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Abstract: Post-COVID-19 syndrome (PCS) is an escalating global health concern, marked by persistent cogni-

tive, neurological, and psychiatric symptoms following acute SARS-CoV-2 infection. Although its underlying 

mechanisms remain incompletely understood, mounting evidence implicates chronic neuroinflammation as a 

key driver. Sustained microglial and astrocyte activation, blood-brain barrier disruption, and aberrant cytokine 

signaling contribute to prolonged immune dysregulation within the central nervous system, promoting long-

term brain dysfunction. In this expert review, we synthesize emerging insights into how neuroimmune processes 

impair brain function in PCS. We explore novel mechanistic pathways - including local sleep intrusions, im-

paired memory reconsolidation, and astrocyte-mediated destabilization of functional networks - that may un-

derlie the syndrome’s fluctuating and heterogeneous presentation. We evaluate fluid biomarkers of neuroin-

flammation, including glial fibrillary acidic protein (GFAP), soluble TREM2, S100β, and pro-inflammatory cyto-

kines such as interleukin-6 and tumor necrosis factor-α. In parallel, we highlight converging neuroimaging bi-

omarkers derived from PET and MRI studies. These include increased TSPO-PET binding in limbic and frontal 

regions, alterations in cerebral blood flow and oxygen metabolism, neurometabolic changes detected via MR 

spectroscopy (e.g., elevated myo-inositol and choline), and increased free water content on diffusion imaging - 

each suggestive of glial activation and network-level dysfunction. We propose a multiscale, longitudinal frame-

work that integrates molecular, neuroimaging, and behavioral data to link immune dysregulation with brain 

network instability and symptom emergence. Such integrative approaches are critical for advancing precision 

diagnostics and informing the development of targeted, mechanism-based treatments for individuals affected 

by PCS. 

Keywords: post-COVID19 syndrome; neuroinflammation; biomarkers 

 

1. Introduction 

The global spread of SARS-CoV-2 has precipitated not only an acute public health emergency 
but also a sustained wave of long-term morbidity. While early public and scientific focus centered on 

the respiratory manifestations of COVID-19, it has become increasingly clear that a substantial pro-

portion of individuals experience persistent symptoms long after the resolution of the initial infec-

tion1-3. This condition - variously termed post-COVID-19 syndrome (PCS), Long COVID, or post-

acute sequelae of SARS-CoV-2 infection (PASC) - encompasses a constellation of enduring symptoms 
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including fatigue, cognitive impairment (“brain fog”), mood disturbances, headaches, and sleep dis-
ruptions. In many cases, these symptoms follow a fluctuating or relapsing-remitting course2, 3. Such 

chronic post-infectious manifestations have profound implications for quality of life, productivity, 

and mental health and represent an urgent yet under-addressed global health concern1-3. Throughout 

this review, we adopt the term post-COVID-19 syndrome (PCS) to describe persistent neuropsychiatric 

symptoms following acute SARS-CoV-2 infection, in alignment with case definitions established by 
the World Health Organization (WHO) and the UK National Institute for Health and Care Excellence 

(NICE)4, 5. While alternative terms such as Long COVID and PASC are widely used in the literature, 

they encompass overlapping but non-identical diagnostic criteria. For clarity and consistency, we use 

PCS to emphasize the syndrome’s neurocognitive and affective dimensions, which are central to its 

psychiatric relevance. 
Despite the heterogeneity of its clinical presentation, accumulating evidence suggests that 

chronic neuroinflammation is a core mechanism underlying PCS2, 6, 7. Immune dysregulation in the 

central nervous system (CNS) - characterized by sustained glial reactivity, enhanced pro-inflamma-

tory cytokine signaling, disruption of the blood-brain barrier (BBB), and altered neurovascular and 

neurometabolic dynamics - may destabilize neural circuits, contributing to the persistence and un-

predictability of symptoms. Critically, these neuroimmune processes not only emerge during acute 

infection but may also remain active for months or even years, often without a clear correlation to 

initial COVID-19 severity. 

This expert review synthesizes emerging evidence and advances a multiscale model of neuroin-

flammation in PCS, linking molecular and cellular immune events to systems-level brain dysfunction 

and clinical symptomatology. We first outline the key biological pathways -including viral neuroin-

vasion, glial reactivity, autoimmunity, BBB compromise, mast cell activation, and vagus nerve sig-

naling - that may sustain chronic inflammation in the CNS. We then examine converging neuroim-

aging and fluid biomarker findings that support the presence of distributed, low-grade neuroinflam-

mation. Importantly, we propose a hypothesis-generating framework that integrates these mecha-

nisms with recent insights into local sleep intrusions, impaired memory reconsolidation, and fluctu-

ating symptom expression. Finally, we discuss therapeutic implications, highlighting novel targets 

such as astrocyte modulators, histaminergic agents, vagus nerve stimulation, and interventions tar-

geting the skull–marrow–meninges immune axis. 

2. Mechanisms of Neuroinflammation in Post-COVID-19 Syndrome 

Neuroinflammation in post-COVID-19 syndrome (PCS) likely arises from several interrelated 

and self-reinforcing mechanisms. These include direct viral invasion of the CNS, persistent glial acti-

vation, BBB dysfunction, autoimmune phenomena, latent viral reactivation, neurovascular injury, 

vagal dysregulation, and mast cell activation. Elucidating these mechanisms is critical for identifying 

reliable biomarkers of disease activity and for informing the development of targeted therapeutic 

strategies. In the sections below, we synthesize current evidence on how each mechanism may con-

tribute to chronic CNS inflammation in PCS. 

2.1. Direct Viral Invasion of Brain Parenchyma 

The perception of the brain as an immune-privileged organ protected by the BBB is increasingly 

being challenged by evidence of viral neuroinvasion. Like other human coronaviruses, SARS-CoV-2 

has demonstrated neurotropic potential8, and growing evidence suggests that it can directly invade 
neural tissues, causing neuronal injury and localized inflammation9, 10. 

Multiple entry routes into the CNS have been described for respiratory viruses, including SARS-

CoV-2. These include transcribrial invasion via the olfactory nerve, retrograde transport through cra-

nial nerves innervating the respiratory tract, hematogenous spread across a compromised BBB, and 

trafficking via infected immune cells11. Within the CNS, SARS-CoV-2 can infect neurons, astrocytes, 
microglia, and oligodendrocytes12. Its spike protein structure plays a key role in mediating axonal 

transport and determining neurovirulence Since the onset of the COVID-19 pandemic, the direct ef-

fects of SARS-CoV-2 on the nervous system have been increasingly documented13, 14. Autopsy studies 

have revealed the presence of spike protein not only in cortical tissues and meninges but also in skull 

bone marrow - even in individuals who died from non-COVID-19-related causes - suggesting long-

term persistence of viral proteins in reservoirs that can bidirectionally communicate with the brain 

through recently discovered osseous microchannels15, 16. This chronic presence could act as a 
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persistent trigger for neuroinflammation and potentially contribute to autoimmune mechanisms im-
plicated in PCS. 

Given the high degree of sequence homology between SARS-CoV-2 and other neurotropic coro-

naviruses such as SARS-CoV-1 and MERS-CoV17, 18, there is a pressing need to clarify the extent and 

consequences of direct CNS infection. Understanding the role of viral persistence in sustaining in-

flammatory cascades and neuroimmune dysregulation may be critical to explaining long-term neu-
rological sequelae in PCS. 

2.2. Glial Reactivity 

Microglia and astrocytes play central roles in the neuroinflammatory processes underlying PCS. 

Both glial cell types adopt reactive phenotypes in response to viral infection, systemic inflammation, 

or neural injury, thereby sustaining a pro-inflammatory environment and impairing neural func-

tion12. Microglia, the brain’s resident immune cells, become chronically activated in PCS due to pro-

longed exposure to cytokines such as interleukin-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α) 

or to residual viral components19. In this activated state, they release neurotoxic mediators, disrupt 

glutamate homeostasis, and may eliminate functional synapses via complement-mediated pruning—

mechanisms thought to contribute to cognitive deficits and affective symptoms14, 20, 21. 

Importantly, neuroimaging and post-mortem studies suggest that this activation is not limited 
to phenotypic change but may also reflect increased glial cell density. In vivo PET imaging using 

TSPO ligands has revealed elevated binding in PCS patients, particularly in the anterior cingulate, 

striatum, and thalamus, a pattern interpreted as reflecting increased glial density based on recent 

post-mortem validation studies6, 22. Supporting this, SARS-CoV-2-infected non-human primates ex-

hibit microglial proliferation and clustering in the olfactory cortex and limbic areas19, while human 
autopsy studies have identified persistent Iba1⁺ and CD68⁺ cell aggregates near spike protein reser-

voirs in the meninges and cortex15. These findings converge on the interpretation that microglial 

abundance is increased in PCS, potentially sustaining chronic inflammation. 

Astrocytes are also key immunocompetent glial cells and represent direct cellular targets of 

SARS-CoV-2. Viral entry - facilitated by ACE2 and cofactors such as neuropilin-1 - disrupts astrocytic 

metabolic homeostasis, impairs neuronal support, and promotes pro-inflammatory cytokine release23, 

24. These changes are particularly deleterious in brain regions linked to memory, interoception, fa-

tigue, and olfaction24. Moreover, astrocytes, which contribute to the structural and functional integ-

rity of the BBB, can adopt neurotoxic A1-like phenotypes when exposed to microglial cytokines24-26. 

Such reactive astrocytes may further compromise BBB integrity and amplify inflammation. Astro-

cytic activation has also been observed via PET imaging using MAO-B ligands, which show increased 

signal in PCS patients - potentially reflecting a regional expansion of reactive astrocytes. 

The reciprocal crosstalk between activated microglia and astrocytes forms a self-sustaining in-

flammatory loop that destabilizes local neural circuits and may underlie the relapsing-remitting 

symptom profile observed in PCS27, 28. In sum, glial activation—amplified by both direct viral tropism 

and persistent immune signaling - represents a central mechanistic contributor to ongoing brain dys-

function. Targeting glial reactivity and neuron-glia–immune interactions may offer promising thera-

peutic avenues to interrupt this maladaptive cascade. 

2.3. Blood Brain Barrier and Blood-CSF Barrier 

Persistent BBB dysfunction is also a feature of neuroinflammation in PCS. Systemic inflamma-
tion and endothelial injury during acute infection can compromise BBB integrity, allowing peripheral 

cytokines and immune cells to access the CNS28. Dynamic contrast-enhanced MRI has revealed sus-

tained BBB permeability in PCS patients, especially those with cognitive symptoms, and elevated 

serum markers such as GFAP and S100β support ongoing barrier disruption29. SARS-CoV-2 spike 

protein may further exacerbate endothelial inflammation, reinforcing a cycle of vascular injury and 
immune infiltration30. Autopsy and animal studies confirm associated cerebrovascular pathology, in-

cluding fibrinogen leakage and endothelial loss31, 32. 

In parallel, the choroid plexus - critical for CSF regulation and a pivotal hub commanding brain-

body communication during inflammation33 - also shows immune activation post-COVID34. Inflam-

matory signaling in this context can promote cytokine and immune cell trafficking into the brain, 

thereby amplifying neuroinflammation35. Together, BBB and choroid plexus dysfunction creates a 
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conduit for chronic peripheral-to-central immune signaling, contributing to ongoing glial activation, 
neuronal damage, and cognitive impairment in PCS. 

2.4. Meningeal Immunity and Skull Bone Marrow 

The meninges and adjacent skull bone marrow form an active immunological interface capable 

of sustaining neuroinflammation16. In PCS, recent studies have shown persistent SARS-CoV-2 spike 

protein in the skull–meninges–brain axis months after infection15. Using tissue clearing and 3D imag-

ing, viral antigens were detected in skull marrow, meningeal layers, and even perivascular spaces of 

the cortex—often co-localized with Iba1⁺ immune cells and near NeuN⁺ neurons15. These findings 

suggest that viral remnants may persist in peripheral immune niches, serving as a chronic stimulus 

for neuroimmune activation. 

The skull bone marrow connects directly to the meninges via microscopic vascular channels, 

through which it supplies monocytes, neutrophils, and B cells16, 36. In PCS, this pathway may allow 

sustained immune cell trafficking into the CNS, driven by ongoing antigenic stimulation. Spike per-

sistence has been linked to elevated CSF levels of tau, neurofilament light, and GFAP, indicating 

ongoing neuronal and glial injury15. Meningeal immune cells - including macrophages, dendritic 

cells, and mast cells - likely remain in a pro-inflammatory state, releasing cytokines that can diffuse 

into CSF and brain parenchyma. This may contribute to cortical dysfunction and symptoms, includ-
ing cognitive slowing, sensory hypersensitivity, and headaches. 

2.5. Autoimmunity 

Autoimmunity is increasingly recognized as a potential mechanism contributing to sustained 

neuroinflammation in PCS2. SARS-CoV-2 infection can trigger autoimmune responses through mo-

lecular mimicry, whereby viral proteins share structural similarities with host antigens, leading to 

the immune system’s misrecognition and subsequent attack on host tissues37. Elevated levels of au-

toantibodies targeting neural and vascular tissues have been observed in PCS patients, potentially 

mediating ongoing inflammatory and neurological damage38, 39, as well as autonomic instability when 

autoantibodies target vasoregulatory and autonomic nervous system (ANS) receptors40. These auto-

immune responses may exacerbate existing neuroinflammation, further impairing neurological func-

tion and contribute to chronic symptomatology. Identifying specific autoantibodies and understand-

ing their pathogenic roles could facilitate the development of targeted therapeutic strategies, such as 

immunosuppressive or immunomodulatory treatments, aimed at mitigating autoimmune-driven 

neuroinflammation and improving patient outcomes in PCS. 

2.6. Reactivation of Endogenous Retroviruses and Latent Viral Elements 

PCS is increasingly recognized as a condition of sustained immune dysregulation, and growing 

evidence suggests that this immune imbalance may lead to the reactivation of endogenous human 

retroviruses (HERVs) and latent neurotropic viruses41, 42. These reactivated viral elements may act 

as chronic immune stimuli, further propagating neuroinflammation and symptom persistence. 

HERVs, particularly the HERV-W and HERV-K families, are normally silenced by epigenetic mech-

anisms but can be re-expressed under inflammatory or oxidative stress conditions43. SARS-CoV-2 

infection - through its associated cytokine surge, mitochondrial dysfunction, and histone modifica-

tion pathways - can derepress these elements. Reactivated HERV-W ENV protein44 has been shown 

to activate microglia via TLR4, increase pro-inflammatory cytokine production, and induce as-

troglial dysfunction, contributing to synaptic destabilization and white matter pathology45-47. This 

mechanism is implicated in both multiple sclerosis and myalgic encephalomyelitis, and early data 

suggest similar patterns in PCS48. 

In parallel, reactivation of latent viruses such as Epstein-Barr virus (EBV) and human herpes-

virus 6 (HHV-6) has been reported in individuals with PCS49. These viruses can persist in CNS-sup-

porting cells such as microglia, astrocytes, and oligodendrocytes, and their reactivation may con-

tribute to episodic flares of inflammation, BBB compromise, and cognitive or affective symptoms48. 

EBV, in particular, has been associated with elevated B cell activation, autoimmune responses, and 

glial reactivity - features also seen in PCS. These viral reactivations are not merely epiphenomena but 

may represent active drivers of chronic CNS immune activation, creating a self-sustaining loop be-

tween peripheral immune dysfunction, glial sensitization, and neural network instability. 
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Understanding these mechanisms offers a compelling rationale for targeted antiviral or immuno-

modulatory interventions in select PCS subgroups. 

2.7. Neurovascular Unit and Oxygen Metabolism 

The neurovascular unit (NVU) - comprising neurons, glial cells, endothelial cells, pericytes, and 

the extracellular matrix - is critical for maintaining cerebral homeostasis, including oxygen delivery 

and metabolic support to the brain50. In PCS, emerging evidence suggests substantial disruption of 

the NVU, contributing significantly to persistent neuroinflammation and neurological dysfunction. 

SARS-CoV-2 infection induces endothelial injury and is accompanied by the formation of fibrin-am-

yloid microclots51, resulting in impaired cerebral blood flow regulation, microvascular dysfunction, 

and diminished oxygen delivery to neural tissues52, 53. Chronic hypo and delayed perfusion and as-

sociated hypoxic conditions within the brain may exacerbate neuronal injury and glial activation, 

perpetuating a cycle of inflammation and neurodegeneration54, 55. Moreover, impaired oxygen metab-

olism and NVU dysfunction are evidenced by elevated markers of endothelial damage and metabolic 

stress56, 57. Persistent endothelial inflammation further compromises the integrity of the BBB, facilitat-

ing inflammatory mediator infiltration, thus intensifying neuroimmune interactions29, 58. 

2.8. Vagus Nerve Pathway 

The vagus nerve, a core component of the parasympathetic nervous system, regulates inflam-

mation via the cholinergic anti-inflammatory pathway59, 60. In PCS, impaired vagal function due to 

SARS-CoV-2-induced systemic inflammation could, therefore, contribute significantly to sustained 

neuroinflammation, glial activation, and related symptoms, including cognitive dysfunction, fatigue, 

mood disorders, and autonomic imbalance61, 62. Beyond its anti-inflammatory efferent signals, vagal 

afferent pathways transmit peripheral inflammatory signals directly to brain regions involved in im-

mune regulation, emotional processing, and autonomic control63, 64. Persistent inflammation in PCS 

could chronically activate these afferent pathways, forming a feedback loop that perpetuates neu-

roinflammation, amplifying symptom severity in PCS patients. 

2.9. Mast Cell Activation and the Histamine System 

Mast cells, strategically positioned at immunological interfaces such as mucosal surfaces and the 

BBB, have emerged as potential drivers of chronic neuroinflammation in PCS65. Increasing clinical 

and molecular evidence suggests persistent mast cell activation in PCS, with significant symptom 

overlap with mast cell activation syndrome (MCAS), including fatigue, brain fog, headaches, and 

dysautonomia66, 67. Upon activation, mast cells release histamine along with cytokines, chemokines, 

and proteases - potent mediators of neuroimmune signaling68. Elevated histamine levels may increase 

BBB permeability (including increased permeability of endothelial cells to viral particles69), promot-

ing immune cell infiltration and glial activation65, 68. The histamine H4 receptor (H4R), enriched on 

mast cells, dendritic cells, eosinophils, and microglia, amplifies cytokine release and leukocyte re-

cruitment in inflamed tissues70. In PCS, sustained H4R activation may perpetuate neuroinflammation 

by promoting microglial reactivity and inflammatory signaling within the brain. 

Notably, recent studies have identified the histamine H1 receptor (HRH1) as a potential alterna-

tive receptor for SARS-CoV-2, capable of binding the viral spike protein and facilitating viral entry 

independently of ACE271. HRH1 also appears to enhance ACE2-mediated infection by promoting co-

localization of viral and host entry factors. HRH1 is highly expressed in the brain72. These findings 

suggest that histaminergic pathways may not only modulate immune responses but also participate 

directly in viral pathogenesis, potentially amplifying neuroinflammation and tissue injury in PCS. 

Beyond immune functions, histamine also plays key roles as a central neuromodulator, influ-

encing cognition, sleep-wake regulation, mood, and autonomic control72, 73. Dysregulated histaminer-

gic signaling, likely driven by chronic mast cell activity, can disrupt the balance of other neurotrans-

mitter systems, including serotonin, dopamine, and norepinephrine74. As histamine dysregulation 

affects both emotional and cognitive functions, it might exacerbate symptoms associated with neu-

roinflammation and undermine overall neural stability, leading to a compounded burden on affected 

individuals. Supporting this notion, emerging evidence suggests that antihistamines may alleviate 

symptoms of PCS, particularly those associated with mast cell activation and histamine dysregula-

tion75. 
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3. Biomarker Evidence 

3.1. Neuroimaging Biomarkers 

Although no single neuroimaging biomarker can yet definitively capture neuroinflammation 

specifically, converging evidence from multiple modalities supports the presence of persistent, low-

grade brain inflammation in PCS. Positron Emission Tomography (PET) using second-generation 

TSPO tracers (e.g., [¹⁸F]FEPPA, [¹¹C]PBR28) has revealed widespread glial reactivity in PCS patients, 
particularly in the anterior cingulate, striatum, thalamus, and basal ganglia6, 76. These signals correlate 

with cognitive and neuropsychiatric symptoms, including psychomotor slowing, anhedonia, and 

memory impairment, positioning PET-derived neuroinflammatory markers as promising tools for 

future clinical stratification77. Based on the recent understanding of the 18 kDa translocator protein 

(TSPO) expression in human post-mortem studies22, 78, these studies may provide evidence of in-
creased glia/immune cell density in patients with PCS. Similarly, elevated astrocyte activity has spe-

cifically been observed via MAO-B PET ligands (e.g., [¹¹C]SL25.1188)79. However, in this case, the 

links between PET and symptoms seem negative, hinting that increased astrocyte reactivity, as as-

sessed by MAO-B binding might somehow be protective. 

MRI-based methods offer complementary insights into neurovascular dysfunction. Dynamic 

contrast-enhanced MRI (DCE-MRI) has demonstrated BBB disruption in patients with “brain fog,” 

with increased permeability in frontal and temporal regions correlating with symptom severity and 

gray matter atrophy29. Reductions in glymphatic clearance, as measured by diffusion tensor imaging 

along perivascular spaces (DTI-ALPS) have similarly been reported80. 

Magnetic Resonance Spectroscopy (MRS) studies further reveal decreased N-acetylaspartate 

(NAA), decreased glutamate/glutamine (Glx), and increased choline levels - indicative of neuronal 

dysfunction and possibly inflammatory responses - associated with poorer cognitive and physical 

performance81-83. Notably, one recent study using magnetic resonance spectroscopic imaging ther-

mometry has shown increased brain temperature - particularly in the left olfactory tubercle - follow-

ing mild COVID-19 infection, supporting the presence of subtle neuroinflammatory changes84. 

Advanced diffusion MRI studies indicate widespread microstructural and network-level dis-

ruptions. Diffusion imaging consistently shows increased extracellular water and reduced neurite 

density in limbic, striatal, and frontoparietal regions, suggestive of inflammatory edema and axonal 

injury85-88. Finally, recent structural neuroimaging studies have identified enlargement of the choroid 

plexus in individuals with PCS, suggesting a potential role in ongoing neuroinflammatory pro-

cesses34, 35. Together, these modalities reveal the presence of distributed, yet subtle, neuroinflamma-

tory processes in PCS, supporting the notion of a persistent, low-grade brain immune response with 

clinically meaningful consequences. 

While neuroimaging studies provide converging support for ongoing brain inflammation in 

PCS, limitations remain. TSPO-PET tracers, while widely used, lack cell-type specificity and may not 

distinguish microglial activation from other glial or endothelial responses22, 78. Furthermore, varia-

tions in binding affinity across TSPO genotypes complicate group comparisons. Similarly, advanced 

MRI methods such as ALPS, free-water imaging, and MRS lack standardized protocols, and sample 

sizes remain small in many studies. Harmonized acquisition protocols and multicenter replication 

are essential to validate these neuroimaging biomarkers for clinical translation. Notably, not all stud-

ies have detected evidence of neuroinflammation in PCS. Some cohorts show minimal changes in 
TSPO-PET or MRS indices, and findings often vary by clinical phenotype or time since infection77, 80, 

88, 89. This heterogeneity underscores the need for phenotypically stratified analyses, larger sample 

sizes, and careful matching for confounders such as age, sex, baseline psychiatric risk, and severity 

of acute illness. 

3.2. Soluble Biomarkers 

Analyses of soluble biomarkers provide additional evidence implicating inflammation—includ-

ing within the central nervous system— in the pathophysiology of PCS. Indeed, studies have shown 

elevated levels of interferon (IFN)-γ, IFN-β, C-X-C motif chemokine ligand 9 (CXCL9), and CXCL10 

in the serum of PCS patients90, 91. Similarly, a review revealed patients with PCS can be differentiated 

from asymptomatic controls with high accuracy based on cytokine levels, including IFN-β, pentraxin 

3 - PTX3, IFN-β, IFN-γ, IFN-λ2/3, interleukin-6 - IL-6, CXCL9, CXCL10, IL-5, IL-8, IL-9, IL-12, IL-13, 
IL-33, and tumor necrosis factor-alpha (TNF-α)92. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 June 2025 doi:10.20944/preprints202506.1469.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1469.v1
http://creativecommons.org/licenses/by/4.0/


7 of 6 

These results were confirmed by a recent meta-analysis exploring individual levels of 58 cyto-
kines and chemokines93. Overall results showed an increase in IL-1β, IL-6, IL-8, TNF-α, CXCL1, 

CXCL10, and chemokine (C-C motif) ligand 3 in patients with PCS when compared to controls. In-

terestingly, the authors also found the presence of higher levels of vascular mediators, including vas-

cular endothelial growth factor (VEGF), vascular cell adhesion protein-1 (VCAM-1), and epidermal 

growth factor (EGF) in these patients. These alterations in the vascular environment might be a con-
sequence of the increased inflammation and can lead to the promotion of cell adhesion and pro-co-

agulation, further contributing to neuroinflammatory processes. This idea is supported by one recent 

study identifying positive links between peripheral concentrations of many of these vascular factors 

(including fibrinogen, α2-macroglobulin, orosomucoid (alpha-1-acid glycoprotein or AGP), fetuin-A, 

sL-selectin (soluble leukocyte selectin, or sCD62L), pentraxin-2 (serum amyloid P component, or 
SAP) and haptoglobin) and increased TSPO binding in the brain of patients6. 

Additionally, markers indicating glial activation, such as glial fibrillary acidic protein (GFAP) 

and soluble triggering receptor expressed on myeloid cells 2 (sTREM2), are frequently elevated in 

PCS patients, reflecting glial cell involvement in sustained inflammatory processes89, 94, 95. In particu-

lar, the higher levels of GFAP detected in these patients provide further support for the hypothesis 

suggesting the intricate involvement of the CNS in the pathophysiology of the syndrome94. Of inter-

est, these findings are in line with previous research that has also observed increased GFAP levels in 

PCS patients, without a concurrent increase in other neural injury biomarkers, therefore reinforcing 

the notion that GFAP may serve as a possible indicator of CNS involvement in the context of PCS96. 

Furthermore, significant associations between elevated GFAP levels and cognitive decline have been 

reported in these patients97. Considering the above, it is possible to conclude that identifying and 

validating these biomarkers is essential for diagnosing and monitoring disease progression, as well 

as for therapeutic response in PCS patients. 

4. Neuroinflammation, Brain Dysfunction, and the Non-linear Relapse-Remitting Time-Course 

of Symptoms: A Speculative Biologically Grounded Mechanistic Model 

In this section, we propose a speculative yet biologically grounded framework that aims to guide 

hypothesis-driven investigation of how neuroinflammation may contribute to the fluctuating and 

heterogeneous symptoms of PCS. While empirical evidence continues to accumulate, the mecha-

nisms linking immune dysregulation to persistent cognitive, affective, and neurological disturbances 

remain incompletely understood98, 99. Here, we synthesize findings across molecular, cellular, and 

systems neuroscience to outline a speculative model that may guide future research. 

Chronic low-grade neuroinflammation is increasingly implicated in PCS and may underpin 

symptom persistence and non-linear progression. Clinical reports often describe a relapsing-remit-

ting course, with episodes of apparent improvement punctuated by flares following infection, stress, 

exertion, or disrupted sleep. We hypothesize that such flares reflect transient reactivations of systemic 

or neuroinflammatory cascades, which destabilize already vulnerable neural circuits - particularly 

those with altered excitatory–inhibitory (E/I) balance and constrained metabolic resilience. Repeated 

episodes may entrench maladaptive brain states, increasing the likelihood of chronicity. 

At the molecular level, elevated levels of pro-inflammatory cytokines - especially IL-6, IL-1β, 

and TNF-α - interact with microglia and astrocytes to drive neuroimmune activation98-100. These pro-

cesses perturb neuromodulatory systems, including glutamate, GABA, dopamine, serotonin, and his-

tamine, thereby disrupting neurotransmission and plasticity101. The resulting imbalance may impair 

synaptic remodeling, dendritic stability, and long-term potentiation - processes essential for adaptive 

cognitive and emotional function. 

A critical, though often overlooked, downstream effect of this neuroimmune environment may 

be the induction of “local sleep”: a phenomenon in which small populations of cortical neurons enter 

a sleep-like, silent state during wakefulness102, 103. This has been observed in response to metabolic 

stress and adenosine accumulation - both of which are potentiated by inflammatory cytokines103, 104. 

In PCS, such local sleep intrusions may occur preferentially in high-demand regions involved in at-

tention, working memory, interoception, and emotional regulation, giving rise to “brain fog,” atten-

tional lapses, and slowed thought. Moreover, these local offline states may impair neural replay and 

memory reconsolidation, a neuroplastic process that updates stored memories upon retrieval105. If 
task-relevant neuronal ensembles are intermittently silenced or inhibited by inflammation, this may 

result in the persistence of outdated or emotionally dysregulated memories - contributing to anxiety, 
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emotional lability, and distorted self-perception. Over time, local disruptions may propagate to large-

scale neural networks, particularly those involving the medial prefrontal cortex, anterior cingulate 

cortex, insula, and the default mode network106, 107. These regions are integral to integrating sensory, 

cognitive, and emotional signals108. Their disconnection - possibly exacerbated by altered glial-neu-

ronal coupling and neurotransmitter imbalance - may explain the complex symptom constellation 

seen in PCS, including chronic fatigue, anhedonia, dissociative experiences, and affective instabil-
ity109. 

Each flare-up might weaken network coherence further, lowering the threshold for subsequent 

exacerbations. Through recurrent inflammation, cumulative adenosine burden, and impaired recon-

solidation, a self-reinforcing loop may emerge in which recovery becomes increasingly difficult - 

pushing the brain toward a state of sustained dysfunction. This model remains speculative but inte-
grates converging findings from basic and clinical research to generate testable hypotheses, which 

we discuss below in turn. 

5. Therapeutic Implications and Opportunities for Drug Development/Repurposing 

Given the central role of chronic neuroinflammation in PCS, targeted strategies to modulate im-

mune pathways offer promising avenues for symptom relief and functional recovery. While general 

immunosuppressants - such as corticosteroids, IL-6 inhibitors, and JAK-STAT pathway blockers - are 
used in selected cases, emerging mechanistic insights point toward more precise interventions110. 

Persistent viral antigens in immune-privileged sites such as the meninges and skull bone mar-

row may drive ongoing inflammation. Approaches under investigation include antiviral agents111, 112, 

immunotherapies aimed at viral clearance113, and techniques to enhance meningeal lymphatic drain-

age to promote immune clearance from the CNS114. The skull–marrow–meninges axis, in particular, 
represents a novel therapeutic target in post-infectious neuroinflammation114. Stabilizing the BBB and 

protecting the NVU are also promising strategies. Endothelial-protective therapies (i.e., defibotide), 

antioxidants (i.e., flavonoids), and agents that restore tight junction integrity could reduce peripheral 

immune cell infiltration and mitigate neurovascular inflammation28, 53. Astrocyte modulators such as 

MAO-B inhibitors (e.g., selegiline)115, fingolimod116, ibudilast117, and palmitoylethanolamide (PEA)118 

may reduce glial reactivity and cytokine release while preserving synaptic function. Targeting as-

troglial dysfunction offers a direct way to counteract central neuroinflammation and excitotoxicity. 

Given growing evidence implicating mast cells and histamine dysregulation, interventions like 

H1/H2 blockers, mast cell stabilizers (e.g., cromolyn119, ketotifen120), and selective H3/H4 receptor an-

tagonists hold promise121. Notably, H4R antagonists reduce microglial activation and neuroinflam-

mation in preclinical models and merit exploration in PCS-specific trials122. 

Non-pharmacological neuromodulatory strategies, particularly vagal nerve stimulation 

(VNS), have shown the potential to dampen systemic and central immune responses via the cholin-

ergic anti-inflammatory reflex123, 124. VNS has a strong safety profile and may be especially useful in 

reducing the frequency and severity of PCS flares124. These approaches are most effective when inte-

grated into multidisciplinary rehabilitation programs that combine physical therapy, cognitive-be-

havioral interventions, autonomic regulation, and lifestyle adjustments. Tailoring such programs to 

the biology of neuroinflammation and the fluctuating symptom profile of PCS can help restore cog-

nitive function, support memory reconsolidation, and alleviate fatigue. 

6. Outstanding Questions and Directions for Further Research 

Despite recent efforts, several outstanding questions remain concerning the role of neuroinflam-

mation in PCS, requiring focused, multidisciplinary research. Our proposed mechanistic model - 

linking chronic inflammation to local sleep intrusions, reconsolidation impairments, adenosine 

dysregulation, and cyclical symptom flares - highlights novel and largely unexplored domains that 

deserve urgent attention. These additions complement established research directions and collec-
tively form a comprehensive roadmap for advancing the field. Key areas include elucidating the spe-

cific neuroimmune pathways activated during persistent inflammation, particularly those that influ-

ence regional brain activity and contribute to phenomena such as local sleep. Although cytokines 

such as IL-1β and TNF-α are known to modulate sleep pressure and adenosine signaling, how they 

trigger focal, sleep-like silencing of cortical microcircuits during wakefulness remains unclear. 

Targeted neurophysiological and imaging studies could help characterize this phenomenon in PCS 

and establish its relevance to cognitive dysfunction. 
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The influence of initial COVID-19 disease severity on long-term neuroinflammatory profiles 

is another area warranting clarification. Stratified, longitudinal biomarker and imaging studies are 

needed to determine whether more severe acute illness leads to greater chronic neuroimmune acti-

vation and a higher risk of PCS6. Moreover, the temporal dynamics of inflammation - from acute 

infection through long-term recovery - are still not well-defined. A better understanding of the time 

course of cytokine and glial responses, along with their interaction with metabolic stress and neuro-

modulatory tone, could identify windows of vulnerability where intervention may be most effec-

tive125. Genetic and epigenetic contributions to individual susceptibility remain underexplored. In-

vestigating whether certain host factors increase the likelihood of persistent neuroinflammation 

could help explain the heterogeneity in PCS presentations126. These efforts will benefit from large-

scale genomic and epigenomic datasets linked to longitudinal phenotyping. Identifying reliable neu-

roinflammatory biomarkers that predict long-term neurological and psychiatric symptoms, and 

mapping them onto distinct symptom clusters using advanced neuroimaging, remains an essential 

priority to refine diagnosis and personalize care. 

Therapeutically, there is a critical need for clinical trials evaluating immunomodulatory inter-

ventions, especially those targeting microglial and astrocytic activation in vulnerable cortical re-

gions. These trials should also consider agents that modulate adenosine signaling or support meta-

bolic resilience, as these may mitigate the emergence of local sleep intrusions and restore circuit 

stability. In parallel, more research is needed to understand how flare cycles - defined by transient 

worsening of symptoms - are biologically triggered and whether they reflect surges in neuroinflam-

matory or purinergic activity104. Time-resolved biomarkers, wearable sensors, and digital phenotyp-

ing may be useful tools for detecting these flare states in real-time. Furthermore, evaluating rehabil-

itation strategies tailored to neuroinflammatory symptoms remains vital. Interventions that take 

into account the fluctuating nature of PCS symptoms - linked to dynamic changes in brain state - 

could improve recovery and reduce relapses. Cognitive and behavioral therapies should be tested for 

their capacity to enhance reconsolidation, restore attentional control, and regulate interoceptive 

awareness127. 

Ultimately, the development of integrated, multidisciplinary care models bringing together 

neurology, psychiatry, immunology, sleep medicine, and rehabilitation sciences will be essential to 

optimizing patient outcomes. These models must be informed by evolving mechanistic insights and 

grounded in personalized, adaptive care approaches128. 

 

Figure 1. Microscopic evidence supports multiple mechanisms of CNS involvement in post-COVID-19 syn-

drome (PCS). SARS-CoV-2 can invade the brain via olfactory pathways, with viral proteins (spike, nucleocapsid) 

detected in neurons (a) and glial cells. Markers of viral replication (dsRNA) have been observed in both in vitro 

and in vivo models. COVID-19 also induces microglial proliferation and activation, particularly in the olfactory 

cortex (b). Elevated peripheral cytokines may disrupt the BBB, as shown by astrocytic markers in the neurovas-

cular unit (c), increasing vulnerability to neuroinflammation. Micrographs are from a non-human primate model 

developed at the California National Primate Research Center19. We note that similar evidene of glial reactivity 

exist in humans but the detection of direct invasion of human brain tissue might be challenging mostly because 

the postmortem brain interval is often too long for keeping viral proteins viable for detection9, 10. 
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Figure 2. Multilevel pathways of neuroinflammation in post-COVID-19 syndrome (PCS). This schematic il-

lustrates the key anatomical and cellular routes likely contributing to neuroinflammation in PCS. The left panels 

show how peripheral immune activation—including vagus nerve signaling and cytokine release—impacts brain 

structures such as the choroid plexus and meninges. The top-left inset highlights immune traffic through skull–

meninges channels. The central panel emphasizes the role of blood–brain and blood–CSF barrier dysfunction, 

enabling immune cell infiltration, cytokine diffusion, and autoantibody entry into the CNS. Right panels illus-

trate microglial and astrocyte activation, neuronal degeneration, and the transition from healthy to diseased 

states (orange to grey). Together, these mechanisms converge to sustain a chronic pro-inflammatory environ-

ment in the brain. 

 

Figure 3. A dynamic multiscale model of neuroinflammation and symptom exacerbation in PCS. This con-

ceptual model proposes how systemic triggers (e.g., infection, exertion, stress, sleep disruption) reactivate neu-

roinflammatory cascades in vulnerable individuals. Pro-inflammatory cytokines (e.g., IL-1β, TNF-α) and glial 

activation contribute to local neuronal silencing (offline activity) during wakefulness, which disrupts replay and 
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memory reconsolidation processes. These localized disturbances impair global functional connectivity across 

brain networks, ultimately manifesting as fluctuating neuropsychiatric symptoms, including cognitive lapses, 

emotional dysregulation, and fatigue. The model highlights recursive interactions between inflammation, brain 

network instability, and symptom re-emergence in PCS. 

Table 1. Ten outstanding questions on neuroinflammation in PCS and suggested research approaches. 

Outstanding Questions on  

Neuroinflammation in PCS 

Suggested Research  

Approaches 

1. What specific neuroimmune pathways are activated during persistent neuroin-

flammation in post-COVID-19 syndrome, and do they induce local sleep in cortical 

microcircuits? 

Multi-omics analyses; animal models; EEG-fMRI studies of 

local sleep under inflammation 

2. How do neuroinflammatory profiles differ based on initial COVID-19 severity? 
Stratified longitudinal studies using biomarkers and 

neuroimaging 

3. What is the progression and resolution timeline of neuroinflammatory markers 

post-infection, and how does this relate to symptom fluctuation and flare cycles? 

Longitudinal observational cohorts with time-resolved 

biomarker sampling and digital phenotyping 

4. Which neuroinflammatory biomarkers predict persistent neurological and cog-

nitive symptoms, including those linked to reconsolidation failure or fatigue? 
Prospective cohort studies and biomarker validation trials 

5. Are genetic or epigenetic markers associated with susceptibility to neuroin-

flammation, local sleep phenomena, or reconsolidation impairments in PCS? 

Genome-wide association studies (GWAS); epigenetic 

analyses linked to cognitive profiles 

6. Can neuroimaging reliably differentiate neuroinflammatory paXerns and local 

sleep signatures linked to specific symptom clusters? 

Functional and structural neuroimaging studies (MRI, PET, 

mobile EEG) 

7. Which immunomodulatory therapies most effectively reduce neuroinflamma-

tory markers, support metabolic resilience, and stabilize network function? 

Randomized controlled clinical trials; mechanistically 

informed pharmacological studies 

8. Can targeting glial activation and adenosine signaling reduce sustained neu-

roinflammation and associated cognitive or emotional symptoms? 

Preclinical experiments; clinical trials of astrocyte/microglia 

and purinergic-targeted therapies 

9. Which rehabilitation strategies most effectively support circuit reintegration, 

reconsolidation processes, and resilience to flare cycles? 

Controlled trials of cognitive-behavioral and neuroplasticity-

based rehabilitation approaches 

10. How can integrated multidisciplinary care models dynamically respond to 

fluctuating brain states and optimize long-term recovery in PCS? 

Clinical pathway optimization involving neurology, 

psychiatry, immunology, and rehabilitation 

7. Conclusions 

Post-COVID-19 syndrome (PCS) presents a complex and evolving public health challenge, char-

acterized by persistent neurological, cognitive, and psychiatric symptoms. Growing evidence impli-

cates chronic neuroinflammation as a central driver of these long-term sequelae. Our proposed mul-

tiscale model suggests that sustained immune activation disrupts neurotransmitter balance, impairs 

synaptic and network plasticity, and gives rise to phenomena such as local sleep intrusions, memory 

reconsolidation failure, and episodic symptom flares - offering a novel framework for understanding 

the fluctuating and heterogeneous nature of PCS. Future research must focus on clarifying the inter-

play between inflammation, energy metabolism, and brain network stability. Translating these in-

sights into reliable biomarkers and targeted therapies - particularly those addressing glial activation, 

purinergic signaling, and reconsolidation mechanisms - will be essential. Personalized rehabilitation 

strategies tailored to the dynamic neurobiological state of each patient may also enhance recovery. 

Meeting this challenge will require sustained, cross-disciplinary collaboration among neurologists, 

psychiatrists, immunologists, sleep researchers, and rehabilitation specialists. Only through such in-

tegrated efforts can we advance diagnostic precision, therapeutic innovation, and long-term out-

comes for individuals living with PCS. 
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