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The immune system is an advanced, multiscale adaptive network capable of
processing biological information across molecular, cellular, tissue, and systemic
levels, demonstrating remarkable properties such as antifragility and criticality.
We propose a unified theoretical framework based on six canonical functions—
sensing, coding, decoding, response, feedback, and learning—that act as scale-
invariant operational units, integrating molecular precision, collective cellular
intelligence, and systemic coordination into coherent adaptive responses.
Through this lens, immune function emerges from universal principles of
complex network organization, including symmetry breaking, self-organized
criticality, modularity, and small-world topology. These insights pave the way
toward a predictive immunology grounded in fundamental physical principles,
enabling novel computational modeling approaches and facilitating personalized
therapeutic interventions that exploit inherent immunological robustness
and plasticity.
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1 Introduction

1.1 The immune system as an adaptive
information processing network

The immune system represents one of the most sophisticated
biological networks in nature: a multiscale information processor
that operates simultaneously at the molecular, cellular, tissue, and
systemic levels to coordinate real-time adaptive responses (1). This
network exhibits emergent properties that transcend the capacities
of its individual components, generating a collective system capable
of learning, remembering, and continuously evolving in the face of
changing environmental challenges (2) (Figure 1).

1.2 Antifragility: beyond conventional
robustness

Unlike merely robust systems that resist perturbations, the
immune system exemplifies the concept of antifragility, as
described by Nassim Nicholas Taleb (2): the capacity of a system
to benefit from stressors, volatility, and disorder, emerging stronger
and more capable after each challenge. This property is manifested
in fundamental processes such as:

10.3389/fimmu.2025.1563992

* Somatic hypermutation: where exposure to antigens
triggers targeted mutations that improve antibody affinity.

e Clonal selection: which amplifies the most effective
responses while eliminating suboptimal ones.

* Immunological memory: which transforms each pathogenic
encounter into a permanent learning opportunity.

* Trained immunity: in which innate cells develop epigenetic
memory that enhances future responses.

* Operation at the critical state: dynamic optimization

The immune system operates in a dynamic regime close to a
critical state—a point of equilibrium between excessive order and
chaotic disorder (3). This critical state maximizes:

* Sensitivity to relevant signals while filtering out
environmental noise (4).

* Controlled amplification of minimal threats into effective
and proportionate responses (5).

» Adaptive plasticity without compromising organismal
stability (6).

This critical operation is underpinned by fundamental
principles of information processing:

Organ level

Systemic level

FIGURE 1

Tissue level Cellular level

Graphical abstract illustrating the multiscale organization and information processing of the immune system. The figure highlights four
interconnected levels: 1) Systemic Level: integration of the vagus nerve, showcasing the neuroimmune axis and its role in modulating immune
responses; 2) Organ Level: representation of the lymph node structure as a hub for antigen processing, immune cell interaction, and coordination; 3)
Tissue Level: detailed view of antigen-presenting cells (APCs) interacting with CD4+ and CD8+ T cells, emphasizing the role of cytokine signaling in
cellular activation; 4) Cellular Level: intracellular processes including antigen recognition, signal transduction pathways (e.g., NF-xB, JAK-STAT), and
gene expression. Created using BioRender, this figure encapsulates the dynamic, hierarchical organization of immune processes, linking systemic

coordination to molecular specificity. Created in https://BioRender.com.
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* Clonal diversity to maximize recognition potential
(entropy) (7).

* Functional redundancy to ensure resilience through
overlapping pathways (8).

* Non-local signaling networks that coordinate global
responses from local triggers (9).

*  Metabolic and epigenetic regulation as additional layers of
control and memory (3)

1.2.1 Unifying conceptual framework: canonical
processing functions

To deconstruct this complexity, we propose a unifying
framework based on two complementary conceptual layers:

Layer 1: Universal canonical functions

At every scale, the immune system executes six canonical
information-processing functions (4, 5):

 Sensing: detection of molecular and cellular signals (6, 7)

* Coding: translation of signals into specific molecular
patterns (10)

* Decoding: interpretation of patterns into functional
programs (10)

* Response: execution of coordinated biological actions (11)

* Feedback: dynamic adjustment based on outcomes (12)

e Learning: adaptation of future responses based on
experience (13)

Layer 2: Emergent organizational principles
These canonical functions are organized according to principles
that emerge from complex network theory (8, 9):

* Criticality: Operation in dynamic regimes that optimize
processing (14)

* Modularity: Organization into specialized functional
subunits (15)

* Centrality: Critical nodes that integrate and coordinate
information (16)

* Small-world topology: Efficient connections that facilitate
global coordination (17)

* Redundancy: Multiple pathways that ensure fault
tolerance (18)

Multiscale Integration: From Molecular to Systemic
This conceptual framework coherently unfolds across multiple
biological scales:

*  Molecular scale: Receptors, signaling pathways, and post-
translational modifications (19)

e Cellular/tissue scale: Immunological synapses, germinal
centers, and specialized microenvironments (20)

* Systemic/neuroimmune scale: Integration with the nervous,
endocrine, and microbiota systems (21)
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Each scale exhibits the same canonical functions but with
specific implementations that reflect the constraints and
opportunities of its particular organizational level.

* Toward a Unified Theory of Immunological Information
Processing

This transdisciplinary approach integrates concepts from:

 Information theory and signal processing (22).
 Physics of complex systems and phase transitions (23).
* Network theory and topological analysis (24).

* Systems biology and precision medicine (25).

The goal is to develop a predictive understanding that not only
explains immunological behavior but also enables the rational
design of interventions that leverage the fundamental principles
of biological information processing (26).

2 Multiscale processing of
immunological information

The immune response is orchestrated through a complex
integration of signals, processes, and feedback loops that operate
at different levels of organization, from the molecular detection of
antigens to systemic coordination (27). This section explores how
each scale contributes to shaping a network of interactions critical
for the antifragility of the immune system (Table 1).

2.1 Molecular scale: foundations of
immunological information processing

2.1.1 Introduction: the molecular level as a
computational basis

The immune system operates as a distributed computational
network whose information processing capacity fundamentally
emerges from the molecular scale. At this level, proteins, nucleic
acids, and lipids function as basic processing elements, equivalent to
the microprocessors of a biological computational system. Each
immune cell contains thousands of these “molecular
microprocessors” working in parallel, integrating complex
environmental signals and translating this information into
specific functional responses (28, 29).

The critical importance of this scale lies in the fact that it is here
where the molecular specificity of immune recognition is defined
and where the plastic properties that allow the system to adapt to
new challenges emerge. Each receptor, enzyme, and transcription
factor acts as a processing node that not only receives and transmits
information but also qualitatively transforms it. This capacity for
information transformation is what enables relatively simple signals
(presence/absence of ligand) to be converted into complex

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1563992
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Navarro Quiroz et al.

10.3389/fimmu.2025.1563992

TABLE 1 Specific examples of how the canonical functions of immune information processing are manifested at the molecular, cellular/tissue, and
systemic/neuroimmune scales.

Canonical
Function

Molecular Scale

Cellular/Tissue Scale

PRRs (TLRs, NLRs), TCR/BCR recognizing

Dendritic cells and macrophages sensing

Systemic/Neuroimmune Scale

Nervous system detecting inflammation via the vagus
nerve; systemic detection of inflammatory signals

Sensing PAMPs, DAMPs, specific antigens. antigens and microenvironmental cues. (circulating cytokines).
Signaling cascades (JAK-STAT, NF-«B, Immunological synapse; paracrine/autocrine Coding of immune signals into neural patterns
MAPK); protein phosphorylation; second cytokine and chemokine signaling; germinal (neuroimmune networks); transmission via hormonal
Coding messengers (Ca’&#x207A;, cCAMP). center formation. and metabolic signals.
Activation of transcription factors (NF-«B, Integrated cellular decisions: proliferation, Central neuroimmune integration: brain interpretation
STATSs, AP-1); nuclear translocation and differentiation, anergy, apoptosis; clonal of peripheral immune signals and regulation of
Decoding epigenetic regulation. selection in germinal centers. sickness behavior (fever, fatigue).
Production and release of cytokines, Coordinated physiological responses: fever, systemic
chemokines, antibodies, effector molecules Cell migration, cytotoxicity, phagocytosis, inflammation, metabolic changes; activation of the
Response (granzymes, perforin). secretion of local antibodies and cytokines. hypothalamic-pituitary-adrenal (HPA) axis.
Molecular inhibitors: SOCS, IxB, immune Regulatory cells (Tregs, myeloid-derived
checkpoints (PD-1, CTLA-4). Positive suppressor cells); local gradients of regulatory = Neuroendocrine feedback via the HPA axis; central
feedback via proinflammatory cytokines (IL-  (IL-10, TGF-B) and regulation by the vagus nerve and inflammatory
Feedback 2, IFN-y). proinflammatory cytokines. reflex; systemic modulation by the gut microbiota.
Formation of immunological memory: Sustained neuroimmune adaptation: conditioned
Lasting epigenetic changes (methylation, memory T/B cells, tissue-resident memory; learning of the immune system, persistent modulation
acetylation); stable transcriptional functional plasticity of innate cells of immune activity by prior experiences
Learning reprogramming; somatic gene editing. (trained immunity). (stress, microbiota).

This table highlights the functional continuity and material specificity with which each canonical function operates across different biological levels, facilitating an integrated understanding of

systems immunology from a multiscale perspective.

activation patterns that determine the functional fate of each
immune cell (30, 31).

2.1.2 Architecture and typology of molecular
receptors
2.1.2.1 Sensing and recognition

The architecture of the immune molecular recognition system is
organized into families of specialized receptors, each optimized to
detect different types of biological information. Pattern recognition
receptors (PRRs) constitute the first line of sensing, detecting
pathogen-associated molecular patterns (PAMPs) and
endogenous damage signals (DAMPs). This family includes Toll-
like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like
receptors (NLRs), and cytosolic DNA sensors, each specialized in
recognizing different types of molecular threats.

T-cell receptors (TCRs) and B-cell receptors (BCRs) represent the
adaptive recognition system, capable of generating virtually unlimited
molecular diversity through gene recombination. These receptors not
only recognize specific antigens but also integrate this information with
contextual signals provided by costimulatory and inhibitory receptors.
The CD28/CTLA-4 family, PD-1/PD-L1, and costimulatory molecules
such as CD40, OX40, and 4-1BB form feedback circuits that modulate
the intensity and duration of the immune response (30, 32).

The spatial topology of these receptors on the cell membrane is
not random. They are organized into lipid microdomains (lipid
rafts) that facilitate the functional interaction between related
receptors. Receptor clustering allows for the amplification of weak
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signals and the integration of multiple simultaneous inputs. This
spatial organization creates a computational architecture where
physical proximity determines functional connectivity, similar to
the architecture of integrated circuits in electronic systems (33).

2.1.2.2 Signal integration and hierarchy

The immune cell must constantly integrate multiple
simultaneous signals, each with different informational weight
and contextual relevance. This integration process follows
hierarchical principles where certain signals act as “master
signals” that can override or modulate other inputs. For example,
TCR signals provide the basic antigenic specificity, but their final
interpretation critically depends on the simultaneous presence of
costimulatory signals.

Costimulation functions as a verification system that confirms
the legitimacy of activation. Without appropriate costimulatory
signals, even strong antigenic signals can result in anergy or
tolerance. Conversely, inhibitory signals act as molecular brakes
that can halt responses even in the presence of strong activating
stimuli. This multi-checkpoint architecture creates a robust system
against inappropriate activations (34, 35).

Functional redundancy in the receptor system provides
robustness against individual failures but also creates complexity
in integration. Multiple receptors may detect the same type of
threat, but each can activate slightly different signaling pathways,
resulting in functional nuances that allow for more precise and
context-adapted responses (36).
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2.1.3 Molecular encoding: biochemical
translation of the signal
2.1.3.1 Signaling cascades

The main immune signaling pathways—NF-kB, JAK-STAT,
and MAPK—function as amplification and processing systems that
translate molecular recognition events into functional cellular
changes. Each pathway has a distinct computational architecture
optimized for different types of information processing (37).

The NF-kB pathway operates as a rapid response system for
stress and inflammatory signals. Its architecture includes multiple
amplification points: from the initial activation of the IKK complex
to the nuclear release of NF-kB, each step can amplify the initial
signal by several orders of magnitude. Critically, NF-kB exhibits
oscillatory dynamics that encode temporal information—the
frequency and amplitude of these oscillations determine which
genes are activated and to what extent (38-40) (Figure 2).

JAK-STAT pathways provide a direct mechanism for
translating cytokine signals into specific transcriptional changes.
Different combinations of cytokine receptors activate different
STATSs, creating a “STAT code” that enables specific

Sensing

NF-kB complex

(P50 l p65/c-Rel )

S
Degraded IkB

FIGURE 2

NF-kB complex

> (P50) pos/c-Rel)
Decoding

10.3389/fimmu.2025.1563992

transcriptional responses for each signaling context. Specificity
arises from which STATs are activated, their post-translational
modifications, and cooperating transcription factors (41, 42).

MAPK pathways (ERK, JNK, p38) process information about
cellular stress, growth, and differentiation signals. Their cascade
architecture allows for both amplification and integration of
multiple inputs. “Molecular codes” emerge from the specific
combination of activated MAPKs, the duration of their activation,
and the specific substrates they phosphorylate (42, 43).

2.1.3.2 Post-translational modifications

Post-translational modifications function as a molecular
language, allowing the same proteins to adopt multiple functional
states depending on cellular context. Phosphorylation acts as the
fastest and most reversible mechanism, enabling functional changes
on time scales of seconds to minutes. Phosphorylation patterns
create molecular “barcodes” that determine protein-protein
interactions, subcellular localization, and enzymatic activity (44).

Ubiquitination provides both degradation signals and signals
for localization and functional modification. Different types of

Feedback

( kBa )
\_ 4
—

Activation of
immune response
genes

Learning
Response

Immune signal processing at the molecular and subcellular scale: the canonical NF-xB pathway. This figure illustrates the logical and biochemical
sequence of events that constitute information processing within an immune cell, exemplified by the canonical NF-xB pathway—one of the principal
regulatory axes of innate and adaptive immunity. The process begins with the sensing of pathogen-associated molecular patterns (PAMPs) through
pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) on the plasma membrane, which trigger signal transduction into the
cytoplasmic compartment. The signal is then coded by the sequential activation of the IKK complex (IKKe, IKKB, and IKKy/NEMO), resulting in the
phosphorylation and ubiquitination of 1xB, targeting it for proteasomal degradation. Once IxB is degraded, the NF-xB complex is released (decoding)
and translocates to the nucleus, where it decodes the signal by binding to specific DNA regulatory elements and activating target gene programs.
The functional response is reflected in the expression of genes encoding cytokines, chemokines, and survival regulators, orchestrating the immune
response. Feedback is achieved through the induction of IkBa, which, once synthesized, returns to the cytoplasm to sequester NF-xB and thus limit
the duration and magnitude of the response via a negative feedback loop. Finally, learning is manifested in the induction of epigenetic modifications,
such as histone and DNA changes, which establish a molecular memory capable of modulating gene accessibility and the efficiency of future

immune responses. Created in https://BioRender.com.
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ubiquitin chains (K48, K63, K11) encode different information: K48
typically signals proteasomal degradation, while K63 can activate
signaling or specific localization. This diversity enables the same
biochemical mechanism to encode multiple types of
information (45).

Acetylation and methylation modifications, particularly on
histones, create long-term molecular memory that persists beyond
the initial signaling. These modifications establish chromatin states
that influence gene accessibility during future responses, providing
a molecular basis for immunological memory and innate immune
training (46).

2.1.4 Molecular decoding: interpretation and
functional programs
2.1.4.1 Transcription factors and signal reading
Transcription factors act as molecular decoders that interpret
integrated biochemical signals and translate them into specific gene
programs. NF-xB does not act alone, but in combination with other
factors such as AP-1, IRFs, and STATSs to create “combinatorial
codes” that determine specific gene expression patterns (47).
Specificity emerges at various levels of organization: differential
affinity for specific DNA sequences, cooperative interactions
between transcription factors, and availability of binding sites
determined by chromatin state. For example, the difference
between pro-inflammatory activation and anti-inflammatory
resolution may depend on whether NF-xB associates with co-
activators like p300 or co-repressors like HDAC (48).
Combinations of signals create a molecular Boolean logic where
different combinations of active transcription factors result in
different cellular fates. The presence of FOXP3 plus TGF-f plus
IL-2 promotes differentiation toward regulatory T cells, whereas IL-
12 plus IFN-y promotes Thl differentiation. This combinatorial
logic allows a limited number of transcription factors to generate a
much greater diversity of functional responses (49).

2.1.4.2 Epigenetic and chromatin regulation

Chromatin functions as a molecular memory system that
retains information about past immunological experiences.
Chromatin states—euchromatic (active) versus heterochromatic
(repressed)—determine which genes are available for rapid
activation versus those requiring extensive remodeling before
expression (50).

Epigenetic marks create a histone code that is interpreted by
specialized proteins. H3K4me3 marks active promoters, H3K27me3
marks genes that are repressed but poised for activation, and
H3K9me3 marks constitutive heterochromatin (51). The
combination of these marks on different genes creates an
“epigenetic landscape” that influences future responses (52).

Importantly, some epigenetic marks persist after the initial
signaling has ceased, providing a molecular basis for innate
immune “training” and certain types of immunological memory.
Cells that have experienced prior activation retain epigenetic marks
that facilitate faster and more robust responses to subsequent
stimuli, including related but non-identical stimuli (52).
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2.1.5 Spatiotemporal dynamics of molecular
signaling
2.1.5.1 Subcellular organization and microdomains

The spatial compartmentalization of molecular signaling is
critical for the specificity and efficiency of information processing.
Lipid rafts concentrate specific receptors and their associated
signaling machinery, creating microdomains where specific
signals can be processed without interference from other
pathways (53). This organization is particularly important for
receptors that require clustering for activation, such as TCRs and
BCRs (54).

Signaling complexes (signalosomes) are dynamic structures
assembled in response to specific stimuli. For example, the
inflammasome is a multiprotein complex that assembles in
response to danger signals, providing a platform for caspase-1
activation and the release of pro-inflammatory cytokines (55).
The formation of these complexes allows for both signal
amplification and specificity through the selective recruitment of
specific components (56).

Subcellular compartmentalization also includes specialized
organelles such as the autophagosome, which not only degrades
cellular material but also serves as a signaling platform for pathways
like mTOR and AMPK (57). This spatial organization enables cells
to integrate information about their metabolic state with their
immune activation status (58).

2.1.5.2 Temporality and signal dynamics

The temporal dimension of molecular signaling is as important
as its intensity. Oscillations in the activity of transcription factors
such as NF-xB are not noise, but temporally encoded information.
The frequency of these oscillations determines which subsets of
genes are activated—genes with high-affinity promoters respond to
brief pulses, while genes with low-affinity promoters require
sustained activation (59).

Temporal codes also include the relative timing of different
signals. The temporal sequence in which signals are received can be
as important as their presence or absence. For example, danger
signals preceding antigenic signals promote immunity, while
antigenic signals preceding danger signals can promote
tolerance (60).

Integration of simultaneous versus sequential signals requires
different molecular machinery. Simultaneous signals may be
integrated through direct protein-protein interactions or post-
translational modifications that alter activity. Sequential signals
require molecular memory systems, typically based on epigenetic
modifications or changes in levels of key proteins that persist after
the first signal has ceased (61).

2.1.6 Feedback regulation: dynamic balance
2.1.6.1 Positive feedback

Positive feedback circuits in the immune system create
amplification mechanisms that can convert weak initial signals
into robust responses. Autoregulation is common in many
immune signaling pathways—for example, NF-kB activates the
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transcription of its own components, creating an amplification loop
that sustains the inflammatory response (62).

Costimulation mechanisms also create positive feedback. T cell
activation not only requires TCR signals but also induces the
expression of additional costimulatory receptors and their ligands,
amplifying the initial response (63). This process creates activation
thresholds—once a certain threshold is surpassed, positive feedback
ensures a robust response.

Cytokine cascades represent perhaps the most dramatic
example of positive feedback in immunology. Cytokines released
by activated cells can activate additional cells, which release more
cytokines, creating amplification cascades (64). These cascades can
be beneficial for antipathogen responses but can also result in
pathology when dysregulated.

2.1.6.2 Negative feedback

Negative feedback mechanisms are essential to prevent
excessive immune responses and to resolve inflammation after the
threat has been eliminated (65). SOCS proteins (Suppressors of
Cytokine Signaling) are induced by cytokine signaling and
subsequently inhibit the same signaling, creating an automatic
negative feedback loop (66).

Inhibitory receptors such as PD-1, CTLA-4, and TIM-3 provide
molecular brakes that can stop immune activation even in the
presence of strong stimulatory signals. These receptors are
particularly important in contexts where excessive immune
activation could result in tissue damage or autoimmunity (67).

Phosphatases and other regulatory enzymes provide rapid
mechanisms for terminating activation signals. For example,
phosphatases such as SHP-1 and SHIP can quickly deactivate
tyrosine kinase-mediated signaling pathways, providing precise
temporal control over activation signal duration (11).

2.1.7 Criticality, molecular hubs, and network
vulnerability
2.1.7.1 Critical dynamics

The immune system exhibits features of self-organized critical
systems, where small changes can result in activation avalanches
that follow power laws. These critical dynamics are manifested in
the distribution of immune response sizes—most stimuli result in
small responses, but occasionally very large responses occur that
follow a heavy-tailed distribution (68).

This critical organization provides significant adaptive
advantages. It allows for extreme sensitivity to weak stimuli when
necessary (such as detecting pathogens at low concentrations),
while maintaining robustness against minor fluctuations that do
not represent real threats. Energy efficiency is also optimized—the
system can remain in a low-energy surveillance state but respond
rapidly when needed (69).

Immune activation avalanches are observed in both innate and
adaptive responses. In the innate system, activation of one dendritic
cell can result in the activation of many T cells, which in turn
activate B cells and more T cells, creating activation cascades. These
avalanches follow statistical patterns similar to those observed in
physical critical systems (70).
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2.1.7.2 Molecular hubs

Certain molecular nodes act as hubs that connect multiple
signaling pathways, making them critical for system function but
also creating vulnerabilities. PKR (protein kinase R) is an example
of a hub connecting viral RNA recognition with interferon
responses, apoptosis, and translational control. Its central position
makes it critical for antiviral responses but also a target for viral
evasion (71).

mTOR functions as a metabolic hub integrating signals about
nutrient availability, growth factors, and cellular energy status with
immune activation programs. T cells require mTOR activation for
effector differentiation, but mTOR must also be inactivated for
memory generation. This functional duality requires precise
temporal regulation (72).

p53 acts as a hub integrating multiple types of cellular stress and
determining whether cells survive or die. In the immune context,
p53 is critical for preventing malignant transformation of cells that
have experienced DNA damage during processes such as somatic
hypermutation in B cells (73).

The topological importance of these hubs means that their
dysfunction can have disproportionately large effects on the system.
However, this centrality also makes them evolutionary targets for
both pathogens seeking to subvert immune responses and therapies

aiming to modulate immune function (74).

2.1.8 Clinical and molecular engineering
implications

A deep understanding of molecular immune information
processing has direct implications for the development of new
therapies. Rational CAR-T design benefits from knowledge of how
different intracellular signaling domains influence T cell function.
Next-generation CARs incorporate multiple costimulatory domains
based on principles of molecular signal integration (75).

Molecular biosensors can be designed to detect specific immune
activation states by monitoring key molecular markers. For
example, biosensors that detect specific cytokine patterns or post-
translational modifications can provide early diagnostics of immune
dysfunction (76).

The identification of criticality biomarkers can enable the
prediction of when the immune system is approaching critical
transitions, such as the progression from acute to chronic
inflammation or the development of autoimmunity. These
biomarkers could include specific gene expression patterns,
epigenetic modifications, or signaling dynamics (77).

Therapeutic interventions can be designed to modulate specific
molecular hubs or to alter the topology of signaling networks. For
example, specific kinase inhibitors can be used to modulate key
signaling pathways, while epigenetic modulators can alter the
molecular memory of the immune system (78).

2.1.9 Integrative perspective and transition to the
cellular scale

The complexity of molecular immune information processing
reveals how the system’s emergent properties arise from the
integration of multiple molecular processes. Molecular logic—
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based on specific recognition, signal integration, controlled
amplification, and regulatory feedback—provides the fundamental
principles that operate at all scales of the immune system (79).

The concepts of criticality, molecular hubs, and spatiotemporal
dynamics explored at the molecular scale provide the foundation for
understanding how individual immune cells process information
and make functional decisions. Epigenetic modifications create
molecular memory that influences future responses, while the
spatial organization of receptors and signaling complexes
determines the specificity and efficiency of information
processing (80).

This molecular architecture lays the groundwork for
organization and information processing at higher scales.
Individual immune cells can be seen as biological computers
whose “software” is determined by the molecular circuits we have
discussed. The diversity of immune cell types reflects different
molecular “programs,” each optimized for different aspects of
immunological information processing (81).

As we transition to the cellular and tissue scale, we will see how
these molecular principles translate into complex cellular behaviors
such as migration, differentiation, and intercellular communication.
The spatial organization of cells in lymphoid tissues creates new
levels of information processing that emerge from, but transcend,
individual molecular logic. Cell-to-cell communication networks
create distributed processing circuits where information is
processed not only within individual cells but also across spatially
organized cell populations (82) (Figure 3).

2.2 Cellular and tissue scale: collective
intelligence and distributed coordination

At the cellular and tissue scale, the immune system undergoes a
qualitative leap in its information processing capacity, advancing
from the rigorous precision of molecular processing toward the
emergence of collective intelligence and distributed coordination of
remarkable complexity. This organizational level is not a mere
aggregation of individual cells; rather, it constitutes a domain
where cooperative behaviors, self-organizing patterns, and
information circuits emerge that completely transcend the
properties of isolated cells or purely molecular processes. Here,
information processed at the molecular level is integrated,
amplified, and transformed through densely interconnected
cellular networks, configuring living architectures for adaptive
decision-making (83).

The transition to the cellular-tissue scale entails a radical
transformation in processing logic: emergent properties such as
collective intelligence, distributed functional memory, adaptive
plasticity, and the capacity for spatial and temporal self-
organization appear. These capabilities enable the immune
system to respond, adjust, and evolve far more effectively to
complex and dynamic challenges, maintaining functional
coherence and resilience even under conditions of extreme
perturbation (84).

Frontiers in Immunology

10.3389/fimmu.2025.1563992

2.2.1 Emergent transition: from molecular
processing to collective intelligence
2.2.1.1 Emergence of self-organization

The cellular-tissue scale marks a critical transition from the
binary, linear, and local logic of molecular processing to the
emergence of collective and organizational phenomena of great
complexity. At this level, self-organization is a fundamental feature:
immune cells do not merely respond to individual signals, but
interact dynamically through cell-cell contacts, immunological
synapses, and soluble signals, generating cooperative patterns and
functional networks that self-assemble and reconfigure in real
time (85).

Immunological synapses exemplify this leap in complexity: they
not only act as nodes for the integration of molecular signals but
also orchestrate the coordination of shared decisions, enabling
cooperative amplification and emergent responses. Collective
processing allows the robustness and adaptability of the system to
vastly exceed the limitations of individual cells (86).

2.2.1.2 Distributed network architectures

In this context, cellular interactions generate highly specialized
network architectures that optimize the efficiency of distributed
processing and information management. The small-world
topology, characteristic of immune tissues, provides a platform
where specialized local processing coexists with agile and efficient
global coordination. Functional modules such as germinal centers,
dendritic cell niches, or tissue microenvironments operate in
parallel and communicate, integrating dynamically according to
the demands of the immunological challenge (87).

This network architecture not only enhances response capacity
but also facilitates the containment of local disturbances, efficient
signal propagation, and synchronization of collective responses.
The result is a system capable of self-organizing and scaling local
responses to systemic dynamics, while preserving both functional
diversity and the permanent capacity for adaptation (88).

2.2.2 Distributed implementation of canonical
functions
2.2.2.1 SENSING: distributed and collaborative
surveillance

The sensing function emerges as collaborative surveillance, in
which specialized cellular populations—such as dendritic cells,
macrophages, and B cells—establish interconnected early-
detection networks capable of scanning large tissue volumes and
distinguishing heterogeneous microenvironments. Through cell-
cell contacts, soluble signals, and indirect intercellular
communication (such as extracellular vesicles and nanotubes),
efficient integration of environmental and antigenic information
is achieved. Dendritic cell networks operate as sophisticated
monitoring and alert systems, not only increasing sensitivity
through functional overlap and distributive redundancy but also
generating resilience to the loss or dysfunction of individual
components. Thus, the immune system can detect, discriminate,
and prioritize threats in real time, maintaining robust and adaptive
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FIGURE 3

Canonical information processing functions at the cellular/tissue scale. This figure illustrates the sequence of canonical information processing
functions executed by immune cells at the cellular/tissue level. The process begins with sensing, where antigen-presenting cells (APCs) detect and
internalize antigenic material from the environment. Coding is mediated by the formation of the immunological synapse between APCs and T cells,
integrating signals from major histocompatibility complex (MHC)-T cell receptor (TCR) interactions, co-stimulatory molecules (CD40/CD40L), and
cytokines (IFN-o/B, IL-12, IFN-7). Decoding encompasses cellular fate decisions, including cell proliferation, differentiation, and death, as a result of
signal integration. The response is characterized by the activation of effector mechanisms, such as cytotoxic T cell-mediated immune attack.
Feedback is provided by regulatory T cells (Treg), which secrete immunosuppressive cytokines (IL-10, TGF-B) to limit excessive immune activation
and maintain tissue homeostasis. Learning is represented by the formation of memory T cells, ensuring rapid and robust responses upon subsequent
antigen encounters. Together, these stages exemplify the emergent, context-dependent, and self-regulating nature of immune information

processing at the cellular/tissue scale. Created in https://BioRender.com.

surveillance in the face of environmental variability and the
evolutionary pressure of emerging pathogens (89).

2.2.2.2 ENCODING: cellular information maps

At this scale, encoding transcends mere molecular translation
and is manifested in the active creation and modulation of
chemokine and cytokine gradients. These gradients act as
authentic dynamic maps of spatial and temporal information,
defining migration routes, activation zones, and functional
territories within tissues. Cellular communities not only perceive
but also generate and readjust these maps, enabling contextual
information to be precise, selective, and flexible. The interaction of
multiple cells in the production and consumption of chemical
signals enables redundant and polymodal encoding, increasing
the capacity for representation and response to the complexity of
immunological challenges. Thus, cellular encoding is not passive
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but rather a collective, self-organized process in continuous
feedback with the microenvironment and the global state of the
tissue (90).

2.2.2.3 DECODING: consensus decisions

Tissue decoding is configured as an advanced consensus process
in which multiple cellular populations integrate distributed
information, both historical and contemporary, to generate
robust, context-adapted collective responses. This mechanism is
observed in germinal centers, where competition and cooperation
between B cells, follicular T cells, and follicular dendritic cells lead
to optimal decisions regarding affinity maturation, diversity
generation, and memory establishment. It is not a simple
summation of signals: cellular nodes execute nonlinear
integration processes, filtering, weighting, and synthesizing

information to maximize efficacy and minimize errors, such as
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autoreactivity or the generation of ineffective clones. Thus, tissue
decoding is characterized by its consensus capacity, adaptive
flexibility, and collective learning (91).

2.2.2.4 RESPONSE: synchronization and collective
coordination

The execution of immune responses at the tissue scale emerges
as a phenomenon of distributed synchronization, in which different
cell types (macrophages, lymphocytes, presenting cells, and stromal
cells) self-assemble into functionally specialized structures. This
assembly, exemplified by the formation of granulomas or germinal
centers, optimizes the containment, neutralization, and resolution
of immunological challenges. The collective response is regulated
both spatially and temporally, adjusting the sequence and
magnitude of effector actions via feedback mechanisms and
contextual signals. Functional synchronization is essential to
avoid dispersed or chaotic responses, promoting global tissue
coherence and efficiency in the use of cellular and energetic
resources (92).

2.2.2.5 FEEDBACK: emergent homeostasis

Feedback mechanisms at the tissue level implement distributed
and multilevel regulation, where multiple coupled circuits (positive
and negative) interact dynamically. Regulatory cells such as Tregs,
immune checkpoints, and contextual inhibitory signals work
together to maintain system stability, preventing both harmful
hyperactivation and excessive tolerance. Emergent homeostasis
results from this dynamic equilibrium: the system continuously
adjusts the intensity and duration of immune responses,
modulating resilience, tolerance, and recovery after perturbations.
Thus, self-regulation emerges not from central control, but from
ongoing cooperation and local-global adaptation among cellular
and molecular participants (93).

2.2.2.6 LEARNING: distributed and adaptive memory

Immunological memory at the tissue scale is expressed as
distributed collective intelligence, integrating prior experiences
and functional states through dynamic networks of memory cells,
naive cells, and effector cells. This incremental learning is sustained
by reciprocal communication, epigenetic reprogramming, and
functional reconfiguration induced by successive exposures to
antigens or environmental stimuli. The adaptive memory network
is in constant update, allowing the immune system to progressively
refine its recognition, response, and containment strategies. The
result is robust learning, capable of anticipating and adapting to
changing challenges, supporting system resilience in the face of
unexpected events or pathogen evolution (94).

2.2.3 Emergent organizational principles
2.2.3.1 Self-organized criticality

Operation near criticality states emerges spontaneously from
local interactions, maximizing adaptability without centralized
control. Germinal centers clearly represent this principle,
continuously balancing exploration (somatic mutation) and
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exploitation (clonal selection) to maintain optimal functional
diversity and specificity (95).

2.2.3.2 Dynamic modularity

Tissue modularity emerges as cooperative specialization, where
different regions of immune tissue perform dynamically integrated
complementary functions. This organization enables efficient,
flexible, and parallel processing, facilitating rapid adaptation to
contextual changes (96).

2.2.3.3 Emergent cellular hubs

Dendritic cells act as critical integrative hubs, mobilizing
antigenic and contextual information to modulate systemic
responses. Their centralized function maximizes efficiency in
information transmission, ensuring rapid and coordinated
systemic responses (97).

2.2.3.4 Functional redundancy

Functional redundancy emerges through the diversity of
different cellular subpopulations, ensuring robustness and fault
tolerance. This redundancy not only protects against the loss of
individual components but also increases the system’s global
coverage through complementary and cooperative
perspectives (98).

2.2.4 Antifragility and distributed optimization
Immunological tissues display antifragility through collective
processes and organizational circuits that transform perturbations,
stress, or environmental challenges into opportunities for
improvement and adaptive optimization. This phenomenon is
especially evident in scenarios such as affinity maturation in
germinal centers, where exposure to antigens and clonal selection
induce somatic hypermutation, generating controlled
diversification of antibody repertoires. The selective pressure
exerted by new antigenic challenges not only increases antibody
affinity and specificity but also fosters robust immunological
memory and system functional plasticity. Likewise, trained
immunity in innate immune cells demonstrates the system’s
capacity to metabolically and epigenetically reprogram
macrophages, NK cells, and others, enabling them to respond
more efficiently to future encounters with pathogens. Each
immunological challenge, far from weakening the system,
stimulates reorganization and learning at the cellular and tissue
scale, contributing to systemic strengthening and increasing the
resilience and global adaptive capacity of the immune system. This
logic of “improvement through perturbation” is a foundation of the
concept of biological antifragility and explains the immune system’s
remarkable ability to evolve and adapt over time, even in highly
changing environments and facing emerging challenges (99).

2.2.5 Spatiotemporal self-organization
Spatiotemporal self-organization in the immune context

generates emergent functional patterns that are fundamental for

the efficacy and specificity of the immune response. Paradigmatic
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examples of this phenomenon are granulomas, which form in
response to chronic infections such as tuberculosis: these self-
assembled multicellular structures concentrate and contain the
pathogen, delineating functional compartments from chemical
and mechanical signals that direct the positioning, activation, and
differentiation of participating cell types. Similarly, the dynamic
organization of germinal centers in secondary lymphoid organs
exemplifies how interaction and directed migration of B cells,
follicular T cells, and follicular dendritic cells generate specialized
microenvironments where the selection and optimization of
humoral responses occur. Temporal self-organization also
manifests in the rhythms of activation and coordinated migration
of lymphocytes, the establishment of cytokine gradients, and
sequential waves of cellular differentiation, thus ensuring a logical
and efficient sequence of immunological events. These self-
organized patterns enable the immune system to adapt its
architecture and function in real time to the immediate
requirements of the pathological or physiological context,
maximizing efficacy while minimizing energy expenditure and
collateral damage (100).

2.2.6 Multiscale integration

The cellular-tissue scale constitutes an essential and
irreplaceable bridge between molecular precision and systemic
coordination. At this level, locally generated information and
signals can be amplified and propagated through circulatory
routes, cytokine gradients, or migration of effector and regulatory
cells, scaling local responses into systemic effects. In turn, systemic
signals such as hormones, neurotransmitters, and endocrine
mediators can modulate the tissue microenvironment, adjusting
sensitivity, activation thresholds, and response magnitude in
specific cellular niches according to the organism’s global needs.
This multiscale integration ensures the overall functional coherence
of the immune system and allows dynamic adaptability to
challenges that may change across both time and space.
Moreover, these processes of bidirectional adjustment and
feedback between scales constitute the basis for long-term
immunological homeostasis and resilience, enabling the system to
respond proportionally and efficiently to stimuli of diverse nature
and intensity, without losing the capacity to recover balance after
each challenge (101).

2.3 Systemic and neuroimmune scale:
multiscale integration, distributed
computation, and emerging networks

2.3.1 Introduction: from local coordination to
distributed systemic computation

The transition from information processing at the cellular level
to systemic coordination represents one of the most fascinating
phenomena in systems biology. This emergent scalability
transforms discrete molecular signals into coordinated responses
involving multiple organs, physiological systems, and complex
behaviors. The immune system does not operate as a collection of
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isolated cells but as a distributed computational network that
processes information in a parallel, hierarchical, and adaptive
manner (102).

The emergence of systemic properties arises from nonlinear
interactions among local components, generating phenomena such
as self-organized criticality, where small perturbations can
propagate as cascades of controlled amplification. This
architecture enables the organism to maintain homeostasis while
preserving the capacity for rapid response to threats, simultaneously
optimizing both sensitivity and specificity of immune
recognition (9).

Distributed immune computation is characterized by its
capacity for parallel processing, where different cellular
populations process specific information while maintaining cross-
communication through networks of cytokines, chemokines,
neurotransmitters, and metabolites. This architecture confers
emergent properties on the system, including collective memory,
adaptive learning, and functional plasticity that transcend the
individual capabilities of its components (103).

2.3.2 Systemic implementation of canonical
functions
2.3.2.1 SENSING: integrated systemic surveillance

Systemic-scale sensing represents a conceptual revolution in our
understanding of immune detection. Beyond classical molecular
pattern recognition, the system develops contextual detection
capabilities that integrate environmental, metabolic, neurological,
and microbial signals. Immune sensors distributed across
peripheral tissues act as a network of biological “antennas” that
detect not only pathogens but also subtle changes in tissue
homeostasis, oxidative stress, metabolic alterations, and
disturbances in the microbial ecosystem (104).

Neuroimmune integration exponentially amplifies systemic
sensing capacity. Immune cells express receptors for
neurotransmitters, hormones, and neuropeptides, while neurons
can detect cytokines and microbial products. This sensory
convergence allows the system to distinguish between external
and internal threats, modulating responses according to the
physiological and emotional context of the organism (105).

2.3.2.2 ENCODING: multimodal signal translation

Systemic encoding transcends simple signal transduction to
establish a complex molecular language that integrates information
from multiple sources. The hypothalamic-pituitary-adrenal (HPA)
axis acts as a master translator, converting immune signals into
neuroendocrine responses, while the inflammatory-vagal axis
provides a rapid, bidirectional communication channel between
the periphery and the central nervous system (106).

The gut microbiota emerges as a crucial encoder, translating
environmental information (diet, xenobiotics, pathogens) into
molecular signals that influence systemic immunity and brain
function. Microbial metabolites act as signaling molecules that
modulate gene expression in distant immune cells, establishing a
form of long-range chemical communication that connects the

external environment with internal homeostasis (107).

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1563992
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Navarro Quiroz et al.

2.3.2.3 DECODING: distributed contextual interpretation

Systemic decoding involves multiple processing centers that
interpret encoded signals according to specific contexts. The central
nervous system acts as a supreme integrator, combining immune
information with sensory data, prior memories, and emotional
states to generate appropriate responses. However, decoding is
not exclusively centralized; immune-competent organs such as
the spleen, lymph nodes, and Peyer’s patches locally process
information and make autonomous “decisions” regarding the
activation of specific response programs (108).

This architecture of distributed decoding enables adaptive
responses that vary by tissue, threat type, and overall
physiological state. The system’s interpretive plasticity allows the
same molecular signal to elicit different responses depending on
context, optimizing energy efficiency and minimizing collateral
damage (109).

2.3.2.3 RESPONSE: coordinated systemic orchestration

Systemic responses are complex biological symphonies in which
multiple organs and systems act in concert to restore homeostasis.
Fever, sickness behavior, nutrient redistribution, and sleep
modulation are examples of integrated responses involving the
nervous, endocrine, immune, and metabolic systems working
synchronously (110).

The temporal coordination of these responses reveals
sophisticated chronobiological precision, where circadian,
ultradian, and infradian rhythms modulate immune activity
according to evolutionarily optimized patterns. This timing
maximizes response efficacy while minimizing metabolic costs
and disruptive effects on essential physiological functions (111).

2.3.2.4 FEEDBACK: systemic control circuits

Neuroimmune feedback mechanisms form the foundation of
systemic self-regulation. The vagal inflammatory reflex represents a
real-time control circuit that monitors peripheral immune activity
and adjusts inflammatory responses via the release of acetylcholine
and other anti-inflammatory neurotransmitters. This
neuroimmune control system prevents uncontrolled escalation of
inflammatory responses that could result in tissue damage or septic
shock (112).

Metabolic feedback adds another dimension of control, where
products of immune metabolism (lactate, ATP, adenosine)
modulate the activity of neighboring and distant immune cells.
This form of metabolic communication creates feedback networks
that optimize energy resource usage and coordinate responses
according to the availability of metabolic substrates (113).

2.3.2.5 LEARNING: systemic memory and adaptive
plasticity

Systemic learning transcends classical immune memory to
include forms of plasticity involving multiple physiological
systems. Neuroimmune memory allows previous immune
experiences to permanently modify nervous system responses to
immune stimuli, creating a form of “immune conditioning” that can
persist for years (114).
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Metabolic imprinting represents another form of systemic
learning, where early exposures to pathogens, diets, or stress
permanently remodel immune metabolism and the response to
future challenges. This metabolic plasticity allows the system to
adapt responses according to the individual’s exposure history,
optimizing energy efficiency and response specificity (115).

2.3.3 Emerging organizational principles in the
systemic network
2.3.3.1 Dynamic criticality: optimization of systemic
sensitivity

The immune system operates in states of self-organized
criticality that maximize its detection capacity while maintaining
operational stability. This dynamic criticality allows abrupt
transitions between resting and activated states, facilitating rapid
responses to threats while preventing spontaneous activations that
could result in autoimmunity or chronic inflammation (116).

Criticality is manifested in phenomena such as cytokine
cascades, where the initial release of inflammatory mediators can
be exponentially amplified or attenuated according to context-
specific critical thresholds. This nonlinear architecture enables the
system to scale responses proportionally to the magnitude and
persistence of detected threats (117).

2.3.3.2 Functional modularity: specialization and
integration

The modular organization of the immune system combines
functional specialization with systemic integration capacity. Each
immune-competent organ acts as a specialized module with specific
information processing capabilities while maintaining functional
connectivity with other modules through molecular and neural
communication networks (118).

This modularity allows for localized responses without
compromising global systemic function, while also facilitating the
propagation of critical information when coordinated responses are
required. Modularity also confers robustness, allowing for
functional compensation when individual modules are
compromised by damage or disease (119).

2.3.3.3 Hubs and integration nodes: centers of distributed
control

Certain organs and anatomical structures emerge as high-
centrality hubs in the systemic neuroimmune network. The brain
—especially the hypothalamus and brainstem—acts as a supreme
integration center that processes immune information and
generates coordinated neuroendocrine responses. The vagus nerve
represents a privileged communication channel linking the central
nervous system to peripheral immune organs, facilitating reflex
control of inflammatory responses.

The spleen emerges as a critical immunological hub, not only
filtering blood-borne pathogens but also acting as an integration
center that receives sympathetic nerve signals and generates
systemic immune responses. The liver functions as a metabolic
processor, integrating nutritional, immunological, and hormonal
signals to modulate systemic metabolism and the acute phase of
inflammatory responses (120).
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2.3.3.4 Small-world topology: efficient connectivity

The connectivity architecture of the neuroimmune system
exhibits small-world network properties that optimize
communication efficiency between distant components. This
topology allows critical information to propagate rapidly across
the network while maintaining local clustering that facilitates
specialized processing within specific functional modules (121).

Small-world connectivity is evident in phenomena such as the
rapid propagation of systemic cytokines during acute inflammatory
responses, where locally released mediators can influence distant
organs within minutes. This architecture also facilitates the
synchronization of immune responses across multiple tissues,
enabling precise temporal coordination of specialized functions.

2.3.3.5 Redundancy and fault tolerance: systemic
robustness

The neuroimmune system incorporates multiple levels of
redundancy that confer fault tolerance and operational
robustness. Parallel signaling pathways ensure that critical
information can propagate even when individual channels are
compromised. This redundancy is observed in the multiplicity of
cytokines with overlapping functions, the existence of sympathetic
and parasympathetic neural pathways with complementary effects,
and the ability of different cell types to perform similar functions
when necessary (122).

Fault tolerance also manifests in the system’s ability to
functionally reorganize after injury or perturbation. This adaptive
plasticity allows unaffected organs to compensate for loss of
function in damaged tissues, maintaining essential immunological
capacities even under adverse conditions.

2.3.4 Antifragility and systemic plasticity
2.3.4.1 Perturbation as an adaptive driver

The concept of antifragility finds its paradigmatic expression in
the neuroimmune system, where controlled exposures to challenges
strengthen and expand the system’s adaptive capabilities.
Subclinical infections, moderate psychological stress, dietary
variability, and diverse environmental exposures act as “training”
stimuli that remodel the functional architecture of the systemic
network, expanding its response repertoire and increasing
operational efficiency (123).

This antifragility is evident in phenomena such as heterologous
immunity, where exposure to specific pathogens can confer cross-
protection against unrelated pathogens via activation of broad-
spectrum innate immune programs. Diversity of exposures during
critical developmental periods also programs immune reactivity
patterns that persist throughout life, optimizing responses
according to the microbial environment and specific selective
pressures of the ecosystem (124).

2.3.4.2 Network remodeling: structural and functional
plasticity

Neuroimmune system plasticity includes both functional
changes in existing components and structural remodeling of
network connections. Immunological neuroplasticity enables
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immune experiences to permanently modify neural circuits that
process immune information, creating somatic memories that
influence future responses.

Metabolic plasticity represents another dimension of systemic
adaptation, where cellular metabolism is remodeled according to
patterns of energy demand and substrate availability. This
metabolic reprogramming allows continuous optimization of
energy efficiency and response capacity according to the
organism’s specific environmental demands.

2.3.4.3 Implications for health and disease

Understanding systemic antifragility has profound implications
for our understanding of health and disease states. Immunological
resilience emerges as a systemic property that depends not only on
the competence of individual components but also on the integrity
of communication networks and the capacity for
adaptive reorganization.

Immunosenescence can be understood as a progressive loss of
antifragility, where the system loses its adaptive capacity and
becomes increasingly fragile in the face of perturbations.
Neuroimmune diseases represent disruptions in inter-system
communication, resulting in loss of coordination and the
emergence of pathological feedback loops (125).

2.3.5 Irreducible computation and multiscale
modeling
2.3.5.1 Complexity and the limits of reductionism

The behavior of the neuroimmune system exhibits properties of
computational irreducibility that limit the predictive power of
reductionist analysis. The emergence of complex systemic
properties from nonlinear interactions among multiple
components requires computational approaches capable of
capturing complex network dynamics across multiple temporal
and spatial scales.

This computational irreducibility is evident in phenomena such
as individual variability in immune responses, where similar
genotypes can generate dramatically different immune phenotypes
depending on specific histories of environmental exposures.
Personalizing therapeutic interventions therefore requires
approaches capable of integrating genomic, epigenomic,
metabolomic, and environmental information into sophisticated
predictive models (126).

2.3.5.2 Complex systems modeling: computational tools
The development of multiscale computational models
represents a critical frontier in systems immunology. Agent-based
models can capture emergent behaviors of cell populations, while
network models can identify connectivity patterns that determine
systemic properties. Integrating these approaches with machine
learning techniques enables the identification of complex patterns
in high-dimensional data that escape traditional analysis (127).
Immunological digital twins represent a promising application
of these technologies, where personalized computational models
can simulate individual immune responses to optimize therapeutic
interventions. These models integrate multi-omic data with clinical
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and environmental information to generate patient-specific
predictions of treatment responses, risk of adverse effects, and
disease progression (128).

2.3.6 Connection with the network of networks:
evolutionary and transdisciplinary perspective
2.3.6.1 Coevolution of adaptive systems

The current architecture of the neuroimmune system is the
product of millions of years of coevolution with pathogens,
microbial symbionts, and diverse environmental pressures. This
evolutionary history has resulted in a complex adaptive system that
incorporates multiple scales of information processing, from
molecular recognition to complex collective behaviors (129).

Host-microbiota coevolution has been particularly influential in
shaping the architecture of the neuroimmune system. Commensal
microorganisms are not passive residents but active participants in
communication networks that influence neurological development,
immune function, and behavior. This evolutionary partnership has
resulted in deep mutual dependencies that transcend simple host-
pathogen relationships.

2.3.6.2 Universal principles in complex systems

The organizational principles identified in the neuroimmune
system have broader applicability to the design of complex adaptive
systems. Self-organized criticality, functional modularity, small-
world connectivity, and antifragility represent evolutionary
solutions to fundamental problems of information processing,
coordination, and adaptation that are relevant across
multiple domains.

These principles can inform the design of intelligent networks
in engineering, distributed control systems, artificial intelligence
architectures, and economic models. The immune system’s ability
to maintain robustness while preserving adaptability offers valuable
insights for the development of artificial systems that must operate
in complex and changing environments (130).

2.3.6.3 Evolutionary bases of neuroimmune architecture
The multiscale architecture of the neuroimmune system reflects
evolutionary solutions to fundamental survival challenges that have
persisted for millions of years. Selective pressure from pathogens
has driven the development of increasingly sophisticated
recognition systems, while the need to conserve energy resources
has favored the evolution of control and regulatory mechanisms
that optimize the cost-benefit ratio of immune responses.
Host-pathogen coevolution has resulted in a molecular arms
race that has continually expanded the repertoire of recognition and
response strategies. This coevolutionary dynamic has not only
shaped the diversity of the adaptive immune system but has also
refined innate detection mechanisms to achieve extraordinary
sensitivity and specificity. The evolutionary conservation of basic
neuroimmune circuits across species suggests these represent
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optimal solutions to fundamental computational problems of
biological information processing (131).

2.3.6.4 Emergence of universal systemic properties

Comparative analysis of neuroimmune systems across the
animal kingdom reveals universal organizational principles that
transcend specific phylogenetic differences. Self-organized
criticality emerges independently in systems as diverse as
invertebrate immunity and mammalian neuromodulation,
suggesting that this property represents a convergent solution for
optimizing signal detection in noisy environments.

The functional modularity observed in the human
neuroimmune system finds parallels in simpler organizations,
from chemical detection circuits in bacteria to social alarm
systems in eusocial insects. This evolutionary convergence toward
modular architectures reflects fundamental advantages in terms of
robustness, evolvability, and computational efficiency that are
independent of system-specific complexity.

Small-world connectivity, initially described in human social
networks, is consistently observed in biological cell communication
networks, suggesting that this topology represents an optimal
solution to the problem of balancing global efficiency with local
specialization. The ubiquitous presence of this architecture in
diverse biological systems indicates deep organizational principles
that can inform the design of complex artificial systems (132).

3 Limitations and future perspectives

Despite significant advances in conceptualizing the immune
system as a multiscale information processing network, substantive
challenges remain that limit the full operationalization of this
theoretical framework in experimental, clinical, and computational
practice. These limitations open avenues for future research aimed at
transforming immunology into a science grounded in universal
physical principles, integrating the dynamics of symmetry,
criticality, and hierarchical organization.

3.1 Conceptual and experimental
limitations

One of the main challenges lies in the difficulty of precisely
quantifying and modeling critical phenomena such as self-
organized criticality, phase transitions, and symmetry breaking in
human immune tissues. Current experimental tools, although
rapidly evolving, still present limitations in real-time capture and
adequate resolution of these phenomena in complex biological
models, such as 3D organoids and “tissue-on-a-chip” systems (133).

Additionally, cellular heterogeneity, the stochastic nature of
immune responses, and enormous inter-individual variability
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complicate data interpretation and the validation of theoretical
predictions. The integration of multi-omic data (transcriptomics,
epigenomics, metabolomics, proteomics) demands more robust
algorithms and computational platforms capable of handling the
dimensionality and complexity of the information generated.

3.2 Limitations in modeling and prediction

At the computational level, current models often excessively
simplify real biological dynamics, which can introduce bias and
limit predictive capacity—particularly in clinical settings where
accuracy is critical. Agent-based models, multiscale complex
networks, and machine learning strategies still face barriers
regarding scalability, interpretability, and extrapolation of results.

The key challenge is to develop hybrid models capable of
integrating empirical data from different scales and sources,
incorporating both cellular heterogeneity and the evolutionary
and environmental history of each individual. This requires
transdisciplinary collaborations and the design of “multilevel”
experiments where in silico, in vitro, and in vivo approaches
interact in cycles of iterative validation (134).

3.3 Translational and clinical limitations

The lack of standardized metrics for measuring phenomena
such as criticality or symmetry dynamics in clinical data restricts the
applicability of these concepts in medical practice. Robust,
reproducible, and easily accessible biomarkers are needed to
capture the dynamic state of the immune system in real patients.

Clinical translation of these approaches also requires
overcoming fragmentation among disciplines—biology, physics,
engineering, and computational sciences—by promoting
integrated, interoperable, and open research platforms.

3.4 Future perspectives

To advance toward an immunology grounded in physical and
information theory principles, we propose several strategic directions:

e Advanced Technological Development: Implement
technologies for the capture of critical events and symmetry
dynamics in complex biological systems, prioritizing models
such as immunological organoids, artificial tissues, and
microfluidic platforms with real-time sensors.

* New Theoretical and Computational Frameworks: Develop
hybrid models that integrate network dynamics, machine
learning, and information theory to describe transitions
across scales and the emergence of collective properties. The
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concept of a “digital twin immunology” represents a
promising frontier for the personalized simulation of
immune responses and the prediction of clinical outcomes.

* Multiscale and Iterative Validation: Design coordinated
studies that combine in silico, in vitro, and in vivo data to
refine and falsify hypotheses regarding symmetry, criticality,
and antifragility. This approach is key to transcending merely
descriptive validation and advancing toward a predictive and
manipulable immunological science.

¢ Development of Functional Metrics and Biomarkers:
Prioritize the design of quantitative biomarkers for
criticality, symmetry, and redundancy, applicable to
multi-omic and phenotypic data, which can be used in
clinical practice for risk stratification, prognosis, and
personalized therapy.

* Transdisciplinarity and Open Platforms: Foster
collaborative networks integrating immunologists,
physicists, mathematicians, engineers, clinicians, and data
scientists within open research platforms capable of
accelerating cross-validation of concepts and technology
transfer to the healthcare sector.

4 Conclusions

The immune system emerges as a multiscale adaptive network
capable of processing information through architectures that
integrate molecular precision, collective cellular intelligence, and
systemic coordination. This research has articulated a
transdisciplinary conceptual framework that transcends the
traditional boundaries of descriptive immunology, proposing that
the canonical functions of information processing—sensing,
encoding, decoding, response, feedback, and learning—constitute
functional invariants that are preserved across all levels of biological
organization, from molecules to neuroimmune networks.

At the molecular scale, the immune system employs signaling
circuits and epigenetic mechanisms that function as biological
microprocessors, generating the diversity, specificity, and
plasticity underpinning recognition and adaptation. At the
cellular and tissue scale, a distributed collective intelligence
emerges that transforms self-organization, criticality, and
modularity into capacities for optimization and antifragility,
enabling the system to evolve and strengthen in the face
of challenges.

At the systemic and neuroimmune level, the dynamic integration
between the immune system, the nervous system, and the microbiota
enhances global plasticity, memory, and resilience. This multiscale
perspective not only explains how precise responses are coordinated
to complex threats, but also paves the way for designing advanced
therapeutic strategies grounded in universal principles: symmetry and
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its breaking, self-organized criticality, functional modularity, small-
world topology, and robust redundancy.

The proposed approach demonstrates that immunological
complexity can be understood, modeled, and eventually
intervened upon through a unified vision inspired by the physics
of complex systems, information theory, and network biology. This
perspective not only enriches basic research but also lays the
foundation for the development of predictive computational
models, functional biomarkers, and personalized clinical
intervention strategies—crucial steps toward a truly integrative
precision immunology.
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