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Abstract  7 

Peripheral immune cell infiltration and crosstalk with brain-resident cells critically drive 8 
Alzheimer’s disease (AD)-associated neuroinflammation, highlighting its therapeutic 9 
potential. 10 

Here, we found that photobiomodulation (PBM) markedly reduced cerebral CD8+ T cells 11 
infiltration in the cortex of AD (APP/PS1 and 3×Tg) mice, thereby improving cognition, and 12 
alleviating AD-related pathology by mitigating neuronal damage and gliosis. 13 
Immunofluorescence and transcriptomic analyses revealed that PBM inhibited the release 14 
of chemokines and pro-inflammatory cytokines from microglia, reducing endothelial 15 
adhesion molecules-mediated T cell migration. Concurrently, reduced secretion of tumor 16 
necrosis factor-α, interleukin-1α, and complement component 1q by pro-inflammatory 17 
microglia further diminished neurotoxic A1 astrocyte induction. Genetic overexpression or 18 
pharmacological inhibition further validated that PBM disrupted microglia NOD-like 19 
receptor protein 3 inflammasomes activation, attenuating astrocyte reactivity and T cells 20 
recruitment.  21 

These findings collectively suggest that the PBM-induced modulation of crosstalk between 22 
microglia, astrocytes, and CD8+ T cells is closely related to cognitive improvement. 23 
Reprogramming central-peripheral immune crosstalk with PBM resolves 24 
neuroinflammation and restores cognition in AD models-a translatable strategy for 25 
combating neurodegeneration. 26 
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Introduction  4 

Alzheimer's disease (AD) is an age and sex related progressive neurodegenerative disease, 5 
characterized by cognitive decline and presenting hallmarks including amyloid-β (Aβ) 6 
deposition, neurofibrillary tangles, and prominent neuroinflammation1,2. These 7 
pathological features lead to neuronal cell death, synaptic degradation, and gliosis, 8 
involving both microglia and astrocytes, thereby exacerbating neurodegeneration 9 
processes3. Recent studies have highlighted alterations in brain-resident and peripheral 10 
immune cells as well as crosstalk between innate and adaptive immune cells in the 11 
development of AD pathology4-8. In physiological conditions, microglia serve predominantly 12 
protective roles, including the phagocytosis and degradation of Aβ, secretion of anti-13 
inflammatory cytokines, and remodeling of neural networks. However, persistent Aβ 14 
accumulation triggers NOD-like receptor protein 3 (NLRP3) inflammasome activation, 15 
polarizing microglia toward a pro-inflammatory (M1) phenotype that releases tumor 16 
necrosis factor-α (TNF-α), interleukin-1α (IL-1α), and complement component 1q (C1q), 17 
collectively termed TIC9,10. This pathological cycle compromises the integrity of the blood-18 
brain barrier (BBB) and lymphatic drainage, facilitating the infiltration of immune cell, 19 
particularly T cells, into the brain parenchyma and border zone. This, in turn, triggers 20 
immune cell activation, antigen accumulation, and T cell receptor clonal expansion11. The 21 
latest research findings highlight that the infiltration of CD8 + T cells into the brain drives 22 
axon degeneration in normally aging mice12, and their interactions with brain resident cells 23 
contribute to AD pathology13. But Su et al.14 identified a type of brain resident CD8+ T cells 24 
that coexpress CXCR6 and PD-1. This CD8+ T cells rely on CXCL16-CXCR6 receptor ligand 25 
interactions and interact with microglia, thereby limiting the development of AD. Adaptive 26 
immune cells show both deleterious and protective effects in AD pathogenesis 15-17, 27 
possibly attributed to temporal regulation or functional heterogeneity of the adaptive 28 
immune system. Despite advances in understanding central-peripheral immune crosstalk, 29 
strategies to modulate this interplay remain underexplored.  30 

The discovery of meningeal lymphatic vessels (mLVs) in the dura has unveiled an 31 
extensive lymphatic drainage network within central nervous system (CNS), playing pivotal 32 
roles in waste clearance, immune cell trafficking, and maintaining immune 33 
homeostasis18,19. Transcriptome analysis of mouse meningeal lymphatic endothelial cells 34 
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(LECs), microglia, and cerebral blood endothelial cells (BECs) revealed that the meningeal 1 
lymphatic function in AD patients is associated with the microglia and brain vascular 2 
activation20, supporting the potential role in modulating the neuroinflammatory responses. 3 
The existence of mLVs highlights a crucial link between the central and peripheral immune 4 
system, affecting inflammation reaction. Based on extensive research in recent years, 5 
crosstalk between the central and the peripheral immune system occurs via these three 6 
possible routes21-24: BBB, choroid plexus, and meninges. Notably, BBB impairment, an 7 
aging risk factor, has been linked to the presence of peripheral immune cells, particularly T 8 
cells, in the brains of the elderly and patients with age-associated neurodegenerative 9 
diseases25-27. Studies in humans and AD animal models have shown that infiltration and 10 
clonal expansion of cytotoxic CD8+ T cells in the brains/CSF correlates with a disease 11 
progression, suggesting their roles in AD pathogenesis28,29. However, direct causative 12 
evidence is lacking. Interventions such as vascular endothelial growth factor C (VEGF-C) 13 
overexpression20 or multisensory 40 Hz stimulation30 improve glymphatic clearance and 14 
reduce Aβ burden, but their mechanistic ties to microglial NLRP3 signaling remain unclear.  15 

Non-invasive photobiomodulation (PBM) has shown promise in modulating 16 
neuroimmune interactions. Transcranial photobiomodulation reduces Aβ burden and 17 
enhances cognitive function in AD models31, potentially by improving meningeal lymphatic 18 
drainage32. However, whether PBM directly targets NLRP3-driven neuroinflammation or 19 
regulates CD8+ T cell infiltration via endothelial adhesion molecules remains unresolved. 20 
And the mechanism of association between the biological effects produced by this 21 
modulation in AD remains unknown, and communication systems among brain resident 22 
cells and peripheral immune cells in PBM-treated AD models are unresolved. 23 

In this study, we provide evidence that non-invasive PBM mitigates AD-associated 24 
neuroinflammation by suppressing NLRP3 inflammasome activation in microglia, thereby 25 
disrupting chemokine-mediated CD8+ T cell recruitment and neurotoxic astrocyte 26 
induction. Using APP/PS1 and 3×Tg AD models, we demonstrate that PBM therapy 27 
enhances lymphatic drainage, reduces Aβ-dependent NLRP3 activation, and inhibits 28 
endothelial VCAM1/ICAM1 upregulation-a prerequisite for T cell transendothelial 29 
migration. Our findings establish photobiomodulation as a multimodal regulator of central-30 
peripheral immune crosstalk, offering a translatable strategy to break the 31 
neuroinflammatory loop in AD. 32 

Materials and methods  33 

Detailed methods are provided in the Supplementary Material. 34 
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Animals 1 

C57BL/6, APP/PS1, and 3×Tg mice on a C57BL/6 background were obtained from 2 
Guangdong Medical Laboratory Animal Center and Jackson Laboratory. Male APP/PS1 and 3 
3×Tg mice aged 6 months were used. All procedures were approved by the Institutional 4 
Animal Care and Use Committee of South China Normal University, Guangzhou, China. 5 
Mice were housed under standard conditions with ad libitum access to food and water.  6 

Photobiomodulation treatments 7 

PBM was performed as previously described using a 635 nm semiconductor laser33,34. Mice 8 
were irradiated on depilated heads for 10 min/day for 4 weeks, delivering 2 J/cm² at the 9 
hippocampus (~30% transmittance) without detectable thermal effects. Control groups 10 
were handled identically without irradiation. BV2 cells and primary neurons were treated 11 
with the same parameters for 5 min. 12 

Statistical analysis 13 

Experimenters were blind to the group allocation of mice in all the experiments during data 14 
collection and analysis. Data are presented as the means ± standard error of mean (means 15 
± SEM). Statistical analysis was performed with GraphPad Prism 10.0 software, including 16 
unpaired t-tests, one- or two-way ANOVA with appropriate post hoc tests, and Spearman 17 
correlation. Significance was set at p < 0.05.  18 

 19 

Results  20 

Photobiomodulation rescues cognitive deficits and attenuates Aβ-driven 21 

neuroinflammatory cascades in AD models 22 

To systematically evaluate the therapeutic potential of transcranial PBM therapy, we first assessed 23 

its effects on cognitive function and amyloid pathology in APP/PS1 and 3×Tg AD mice. Four 24 

weeks of daily 635 nm PBM treatment (10 min/session) significantly improved performance in 25 

three behavioral paradigms (Fig. 1A-D). In the novel object recognition (NOR) test, PBM-treated 26 

AD mice exhibited a 1.3-fold increase in novel object exploration time compared to untreated 27 

controls (Fig. 1B, Supplementary Fig. 1A and B), indicating restored episodic memory. Spatial 28 

working memory, as measured by spontaneous alternation in the Y-maze, increased by 40% in 29 

PBM-treated APP/PS1 mice and increased by 56% in PBM-treated 3×Tg mice (Fig. 1C), with no 30 
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changes in locomotor activity (Supplementary Fig. 1C and D), ruling out confounding motor 1 

effects. Fear conditioning assays further revealed a nearly 5-fold in freezing time (Fig. 1D), 2 

demonstrating enhanced contextual fear memory consolidation.  3 

To further explore the molecular mechanism by which photobiomodulation improves AD 4 

cognition, we carried out a transcriptome analysis by RNA sequencing (RNA-seq). Compared to 5 

WT mice, Gene Ontology (GO) functional enrichment analysis of AD mice revealed significant 6 

alterations in the expression of genes associated with immune and inflammatory responses 7 

(Supplementary Fig. 2). Volcano plot showed expression levels of different genes between AD 8 

mice treated with or without PBM (Fig. 1E and Supplementary Fig. 3A). RNA-seq analysis 9 

identified 604 differentially expressed genes (DESeq, P value < 0.05) in PBM-treated 3×Tg mice, 10 

with downregulation of Trem2 (-1.9-fold), Casp1 (-1.3-fold), and C1qa (-1.2-fold) - key regulators 11 

of microglial activation and inflammasome signaling (Fig. 1E). GO functional enrichment analysis 12 

showed changes in gene sets involved in synaptic plasticity, inflammatory response, chemotaxis, 13 

neurogenesis and development (Fig. 1F and Supplementary Fig. 3B). Kyoto Encyclopedia of 14 

Genes and Genomes (KEGG) terms enrichment also revealed transcriptional alterations related to 15 

chemokine signaling pathway, calcium signaling pathway, glutamatergic synapse, long-term 16 

potentiation, and NF-κB signaling pathway, which participate in synaptic transmission and 17 

neuroinflammation (Fig. 1G and Supplementary Fig. 3C).  18 

NLRP3, apoptosis-associated speck-like protein (ASC), and pro-caspase-1 forms the NLRP3 19 

inflammasome that initiates the production of the proinflammatory cytokine, such as IL-1β and 20 

IL-1835. As shown in Figure 1H-J, ASC was found to colocalize with Aβ in the brains of AD mice 21 

using immunofluorescence staining. However, exposure to PBM resulted in a remarkable 22 

reduction in Aβ and ASC in the cerebral cortex and hippocampus DG region, as well as a decrease 23 

in the volume of colocalized Aβ and ASC specks in the APP/PS1 and 3×Tg mice, while almost no 24 

ASC and Aβ labeling were detected in WT mice (Fig. 1H, I and Supplementary Fig. 4A and B). 25 

To determine if there was a relationship between the performance of behavior test and Aβ load, 26 

we performed correlation analysis. The levels of Aβ were negatively correlated with novel 27 

recognition index (Supplementary Fig. 5E and F). Additionally, the onset of AD often leads to 28 

synaptic damage, which can be caused by inflammation activation or impaired function of glial 29 

cells36. Additionally, because cognitive impairment in AD is closely associated with synaptic 30 

structural loss, we used Golgi-Cox staining to evaluate dendritic spine density as a morphological 31 
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correlate of synaptic integrity in the cortex of AD mice. Compared to WT littermates, APP/PS1 1 

and 3×Tg mice exhibited a significant reduction in dendritic spine density. Notably, PBM 2 

treatment effectively restored dendritic spine density in APP/PS1 mice to levels comparable to 3 

those of WT, demonstrating a reversal of synapse loss (Supplementary Fig. 4C and D). To further 4 

determine whether PBM affects not only deposited amyloid burden but also soluble Aβ species, 5 

we analyzed the soluble cortical fraction from APP/PS1 and 3×Tg mice. Dot blot analysis with the 6 

oligomer-preferring antibody A11 revealed a reduction in soluble oligomeric Aβ after PBM 7 

treatment in both AD models (Supplementary Fig. 4K). In parallel, 6E10 dot blot analysis showed 8 

a concomitant decrease in the overall soluble Aβ-related signal. Synthetic Aβ42 oligomers and 9 

Aβ42 monomer peptide were included as reference controls, supporting the interpretation of the 10 

oligomeric Aβ readout. Consistent with these dot blot results, ELISA further demonstrated that 11 

PBM reduced soluble Aβ1-40 and Aβ1-42 levels in the cortex of both APP/PS1 and 3×Tg mice 12 

(Supplementary Fig. 4L). These findings suggest that the effect of PBM is not limited to amyloid 13 

plaque burden, but may also extend to the soluble Aβ pool, including oligomeric species 14 

considered particularly relevant to AD-associated neurotoxicity. In parallel, neuroinflammation in 15 

the hippocampus and cerebral cortex of AD mice was evaluated by quantitative analysis of 16 

proinflammatory cytokines and immunostaining for GFAP (glial fibrillary acidic protein, an 17 

astrocyte marker) and Iba1 (Ionized calcium-binding adapter protein 1, a microglial marker). The 18 

results demonstrated that PBM clearly inhibited the AD-induced upregulation of pro-inflammatory 19 

gene expression (Fig. 1K and Supplementary Fig. 4E-J) and suppressed the activation of microglia 20 

and astrocytes (Supplementary Fig. 5A-D). Moreover, the Iba1+ area and GFAP+ area showed a 21 

positively correlation with Aβ load in the cortex and hippocampus of mice, respectively 22 

(Supplementary Fig. 5G, H and Supplementary Fig. 5I, J).  23 

Together, these results indicated that PBM treatment might contribute to regulation of 24 
neuroinflammation for AD amelioration. 25 

Inhibiting CD8+ T cell infiltration by PBM rescues neuronal damage 26 

Even under homeostatic conditions, microglia maintain contact with peripheral immune cells and 27 

astrocytes, allowing them to constantly monitor the condition of the brain37. Immunofluorescence 28 

analysis revealed a pronounced reduction in parenchymal CD8⁺ T cell infiltration following 29 

photobiomodulation, with a 59% decrease in APP/PS1 mice and a 75% decrease in 3×Tg mice 30 

compared with untreated controls (Fig. 2A and Supplementary Fig. 6A). This reduction in CD8⁺ 31 
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T cell accumulation was accompanied by a marked decrease in TUNEL (terminal 1 

deoxynucleotidyl transferase dUTP nick end labeling)-positive (apoptotic) cell death in the cortex 2 

of AD mice (Fig. 2A and D), indicating alleviation of cytotoxic neuronal damage. Additionally, a 3 

negative correlation was observed between the number of CD8+ T cells and the novel recognition 4 

index in the NOR test (Supplementary Fig. 6B), indicating that the accumulation of CD8+ T cells 5 

in the brain is closely associated with cognitive impairments. A hallmark of neurodegeneration-6 

associated CD8+ T cells was the enrichment of granzyme A and perforin, both of which are 7 

cytotoxic proteins29,38,39. These infiltrating lymphocytes exhibited diminished expression of 8 

cytotoxic effectors granzyme A and perforin, suggesting PBM therapy disrupts their neurotoxic 9 

potential (Fig. 2B-F). 10 

The pathogenic role of CD8⁺ T cells was further corroborated in vitro, where activated CD8+ 11 

T cells directly induced damage in primary cortical neurons (Fig. 2G). Interestingly, while PBM 12 

protected neurons from dendritic damage caused by Aβ, this neuroprotective effect was diminished 13 

in the presence of cytotoxic CD8+ T cells or in co-culture with their conditioned medium (Fig. 2G 14 

and H), underscoring their dominant role in neuronal damage. Importantly, CD8+ T cell depletion 15 

via CD8α-neutralizing antibodies replicated the neuroprotective effects of PBM treatment, 16 

resulting in a 1.77-fold increase in NeuN+ neuronal density and a 1.04-fold increase in PSD-95 17 

expression in APP/PS1 mice, as well as a 2.79-fold and 1.79-fold increase, respectively, in 3×Tg 18 

mice (Fig. 2I-K and Supplementary Fig. 7A), further validating their pathogenic contribution. And 19 

A1-like astrocytes activation exhibited a reduction following CD8α neutralizing antibody 20 

treatment (Supplementary Fig. 7B and C). Altogether, these findings demonstrate that PBM-21 

mediated suppression of CD8⁺ T cell infiltration and cytotoxic activity constitutes a key 22 

mechanism by which central-peripheral immune crosstalk is rebalanced, thereby alleviating 23 

neuronal injury and preserving synaptic integrity in Alzheimer’s disease. 24 

PBM treatment suppresses microglia-driven chemokine signaling to limit 25 

CD8+ T cell recruitment 26 

The migration of leukocytes across the BBB is a complex process, which is initiated by 27 
inflammatory and chemotactic signals released from the CNS40. To dissect how PBM 28 
modulates CD8+ T cell trafficking, we first interrogated chemokine networks linking 29 
microglial activation to endothelial adhesion. In APP/PS1 mice, BECs exhibited a 4.5-fold 30 
increase in VCAM1 and 4.8-fold increase in ICAM1 expression compared to WT (P < 0.0001; 31 
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Fig. 3A-D), consistent with heightened leukocyte adhesion41,42. PBM treatment reduced 1 
VCAM1 and ICAM1 levels by 66% and 65%, respectively (P < 0.001), mirroring the 2 
attenuation of CD8+ T cell infiltration observed in vivo (Fig. 2A-C). And in 3×Tg mice, BECs 3 
exhibited a 3.9-fold increase in VCAM1 and 4.2-fold increase in ICAM1 expression 4 
compared to WT, PBM treatment reduced VCAM1 and ICAM1 levels by 79% and 71%, 5 
respectively (P < 0.0001; Fig. 3A-D). RNA-seq analysis of PBM-treated AD mice further 6 
revealed consistent downregulation of pro-inflammatory genes (e.g., Cd68, Trem2, Casp1, 7 
C1qa) and chemotaxis-associated genes (e.g., Ccl3, Cxcr2, Cxcl1). These results suggest 8 
that pro-inflammatory microglia release chemokines and pro-inflammatory cytokines, 9 
exacerbating the transendothelial migration of CD8+ T cells, neuroinflammation and 10 
neuronal dysfunction. PBM treatment mitigates these pathological processes by 11 
suppressing chemokine-driven CD8+ T cell recruitment, remodeling the brain 12 
microenvironment, and potentially alleviating AD-associated cognitive deficits. 13 

Recent studies have highlighted a tight association between CD8 + T cells, microglia, 14 
and neuronal structures in the brain parenchyma of APP/PS1 transgenic mice43. Pro-15 
inflammatory microglia secrete TNF-α, which activates BECs and induces the upregulation 16 
of adhesion molecules such as VCAM1 and ICAM1, thereby enhancing T cells migration 17 
across the BBB44. To evaluate whether PBM treatment could inhibit this process, we 18 
measured TIC levels in serum and brain tissue using ELISA and assessed transcription 19 
levels via RT-PCR (Fig. 3F-L). ELISA and RT-PCR results showed significantly elevated TIC 20 
levels in AD mice compared to WT controls, which were markedly reduced following PBM 21 
treatment (Fig. 3F-L). Further analysis of individual chemokine ligand-receptor pairs 22 
revealed that CXCL16-CXCR6, CCL3-CCR5, CCL4-CCR5, CCL2-CCR2/CCR5/CXCR3, 23 
CCL8-CCR2/CCR5 were ligand receptor pairs between microglia and CD8+ T cells14,42. 24 
Therefore, we further analyzed the expression of TNF-α and the aforementioned 25 
chemotactic factors in microglia using flow cytometry. There was a reduction of TNF-α 26 
(24%, P < 0.05), CCL3 (15%, P < 0.05), and CCL4 (36%, P < 0.001) in microglia from PBM-27 
treated APP/PS1 mice respectively, compared to untreated APP/PS1 mice (Supplementary 28 
Fig. 8A and B). While in 3×Tg mice, TNF-α (25%, P < 0.05), CCL4 (18%, P < 0.01) and CCL8 29 
(26%, P < 0.05) expression were significantly decreased (Supplementary Fig. 8A and B). 30 
Notably, microglial TNF-α levels positively correlated with VCAM1 expression (r = 0.77, P < 31 
0.001; Supplementary Fig. 8D), ICAM1 expression (r = 0.69, P < 0.01; Supplementary Fig. 32 
8E) and CD8+ T cell abundance (r = 0.55, P < 0.05; Supplementary Fig. 8F), supporting a 33 
causal chain wherein PBM silences microglial inflammatory signals to normalize vascular 34 
adhesion molecule expression. These findings suggest that PBM treatment alleviates nerve 35 
injury by inhibiting the secretion of TNF-α and chemokines from microglia, thereby reducing 36 
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the migration of CD8+ T cells. This mechanism highlights the therapeutic potential of 1 
photobiomodulation in mitigating neuroinflammation and neuronal damage in AD.  2 

PBM treatment suppresses pro-inflammatory microglial polarization 3 

associated with NLRP3 signaling 4 

In AD, persistent Aβ accumulation strongly activates pro-inflammatory microglia, 5 
commonly referred to as M1 microglia45. Over time, acute and favorable microglia-6 
mediated inflammation becomes chronic and detrimental46. To assess whether 7 
photobiomodulation alters microglial activation, we performed immunofluorescence co-8 
staining for Iba1 (pan-microglial marker) and inducible nitric oxide synthase (iNOS, pro-9 
inflammatory microglia polarization marker) in cortical and hippocampal regions. Ramified 10 
microglia represent a homeostatic state, whereas ramified morphology indicates 11 
activation47. The proportion of iNOS+ microglia increased in the cortex of AD mice 12 
compared with WT controls (16.9-fold increase in APP/PS1, P < 0.0001; 13.9-fold increase 13 
in 3×Tg, P < 0.001) (Fig. 4A-F). PBM treatment profoundly reduced this population by 88% in 14 
APP/PS1 mice (P < 0.0001) and 82% in 3×Tg mice (P < 0.01), concomitant with a shift 15 
toward a ramified, homeostatic morphology (Fig. 4A-F). In the hippocampal region, iNOS+ 16 
expression was also found to increase in AD mice compared with WT controls (14.3-fold 17 
increase in APP/PS1, P < 0.0001; 10.7-fold increase in 3×Tg, P < 0.01), and decreased by 18 
78% (P < 0.001) and 86% (P < 0.01), respectively, after PBM treatment (Fig. 4A-F). 19 
Morphometric analysis showed that the diameter of microglial cell bodies in the cortex and 20 
the hippocampus of PBM-treated APP/PS1 mice were reduced by 38% (P < 0.0001) and 21 
42% (P < 0.0001), both of which were close to the level of the corresponding region of WT 22 
(Fig. 4G and H). Also in 3×Tg mice, PBM-treated microglial body diameters in the cortex and 23 
hippocampus were reduced by 28% (P < 0.0001) and 22% (P < 0.05), respectively (Fig. 4G 24 
and H). Critically, in cortex, microglial soma size correlated strongly with both Aβ plaque 25 
burden (r = 0.80, P < 0.0001; Fig. 4I) and parenchymal CD8+ T cell density (r = 0.83, P < 26 
0.0001; Fig. 4Q), positioning pro-inflammatory microglia at the intersection of amyloid 27 
pathology and neuroimmune dysregulation.  28 

Consistent with these morphological and phenotypic changes, PBM treatment was 29 
associated with marked suppression of NLRP3 inflammasome signaling. Western blot and 30 
RT-PCR analyses revealed reductions in NLRP3 protein levels by 30% in APP/PS1 mice (P < 31 
0.05) and 44% in 3×Tg mice (P < 0.001; Fig. 4J and M), accompanied by a 53% and 59% 32 
decrease in ASC expression, respectively (P < 0.05; Fig. 4J and N). Consistently, 33 
transcriptome analysis revealed that PBM treatment led to the downregulation of pro-34 
inflammatory and chemotaxis-associated genes, including Ccl3, Cd68, Casp1, Icam1, 35 
Cx3cl1, and Trem2 (Fig. 3E). Meanwhile, iNOS protein expression decreased by 48% and 36 
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46%, respectively (P < 0.01; Fig. 4J and K), confirming broad inhibition of pro-inflammatory 1 
pathways. The results of flow cytometry experiments also indicated that the AD model 2 
leads to the activation of pro-inflammatory microglia, while PBM treatment inhibits this 3 
effect, but does not change the number of M1 microglia (Supplementary Fig. 9).  4 

Importantly, the attenuation of pro-inflammatory microglial polarization coincided 5 
with reduced secretion of TNF-α and chemokines (Fig. 3F, M), factors previously linked to 6 
endothelial activation and T cell recruitment41,42. Together, these data indicate that 7 
photobiomodulation shifts microglia away from neurotoxic inflammatory states, thereby 8 
reshaping the local immune milieu in a manner permissive to reduced CD8⁺ T cell 9 
infiltration and downstream neuroinflammatory damages.  10 

PBM treatment mitigates microglia-associated A1-like astrocytes 11 

activation in AD 12 

To further investigate the influence of TIC alterations on the balance between neurotoxic 13 

astrocytes and neurotrophic astrocytes48, we assessed astrocytes activation and its correlation with 14 

cell size. Initially, we measured the size of activated astrocyte (GFAP+) in the cortex and 15 

hippocampus of each group (Fig. 5A). Our results showed that astrocytes in the WT group 16 

exhibited smaller cell sizes compared to those in the AD group. Notably, PBM treatment 17 

significantly reduced astrocyte size in APP/PS1 mice by 62% (P < 0.0001), and in 3×Tg mice by 18 

62% (P < 0.0001), respectively (Fig. 5B), with parallel decreases in hippocampal astrocyte size. 19 

Similarly, GFAP area fraction in the cortex and hippocampus was significantly lower in PBM-20 

treated AD mice than in non-PBM-treated AD mice, particularly in the cortex (Fig. 5C and D). 21 

To distinguish neurotoxic A1 astrocytes from neuroprotective A2 subtypes, we analyzed C3 22 

(A1 marker) and S100A10 (A2 marker) expression49. Immunostaining for S100A10 and C3 23 

astrocytes revealed absent C3 expression in the WT group but was markedly elevated levels in the 24 

AD group, which were significantly decreased by PBM treatment (Fig. 5G, H, J and K). These 25 

findings were corroborated by western blot and RT-PCR analyses, which confirmed reduced C3 26 

protein and transcript levels following photobiomodulation (Fig. 5E, F, and Supplementary Fig. 27 

10A, B). In contrast, S100A10 expression remained relatively preserved, indicating selective 28 

suppression of the neurotoxic A1 astrocyte program. Notably, immunostaining analysis revealed 29 

a positive correlation between C3 levels and Aβ load (cortex: r = 0.78, P < 0.0001; hippocampus: 30 

r = 0.90, P < 0.0001; Fig. 5I, L). Additionally, C3 expression was positively correlated with the 31 
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diameter of microglial cell bodies (cortex: r = 0.65, P < 0.001; hippocampus: r = 0.83, P < 0.0001; 1 

Supplementary Fig. 10C and D), supporting a microglia-astrocyte signaling axis in AD 2 

progression. Together, these results indicate that photobiomodulation selectively attenuates 3 

microglia-associated A1 astrocyte activation, thereby alleviating a key astrocytic contributor to 4 

AD-associated neuroinflammation. 5 

PBM suppresses microglial NLRP3 to limit CD8+ T cell infiltration and A1 6 

astrocyte induction 7 

Inflammasome activation plays a critical role in regulating microglial function50. Based on the 8 

reduction of ASC-Aβ complexes and enhanced meningeal lymphatic drainage observed after PBM 9 

treatment, we hypothesized that PBM attenuates Aβ-driven neuroinflammation by suppressing 10 

NLRP3 inflammasome signaling in microglia. To test the requirement of microglial NLRP3, 11 

APP/PS1 and 3×Tg mice were engineered to overexpress NLRP3 selectively in microglia and 12 

subsequently subjected to PBM stimulation (Fig. 6). This strategy allowed us to determine whether 13 

forced maintenance of microglial NLRP3 signaling could counteract the beneficial effects of PBM. 14 

In both AD models, PBM markedly reduced Iba1⁺/iNOS⁺ microglial activation, suppressed A1 15 

astrocyte-associated transcriptional programs (including C3, Gbp2, and Psmb8), decreased 16 

GFAP⁺/C3⁺ astrocytes and CD8⁺ T cell infiltration alongside restoration of PSD-95 expression 17 

(Fig. 6B and C, Supplementary Fig. 11B-E). However, microglial NLRP3 overexpression 18 

abolished protective effects of PBM, including reductions in pro-inflammatory TIC cytokines 19 

(TNF-α, IL-1α, C1q), indicating that suppression of microglial NLRP3 signaling is a key mediator 20 

of PBM-induced neuroimmune and neuroprotective benefits (Fig. 6D-I).  21 

To further assess whether the protective effects of PBM are consistent with pharmacological 22 

inhibition of NLRP3 inflammasome signaling, we included MCC950 as a positive control in 23 

APP/PS1 and 3×Tg mice. As expected, pharmacological inhibition of NLRP3 with MCC950 24 

largely phenocopied the effects of PBM, rescuing cognitive deficits (Fig. 7A-F and Supplementary 25 

Fig. 12A-J), suppressing microglial and astrocytic activation, reducing CD8⁺ T cell infiltration and 26 

restoring PSD-95 expression (Fig. 7G, H and Supplementary Fig. 12K-M), without affecting 27 

locomotor activity. These findings identify NLRP3 inflammasome signaling as a central 28 

mechanistic node linking photobiomodulation to reduced neuroinflammation.  29 
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To determine whether microglial NLRP3 directly contributes to the induction of A1 astrocyte 1 

states, we performed in vitro experiments using BV2 microglial cells treated with Aβ1-42 (4 μM), 2 

the NLRP3 inhibitor MCC950, or PBM. The conditioned medium from BV2 cells (BCM) was 3 

then collected and used to culture primary astrocytes, allowing us to test whether PBM-dependent 4 

changes in the microglial secretory profile are sufficient to influence astrocyte reactivity. TIC 5 

content in the BCM of each treatment group was analyzed via ELISA, while the activation states 6 

of BV2 cells were assessed based on morphological changes (spindle-shaped resting cells vs. 7 

amoeboid activated cells). The neurotoxic (C3+) and neurotrophic (S100A10+) astrocytes was 8 

evaluated using immunofluorescence. Our results showed that Aβ1-42 induced a significant 9 

activation of BV2 cells, characterized by an increased number of amoeboid microglia. However, 10 

both PBM treatment and MCC950 effectively attenuated this response, reducing the proportion of 11 

amoeboid BV2 cells (Fig. 7I, J). ELISA analysis (Fig. 7K-M) demonstrated that compared to the 12 

Aβ1-42-only group, both PBM and MCC950 treatments strongly suppressed TIC release by BV2 13 

cells. Importantly, BCM from these groups induced significantly fewer C3-positive astrocytes 14 

compared to the Aβ1-42-only group (Fig. 7N), supporting the hypothesis that PBM reduces TIC, 15 

derived from microglia as key drivers of A1 astrocyte polarization, thereby modulating astrocyte 16 

morphology and C3 expression. Western blot analysis further confirmed that both PBM and 17 

MCC950 markedly suppressed the expression of NLRP3 and iNOS in BV2 cells (Fig. 7P). 18 

Moreover, immunoblotting of astrocytes cultured with BV2-derived BCM revealed that PBM 19 

significantly inhibited C3 expression, which is associated with the neurotoxic phenotype, and 20 

promoted morphological changes consistent with a homeostatic state. This in vitro evidence aligns 21 

with our in vivo results, further supporting the conclusion that PBM treatment mitigates 22 

neuroinflammation by modulating microglia-astrocyte interactions. 23 

Finally, PBM treatment restored meningeal lymphatic vessel structure and drainage capacity, 24 

reduced CD8⁺ T cell accumulation along mLVs and enhanced cerebrospinal fluid clearance to 25 

cervical lymph nodes, further supporting a role for PBM in reshaping central-peripheral immune 26 

trafficking (Supplementary Fig. 13). 27 

The coordinated reduction in glial inflammasome activity and TIC cytokines highlights 28 

PBM’s dual capacity to: Directly inhibit NLRP3-ASC complex assembly, curtailing IL-1β/IL-18 29 

releases; Indirectly enhance Aβ clearance via restored mLVs function, mitigating microglial 30 

priming. This multimodal action disrupts the self-reinforcing loop of neuroinflammation-where 31 
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Aβ-driven NLRP3 activation promotes T cell recruitment and A1 astrocytes, which in turn 1 

exacerbate Aβ deposition.  2 

 3 

Discussion  4 

In this study, PBM was innovatively applied to inhibit activation of microglial NLRP3 5 

inflammasome in AD, and its impact on central-peripheral immune crosstalk, reduction of ASC-6 

dependent Aβ seeding, alleviation of chronic neuroinflammation, relief of neuronal damage, and 7 

improvement of cognitive function in AD. Specifically, we demonstrated PBM significantly 8 

reduced pro-inflammatory microglia activation in APP/PS1 and 3×Tg AD mice by suppressing 9 

Aβ-induced NLRP3 activation. Moreover, the transendothelial migration of CD8+ T cells rescued 10 

by PBM is achieved by reducing the expression of VCAM1 and ICAM1 in brain vascular 11 

endothelial cells, which are mainly regulated by microglia-derived TNF-α. Notably, the 12 

accumulation of CD8+ T cells in the brain is positively correlated with pro-inflammatory microglia 13 

and cognitive deficits in AD mice, highlighting the role of PBM in ameliorating cognitive 14 

impairments through the suppression of CD8+ T cell recruitment. A reduction in pro-inflammatory 15 

microglia activation was accompanied by a significant decrease in TIC secretion, leading to a 16 

downregulation of TIC-dependent activation of neurotoxic reactive astrocytes (A1). Overall, our 17 

findings suggest that PBM reduce Aβ load and thus ameliorate cognition abilities through 18 

modulation of central-peripheral immune crosstalk. Importantly, additional follow-up experiments 19 

indicated that the beneficial effects of PBM on cognition and AD-related pathology were still 20 

detectable after treatment cessation, suggesting a sustained benefit beyond the immediate 21 

treatment window (Supplementary Fig. 14). Future studies with additional independent time points 22 

are needed to determine the complete duration of the effect. Therefore, photobiomodulation may 23 

represent a promising non-invasive candidate therapeutic strategy for AD that warrants further 24 

translational and clinical investigation. 25 

While our data establish NLRP3 as a key target of PBM therapy, the precise molecular 26 

mechanisms underlying its direct inhibition remain to be fully elucidated. One plausible hypothesis 27 

center on PBM-mediated modulation of mitochondrial reactive oxygen species (mtROS)51, a 28 

critical activator of NLRP3 inflammasome assembly52,53. In AD models, Aβ oligomers induce 29 
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mtROS bursts that promote NLRP3-ASC oligomerization and subsequent Caspase-1 activation54, 1 

suggesting that the reduction in NLRP3 signaling observed here may at least partly arise from 2 

PBM-induced normalization of mitochondrial and metabolic stress. PBM therapy may counteract 3 

this by upregulating antioxidant enzymes (e.g., SOD2) or restoring mitochondrial membrane 4 

potential, thereby disrupting the redox-sensitive NLRP3 activation loop. Alternatively, PBM 5 

might directly interfere with NLRP3 inflammasome priming or assembly. Importantly, the 6 

mechanisms implicated in our previous and current studies may be mechanistically connected 7 

rather than separate. In our previous study, we found that PBM treatment can activate the 8 

cAMP/PKA signaling pathway34, whereas the present study identifies suppression of microglial 9 

NLRP3 inflammasome activation as a central node linking PBM treatment to reduced TIC release, 10 

decreased endothelial activation, diminished CD8+ T-cell recruitment, and attenuated A1-like 11 

astrocyte induction. Accumulating evidence indicates that cAMP/PKA-related signaling can 12 

negatively regulate NLRP3 inflammasome activation55,56, and that sirtuins, particularly SIRT1, 13 

can restrain inflammatory priming through suppression of NF-κB activity, improvement of 14 

mitochondrial homeostasis, and attenuation of oxidative stress57. From this perspective, PBM-15 

induced activation of cAMP/PKA-SIRT1-related signaling may function upstream of microglial 16 

NLRP3 inhibition, thereby integrating metabolic signaling, inflammasome control, and central-17 

peripheral immune crosstalk into a unified mechanistic framework. A plausible integrated model 18 

is therefore that PBM first modulates cellular bioenergetics and second-messenger signaling, 19 

including cAMP/PKA and sirtuin-dependent pathways, which in turn reduce Aβ-associated 20 

mitochondrial stress, restore redox homeostasis, and attenuate inflammatory priming in microglia. 21 

This would be expected to limit NLRP3 inflammasome assembly and downstream release of IL-22 

1β/IL-18 as well as TIC factors, thereby attenuating endothelial VCAM1/ICAM1 upregulation, 23 

chemokine-dependent CD8+ T-cell recruitment, and induction of neurotoxic A1-like astrocytes. 24 

Such a framework is consistent with our current results as well as with prior reports showing that 25 

PBM affects mitochondrial and inflammatory regulation at multiple levels in AD-related systems. 26 

However, we acknowledge that the present study does not directly dissect each upstream signaling 27 

step in this cascade. Future studies combining pathway-specific pharmacological or genetic 28 

perturbation will be required to determine the relative contribution of cAMP/PKA, SIRT1, and 29 

mitochondrial redox regulation to NLRP3 inhibition in vivo.  30 
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An additional framework that may help interpret the anti-inflammatory effects of PBM is 1 

microglial immunometabolism. Pro-inflammatory microglial states are commonly associated with 2 

enhanced glycolysis, whereas more homeostatic or reparative states rely more on oxidative 3 

phosphorylation or greater metabolic flexibility58. In AD-related settings, Aβ has been shown to 4 

drive metabolic reprogramming of microglia from oxidative phosphorylation toward glycolysis59, 5 

and more recent work further demonstrated that Aβ can activate the NLRP3 inflammasome by 6 

affecting microglial immunometabolism through the Syk-AMPK pathway54. In addition, the 7 

relationship between inflammasome signaling and glycolytic reprogramming may be bidirectional, 8 

as previous work in macrophages showed that NLRP3 activation can itself enhance glycolysis 9 

through IL-1β-dependent upregulation of PFKFB360. Within this framework, PBM may act 10 

upstream by restoring mitochondrial function and redox balance and by shifting Aβ-stimulated 11 

pro-inflammatory microglia away from a glycolysis-associated state toward mitochondrial 12 

activity, as has been reported for near-infrared light61,62. Although we did not directly measure 13 

microglial metabolic flux in the present study, this framework is compatible with our observation 14 

that PBM suppressed microglial NLRP3 activation and downstream neuroimmune crosstalk. Thus, 15 

NLRP3-centered neuroimmune crosstalk may represent one downstream consequence of a broader 16 

PBM-associated metabolic and inflammatory reprogramming of microglia. 17 

Although the CNS has traditionally been considered an immune-privileged organ due to 18 

limited monitoring of peripheral immune cells within the BBB and brain parenchyma, chronic 19 

neuroinflammation in AD disrupts this balance. Emerging evidence suggests that peripheral 20 

immune cells infiltrate the CNS and accumulate near pathological areas43. For instance, CD8+ T 21 

cells and natural killer cells have been reported to accumulate in the brain of AD patients. 22 

Microglia stimulation by Aβ plaques in transgenic mouse models or Aβ1-42 oligomers injection 23 

triggers the release of proinflammatory cytokines such as IL-1β and TNF-α, which in turn induce 24 

production of chemokine by endothelial cells63,64. In our study, we observed a considerable 25 

increase of CD8+ T cells in the cerebral cortex of AD mice using immunofluorescence. 26 

Accumulation of CD8+ T cells drives axon degeneration in the normal aging mouse CNS and 27 

contributes to age-related cognitive and motor decline13. Consistently, we found that the recovery 28 

of dendritic spine density induced by PBM was associated with reduced brain infiltration of CD8+ 29 

T cells, suggesting a complex regulatory crosstalk among microglia, astrocytes, and T 30 

lymphocytes. Furthermore, our data showed that microglia and infiltrating T cells release 31 
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cytokines, such as CCL2, CCL3, CCL4, and CCL8, which broadly impact brain immune 1 

microenvironment homeostasis. Other studies on rodent models have shown that T cells, upon 2 

entering the brain, can alter microglia phenotypes by secreting IFN-γ, increasing microglial 3 

motility and phagocytic activity65. Whether these mechanisms are regulated by PBM and how they 4 

manifest in AD patients remain open questions and are central to our future research. 5 

These findings should also be interpreted in the context of previous studies showing that Aβ 6 

oligomers can impair cognition through inflammation-related mechanisms in addition to direct 7 

synaptic toxicity. In an acute mouse model, Balducci et al. demonstrated that Aβ oligomer-induced 8 

memory impairment depends on TLR4-mediated glial activation and can be prevented by anti-9 

inflammatory treatment, supporting a direct contribution of glial inflammatory signaling to 10 

oligomer-driven cognitive dysfunction66. More recently, Forloni and colleagues further expanded 11 

this framework by emphasizing the broader interplay among oligomer toxicity, inflammation, and 12 

receptor-mediated signaling, including the possible contribution of prion protein-related 13 

mechanisms67. There is growing evidence of TLR-4 as the mediator of the inflammatory 14 

mechanism in AD experimental models associated with Aβ68. Aggregated Aβ binds to TLR-4 and 15 

activates microglia, resulting in increased phagocytosis and cytokine production. Inflammatory 16 

factors including TNF-α, interleukin 1β and interleukin 6 are under the nuclear factor kappa B 17 

(NFκB) transcription factor sensitive to TLR4-activation through a MyD88 dependent and 18 

independent pathway69. In addition, the stimulation of TLRs has been proven to be part of the 19 

activation of the NLRP3 inflammasome68,70. Clinical data and animal studies indicate that Aβ 20 

deposits can cause inflammasome activation71. Primary microglial cells were treated with AβOs 21 

and NLRP3 inflammasome activation, was determined by Caspase1 cleavage, and IL-1β 22 

production72. Therefore, accumulating evidence indicates that Aβ can engage TLR4/NF-κB 23 

signaling and that oligomeric Aβ species are capable of activating the NLRP3 inflammasome in 24 

microglia, providing a mechanistic bridge between oligomer-triggered innate immune sensing and 25 

downstream inflammatory amplification. In this work, we found that, in chronic transgenic AD 26 

models, Aβ-/oligomer-associated inflammatory signaling may converge on a microglial NLRP3-27 

centered neuroimmune cascade involving TIC release, endothelial activation, CD8+ T-cell 28 

recruitment, and A1-like astrocyte induction. In this sense, the present study may add a central-29 

peripheral immune crosstalk dimension to the emerging concept. 30 
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Alzheimer’s disease is characterized by a complex interplay of Aβ accumulation, tauopathy, 1 

chronic neuroinflammation, vascular dysfunction, and disrupted central-peripheral immune 2 

communication, necessitating therapeutic strategies that that can act across multiple pathological 3 

levels rather than on a single molecular target 73. Our findings reveal that while MCC950, a 4 

selective NLRP3 inhibitor, and transcranial PBM therapy both attenuate neuroinflammation in AD 5 

models by suppressing NLRP3 inflammasome activity, photobiomodulation exerts broader 6 

multimodal effects that address the multifactorial pathology of AD. Unlike MCC950, which solely 7 

targets NLRP3 assembly, PBM therapy concurrently enhances Aβ clearance via mLVs repair 8 

(improved OVA-A647 drainage), normalizes vascular endothelial adhesion molecules, and 9 

restores microglial homeostasis-effects unattainable through pharmacological NLRP3 inhibition 10 

alone. These effects collectively disrupt the self-reinforcing neuroinflammatory loop where Aβ 11 

deposition activates NLRP3 inflammasomes, which in turn promote chemokine-driven T cell 12 

infiltration and neurotoxic astrocyte polarization. The non-pharmacological nature of PBM 13 

therapy further circumvents challenges inherent to drug-based interventions, such as blood-brain 14 

barrier penetration limitations, systemic toxicity, and off-target effects. Utilize the pleiotropic 15 

mechanisms of photobiological regulation, including mitochondrial redox balance restoration74, 16 

glymphatic clearance potentiation32, and innate immune reprogramming-PBM therapy offers a 17 

scalable and sustainable approach for long-term AD management.  18 

Recent clinical trials using transcranial near-infrared light (NIR) in healthy adults reported 19 

improved visual working memory capacity75, underscoring its translational promise. From a 20 

translational perspective, the therapeutic relevance of photobiomodulation lies not only in its non-21 

invasive nature, but also in its apparent ability to influence multiple interacting pathological 22 

processes that are highly relevant to AD. In the present study, PBM did not merely alter a single 23 

inflammatory readout; rather, it concurrently reduced microglial NLRP3 activation, TIC release, 24 

endothelial adhesion molecule upregulation, CD8+ T-cell recruitment, and A1-like astrocyte 25 

induction, while improving cognition in two independent AD models. This multi-level action is 26 

particularly important in AD, where the limited success of many therapeutic approaches may 27 

reflect the difficulty of targeting a disease driven by convergent amyloid, inflammatory, vascular, 28 

and immune-trafficking abnormalities rather than by a single molecular lesion. In this context, 29 

photobiomodulation may represent a mechanistically supported non-invasive candidate 30 

therapeutic strategy for AD, especially as an approach aimed at neuroimmune rebalancing in 31 
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addition to amyloid-related pathology. At the same time, the concept of PBM therapy as a practical 1 

therapeutic strategy should be interpreted with appropriate caution76. Although preclinical work 2 

and early human studies suggest that transcranial photobiomodulation is feasible and may improve 3 

selected cognitive or network-level outcomes75,77,78, the field still faces several important 4 

translational challenges, including optimization of wavelength, irradiance, treatment duration and 5 

frequency, tissue dosimetry, identification of target-engagement biomarkers, and validation in 6 

larger sham-controlled clinical cohorts. In addition, it remains necessary to define the therapeutic 7 

window, the durability of benefit, and the patient populations most likely to respond. Thus, our 8 

findings support photobiomodulation not as a clinically established therapy, but as a promising 9 

translational direction that merits further mechanistic and clinical development. 10 

This study underscores the potential of PBM as a feasible, non-invasive therapeutic approach 11 

for AD, primarily by alleviating NLRP3-dependent chronic neuroinflammation (Supplementary 12 

Fig. 15). Our findings highlight the critical role of chronic inflammation in AD pathogenesis and 13 

brain-related diseases. However, further research is needed to unravel the underlying mechanisms, 14 

refine PBM treatment protocols, and evaluate its clinical translational potential. Nevertheless, the 15 

results of this study provide a promising basis for future investigations into the use of PBM as a 16 

non-invasive and drug-free treatment for AD. 17 

 18 
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 10 

Figure legends 11 

Figure 1 Therapeutic effects of PBM on cognition and pathology in AD mice. (A) Schedule of 12 

treatments and behavior tests of APP/PS1 and 3×Tg mice. (B) Novel recognition index of novel 13 

object recognition (NOR) test (n = 16). (C) Spontaneous alternation behavior was measured in AD 14 

mice or WT mice with or without PBM (n = 16). (D) The percentage of freezing during fear 15 

conditioning test (n = 16). (E) Volcano plot of DEGs of 3×Tg versus 3×Tg treated with PBM. The 16 

dashed line represents Padj = 0.05 (n = 4). (F) GO terms upon PBM treatment in 3×Tg mice (n = 17 

4). (G) KEGG pathway enrichment upon PBM treatment in 3×Tg mice (n = 4). (H) Representative 18 

images immunofluorescent stained with Aβ and ASC specific antibodies. And the white arrows 19 

indicate the co localization positive areas of ASC and Aβ. Scale bar: 50 μm. (I) Quantification of 20 

area fraction of Aβ and ASC in the cerebral cortex of WT, APP/PS1 and 3×Tg mice under the 21 

treatment with or without PBM (n = 6). (J) Representative images of colocalization exists between 22 

Aβ and ASC specks is shown for maximum intensity profile in the cerebral cortex of APP/PS1 23 

and 3×Tg mice under treatment with or without PBM. In addition, the fluorescence intensity of 24 

ASC and Aβ along the white line was analyzed to characterize their co localization. Scale bar: 20 25 

μm. (K) Relative mRNA expression of Caspase-1, IL-18, IL-1β and IL-6 presented as the fold 26 

change in the cerebral cortex of WT, APP/PS1 and 3×Tg mice under treatment with or without 27 

PBM (n = 3). All the data are reported as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and 28 
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****P < 0.0001 versus the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 and ####P < 1 

0.0001 versus the indicated group. ns = not significant.  2 

Figure 2 Inhibiting CD8+ T cell infiltration by PBM rescues neuronal damage. (A)  TUNEL 3 
assay revealed apoptotic cells in the infiltration site of CD8+ T cells in the indicated group. 4 
Scale bar: 50 μm. (B) Immunofluorescence staining confirmed the expression of granzyme 5 
A in CD8+ T cells in the cortex of APP/PS1 and 3×Tg mice under treatment with or without 6 
PBM. Scale bar: 10 μm. (C) Immunofluorescence staining confirmed the expression of 7 
perforin in CD8+ T cells in the cortex of APP/PS1 and 3×Tg mice under treatment with or 8 
without PBM. Scale bar: 10 μm. (D) Quantitative analysis of TUNEL positive cells in the 9 
cortex of APP/PS1 and 3×Tg mice under the treatment with or without PBM.  (E) 10 
Quantification of area fraction of granzyme A in the cortex of APP/PS1 and 3×Tg mice under 11 
the treatment with or without PBM (n = 7). (F) Quantification of area fraction of perforin in 12 
the cortex of APP/PS1 and 3×Tg mice under the treatment with or without PBM (n = 5). (G) 13 
The viability of primary cortical neurons was reduced 24 h after co-cultured with active 14 
CD8+ T cells. Neurons were subjected to Aβ1-42 (4 µM) with or without PBM before being co-15 
culture with CD8+ T cells. Cell viability was detected by CCK-8 (n = 4). (H) Reduced viability 16 
of primary cortical neurons cultured with medium conditioned by activated CD8 + T cells 17 
(CD8+ T CM). Neurons were subjected to Aβ1-42 (4 µM) with or without PBM before being co-18 
cultured with CD8+ T CM. Cell viability was tested for 24 h after adding a conditioned 19 
medium. Sham CM: non-conditioned medium (n = 4). (I) Schedule of treatments and 20 
behavior tests of AD mice with anti-CD8α/PBM (n = 5). (J) Representative images of brain 21 
sections of CD8+ T cells ablated AD mice stained with NeuN, PSD-95 and DAPI, and (K) 22 
quantification of area fraction of of NeuN and PSD-95, respectively (n = 5). Scale bar: 50 23 
μm. All the data are reported as mean ± SEM. #P < 0.05, ##P < 0.01 and ###P < 0.001 24 
versus the indicated group. 25 

Figure 3 PBM treatment suppresses microglia-driven chemokine signaling to limit 26 
CD8+ T cell recruitment. (A) Representative images immunofluorescent stained with 27 
CD31 and VCAM1 specific antibodies. Scale bar: 50 μm. (B) Quantitative analysis of the 28 
area ratio of VCAM1 to CD31 in the brain of WT, APP/PS1 and 3×Tg mice under treatment 29 
with or without PBM (n = 5). (C) Representative images immunofluorescent stained with 30 
CD31 and ICAM1 specific antibodies. Scale bar: 50 μm. (D) Quantitative analysis of the 31 
area ratio of ICAM1 to CD31 in the brain of WT, APP/PS1 and 3×Tg mice under treatment 32 
with or without PBM (n = 5). (E) Heatmap of differentially expressed genes in cortex from 33 
3×Tg mice treated with or without PBM. Normalized expression values are depicted (blue: 34 
low expression, red: high expression) (n = 4). (F-G) Quantification of TNF-α in the serum and 35 
in the cerebral cortex homogenates of WT, APP/PS1 and 3×Tg mice under treatment with or 36 
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without PBM were measured by ELISA (n = 3). (H-I) Quantification of C1q in the serum and 1 
in the cerebral cortex homogenates of WT, APP/PS1 and 3×Tg mice under treatment with or 2 
without PBM were measured by ELISA (n = 4). (J) The relative mRNA expressions of TNF-α, 3 
IL-1α, and C1q are presented as the fold change in the cerebral cortex of each group (n = 3). 4 
(K-L) Quantification of IL-1α in the serum and in the cerebral cortex homogenates of WT, 5 
APP/PS1 and 3×Tg mice under treatment with or without PBM were measured by ELISA (n = 6 
3). (M) The relative mRNA expressions of CCL2, CCL3, CCL4 and CCL8 are presented as 7 
the fold change in the cerebral cortex of each group (n = 4). All the data are reported as 8 
mean ± SEM. **P < 0.005, ***P < 0.001 and ****P < 0.0001 versus the WT group; #P < 0.05, 9 
##P < 0.01, ###P < 0.001 and ####P < 0.0001 versus the indicated group. ns = not 10 
significant. 11 

Figure 4 PBM attenuates NLRP3-linked pro-inflammatory microglial states. (A) 12 

Representative images of immunofluorescent stained with Iba1 and iNOS specific antibodies. 13 

Scale bar: 50 μm. (B-E) Quantification of area fraction of Iba1 and iNOS in the cerebral cortex 14 

and hippocampus of WT, APP/PS1 and 3×Tg mice under treatment with or without PBM (n = 4). 15 

(F) Representative percentages of ramified and other microglial phenotypes in each group. (G, H) 16 

Quantification of cell body diameter of Iba1 positive cells in the cerebral cortex and hippocampus 17 

of WT, APP/PS1 and 3×Tg mice under treatment with or without PBM (n = 4 mice per group, 18 

with 6-12 cells analyzed per mouse). (I) The Spearman’s rank correlation coefficient analysis 19 

between Aβ area fraction and diameter of Iba1 positive cells in the cerebral cortex and 20 

hippocampus of WT, APP/PS1 and 3×Tg mice under the treatment with or without PBM. (J) 21 

Representative western blot bands of iNOS, Iba1, NLRP3, ASC, and quantification analysis of 22 

iNOS (K), Iba1 (L), NLRP3 (M), and ASC (N) in the cerebral cortex of WT, APP/PS1 and 3×Tg 23 

mice under treatment with or without PBM (n = 3). (O, P) Relative mRNA expression of iNOS 24 

and Iba1 presented as the fold change in the cerebral cortex of WT, APP/PS1 and 3×Tg mice under 25 

treatment with or without PBM (n = 4). (Q) The Spearman’s rank correlation coefficient analysis 26 

between the number of CD8+ T cells and diameter of Iba1 positive cells. All the data are reported 27 

as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 versus the WT group; 28 

#P < 0.05, ##P < 0.01, ###P < 0.001 and ####P < 0.0001 versus the indicated group. ns = not 29 

significant. 30 

Figure 5 PBM inhibits microglia-associated A1-like astrocytes activation in AD. (A) 31 

Representative immunofluorescent images of GFAP and (B) quantitative analysis of the soma area 32 
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(μm2) of GFAP positive cells in the cerebral cortex and hippocampus of WT, APP/PS1 and 3×Tg 1 

mice under treatment with or without PBM (n = 4 mice per group, with 6-7 cells analyzed per 2 

mouse). Scale bar: 50 μm. (C, D) Quantification of GFAP area fraction in the cerebral cortex and 3 

hippocampus of each group (n = 5). (E) Representative western blot bands of S100A10 and C3 in 4 

the cerebral cortex of WT, APP/PS1 and 3×Tg mice under the treatment with or without PBM. (F) 5 

Quantitative western blot analysis of S100A10 and C3 in the cerebral cortex of WT, APP/PS1 and 6 

3×Tg mice under the treatment with or without PBM (n = 3). (G, J) Representative images 7 

immunofluorescent stained with S100A10 and C3 specific antibodies and quantification of area 8 

fraction of C3 in the cortex (H) and hippocampus (K) of each group (n = 4). Scale bar: 50 μm. (I, 9 

L) The Spearman’s rank correlation coefficient analysis between area fraction of Aβ and C3 in the 10 

cerebral cortex (I) and hippocampus (L) of WT, APP/PS1 and 3×Tg mice under the treatment with 11 

or without PBM. All the data are reported as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 12 

and ****P < 0.0001 versus the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 and ####P < 13 

0.0001 versus the indicated group. ns = not significant. 14 

Figure 6 Overexpression of NLRP3 in microglia blocks the effects of PBM treatments. (A) 15 

The experimental timeline of AAV infusion, PBM treatment and tissue collection. (B) Heatmap 16 

of A1-specific astrocyte genes. Blue and red denote downregulated and upregulated genes, 17 

respectively. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 for comparisons between AAV2/5-18 

hIBA1a-EGFP and PBM+AAV2/5-hIBA1a-EGFP within each genotype (APP/PS1 or 3×Tg); #P 19 

< 0.05, ##P < 0.01, ###P < 0.001 for comparisons between PBM+AAV2/5-hIBA1a-EGFP and 20 

PBM+AAV2/5-hIBA1a-NLRP3-EGFP within each genotype. (C) Representative images 21 

immunofluorescent stained with Iba1 and iNOS, GFAP and C3, CD8 and PSD-95 specific 22 

antibodies in the cortex of each group (n = 4). Nuclei were counterstained with DAPI. Scale bar: 23 

100 μm. (D-I) Quantification of TNF-α, IL-1α, C1q in the cerebral cortex homogenates of each 24 

group were measured by ELISA (n = 6). All the data are reported as mean ± SEM. #P < 0.05, ##P 25 

< 0.01 and ###P < 0.001 versus the indicated group. ns = not significant. 26 

Figure 7 PBM treatment interferes with the activation of NLRP3 inflammasomes in 27 

microglia, suppressing the induction of neurotoxic astrocytes. (A) Schematic of AD mice with 28 

or without MCC950/PBM for a total of 4 weeks (n = 10). (B, D) Object recognition index of NOR 29 

test of APP/PS1 mice (B) or 3×Tg mice (D) with or without MCC950/ PBM (n = 10). (C, E) 30 
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Spontaneous alternation behavior was measured in APP/PS1 mice (C) or 3×Tg mice (E) with or 1 

without MCC950/ PBM (n = 10). (F) Representative test paths of open field test (n = 10). (G) 2 

Representative images immunofluorescent stained with GFAP and C3 specific antibodies in the 3 

cortex of each group (n = 4). Scale bar: 50 μm. (H) Representative images immunofluorescent  4 

stained with Iba1 and iNOS specific antibodies in the cortex of each group (n = 3-4). Scale bar: 50 5 

μm. (I) Representative images of morphological changes of BV2 cells after pretreatment with 6 

NLRP3 specific inhibitor MCC950 (7.5 nM), Aβ1-42 (4 µM) or PBM, and representative 7 

immunofluorescence for S100A10 and C3 of each primary astrocyte group with BV2-conditioned 8 

medium. Scale bar: 50 μm. (J) Representative percentages of spindle and amoebocyte BV2 cell in 9 

each group for (i). (K-M) TIC levels in BV2 cells culture medium are tested via ELISA in each 10 

group (n = 4). (N, O) Quantification of area fraction of C3 and S100A10 of primary astrocyte in 11 

each group (n = 4). (P) Representative western blot bands and quantification analysis of iNOS, 12 

NLRP3, C3 and S100A10 of BV2 cell and primary astrocyte in each group. All the data are 13 

reported as mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 versus the control group; #P < 14 

0.05, ##P < 0.01 and ###P < 0.001 versus the indicated group. ns = not significant. 15 
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