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Abstract 

Alzheimer’s Disease (AD) is now understood as a biologically diverse condition, with amyloid and 

tau pathology evolving within dynamic neuroimmune networks. This challenges the traditional view 

that AD-related inflammation can be broadly suppressed therapeutically. We review evidence 

showing that neuroinflammation in AD is stage-dependent, cell-state-specific, spatially organized, 

and functionally complex. Microglia and astrocytes can aid in plaque containment, debris clearance, 

synaptic balance, metabolic adaptation, and tissue repair, but may also exacerbate injury through 

type-I interferon, inflammasome, complement, tumor necrosis factor, and lipid pathways. Many 

failed anti-inflammatory trials likely stem from mismatches in targets, timing, spatial considerations, 

pathway redundancy, and biomarker selection, rather than invalidating neuroinflammation as a 

therapeutic target. Recent single-cell and spatial transcriptomic, proteomic, metabolomic, and 

network-medicine studies offer a framework for precision intervention by identifying inflammatory 

endotypes, anatomical niches, and pathway modules. We propose the Stage–State–Space 

Neuroimmune Reprogramming Model (S3-NRM), aligning AD immunotherapy with disease stage, 

glial/endotype state, and spatial inflammatory niche, guided by fluid, imaging, and omics 

biomarkers. Future therapies should selectively suppress harmful immune responses while 

preserving beneficial glial functions. 

Keywords: Alzheimer’s disease; neuroinflammation; microglia; astrocytes; biomarkers; precision 

therapy; multi-omics; neuroimmune reprogramming 

 

1. Introduction 

Alzheimer’s disease (AD) is the leading cause of dementia worldwide and represents a major 

and growing global health burden. Contemporary frameworks define AD as a biologically 

heterogeneous disorder characterized by the interplay of amyloid-β (Aβ) deposition, tau pathology, 

neurodegeneration, and systemic and central nervous system (CNS) alterations [1–3]. Among these 

processes, neuroinflammation has emerged as a central and genetically supported component of 

disease pathophysiology. Genome-wide association studies (GWAS) have consistently identified risk 

loci enriched in myeloid and glial pathways, including genes such as TREM2, CD33, ABI3, and 

PLCG2, thereby implicating innate immune dysfunction as a core driver of AD rather than a 

secondary bystander process [4,5]. 

Despite this strong biological rationale, the clinical translation of anti-inflammatory strategies in 

AD has been largely unsuccessful. Multiple therapeutic programs, including nonsteroidal anti-

inflammatory drugs (NSAIDs), cytokine-targeting biologics, kinase inhibitors, and metabolic 

modulators, have failed to demonstrate robust and reproducible clinical benefit in randomized trials 

[3,6,7]. This apparent paradox has often been interpreted as evidence that neuroinflammation is not 
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a viable therapeutic target in AD. However, such a conclusion is increasingly difficult to reconcile 

with genetic, mechanistic, and multi-omics data. A more plausible interpretation is that prior 

approaches targeted the correct biological domain but were guided by an oversimplified conceptual 

model—namely, that inflammation in AD represents a uniform and deleterious process that can be 

mitigated by broad suppression [3,8]. 

Recent advances fundamentally challenge this assumption. Neuroinflammation in AD is now 

understood as a dynamic, multicellular network that is temporally evolving, spatially heterogeneous, 

and functionally ambivalent [9]. Microglia and astrocytes, the principal immune effector cells of the 

CNS, do not operate as uniformly detrimental entities. Instead, they exhibit context-dependent 

phenotypes that can either protect neural circuits, through plaque compaction, debris clearance, 

synaptic support, and metabolic adaptation, or contribute to disease progression via amplification of 

type-I interferon signaling, inflammasome activation, complement-mediated synapse loss, and 

tumor necrosis factor (TNF)-driven inflammation [10–19]. This duality implies that indiscriminate 

suppression of inflammatory pathways may inadvertently inhibit protective immune functions while 

failing to adequately restrain maladaptive ones. 

A second major shift in the field arises from the application of high-dimensional multi-omics 

technologies. Single-cell RNA sequencing, spatial transcriptomics, proteomics, and metabolomics 

have revealed that glial activation in AD is not binary but instead consists of diverse and coexisting 

cellular states that vary across brain regions, disease stages, and genetic backgrounds [20–24]. These 

studies demonstrate that plaque-associated microglia, interferon-responsive populations, lipid-

dysregulated states, and complement-enriched astrocytes can coexist within the same brain, often 

within spatially restricted niches [9]. Importantly, proteomic analyses further indicate that disease-

relevant alterations are frequently more pronounced at the protein level than at the transcript level, 

underscoring the need for integrated, multi-layered analysis of neuroimmune dysfunction [25–27]. 

Together, these insights necessitate a conceptual redefinition of anti-inflammatory therapy in 

AD. Rather than broadly suppressing inflammatory mediators, emerging evidence supports a 

strategy of neuroimmune reprogramming, in which therapeutic interventions selectively reshape 

maladaptive glial trajectories while preserving or restoring beneficial immune functions. In practical 

terms, this involves enhancing protective processes such as phagocytosis, metabolic fitness, and 

plaque containment, while dampening pathogenic signaling axes including cGAS–STING/type-I 

interferon pathways, NLRP3 inflammasome activation, excessive complement signaling, and soluble 

TNF-driven amplification [17,18,28–33]. 

In this review, we synthesize evidence from human genetics, glial biology, clinical trials, and 

multi-omics studies to propose a unifying translational framework: the Stage–State–Space 

Neuroimmune Reprogramming Model (S3-NRM). This model integrates three critical dimensions of 

AD neuroinflammation: (1) disease stage, which determines reversibility and therapeutic window; 

(2) cellular state or inflammatory endotype, which defines mechanistic vulnerability; and (3) spatial 

niche, which captures the anatomical localization of inflammatory processes. By aligning therapeutic 

strategies with these dimensions and incorporating biomarker-guided patient stratification, S3-NRM 

provides a rational path toward precision immunotherapy in AD. We argue that this shift, from 

suppression to reprogramming, may represent the next critical phase in the development of effective 

disease-modifying therapies. 

2. Neuroinflammation as a Dynamic Multicellular Network 

2.1. Microglia as Adaptive but Failure-Prone Immune Hubs 

Microglia are not passive “activated cells” but highly plastic, context-dependent immune 

sentinels whose behavior in AD is shaped by aging, APOE genotype, amyloid burden, tau pathology, 

metabolic status, and regional circuit environment [4,5]. Foundational studies on disease-associated 

microglia (DAM) demonstrated that AD-related microglial responses involve a staged transition 

from homeostatic programs toward plaque-associated states enriched in lipid metabolism, 
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phagocytosis, and innate immune signaling [10,11]. Within this framework, triggering receptor 

expressed on myeloid cells 2 (TREM2) functions as a central checkpoint that governs microglial 

activation, clustering around plaques, and metabolic fitness [11–13]. 

Importantly, this transition is not uniformly pathogenic. TREM2-dependent microglial 

responses promote plaque compaction and limit neuritic dystrophy, whereas impaired TREM2 

signaling exacerbates amyloid pathology and neuronal injury [11–13]. These findings highlight a 

critical conceptual limitation of broad anti-inflammatory strategies: early or appropriately directed 

microglial activation may be protective rather than harmful [34]. 

However, adaptive microglial responses can progressively deteriorate into maladaptive states. 

Increasing evidence from both human tissue and experimental models identifies interferon-

responsive, lipid-dysregulated, senescence-like, and synapse-engulfing microglial phenotypes that 

correlate with chronic neurodegeneration [17,18,31]. Among these, type-I interferon signaling has 

emerged as a key driver linking innate immune activation to synaptic dysfunction and cognitive 

decline. Roy et al. demonstrated that coordinated interferon signaling across microglia and neural 

cells promotes synapse loss and memory impairment in AD models [17,18]. More recent work further 

connects tau pathology to activation of the cGAS–interferon axis, reinforcing the role of nucleic-acid 

sensing in driving maladaptive microglial transitions [31] (Figure 1). 

In parallel, microglial dysfunction is tightly coupled to metabolic failure. Disruption of 

metabolic reprogramming impairs microglial energy utilization and phagocytic capacity, thereby 

limiting their ability to respond adaptively to accumulating pathology [28]. Collectively, these 

findings support a state-transition model in which microglia shift from protective surveillance and 

containment toward maladaptive inflammatory amplification when nucleic-acid sensing, metabolic 

collapse, or chronic stress signaling becomes dominant. 

2.2. Astrocytes as Reactive Amplifiers and Protective Instructors 

Astrocytes are equally dynamic participants in AD neuroinflammation. Although early 

frameworks proposed a binary A1/A2 classification, accumulating evidence indicates that astrocyte 

activation exists along a continuum of region-specific and functionally distinct states [35,36]. 

Activated microglia can induce neurotoxic astrocyte programs characterized by complement 

activation and inflammatory signaling, thereby amplifying neuronal injury [35]. 

Mechanistically, neurotoxic astrocytes have been shown to induce neuronal death through the 

release of saturated lipids, shifting the focus from classical cytokine-mediated toxicity toward lipid-

driven metabolic and membrane stress [36]. This observation underscores the importance of astrocyte 

immunometabolism as a central determinant of neuroinflammatory outcomes. 

At the same time, astrocytes possess intrinsic regulatory capacity that can support tissue 

protection and immune coordination. A notable example is astrocyte-derived interleukin-3 (IL-3), 

which programs microglia to cluster around amyloid deposits and enhances their ability to limit 

pathology [37]. This finding is particularly instructive because it demonstrates that beneficial 

neuroimmune modulation may require instructional signaling, rather than simple suppression of 

inflammatory pathways (Figure 1). 

Thus, astrocytes should not be viewed merely as downstream amplifiers of inflammation but as 

active regulators capable of both propagating and restraining neuroimmune responses depending on 

context. This duality further reinforces the need for selective modulation rather than indiscriminate 

inhibition. 
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Figure 1. Alzheimer’s disease neuroinflammation as a dynamic multicellular network. Neuroinflammation in 

AD is not a uniform detrimental process but a heterogeneous network comprising both protective and 

pathogenic immune states. Traditional broad suppression fails to distinguish these states, whereas 

neuroimmune reprogramming aims to selectively enhance protective responses and a�enuate maladaptive 

inflammation. 

2.3. Neuron–Glia Crosstalk as the Core of Network-Level Pathology 

A key conceptual advance in the field is the recognition that AD neuroinflammation is 

fundamentally a networked process emerging from neuron–glia interactions, rather than a cell-

autonomous inflammatory response. Neurons undergoing amyloid and tau stress release a range of 

danger-associated signals, including ATP, lipids, protein aggregates, and mitochondrial components, 

that are sensed by microglia through receptors such as TREM2, complement receptors, 

inflammasomes, and nucleic-acid sensors [14–16,29]. 

These signals initiate bidirectional communication loops in which microglia and astrocytes 

dynamically reshape the extracellular environment through cytokines, complement proteins, lipid 

mediators, and metabolic substrates. A well-characterized example is complement-dependent 

synapse elimination: astrocyte-derived complement components such as C1q and C3 tag synapses 

for removal, while microglia mediate phagocytic pruning, contributing to synaptic loss in AD [14–

16]. 

Mitochondrial stress further amplifies this network. Cytosolic mitochondrial DNA (mtDNA) 

released from stressed neurons activates cyclic GMP–AMP synthase (cGAS), leading to stimulator of 

interferon genes (STING) signaling and downstream type-I interferon responses [29,30]. This 

pathway provides a direct mechanistic link between neuronal metabolic dysfunction and innate 

immune activation. 

Importantly, experimental studies demonstrate that STING signaling is upregulated in both 

plaque-associated microglia and stressed neurons in AD models, and that pharmacological or genetic 

inhibition of this pathway reduces gliosis, amyloid burden, tau pathology, synapse loss, and 

cognitive deficits [32,33]. These findings position the cGAS–STING axis as a central integrator of 

neuronal stress and neuroimmune dysfunction (Figure 2). 
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Figure 2. Neuron–glia crosstalk and upstream activation of neuroinflammation in AD. Neuron–glia crosstalk 

and neuroinflammation initiation in AD: neuronal stress (Aβ, tau pathology, etc.) triggers mtDNA release and 

cGAS-STING activation, prompting neurons to secrete inflammatory signals that activate microglia and 

astrocytes into protective or pathogenic states. Pathogenic glia amplify neuroinflammation via a feed-forward 

loop, ultimately causing synaptic loss, neuronal death, and cognitive decline. The bo�om panel summarizes key 

stressors, signaling molecules, glial phenotypes, and interaction legends. 

Taken together, these observations support a model in which AD neuroinflammation arises from 

self-reinforcing neuron–glia feedback loops. The balance between adaptive containment and 

maladaptive amplification is determined not by the presence of inflammation per se, but by the state, 

timing, and spatial context of these interactions. This network perspective provides a mechanistic 

foundation for shifting therapeutic strategies from broad suppression toward targeted neuroimmune 

reprogramming. 

3. Why Conventional Anti-Inflammatory Strategies Have Failed 

The failure of conventional anti-inflammatory therapy in AD is best understood not as a single 

pharmacological limitation but as a systematic translational misalignment between therapeutic 

strategy and disease biology. Rather than disproving the relevance of neuroinflammation, clinical 

outcomes suggest that prior approaches were guided by an oversimplified model in which 

inflammatory activity was treated as a uniform pathological output. AD neuroinflammation is 

heterogeneous, state-dependent, spatially restricted, and embedded within redundant signaling 

networks. Here, we synthesize four major and recurring failure modes, target mismatch, temporal 

and spatial mismatch, network redundancy, and biomarker/trial-design mismatch, that collectively 

explain the limited success of anti-inflammatory strategies to date [3,6–8,38]. 

3.1. Target Mismatch: Suppression Versus Directional Control 

Most legacy anti-inflammatory programs in AD assumed that reducing inflammatory signaling 

would necessarily confer therapeutic benefit (Table 1). However, as discussed above, glial activation 

in AD includes both protective and pathogenic components. Microglia can support plaque 

compaction, debris clearance, and metabolic adaptation, while astrocytes can regulate tissue 
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homeostasis and immune coordination [10–13,37]. Consequently, non-selective suppression risks 

a�enuating beneficial immune functions alongside harmful ones. 

The TREM2 pathway illustrates this principle clearly. Genetic and experimental evidence shows 

that impaired TREM2 signaling compromises microglial responses to amyloid pathology, leading to 

reduced plaque containment and increased neuronal injury [11–13]. Conversely, agonistic targeting 

of TREM2 can enhance microglial activation and clustering around plaques, at least in preclinical 

models [12,13]. These findings indicate that the therapeutic problem is not whether to inhibit or 

activate inflammation globally, but how to direct immune responses toward protective trajectories. 

A similar issue arises in TNF-targeting strategies. Broad TNF inhibition with agents such as 

etanercept has not demonstrated convincing efficacy in AD clinical trials, and compounds such as 

thalidomide have been limited by poor tolerability [39,40]. However, these outcomes do not negate 

the role of TNF signaling in AD. Rather, they suggest that indiscriminate inhibition of both soluble 

and transmembrane TNF may disrupt physiologically relevant immune signaling. More selective 

approaches, such as inhibition of soluble TNF with XPro1595, a�empt to preserve beneficial TNF 

functions while limiting pathological amplification, highlighting a shift toward functional selectivity 

rather than global blockade [41–43]. 

3.2. Temporal and Spatial Mismatch: Targeting Wrong Process at Wrong Place and Time 

Neuroinflammation in AD is not static but evolves qualitatively across disease stages. Early 

microglial activation may contribute to plaque containment and tissue resilience, whereas later-stage 

inflammation is often dominated by interferon signaling, complement activation, and 

inflammasome-driven injury [17–19,32]. Interventions that fail to account for this temporal evolution 

may therefore target processes that are no longer dominant or therapeutically relevant. 

The NSAID experience provides a classic example. Epidemiological studies suggested a 

protective effect of long-term NSAID use, yet randomized clinical trials with agents such as naproxen 

and celecoxib failed to demonstrate benefit in preventing or delaying AD [6,7]. In retrospect, these 

discrepancies likely reflect differences in timing, population selection, and underlying mechanisms, 

with clinical interventions occurring outside the relevant therapeutic window. 

Spatial heterogeneity further complicates therapeutic targeting. Neuroinflammatory responses 

in AD are organized within distinct anatomical niches, including plaque-associated 

microenvironments, hippocampal circuits, white ma�er regions, and vascular interfaces [21–23]. 

These niches may harbor distinct glial states and signaling pathways, implying that a systemically 

administered therapy may fail to achieve sufficient local engagement even if it is mechanistically 

valid. Moreover, blood–brain barrier (BBB) penetration and regional drug distribution can critically 

influence therapeutic efficacy, yet are often insufficiently considered in early-stage clinical design. 

Together, these observations highlight that effective intervention requires alignment not only 

with disease stage but also with regional inflammatory context, reinforcing the need for spatially 

informed therapeutic strategies. 

3.3. Network Redundancy and Compensatory Escape 

A defining feature of AD neuroinflammation is its organization as a redundant and 

interconnected signaling network. Pathways such as cGAS–STING, type-I interferon signaling, 

NLRP3 inflammasome activation, TNF signaling, complement cascades, and metabolic stress 

responses are not independent modules but mutually reinforcing components of a broader 

inflammatory system [17,32,44–46]. As a result, inhibition of a single node may be insufficient to 

produce durable therapeutic effects due to compensatory activation of parallel pathways. 

Clinical and preclinical data support this interpretation. The TREM2 agonist AL002 

demonstrated sustained target engagement and pharmacodynamic evidence of microglial activation 

yet failed to produce meaningful clinical benefit in a phase 2 trial [12,13,47,48]. This outcome suggests 

that enhancing upstream microglial activation alone may be insufficient when downstream 

maladaptive pathways remain active. Similarly, inhibition of stress kinases (e.g., p38α with 
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neflamapimod) or modulation of immunometabolic pathways (e.g., PPARγ with pioglitazone) has 

not translated into clinical efficacy despite strong mechanistic rationale [49–52]. 

These findings underscore a key limitation of single-target monotherapy in a network-driven 

disease. Without addressing the broader signaling architecture, therapeutic effects may be buffered 

or negated by compensatory mechanisms. This provides a strong rationale for combination strategies 

or interventions that target central network hubs rather than isolated pathways. 

3.4. Biomarker and Trial-Design Mismatch 

A further major limitation of past anti-inflammatory trials in AD is the lack of biomarker-driven 

patient selection and mechanistically aligned endpoints. Many earlier studies were conducted prior 

to the widespread adoption of amyloid and tau biomarkers, resulting in heterogeneous study 

populations with uncertain underlying pathology [53,54]. In addition, few trials incorporated 

biomarkers capable of defining inflammatory endotypes or confirming target engagement. 

This lack of biological stratification likely diluted potential treatment effects and contributed to 

false-negative outcomes. For example, therapies targeting specific inflammatory pathways may only 

be effective in subsets of patients characterized by corresponding pathway activation, such as 

interferon-high or complement-high endotypes. Without enrichment for such populations, 

therapeutic signals may be obscured. 

More recent trial designs have begun to address these limitations. The XPro1595 (MINDFuL) 

study incorporates enrichment for early AD patients with evidence of inflammation and includes 

exploratory biomarker endpoints to assess pharmacodynamic effects [42,43]. Although definitive 

efficacy data are still pending, this approach represents a shift toward mechanistically informed 

clinical design. 

In parallel, advances in blood-based biomarkers, including plasma p-tau217, GFAP, sTREM2, 

and neurofilament light chain (NfL), now enable scalable and minimally invasive assessment of 

disease biology and treatment response [55–58]. These tools provide a foundation for adaptive and 

biomarker-guided trial architectures, which are likely to be essential for future success in 

neuroimmune-targeted therapies. 

Table 1. Selected neuroinflammation-directed therapeutic strategies in AD. 

Strategy  

Mechanistic 

Goal Target(s) Agent(s) Clinical Stage 

Advantage

s 

Main 

Limitations 

TREM2 agonism Reinforce 

microglial 

sensing, 

clustering, 

plaque 

containment, 

and 

metabolic 

fitness 

TREM2/DA

P12 axis 

AL002; 

next-

generation 

BBB-

shuttled 

TREM2 

agonists  

AL002: Phase 2 

completed, 

negative; next-

generation 

agents: 

preclinical 

Genetically 

validated 

target; 

directly 

addresses 

microglial 

dysfunction 

Target 

engagement 

may not 

equal 

clinical 

benefit; 

context 

dependence; 

ARIA-like 

MRI 

changes 

reported 

with AL002 
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Strategy  

Mechanistic 

Goal Target(s) Agent(s) Clinical Stage 

Advantage

s 

Main 

Limitations 

Selective soluble TNF 

neutralization 

Reduce 

maladaptive 

TNF while 

preserving 

useful TNF 

signaling 

Soluble 

TNF 

XPro1595 Phase 2 

ongoing/open-

label extension 

Mechanistic

ally more 

selective 

than broad 

TNF 

blockade; 

biomarker-

enriched 

design 

Human 

efficacy not 

yet 

established; 

immune 

safety and 

treatment 

window 

remain open 

questions 

Broad TNF inhibition Lower 

inflammatory 

cytokine tone 

Soluble and 

transmemb

rane TNF 

Etanercept; 

thalidomid

e 

Etanercept: 

Phase 2 

completed; 

thalidomide: 

early clinical 

failure 

Straightfor

ward 

mechanism; 

historical 

proof of 

concept for 

pathway 

relevance 

Weak CNS 

penetration/

poor 

tolerability; 

risk of 

blocking 

beneficial 

immune 

signaling 

Innate neuroimmune 

kinase/mast-cell 

modulation 

Restrain 

microglia/ma

st-cell 

activation 

and 

neuroimmun

e cross-talk 

KIT/Lyn/Fy

n and 

related 

kinases 

Masitinib Phase 3 signal 

reported; 

confirmatory 

public 

development 

ongoing/unspeci

fied 

Orally 

available; 

broader 

neuroimmu

ne 

mechanism 

Mechanism 

is 

pleiotropic; 

confirmator

y evidence 

still needed 

Anti-

inflammatory/immuno

metabolic modulation 

Reduce NF-

κB/ERK-

linked 

inflammatory 

tone and 

insulin-

resistance 

signaling 

NF-

κB/ERK–

metabolic 

interface 

Bezisterim 

(NE3107) 

Phase 3 

completed; 

efficacy 

interpretation 

uncertain 

Oral small 

molecule; 

targets 

inflammati

on–

metabolism 

interface 

Public 

efficacy 

dataset 

remains 

difficult to 

interpret; 

mechanism 

is broad 

Stress-kinase 

modulation 

Limit 

synaptotoxic 

stress 

signaling and 

inflammatory 

kinase 

activation 

p38α 

MAPK 

Neflamapi

mod 

Phase 2 

completed, 

negative in mild 

AD 

Brain-

penetrant 

small 

molecule; 

mechanistic

ally 

plausible 

Clinical 

benefit not 

shown; may 

be 

insufficient 

as 
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Strategy  

Mechanistic 

Goal Target(s) Agent(s) Clinical Stage 

Advantage

s 

Main 

Limitations 

monotherap

y 

Inflammasome 

inhibition 

Restrain IL-

1β/IL-18 

release and 

pyroptotic 

amplification 

NLRP3 

inflammas

ome 

Dapansutri

le 

(OLT1177); 

MCC950 

AD-specific 

development: 

preclinical/unsp

ecified 

Strong 

preclinical 

rationale; 

directly 

blocks 

maladaptiv

e innate 

amplificatio

n 

Translationa

l AD 

biomarker 

package 

unclear; 

chronic 

safety and 

BBB 

consideratio

ns 

unresolved 

Nucleic-acid sensing 

blockade 

Interrupt 

mtDNA/cGA

S–STING–

IFN 

inflammatory 

loop 

cGAS–

STING 

H-151; C-

176; future 

cGAS/STI

NG 

inhibitors 

Preclinical Strong 

mechanistic 

linkage to 

IFN, 

NLRP3, 

synapse 

loss, and 

tau/Aβ 

stress 

Potential 

host-defense 

liabilities; 

no 

established 

AD human 

program yet 

Complement 

modulation 

Reduce 

complement-

dependent 

synapse loss 

and glial 

inflammatory 

cross-talk 

C1q/C3/C5

aR1 

PMX205; 

anti-C1q 

concepts 

Preclinical / AD-

specific clinical 

stage 

unspecified 

Addresses 

synapse-

centric 

pathology; 

spatially 

relevant to 

plaque 

niches 

Complemen

t biology is 

context 

dependent; 

risk of over-

suppressing 

homeostatic 

pruning/def

ense 

Microglial reset or 

replacement 

Transiently 

deplete or 

reprogram 

maladaptive 

microglia to 

allow 

repopulation/

reset 

CSF1R PLX3397; 

PLX5622 

Preclinical Conceptual

ly attractive 

for severe 

microgliop

athy states 

Blunt 

microglial 

depletion 

may remove 

beneficial 

cells; human 

AD 

translation 

immature 
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Strategy  

Mechanistic 

Goal Target(s) Agent(s) Clinical Stage 

Advantage

s 

Main 

Limitations 

Immunometabolic re-

tuning 

Improve glial 

bioenergetics, 

insulin 

signaling, 

and 

inflammatory

-metabolic 

coupling 

PPARγ and 

related 

pathways 

Pioglitazon

e 

Phase 3 

completed, 

negative 

Safe legacy 
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4. Multi-Omics Evidence and Translational Therapeutic Landscape 

4.1. Single-cell and Spatial Data Redefine the Therapeutic Question 

A major conceptual shift in AD research has been driven by the transition from bulk tissue 

analyses to high-dimensional, cell-resolved profiling. Early single-cell transcriptomic studies 

demonstrated that disease-associated molecular changes are highly cell-type-specific and often 

obscured in bulk datasets [20]. Subsequent large-scale efforts have expanded this view dramatically. 

For example, recent multiregion single-nucleus transcriptomic atlases encompassing over one million 

nuclei across multiple brain regions have revealed distinct neuronal and glial vulnerability pa�erns 

that vary by anatomical location and disease stage [21–23]. 

These studies collectively demonstrate that AD neuroinflammation is not a uniform process but 

consists of diverse and coexisting glial states distributed across spatially defined niches. Plaque-

associated microglia, white-ma�er-associated microglia, interferon-responsive populations, and 

complement-enriched astrocytes can coexist within the same brain, often in close proximity yet 

exhibiting distinct transcriptional programs [21–23]. Importantly, these states are influenced by 

genetic background. For instance, APOE genotype has been shown to shape cell-type-specific 

pathological landscapes, further supporting the need for genotype-aware therapeutic strategies [24]. 

From a translational perspective, these findings shift the central therapeutic question from “Is 

inflammation increased?” to “Which inflammatory cell states arise, where, and when?” This 

reframing has profound implications: effective intervention requires targeting specific cellular states 

within defined spatial contexts rather than globally suppressing inflammatory mediators. It also 

underscores the need for spatially informed biomarkers and region-sensitive therapeutic strategies. 

4.2. Proteomics and Metabolomics Reveal Functional Layers Beyond Transcription 

While transcriptomic approaches have provided critical insights into cellular heterogeneity, they 

do not fully capture functional disease mechanisms. Proteomic studies have revealed that many AD-

associated molecular alterations are more pronounced, or even uniquely detectable, at the protein 

level [25,26]. Large-scale analyses of AD brain tissue and cerebrospinal fluid (CSF) have identified 

early changes in pathways related to energy metabolism, synaptic function, extracellular matrix 

remodeling, and glial activation [25]. 

Importantly, discordance between RNA and protein expression highlights the limitations of 

relying solely on transcriptomic data. Deep multi-layer analyses demonstrate that protein-level 

changes often diverge significantly from transcriptional pa�erns, reflecting post-transcriptional 

regulation, protein turnover, and pathway activity states [26,27]. These observations reinforce the 

importance of integrating proteomics into mechanistic and therapeutic studies. 

Metabolomics adds an additional dimension by capturing the metabolic state of cells and tissues, 

which is tightly linked to immune function. Microglial dysfunction in AD has been associated with 
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impaired metabolic reprogramming, including altered glycolysis and mitochondrial function [28]. 

Moreover, systemic metabolic alterations, such as changes in bile acid profiles, have been linked to 

cognitive impairment and AD pathology, suggesting interactions between peripheral metabolism, 

the gut microbiome, and central neuroinflammatory processes [59,60]. 

Together, proteomic and metabolomic data reveal that AD neuroinflammation is not solely 

defined by gene expression but is deeply embedded in functional and metabolic networks. These 

layers are particularly important for therapeutic translation, as they more directly reflect pathway 

activity and druggable biology. 

4.3. Network and AI Approaches Enable Rational Combination Strategies 

The complexity of AD neuroinflammation necessitates analytical frameworks capable of 

integrating multi-layered data across cell types, pathways, and spatial contexts. Network medicine 

and AI-based approaches have emerged as powerful tools for addressing this challenge. By 

integrating transcriptomic, proteomic, and genetic data, these methods can identify key regulatory 

nodes, infer pathway interactions, and prioritize therapeutic targets within complex biological 

systems. 

Recent studies using multiscale proteomic modeling have mapped disease-associated protein 

networks that drive AD pathogenesis, revealing interconnected modules rather than isolated 

signaling pathways. Building on this, AI-guided approaches have been used to identify BBB-

penetrant compounds and to design cell-type-directed combination therapies that correct network-

level dysfunction [61]. 

Notably, preclinical evidence suggests that such combination strategies may outperform single-

agent interventions by simultaneously targeting multiple components of the neuroimmune network. 

This is particularly relevant given the redundancy and compensatory mechanisms described above. 

Rather than inhibiting a single pathway, effective therapies may need to rebalance entire network 

states, for example by combining modulation of microglial activation, suppression of maladaptive 

inflammatory signaling, and restoration of metabolic function. 

From a translational standpoint, these approaches mark a critical transition from empiric drug 

testing toward mechanism-guided, systems-level therapeutic design (Figure 3). While challenges 

remain in validating and implementing these strategies clinically, the integration of multi-omics data 

with network-based modeling provides a feasible path toward precision neuroimmune intervention 

in AD. 

 

Figure 3. Multi-omics-to-therapy translation pipeline for AD neuroimmune targeting. Single-cell, spatial 

transcriptomics, and proteomic analyses uncover diverse immune cell states, regional inflammatory niches, and 
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dynamic disease-stage transitions. These approaches enable network-level understanding of neuroinflammation 

and identification of context-specific therapeutic targets. 

5. Biomarker-Guided Precision Therapy 

A central implication of the preceding sections is that effective neuroimmune intervention in AD 

cannot rely on uniform treatment paradigms but must instead be guided by biologically informed 

patient stratification and longitudinal monitoring. Given the heterogeneity of neuroinflammatory 

states across patients, disease stages, and anatomical niches, biomarker-guided precision strategies 

are not optional but essential for therapeutic success [53,54]. 

A practical framework for biomarker-guided neuroimmune therapy in AD should be layered 

rather than monolithic, integrating diagnostic confirmation, inflammatory endotyping, and 

pharmacodynamic monitoring. First, AD biology must be confirmed using established amyloid and 

tau markers, such as plasma phosphorylated tau (p-tau217) in combination with Aβ42/40 ratios, CSF 

biomarkers, or amyloid PET imaging [62]. This step ensures that neuroimmune interventions are 

applied within a biologically defined AD population, avoiding dilution of treatment effects in 

heterogeneous dementia cohorts. 

Second, patients should be stratified according to neuroimmune endotypes, which reflect 

dominant inflammatory pathways and glial states. Current biomarker evidence already supports this 

approach, although formal endotype definitions remain under development. Plasma glial fibrillary 

acidic protein (GFAP) is a sensitive marker of astrocytic reactivity and often rises early in association 

with amyloid pathology, making it particularly useful for identifying astrocyte-dominant 

inflammatory states [55]. In parallel, soluble TREM2 (sTREM2) in CSF or plasma reflects microglial 

activation dynamics and may help identify patients with active myeloid responses who could benefit 

from microglia-targeted interventions [56,57]. YKL-40 provides a broader measure of glial 

inflammatory burden, often weighted toward astrocytic activation, and may capture chronic 

neuroinflammatory states that are less pathway-specific [63,64]. 

Importantly, these markers should not be interpreted in isolation but rather as components of a 

multi-dimensional biomarker panel. For example, combining GFAP with sTREM2 may help 

distinguish astrocyte-dominant versus microglia-dominant inflammatory states, while integration 

with emerging transcriptomic or proteomic signatures, such as interferon-response or complement 

activation modules, may further refine endotype classification [55–57]. In this context, interferon-

related gene or protein signatures may identify patients with cGAS–STING-driven inflammation, 

whereas complement-related biomarkers may indicate synaptotoxic, complement-mediated 

pathology, providing mechanistic guidance for targeted intervention. 

Third, biomarkers should be used to assess disease stage and therapeutic window. Plasma or 

CSF NfL serves as a sensitive marker of neuroaxonal injury and can provide insight into the extent 

of ongoing degeneration and the likelihood of reversibility [58,65]. Elevated NfL levels may indicate 

advanced or rapidly progressive disease, in which monotherapy targeting a single inflammatory 

pathway may be insufficient. Conversely, lower NfL levels in early-stage disease may identify a 

window in which neuroimmune reprogramming is more likely to restore functional homeostasis. 

Spatial information represents an additional, often underutilized dimension. Positron emission 

tomography (PET) imaging using translocator protein (TSPO) ligands provides regional measures of 

glial activation, enabling mapping of spatial inflammatory niches within the brain [66]. Although 

TSPO-PET is limited by cellular specificity and ligand-related variability, it remains a valuable tool 

for linking therapeutic effects to anatomical context and may be particularly useful in early-phase 

mechanistic trials. 

Finally, longitudinal biomarker assessment is critical for evaluating target engagement and 

pharmacodynamic response. Changes in pathway-specific biomarkers, such as interferon signatures, 

complement proteins, or glial activation markers, can provide early evidence of biological effect, even 

in the absence of immediate clinical improvement. This is especially important in AD, where clinical 

endpoints evolve slowly and may not fully capture early therapeutic impact [38,53]. 
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Taken together, these considerations support a shift toward biomarker-integrated trial design, 

in which enrollment, stratification, and outcome assessment are all guided by mechanistically 

relevant biomarkers. In the context of the proposed S3-NRM, biomarkers serve as the operational 

bridge linking disease stage (e.g., via NfL and clinical measures), cellular state (e.g., via GFAP, 

sTREM2, and pathway signatures), and spatial context (e.g., via imaging modalities). This integrated 

approach is essential for translating advances in neuroimmune biology into effective and 

personalized therapeutic strategies for AD. 

6. Stage–State–Space Neuroimmune Reprogramming Model: Integrative 

Framework and Translational Implications 

We now integrate the preceding biological, clinical, and multi-omics evidence into a unified 

translational framework, termed the S3-NRM. The central premise of this model is that effective 

neuroimmune intervention in AD requires simultaneous alignment across three orthogonal but 

interacting dimensions: disease stage, cellular state (neuroimmune endotype), and spatial 

inflammatory niche [21–23,54–57,59–61]. Unlike traditional linear models that dichotomize 

inflammation into “early” versus “late” phases, S3-NRM explicitly incorporates the 

multidimensional heterogeneity revealed by recent human data. 

6.1. Stage: Defining Therapeutic Window and Directional Logic 

The stage dimension captures the temporal evolution of AD and determines both the 

reversibility of pathology and the appropriate direction of immune modulation. In preclinical or 

prodromal stages, microglial activation may still retain adaptive functions, including plaque 

containment, debris clearance, and metabolic support. At this stage, therapeutic strategies may 

prioritize preservation or enhancement of protective immune responses, while preventing early 

maladaptive signaling such as excessive nucleic-acid sensing or inflammasome priming [17,32]. 

In mild symptomatic disease, neuroinflammatory networks often become more complex, with 

coexistence of adaptive and maladaptive glial states. Here, therapeutic strategies may require 

selective reprogramming, combining suppression of chronic inflammatory amplifiers (e.g., type-I 

interferon, complement, NLRP3) with restoration of beneficial microglial and astrocytic functions 

[9,44]. In later stages, when neurodegeneration is extensive and biomarkers such as NfL are markedly 

elevated, the potential for reversing established pathology may be limited [58,65]. In such contexts, 

neuroimmune interventions may need to be integrated with supportive or combinatorial approaches 

rather than relying on single-pathway modulation. 

Thus, stage does not merely indicate disease severity but defines the therapeutic window and 

directional logic—whether to enhance, suppress, or rebalance immune responses. 

6.2. State: Targeting Neuroimmune Endotypes Rather than Generic Inflammation 

The state dimension reflects the heterogeneity of glial activation and inflammatory pathways 

within AD. As demonstrated by multi-omics studies, microglia and astrocytes adopt diverse 

phenotypes, including TREM2-dependent plaque-associated states, interferon-responsive programs, 

complement-enriched synaptotoxic states, and metabolically impaired or senescence-like phenotypes 

[20–23]. These states are not interchangeable and may require distinct therapeutic strategies. 

Within the S3-NRM framework, patients can be conceptualized as belonging to different 

neuroimmune endotypes, such as: (1) TREM2-low or microglial dysfunction states, characterized by 

impaired sensing and phagocytosis. (2) Interferon-high states, associated with cGAS–STING 

activation and synaptic injury. (3) Complement-high states, linked to synapse pruning and circuit 

loss. (4) Immunometabolic collapse states, involving impaired glial energy metabolism. 

Each of these endotypes implies a different therapeutic direction. For example, TREM2 agonism 

may be beneficial in microglial dysfunction states, whereas inhibition of cGAS–STING or interferon 

signaling may be more appropriate in interferon-dominant states. Similarly, complement-
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modulating strategies may be most effective in patients with evidence of complement-mediated 

synaptotoxicity. 

Importantly, these endotypes are not mutually exclusive and may coexist within the same 

patient. Therefore, the goal is not rigid classification but dominant pathway identification, enabling 

prioritization of therapeutic targets based on the most influential pathological processes. 

6.3. Space: Integrating Anatomical Context and Inflammatory Niches 

The space dimension captures the spatial organization of neuroinflammation within the brain. 

AD pathology is not uniformly distributed but is concentrated within specific anatomical niches, 

including plaque-associated microenvironments, hippocampal circuits, white ma�er tracts, and 

vascular interfaces [21–23]. These regions differ not only in cellular composition but also in dominant 

inflammatory pathways and glial states. 

Spatial context influences both disease progression and therapeutic response. For example, 

plaque-associated microglia may be enriched in TREM2-dependent programs, whereas white ma�er 

regions may exhibit distinct inflammatory profiles linked to myelin and oligodendrocyte biology. 

Similarly, hippocampal circuits may be particularly vulnerable to interferon-driven synaptic 

dysfunction. 

Incorporating spatial information into therapeutic design therefore enables region-specific 

targeting and interpretation of treatment effects. Imaging modalities such as TSPO-PET, as well as 

emerging spatial transcriptomic and proteomic approaches, provide tools for mapping these 

inflammatory niches in vivo or ex vivo [66]. Within the S3-NRM framework, spatial information is 

not an optional refinement but a core determinant of therapeutic alignment. 

6.4. Integration: From Suppression to Multidimensional Neuroimmune Reprogramming 

The defining feature of S3-NRM is the integration of stage, state, and space into a unified 

therapeutic logic. Rather than applying uniform anti-inflammatory strategies, interventions are 

tailored to: (1) The stage-dependent therapeutic window. (2) The dominant neuroimmune endotype. 

(3) The relevant spatial inflammatory niche. 

This multidimensional alignment enables a shift from indiscriminate suppression toward 

selective neuroimmune reprogramming, in which maladaptive pathways are a�enuated while 

beneficial immune functions are preserved or restored. 

In practical terms, this approach supports several translational principles. First, combination 

therapy becomes a rational necessity rather than an optional escalation strategy, given the coexistence 

of multiple pathways and states within individual patients [61]. Second, biomarker-guided 

stratification is required to match therapies to endotypes and monitor target engagement, as outlined 

in Section 5 [53–57]. Third, adaptive trial designs that incorporate longitudinal biomarker feedback 

may be be�er suited to capture dynamic changes in neuroimmune states than traditional fixed 

designs [38]. 

Finally, S3-NRM provides a framework for interpreting past clinical failures. Interventions such 

as TREM2 agonists, TNF inhibitors, or metabolic modulators may have failed not because their 

targets were irrelevant, but because they were applied without sufficient alignment to stage, state, 

and spatial context [39,41–43,67–70]. By contrast, future strategies that incorporate this 

multidimensional alignment are more likely to achieve meaningful and reproducible clinical effects. 
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Figure 4. Stage–State–Space Neuroimmune Reprogramming Model (S3-NRM) for AD. Compared to non-

selective anti-inflammatory approaches, neuroimmune reprogramming integrates temporal (disease stage), 

cellular (immune state), and spatial (brain region) dimensions. This framework enables precise modulation of 

neuroimmune networks to restore immune balance and improve therapeutic outcomes. 

7. Discussion 

The S3-NRM provides a unifying framework for interpreting both the biological complexity of 

AD neuroinflammation and the repeated failure of conventional anti-inflammatory strategies. Rather 

than viewing these failures as evidence against neuroinflammation as a therapeutic target, S3-NRM 

reframes them as failures of therapeutic alignment—where interventions were not matched to the 

appropriate disease stage, neuroimmune state, or spatial context [3,38]. 

This perspective helps reinterpret several prominent clinical outcomes. The lack of efficacy 

observed with TREM2 agonism (e.g., AL002) may not indicate that microglial activation is irrelevant, 

but rather that enhancing upstream sensing without concurrent modulation of downstream 

maladaptive pathways is insufficient, particularly in heterogeneous patient populations [12,13,47,48]. 

Similarly, the limited success of broad TNF inhibition suggests that non-selective cytokine 

suppression may disrupt physiologically beneficial signaling while failing to adequately suppress 

chronic inflammatory amplification [39,40]. Negative results from immunometabolic or kinase-

targeting approaches, such as pioglitazone and neflamapimod, further underscore that diffuse 

pathway modulation cannot reliably overcome network redundancy when applied without 

biological stratification [49–52]. 

A key implication of this reinterpretation is that therapeutic success in AD neuroinflammation 

is likely contingent on directional specificity rather than pathway inhibition alone. Interventions must 

be designed not simply to reduce inflammatory output, but to reshape immune trajectories—

enhancing protective functions while selectively suppressing maladaptive signaling. This distinction 

is critical because it shifts the therapeutic objective from “less inflammation” to “be�er-organized 

inflammation”, a concept more consistent with the dual roles of glial cells in CNS homeostasis and 

disease. 

The S3-NRM framework also highlights the importance of integrating multi-omics data into 

translational decision-making. Single-cell and spatial transcriptomic studies define cellular states and 

anatomical niches, while proteomic and metabolomic analyses capture functional pathway activity 

and systemic interactions [21–27,59,60]. However, these datasets are not inherently actionable 
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without computational integration. Network-based and AI-assisted approaches therefore play a 

critical role in translating complex biological data into tractable therapeutic hypotheses, including 

the identification of combinatorial strategies that target multiple nodes within neuroimmune 

networks [61]. 

Indeed, one of the most important translational implications of S3-NRM is the need to move 

beyond single-agent strategies. Given the redundancy and interconnectivity of inflammatory 

pathways, combination therapy is likely to be required to achieve durable reprogramming of 

neuroimmune states. Emerging preclinical studies demonstrating cell-type-directed, network-

correcting combination therapies provide proof-of-principle that such approaches can outperform 

monotherapies in complex neurodegenerative systems. Importantly, these strategies do not merely 

add multiple agents but are designed to coordinate effects across distinct cell types and pathways, 

aligning with the multidimensional nature of AD pathology. 

Another critical implication concerns clinical trial design. Traditional trial paradigms, which 

enroll heterogeneous patient populations and rely primarily on cognitive endpoints, are poorly 

suited to evaluating neuroimmune-targeted therapies. In contrast, S3-NRM supports the use of 

biomarker-enriched cohorts, mechanistically aligned endpoints, and adaptive trial designs that 

incorporate longitudinal assessment of target engagement and pathway modulation [38,53,54,56,57]. 

Such designs are more likely to detect biologically meaningful effects, even when clinical outcomes 

evolve slowly. 

Importantly, S3-NRM should not be interpreted as a rigid classification system but as a flexible 

and iterative framework. Neuroimmune states are dynamic and may evolve during disease 

progression or in response to therapy. Therefore, longitudinal monitoring and adaptive therapeutic 

adjustment are essential components of this approach. This perspective aligns with broader trends in 

precision medicine, where treatment strategies are continuously refined based on real-time biological 

feedback. 

Despite these advances, several challenges remain. First, the definition and validation of 

neuroimmune endotypes require further standardization, particularly in the context of clinical 

biomarker development. Second, the integration of spatial information into routine clinical practice 

remains technically and logistically challenging. Third, the safety implications of modulating 

immune pathways, particularly those involved in host defense, must be carefully considered, 

especially for targets such as cGAS–STING and inflammasome signaling. Finally, translating multi-

omics insights into scalable and cost-effective clinical tools remains a significant barrier. 

Nevertheless, the convergence of genetic, mechanistic, and multi-omics evidence strongly 

supports a transition from broad anti-inflammatory suppression to precision neuroimmune 

reprogramming. By aligning therapeutic strategies with disease stage, neuroimmune state, and 

spatial context, S3-NRM provides a coherent framework for overcoming past translational failures 

and guiding the next generation of AD immunotherapies. 

8. Future Perspectives 

The next phase of AD immunotherapy should, in our opinion, prioritize six directions. First, 

stage-specific interventional timing must be built into trial design from the start. Second, biomarker-

defined inflammatory endotypes should replace symptom-only enrollment. Third, spatial readouts, 

whether through PET, advanced MRI, or spatially informed plasma/CSF surrogates, should be 

incorporated whenever anatomically localized biology is central to mechanism. Fourth, adaptive 

platform or umbrella trial structures are likely to outperform serial single-agent trials in this 

heterogeneous field. Fifth, BBB-shu�led biologics and CNS-optimized small molecules deserve 

special priority because several a�ractive targets still suffer from delivery constraints. Sixth, 

combination regimens, including pairing neuroimmune reprogramming with anti-amyloid or anti-

tau backbones, should be explored explicitly rather than postponed. 

A final and underappreciated priority is endpoint redesign. Traditional cognitive outcomes 

remain necessary, but early-phase neuroimmune trials should also establish go/no-go logic using 
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target engagement, pathway-responsive fluid biomarkers, and trajectory-sensitive composite 

endpoints. Exploratory biomarker-rich trial designs are not a luxury in AD; they are a prerequisite 

for avoiding another decade of false negatives caused by biological imprecision. 

9. Conclusions 

AD neuroinflammation should no longer be conceptualized as a nonspecific excess of 

inflammatory mediators awaiting generic suppression. It is a dynamic, multicellular, spatially 

structured and mechanistically layered network in which microglia and astrocytes can protect, adapt, 

fail, and become toxic in different combinations over time. The major clinical failures of anti-

inflammatory therapy are therefore be�er understood as failures of therapeutic alignment than as 

refutations of neuroimmune biology. We conclude that the most rational path forward is a transition 

from broad anti-inflammatory suppression to Stage–State–Space Neuroimmune Reprogramming, 

anchored in multi-omics, biomarker-guided patient selection, and mechanism-responsive trial 

design. If the field adopts this framework, neuroinflammation may become not the graveyard of AD 

therapeutics, but one of its most promising combination frontiers. 
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Abbreviations 

AD Alzheimer’s Disease 

Aβ Amyloid-β 

NFTs Intraneuronal neurofibrillary tangles  

CNS Central nervous system  

GWAS Genome-wide association studies  

NLRP3 NOD-like Receptor Family Pyrin Domain Containing 3 

TNF Tumor necrosis factor 

APP Amyloid precursor protein  

TREM2 Triggering Receptor Expressed on Myeloid Cells 2 

MG Microglia 

AS Astrocyte 

NSAIDs Non-Steroidal Anti-Inflammatory Drugs 

mtDNA Mitochondrial DNA  

BBB Blood-Brain Barrier 

NfL Neurofilament light chain 

GFAP Glial fibrillary acidic protein  

sTREM2 Soluble TREM2 

PET Positron emission tomography  

TSPO Translocator protein 
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IFN-I Type I interferon 

CSF Cerebrospinal fluid 
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