (i.e., in children) or constrained (i.e.,
when the first event is defined by germline
mutations in metabolic genes), immuno-
metabolic tone is expected to align more
closely with tissue tropism and incidence.
Tissues with high metabolic flux and
limited waste clearance create environ-
ments where immune cells can rapidly
lose functional capacity, explaining why
some tumors grow despite abundant infil-
tration and why certain organs and spe-
cies are strikingly cancer resistant. By
integrating metabolic ecology with im-
mune dynamics, this framework provides
a unifying way to bridge paradoxes in can-
cer biology and to design metabolism-
aware strategies for prediction, preven-
tion, and therapy.
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