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Highlights 
The adaptive immune system heavily 
invests in multilayered tolerance 
programs and appears overengineer ed
for pathogen defense alone.

Depletion of adaptive immune circuits 
triggers widespread homeostatic break-
down even in the absence of pathogens, 
suggesti ng a central role in organismal
homeostasis.

Mitochondria transfer, critical for cellular 
homeostasis in complex multicellular 
organisms, compensates for metabolic 
stress but introduces cellular variance 
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The adaptive immune system (AIS) is traditionally viewed as a defensive 
vertebrate innovation forged by pathogen pressure. Yet many of its core features 
suggest it is a homeostatic, regulatory circuit, not simply a sophisticated means 
of antimicrobial warfare. The horizontal transfer of mitochondria—–endogenous 
endosymbiotic organelles—is a conserved mechanism for maintaining tissue 
homeostasis through metabolic rescue but can alter a cell’s identity and provoke 
immune responses. We propose that escalating multicellular complexity 
accommodated mitochondrial mobility—and the inevitable intrinsic immunological 
danger it presents—through a complementary supervisory system with buffering 
(tolerance), contextualization (specificity), memory, and elimina tory capacities.
This perspective reframes the AIS as a constitutive danger management network,
integrating tissue homeostasis, metabolic surveillance, immune tolerance, and
immunological defense.
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and risks an immunoge nic response to
an organelle of bacterial ancestry.

The increasing mitochondrial mobility in 
complex multicellular organisms may 
have created selective pressure for 
layered surveillance and tolerance 
systems, which may have eventually
been co-opted for pathogen defense.

Significance 
Although the adaptive immune system 
is indispensable for pathogen control, 
its dysregulation contributes to chronic 
conditions, including cancer, 
autoimmunity, and neurodegeneration. 
Reconsidering its evolutionary origins 
and homeostatic roles may clarify its 
underlying design principles and inform
strategies to more precisely recalibrate
immune function in disease.
The adaptive immune system: beyond pathogen defense
The emergence of the vertebrate adaptive immune system (AIS) remains one of biology’s most 
consequential evolutionary transitions. Although the AIS plays a central, unequ ivocal role in
host antimicrobial defense through antigen-specific recognition and memory [1–3], new insights 
have revealed roles far beyond pathogen defense (Box 1). Regulatory T cells (Tregs) and B cells 
maintain tissue homeostasis, coordinate wound repair, regulate metabolism, and enforce
tolerance (see Glossary) to self-and, in some cases, nonself (allogeneic fetuses and commensal 
organisms) that are essential for species survival [4–7]. Recombinase-activating gene (RAG)-
deficient mice exhibit developmental, metabolic, cognitive, and behavioral defects [8,9], 
underscoring the homeostatic roles of adaptive immune circuits [10]. Adaptive immunity, 
therefore, is as critical for tissue physiology as it is for pathogen defense. These expanded 
functions of the AIS invite new considerations about the design principles, origins, and selective
pressures that favored the evolution of this remarkable system.

As the pinnacle of host defense, the combinatorial receptor diversity, memory formation, and 
rapid secondary response of the AIS can be elegantly explained by selection under pathogen 
pressure. Exposure to diverse microbes, coupled with recurrent infections, has long been 
understood to exert selective pressure on vertebrate adaptive immune mechanisms—including 
receptor diversity generat ed by variable–diversity–joining [V(D)J] recombination and polymor-
phism ofmajor histocompatibility complex (MHC) genes—such that these features enhance
the capacity to recognize and respond to a broad array of pathogen-derived antigens [2,11]. 

Yet, not all aspects of adaptive immunity are accounted for by the need to anticipate and respond 
to microbial threats. For instance, it remains unclear why AIS arose only in vertebrates despite
pathogens being universal, why core vertebrate-specific regulatory molecules of the AIS—
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Box 1. Adaptive immunity beyond pathogen defense

Besides host–pathogen interactions, the AIS is critical for numerous homeostatic roles. Some of these are highlighted
below.

1. Tissue homeostasis and repair

· Adaptive immune cells coordinate tissue homeostasis, regeneration, and wound healing after injury, interacting with 
stem cells and tissue-resident cells to promote repair and structural integrity.

2. Maternal–fetal tolerance and reproductive health

· Tregs and other adaptive circuits prevent maternal immune rejection of the allogeneic fetus and support placental
immune tolerance, enabling successful reproduction and fetal development.

3. Microbiome and barrier homeostasis

· AIS maintains tolerance to commensal microbiota, particularly at mucosal surfaces, balancing immune responses 
to maintain microbial symbiosis rather than clearing infection.

4. Central nervous system homeostasis

· T-cell subsets interact with the nervous system, influencing neuroinflammation and contributing to central nervous 
system health. Regulatory T cells can modulate inflammatory responses in the brain, a nd their dysregulation is
implicated in neurodegenerative diseases.

5. Stress and damage sensing

· In addition to pathogens, AIS discriminates between self versus altered self by responding to endogenous metab-
olism and damage associated molecular patterns (MAMPs and DAMPs, respectively) s ignaling that arises from
sterile injury, metabolic imbalance, or stress.

6. Systemic integration with other organ systems

· AIS communicates with the endocrine, nervous, and metabolic systems to coordinate organismal homeostasis— 
sensing dietary, neural, and environmental cues, and responding to maintain balance across tissues.

Glossary 
Cambrian–Ordovician interval: a 
geologic time interval between 
approximately 540 to 443 mya, during 
which oxygen heterogeneity and 
fluctuations may have imposed 
evolutionary pressures, contrib uting to
the evolution of vertebrate lineages.
cGAS–STING: an intracellular DNA-
sensing pathway that detects cytosolic 
DNA. Cytosolic DNA may originate from 
infections (viruses/bacteria) or cellular 
stress (damaged self-DNA). Upon 
binding to DNA, cGAS (cyclic GMP– 
AMP synthase) produces cGAMP (cyclic 
GMP–AMP), which activates STING 
(stimulator of interferon genes ), leading
to the production of type I interferons
and proinflammatory cytokines.
Constitutive danger: intrinsic 
immunological risk in multicellular 
physiology owing to the exposure of 
mitochondria—an endosymbiotic 
organelle that is generally sequestere d
intracellularly—to immune detection.
Erythropoietin/erythropoietin 
receptor (EPO/EPOR): EPO is a 
hormone that induces erythropoiesis in 
the bone marrow but can suppress 
immune responses via its interaction 
with EPORs expressed on antigen-
presenting cells, including dendritic cells 
and macrophages. Under the in fluence
of EPO, these cells dictate immune
tolerance in the periphery.
Gnathostome: vertebrates with jawed 
mouths that emerged approximat ely
500 mya.
Horizontal mitochondria transfer 
(HMT): the movement of mitochondria 
fromone cell to another, usually involving 
tunneling nanotubes, extracellular 
ve sicles, and gap junctions.
Major histocompatibility complex 
(MHC): polymorphic antigen-
presenting molecules (classes I and II) 
that display peptide fragments to αβ T-
cell receptors, shaping adaptive 
im munity and self/nonself discrimination.
Pattern recognition receptors 
(PRRs): PRRs are sensors expressed 
on innate immune cells (macrophages, 
neutrophils, and others) to detect 
molecules released by pathogens (called 
PAMPs) and damaged host cells (called 
DAMPs). PRRs are then activated to 
initiate a wide variety of immune 
responses, including phagocytosis and 
efferocytosis, and to engage and bridge
a broader adaptive immunity. Examples
of PRRs include toll-like receptors and
NOD-like receptors.
programmed death and ligand (PD-1/PD-L1), CD28/B7, and IL-10 orthologs, erythropoietin/ 
erythropoietin receptor (EPO/EPOR)—are inhibitory rather than purely defensive, and why 
AIS circuits are intimately linked to metabolism and stress responses. Moreover, regulatory adap-
tive immune cells (Tregs) are resident in tissues with specificity [12], and their elimination results in 
potentially catastrophic sequelae unrelated to pathogens [13,14]. These observations, and many 
others, raise the prospect that the AIS served a distinct purpose separate from its role as a
sophisticated pathogen defense network.

In this opinion article, we reevaluate key features of the AIS in the context of the intra-organismal 
and ecological conditions during its origins. We propose that the AIS may have emerged as a 
high-resolution surveillance system to manage escalating constitutive danger—the intrinsic 
immunological risk generated by multicellular physiology, particularly the exposure of 
mitochondria-derived molecules that resemble microbial signals. As organismal body size, 
metabolic intensity, lifespan, and multicellular complexity increased, tissue homeostasis and 
cooperative physiology became imperative, with horizontal mitochondria transfer (HMT) as 
one potential mechanism for cellular metabolic rescue. However, mitochondria retain bacterial 
features, and their movement could mimic pathogen threats while also creating cellular variance. 
In some clades whose innate sensing systems were inadequate to buffer and contain this
constitutive self-derived danger, these pressures could have favored the emergence of a
surveillance infrastructure with the capability to sense, tolerate, and distinguish physiological
cooperation from pathological danger, as well as to eliminate unacceptable cellular variance.
We propose that core features of the AIS—tolerance, memory, and clonal selection—can be
2 Trends in Immunology, Month 2026, Vol. xx, No. xx



Recombinase-activating gene 
(RAG): a gene that performs V(D)J 
recombination, resulting in the 
generation of mature B and T 
lymphocytes in jawed vertebrates.
Supervisory network: the AIS, as a 
supervisory network, refers to a 
distributed cellular infrastructure that 
continuously surveils and interprets 
endogenous molecular variation across 
tissues and calibrates tolerance versus
elimination decisions.
Tolerance: immune restraint in the 
presence of antigen stimulation, which is 
capable of eliciting a response.
V(D)J recombination: variable– 
diversity–joining (V(D)J) rearrangement is 
the mechanism of somatic 
recombination that occurs only in
developing lymphocytes.
Variable Lymphocyte Receptor 
(VLR): leucine-rich repeat motifs used 
by jawless vertebrates to recognize 
antigens via so matic gene
rearrangement.
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Figure 1. Cellular variance shapes adaptive immunity. In the classical pathogen-centric perspective, the adaptive 
immune system enables the recognition of infected cells through antigen specificity, followed by additional signaling that 
renders decisive cytotoxic, regulatory, or memory responses. In the constitutive danger model, the adaptive immune 
architecture similarly uses antigen specificity to recognize altered, metabolically stressed cells. Such cellular variance may 
be appropriately interpreted as an altered form of self, which results in tolerance, preventing cytotoxicity against cellular 
heterogeneity. Regulatory and checkpoint programs, therefore, dominate the AIS architecture as safeguards against 
inappropriate immunity arising from mitochondria transfer-driven cooperative biology. Other sources of endogenously 
derived cell variances may include neoplastic transformation, proteostasis, or other cellular changes. By contrast, a 
pathogen-centric model emphasizes microbial invasion as the predominant source of cellular variance. BCR/TCR denotes
B/T cell receptors. AIS: adaptive immune system; BCR: B cell receptor; cGAS: cyclic GMP–AMP synthase; MHC: major
histocompatibility complex; mtROS: mitochondrial reactive oxygen species; NLRP3: NOD-, LRR- pyrin domain-containing
protein 3; PRR: pattern recognition receptor; TCR: T cell receptor. The figure was generated using BioRender.
viewed as strategies for long-term tissue management of consti tutive danger, not solely microbial
defense [15].

Reimagining the evolution and purpose of the AIS
It has been proposed that as microbial complexity increased, innate pattern recognition 
receptors (PRRs) proved insufficient for fine antigen discrimination by vertebrates. The large 
body size of vertebrates increased ecological niches for microbial invasion and heightened the 
need for systems capable of precise recognition and long-term tracking of threats. To address 
this challenge, vertebrates evolved somatic re combination systems—RAG1/2 in jawed verte-
brates and variable lymphocyte receptor (VLR) systems in jawless vertebrates—to generate
vast receptor diversity [1,16,17]. This sudden ‘big bang’ diversification event allowed for memory, 
clonal selection, and adaptive protection against evolving pathogens [18,19].  This  framework,  
however, leaves several unresolved questions and numerous paradoxes (Box 2). 

1. Lineage specificity: classical AIS arose exclusively in vertebrates and nowhere else in the tree of 
life, despite universal pathogen pressure that predates vertebrates by over a billion years [20]. 
Many insects, for example, face enormous pathogen diversity and population density pressures, 
yet rely entirely on innate systems. The earliest vertebrates with AIS had already survived 
hundreds of millions of years of microbial exposure without it. AIS was innovated only after
dramatic complex tissue specialization and increased somatic lifespan emerged.
Trends in Immunology, Month 2026, Vol. xx, No. xx 3
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Box 2. Architectural paradoxes of patho gen-oriented AIS

Paradox 1: slow kinetics of activation

Adaptive immunity requires prolonged antigen exposure, co-stimulation, metabolic reprogramming, and licensing. Such
kinetics are maladaptive for rapidly lethal infections.

Why would a defense system tolerate delay unless restraint was primary?

Paradox 2: multilayered toleranc e infrastructure

Central and peripheral tolerance, Tregs, inhibitory receptors, anergy, exhaustion, and checkpoint molecules form 
redundant inhibito ry circuits, prioritizing tolerance homeostasis rather than anti-pathogen aggression.

For a system optimized for attack, such inhibit ory layering seems disproportionate.

Paradox 3: extraordinary receptor diversity from self-referential training

The theoretical diversity of T and B cell receptor (TCR/BCR) repertoires approaches over 1012 specificities—exceeding the 
plausible pathogen diversity encountered by an individual. Such combinatorial breadth creates immense autoreactive risk, 
necessitating equally elaborate tolerance mechanisms. Notably, this combination occurs independently of any pathoge n
exposure. The innovation of such a dangerous system, which can guarantee self-elimination seemingly in anticipation of
potential threats (pathogens) that could have been managed by innate immunity—even if incompletely—seems excessive.

Why generate diversity that vastly exceeds ecological necessity unless the system is interpreting signals beyond pathogens?

Paradox 4: metabolic licensing of activation

Antigen recognition alone is insufficient to determine immune fate. The metabolic state, mitochondrial integrity, redox tone, 
and integrated stress response signaling in antigen-presenting cells can skew T-cell differentiation even when peptide– 
MHC identity is unchanged. Metabolic sign als such as Epo/EpoR, aryl hydrocarbons, and mitochondrial metabolites
profoundly shape adaptive immunity.

Were AIS’s primary mission pathogen recognition, such a requirement for metabolic certification w ould appear to be
detrimental to the host.

Paradox 5: deep physiolog ical integration

A pathogen-centric model of adaptive immunity predicts systemic uniformity: a broadly distributed circulating repertoire of 
cells poised for anticipatory recognition of external threats. Under this framework, tissue immunity would largely reflect 
exposure gradients, and immune diversity would contract in sterile compartments. Yet vertebrate immunity does not 
conform to this expectation. Indeed, barrier ti ssues are imbued with lymphocytes. However, anatomically protected
sites—including adipose tissue, meninges, testis, and other organs—maintain stable, tissue-imprinted effector and persis-
tent regulatory networks [12], whose identities are distinct from their circulating counterparts. This suggests that tissue AIS 
circuits are not simply peripheral extensions of systemic host defense but rather a core component of tissue regulation.

Why should a system dedicated primarily to pathogen invasion, which is frequently episodic, invest in stable, tissue -
imprinted repertoires, and be so thoroughly embedded in steady-state physiology?
2. Regulatory dominance: core regulatory circuits of the AIS—PD-1, CTLA-4, IL-10, Foxp3, EPO/ 
EPOR—are inhibitory rather than defensive in tone, prioritizing tolerance and homeostasis. By 
contrast, many of the biochemical mechanisms of cellular killing are evolutionarily ancient. The 
inversion of temporal order and the dominance of the regulatory pattern suggest that adaptive 
immunity arose not to in vent new means of defense against pathogen threats, but to diversify
when, where, and whether cytotoxicity occurs, ostensibly to protect the host.

3. Self-referential training: lymphocyte receptor diversification occurs in the absence of microbial stim-
uli, emphasizing self-monitoring. At its core, the machinery for central tolerance detects deviations 
from ‘self’, rather than ‘nonself’, with lymphoid instruction centers utilizing self-peptides as the learning 
template. Notably, self-reactive lymphocytes form the regulatory arm of the syst em (i.e., regulatory T
cells), and many of these expand in tissues—meninges, adipose tissues, testes, skeletal muscle—
under homeostasis. Fundamental thymic education proceeds without microbes [21].
4 Trends in Immunology, Month 2026, Vol. xx, No. xx
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4. Metabolic entanglement: lymphocyte activation is inseparable from metabolic rewiring 
and redox control. For instance, not only do mitochondria l dynamics regulate lymphocyte fate
[22,23], but antigen-presenting cells also license distinct T-cell fates bas ed on their own
metabolic standing [24]. 

5. Genomic innovation paradox: many of the innovations of the AIS (e.g., RAG insertion) during 
the Cambrian–Ordovician interval predate the explosion of pathogens with in the time span
of the gnathostome stem-lineage, implying pre-existing selection pressures.

6. Functional continuity: to date, AIS remains deeply engaged in noninfectious physiology. For 
instance, the AIS predates but regulates newer advanced vertebrate processes, such as circadian 
metabolic cycles [350 million years ago (mya)], adaptive thermogenesis (200 mya) [25,26],  placen-
tation and maternal–fetal tolerance (150 mya) [27], central nervous system homeostasis [28,29], 
microbiome symbiosis, and mucosal tolerance. The exaptation of the AIS for these various critical 
homeostatic modules suggests that its primordial function may not be pathogen defense.

Collectively, these features suggest that pathogen defense alone may be insufficient to explain 
the architecture, timing, and regulatory sophistication of the AIS. It appears t he system was
designed to solve something more fundamental than pathogen detection—possibly
endogenously derived danger.

The AIS prioritizes constitutive danger management in tissues
An AIS, innovated by pathogen pressure, predicts systemic uniformity: a broadly distributed 
circulating repertoire of cells poised for recognition of external threats. Under this framework, 
tissue immunity would largely reflect exposure gradients, and immune diversity would contract 
in sterile compartments. Yet vertebrate immunity does not conform to this expectation. Instead, 
the AIS is anatomically stratified with durable, persistent tissue-specific repertoires. Barrier tissues 
indeed harbor expansive and antigen-experienced populations, consistent with the risks of
environmental exposure. However, even anatomically protected sites—including adipose tissue,
meninges, testis, and other organs—have stable, tissue-imprinted effector and persistent regula-
tory networks [12]. Meningeal Tregs, for example, contribute to neuroimmune homeostasis [29], 
demonstrating that AIS is functionally embedded within organ systems rather than merely 
deployed against microbial invasion. Crucially, depletion of these networks disrupts tissue 
physiology, and the pathology from Treg depletion in tissues is not driven by unchecked CD8 
cytotoxicity alone, but by widespread immune dysregulation: activation of CD4 effector subsets, 
cytokine amplification, myeloid hyperactivation, and, in some contexts, autoantibody production.
The collapse is systemic and layered, indicating that tissue AIS circuits are not peripheral
extensions of systemic host defense, but a core component of tissue regulation.

The distribution of Tregs is particularly revealing. Tregs are enriched in tissues characterized by 
high cellular turnover, metabolic flux, and environmental interface—intestine, skin, lung, adipose 
tissue, and meningeal compartments—expanding with perturbations that increase mitochondrial
flux, such as exercise [14,29–31]. This architecture scales with intrinsic risk and exposes a 
fundamental feature of immune organization: tissues continuously generate endogenous signals 
capable of activating immunity. The necessity of layered tolerance in metabolically and
mitochondrially dynamic tissues indicates a deeper evolutionary pressure: preserving cellular
identity and tissue coherence in the face of constitutive danger.

Next, we provide a perspective on how the evolving constraints and opportunities of multicellularity 
would have increased the necessity for highly mobile mitochondria as a stress response, cellular
Trends in Immunology, Month 2026, Vol. xx, No. xx 5
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organization, and homeostasis, and how this could have provided selective pressure to favor a 
high-resolution circulating monitoring system consistent with the AIS.

Oxygenation and the scaling of endogenous variance
Oxygen reshaped life not only by expanding energetic capacity but also by amplifying intracellular 
instability. The gnathostome AIS evolved between approximately 510 mya, when they diverged 
from their nearest living relatives (cyclostomes: hagfish and lampreys), and approximately
440 mya, when sharks diverged from osteichthyes [32]. This time interval had relatively low, but 
spatially variable and highly fluctuating oxygen levels [33,34], which would have increased oxida-
tive stress across multicellular lineages. As body size, tissue specialization, and lifespan 
increased, metabolic heterogeneity scaled accordingly. Oxygen gradients formed within tissues, 
mitochondrial populations became nonuniform, and redox imbalance became spatially patterned 
rather than cell autonomous. The evolutionary problem was not simply oxidative damage, but 
heterogeneity: intracellular states were no longer uniform across tissues, and local dysfunction 
could propagate within cooperative multicellular systems. This transition imposed a new
constraint: complex multicellular organisms, such as, vertebrates, required mechanisms to buffer
metabolic asymmetry without triggering destructive inflammatory responses.

Mitochondrial mobility as a homeostatic buffer
Cellular replacement carries substantial energetic costs and mutational risks [35]. Accordingly, 
complex multicellular organisms must preserve tissue integrity by accommodating metabolic 
rescue mechanisms. Rapidly accumulating evidence indicates that across multiple clades— 
including fungi, plants, and mammals—multicellular systems invoke the horizontal mitochondria 
transfer (HMT) to rescue compromise d cell partners in a vast array of physiological processes
[36,37]. In mammals, for example, HMT maintains homeostasis and preserves tissue function 
at least in the brain, lung, liver, kidney, bone marrow, muscle, and adipose tissues. Fibroblasts, 
immune cells, mesenchymal cells, adipocytes, glial cells, osteocytes, neurons, and many other
cell types participate in HMT [38].  The  process  restores  oxidative capacity, stabilizes redox 
balance, and prevents the energetic collapse of stressed cells. The conserved nature of this 
phenomenon, and the reliance on primitiv e, actin-based processes—such as nanotubes and
gap junctions for its execution [39]—suggest that mitochondrial mobility is not a late innovation, 
but an ancient buffering strategy for managing metabolic asymmetry. However, mitochondrial 
mobility introduces ambiguity. Mitochondria retain bacterial ancestry, including formylated 
peptides, cardiolipin, and circular DNA. When released or transferred, these components resem-
ble pathogen-associated molecular patterns. Thus, a mechanism designed for metabolic rescue 
generates molecular signals typically associated with infection. The evolutionary challenge,
therefore, may not have been mitochondrial transfer per se, but the interpretation of its signals.

In highly complex multicellular organisms, we propose that recurrent HMT would have produced 
endogenous danger signals—not as rare accidents, but as a ro utine feature of tissue maintenance.

From endogenous ambiguity to supervisor y infrastructure
Persistent endogenous danger signals create a systems-level dilemma. Before the advent of the 
AIS, complex systems would have likely been reduced to a binary innate response: activate 
versus ignore. Either presents obvious drawbacks: chronic inflammation from activation on one 
hand and, on the other, insufficient containment of cellular deviation. As organismal size and 
lifespan increase, the cost of either error scales nonlinearly. Under these conditions, selection 
may favor a high-resolution supervisory system capable of contextual interpretation rather than
binary activation, of clonal expansion to monitor distributed tissues, of memory to stabilize
previous calibration, and of inhibitory dominance to prevent systemic collapse.
6 Trends in Immunology, Month 2026, Vol. xx, No. xx
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This framework does not require HMT to directly generate recombinases or antigen receptors. 
Rather, it proposes that escalating endogenous ambiguity—amplified by oxygen flux and mito-
chondrial mobility—created a selection gradient for tunable, self-referential surveillance. In other 
words, dramatic expansion in cellular diversity and variance would have required a system that 
could define ‘self’ without inadvertent immunological responses that risked self-destruction. The 
intercellular flux of heterogeneous mitochondria would have served as the earliest test of internal 
self–nonself discrimination. This pressure would have favored systems capable of displaying inter-
nal peptide s to neighboring cells as a readout of metabolic fidelity. It has long been recognized that
MHC molecules act as cell surface indicators of the intracellular stress response [40,41], through 
sampling of intracellular proteins and display of peptides derived from newly synthesized and 
stress-altered proteins, including mitochondria-derived peptides [42]. Because mitochondrial 
stress reshapes antigen presentation [43], peptide display can be viewed as a readout of 
intracellular metabolic integrity. In this light, early MHC-like molecules may have functioned not 
only in pathogen defense but also as monitors of mitochondrial and proteostatic homeostasis [40]. 

Genomic volatility as background, not driver
Oxidative stress and mitochondrial dysfunction are known to increase nuclear genom e instability
and transposon activation [44–46]. During early vertebrate evolution, such genomic volatility may 
have provided raw material for innovation, including the domestication of mobile elements that
contributed to somatic recombination systems [47,48]. Importantly, this does not imply that mito-
chondrial transfer directly caused the emergence of RAG-mediated recombination. Instead, 
redox-driven genomic instability forms part of the bro ader ecological context in which
recombinatorial diversification became evolutionarily accessible and selectable.

Alternative lineage strategies for managing constitutive danger
If constitutive endogenous danger arises as a general feature of multicellularity—scaling with 
oxygen flux, metabolic heterogeneity, and tissue cooperation—then adaptive immunity cannot 
represent the only possible solution. Indeed, most multicellular lineages did not evolve canonical
RAG-based adaptive immunity.

Plants, for example, resolve oxidative stress and intracellular perturbations within rigid cellular 
compartments reinforced by cell walls. They do not have discrete, mobile immune cells. Instead, 
every plant cell relies on intracellular surveillance receptors and systemic acqu ired resistance,
combining strong compartmentalization with transcriptional memory [49–52]. Here, endogenous 
danger is buffered structurally and transcriptionally rather than through circulating, recom binatorial
lymphocytes.

Many invertebrates employ distributed hemocytes and highly plastic innate repertoires. Although 
lacking somatic recombination, they exhibit forms of immune priming and stress memory [53]. 
Their tolerance strategies appear decentralized: innate effectors, metabolic buffering systems, 
and localized immune responses collectively maintain tissue integrity without centralized 
lymphoid organs. Importantly, many invertebrates maintain shorter lifespans, smaller body 
sizes, or reduced tissue diversification compared to vertebrates, potentially limiting the scale at 
which endogenous variance a ccumulates. For large, long-lived invertebrates (cephalopods,
mollusks, and arthropods), reliance on multilayered, redundant innate-immune sensing networks
coupled with high regenerative capacity, cellular repair, and tissue plasticity programs [54] likely 
prevents accumulation of con stitutive danger.

Jawless vertebrates represent an instructive intermediate solution. Rather than relying on RAG-
mediated V(D)J recombination, they independently evolved VLRs based on leucine-rich repeat
Trends in Immunology, Month 2026, Vol. xx, No. xx 7
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assembly [1]. This independent emergence of somatic diversification suggests that high-
resolution surveillance became selectively advantageous for organisms of higher complexity, 
but the molecular implementation was not predetermined. Multiple genetic rou tes to diversification
were evolutionarily accessible.

Jawed vertebrates, on the other hand, adopted a distinct architecture: centralized hematopoiesis, 
dedicated lymphoid organs, MHC-restricted peptide display, and r ecombinatorial antigen
receptors [1]. This configuration integrates circulatory surveillance, clonal expansion, inhibitory 
checkpoints, and durable memory. Compared to decentralized innate systems, vertebrate 
adaptive immunity enables contextual interpretation of intracellular states across distributed tissues
over extended lifespans.

Collectively, these lineage-specific solutions reflect different strategies for resolving a fundamental, 
shared systems-level challenge: how to preserve multicellular cooperation in the presence of 
persistent endogenous ambiguity owing to mitochondrial mobility, transfer, and turnover at variable 
scales of complexity. The existence of these multiple strategies underscores that adaptive immu-
nity is not an inevitable outcome of pa thogen pressure alone, but one evolutionary solution
among several for managing internal variance (Figure 1

Implications 
Aging 
Aging is associated with progressive mitochondrial dysfunction, impaired organelle quality 
control, increased mtDNA mutations, and cumulative metabolic stress [55,56], which collectively 
increase the baseline constitutive danger signals across tissues. Consistent with our hypothesis 
that the AIS fundamentally monitors constitutive danger, regulatory immune programs (most
notably Tregs) expand with age [57,58]. However, tolerance capacity is finite, such that buffering 
mechanisms can approach saturation as constitutive danger expands with aging, allowing even 
minor perturbations to trigger chronic inflammatory responses. The coexistence of expanded 
tolerance (immunosuppression) and low-grade inflammation in aging therefore probably reflects
a system operating near its buffering limits, rather than simply immune dysregulation [59]. 

The brain robustly illustrates the challenge of buffering excessive constitutive danger with aging. 
Neurons depend heavily on oxidative phosphorylation, yet they are largely postmitotic, making 
the elimination of damaged cells incompatible with tissue function. Instead, brain homeostasis 
is mainta ined by accommodating constitutive mitochondrial danger through tolerogenic
microglial states, restricted immune access (so-called immune privilege), and regulatory immune
programs at tissue borders [29]. The increasing recognition of mitochondrial transfer and 
transmitophagy within the central nervous system further suggests that neuronal homeostasis 
partially relies on intercellular buffering of mitochondrial stress [60]. With aging, declining mito-
chondrial quality and saturated immune buffering manifest as mtDNA and cyclic GMP–AMP 
synthase–stimulator of interferon genes (cGAS–STING) activation, shifting the system toward 
chronic inflammation without effective clearance [61]. While microbial origins of neurodegenerative 
disorders remain an active area of research, the constitutive danger model provides an alternative 
perspective wherein persistent mitochondrial stress in a tissue with limited regenerative capacity 
inevitably leads to neuronal loss and organ dysfunction. Indeed, targeting mitochondrial danger
signals in the brain reduces neurodegeneration [62]. 

Certain long-lived species that show striking resistance to age-associated neurodegeneration 
highlight the role of managing mitochondrial-derived constitutive danger in brain resilience. 
Naked mole-rats-, for example, maintain mitochondrial function and limit ROS accumulation
8 Trends in Immunology, Month 2026, Vol. xx, No. xx
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Table 1. Adaptive immunity innovations and their functional roles as viewed from the perspective of a patho-
gen -control model or a constitutive danger management model

Innovation Pathogen model Constitutive danger model

Key selective pressure Microbial arms race Organellar ambiguity, mimics of microbial 
exposure arising from metabolic rescue 
processes (mitochondria transfer) in complex
systems (vertebrates)

Recombination Tracks potential pathogen diversity
and antigenic drift

Tracks cellular variance/diversity, organellar 
ambiguity, and metabolic drifts in cells

MHC Pathogen antigen display pathway Self-integrity checks for continuous internal 
biochemical state of cells; presentation occurs 
constitutively, even in the absence of infection.
Machinery is upregulated by interferons, DNA
damage response, and ER stress response

Memory Recalls prior microbial challenge Recalls recurrent internal stress states after any 
cellular perturbations (from mitochondria transfer, 
mtDNA mutation, or others). Memory B and T 
cells perform ongoing surveillance of ph ysiological
state, not only memory of prior infection

CD8 T cytotoxicity Enables targeted elimination of
external threat

Targeted elimination of unacceptable cellular
deviation/variance

Tregs Restraints exuberant immunity Buffers constitutive danger and maintenance of
coherence in tissues

B cells Produces antibodies against 
extracellula r viruses

Production of IgM natural antibodies, 
polyreactive antibodies, and low-affinity 
autoreactive antibodies, which bind 
mitochondrial components (and other
self-antigens) from normal tissue turnover
regulate endogenous danger

Bregs Suppresses excessive immunity
against microbes

Stabilizes the immune system against stochastic 
fluctuations from mit ochondrial and other
self-derived stress signals

Tissue immunity Outpost defense Embedded regulatory infrastructure f or
homeostasis

Positive selection Unclear why a system built for 
pathogen detection requires survival
signals from self-binding

The system requires continuous sampling of 
self-ligands for its very existence

Overall outcome Improved defense against external
threat

Improved homeostatic supervision of 
constitu tive, self-derived danger

In the pathogenpressuremodel, adaptive immune networks abruptly appear in response as adaptation to rising pathogen complex-
ity and threat and the need for increased versatility by the host to cope with external threat. In the constitutive danger model, 
increased body size and tissue specializations during the Cambrian–Ordovician era contributed to chronic oxidation stress and 
metabolic instability. This state likely triggered increased need for horizontal transfer of mitochondria as a survival strategy to maintain 
cellular support and homeostasis. The immunogenic potential of altered mitochondria components would have mimicked pathogen 
threat, requiring the innovation of a supervisory network that leverages recombination, MHC-based antigen presentation, memory 
formation, cytotoxic capabilities, and self-peptide ligand training for continuous sampling of self-identity. These emergent properties
of a deeper architecture built around surveillance of endogenous variation can be leveraged for pathogen control.
under hypoxic and oxidative stress [63,64]. Bats sustain low ROS production, stable mtDNA, 
efficient DNA repair and autophagy, and robust mitochondrial quality control that limits th e accu-
mulation of deleterious mitochondria [65,66]. Long-lived cetaceans exhibit enhanced DNA repair 
and metabolic control [67]. Across these species, enhanced mitochondrial buffering programs 
reduce constitutive danger signals, preventing chronic stress responses and neuronal loss. 
Thus, human neurodegeneration may reflect a failure to contain mitochondrial and redox stress 
rather than inevitable aging. Neurodegeneration represents the long-term cost of maintaining 
cognition through decades of unavoidable constitutive mitochondrial-derived danger [68].
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Outstanding questions 
Why did the adaptive immune system 
emerge only in vertebrates if pathogen 
pressure was universal? Microbes 
predated vertebrates, and invertebrates 
with substantial pathogen exposure did 
not evolve recombinase-activating 
gene/variable lymphocyte receptor 
systems. Is there definitive direct 
paleontologica or molecular evidence o f
a vertebrate-specific pathogen crisis
coinciding with the origin of the adaptive
immune system?

Did vertebrate evolution reach a point at 
which managing billions of semi-
autonomous, functionally diversified, 
mobile mitochondria necessitated the 
invention of adaptive immunity? How 
frequently did mitochondria move in 
tissues as part of homeostasis during 
the era of O fl2 ux preceding—and 
coinciding with—vertebrate evolu-
tion? Could persistent endogenous 
stress—such as orga nelle mobility,
redox instability, or genomic volatility
—have created selective pressure
for recombination-based receptor
diversification?

In cross-species phylogenetic model-
ing across metazoans, does mito-
chondrial complexity track adaptive 
immune emergence better than prox-
ies of pathogen pressure?

Does mitochondrial transfer preferentially 
engage regulatory immune circuits?

Mitochondria transfer serves as a 
metabolic rescue program and 
supports injury repair. Does 
mitochondria transfer bias toward 
tolerance progr ams (Tregs, inhibitory
checkpoints) rather than effector
activation?

How do complex organisms without 
an adaptive immune system deal with 
the constitutive immunological danger 
presented by mitochondria? How do 
these organisms manage the 
accumulation of mitochondrial stress, 
including the release of mtDNA and 
other components of mitochondria? Is 
there an overall reduced incidence of
mitochondrial transfer? Does the
transfer of mitochondria elicit entirely
different programs compared to those
elicited in vertebrates?
Cancer as aberrant constitutive danger management
From a constitutive danger perspective, cancer is pathological tolerance to chronic mitochondrial 
ambiguity. Tumors inhabit metabolically unstable niches that continuously mobilize mitochondria 
and trigger cellular turnover. By exporting mitochondria to immune and stromal cells, and by
engaging Epo–EpoR and other metabolic circuits [69], cancer cells hijack ancient buffering 
programs evolved to prevent overreaction to endogenous metabolic rescue. Antitumor immunity 
becomes restrained during mitochondrial flux, misclassifying malignant bioenergetic variance as 
cooperative adaptation. Checkpoint blockade may therefore succeed because it fractures this 
tolerance architecture, forcing reinterpretation of tumor-associated danger as unacceptable 
deviation. Thus, therapies that disrupt mitochondrial trafficking, am plify mitochondrial sensing,
or override metabolic contextualization through Epo, and other metabolite signaling could reas-
sign tumors from ‘tolerable variance’ to ‘eliminable threat’ and restore decisive cytotoxic immunity
[69,70]. 

Autoimmunity as a breakdown of constit utive danger containment
From a constitutive danger perspective, autoimmunity represents the failure of mitochondrial vari-
ance containment. Many autoimmune diseases are characterized by elevated extracellular 
mtDNA, defective mitophagy, chronic cGAS–STING activation, inflammasome engagement, 
and sustained oxidative stress. Genetic defects in mtDNA maintenance, mitochondrial clearance 
pathways, or redox buffering further increase autoimmune susceptibility [71–73].  We  note  the
striking relationship between antibodies and mitochondrial components in many autoimmune 
diseases—including anticardiolipin antibodies for antiphospholipid syndrome, antimitochondrial
antibodies for primary biliary cirrhosis, and anti-mtDNA complexes for lupus [72,74]—suggesting 
that B cells are also critical calibrators of mitochondrial-derived constitutive danger. Rather than a 
primary failure to distinguish self from nonself, these conditions may reflect the misinterpretation 
of endogenous mitochondrial signals. In this framework, autoimmunity is not a loss of tolerance
per se, but rather a fundamental breakdown of governance over constitutive metabolic danger,
converting physiological stress signaling into self-amplifying inflammatory disease.

Concluding remarks 
Mitochondrial mobility is essential for tissue homeostasis but can generate intracellular ‘foreign-like’ 
signals, which raises a fundamental challenge: distinguishing endogenous cooperative physiology 
from pathogenic invasion. We suggest that the AIS evolved, at least in part, to solve this problem as 
a high-resolution superv isory network that contextualizes constitutive mitochondria-derived
immunologic danger (Table 1). Its defining features—delayed kinetics, layered tolerance check-
points, self-peptide education, metabolic sensitivity, inhibitory dominance, and integration into 
tissue function—are more consistent with a system calibrated for managing cellular variance 
than one engineered solely for rapid pathogen eradication. Although direct evolutionary evidence 
linking mitochondrial mobility to the origins of AIS is currently lacking (see Outstanding 
questions), this framework highlights endogenous pathogen-mimicking mitochondria-derived 
signals as a potentially underappreciated selective pressure.

HMT is unlikely to be the only source of constitutive danger. Proteostatic imbalance, mtDNA 
mutations, and physiological cell death and turnover all generate unavoidable intracellular 
heterogeneity in long-lived organisms and present substantial endogenous immunological 
risks. Self-monitoring through AIS enables homeostatic tolerance for all these processes,
whose integration will be essential for refining this framework.

The implication of this perspective is that the greatest vulnerability of the AIS lies in whether or not 
it can effectively execute its core mandate to supervise constitutive danger over time.We suggest
10 Trends in Immunology, Month 2026, Vol. xx, No. xx
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that this assignment generally breaks down with age, which contributes to chronic diseases. 
Studying clades that lack canonical adaptive immunity yet maintain metabolic resilience may illumi-
nate alternative strategies for managing endogenous danger and for promoting tissue homeostasis 
and organismal longevity. In this opinion article, insights into how long-lived organisms manage 
mitochondrial dynamics would be extremely informative. An improved understanding of constitutive
danger management may offer novel therapeutic strategies for chronic diseases.
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