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Editorial on the Research Topic 


Viral impact on CNS: mechanisms of immune dysfunction and cognitive decline





Introduction

Recently, the contribution of viruses to neuropathology and cognitive decline has garnered significant interest with viral infection associated, at least in part, with the pathogenesis of dementia, multiple sclerosis and virus-specific cognitive impairment (1–4). Neuropathology can occur during acute, chronic and latent infection and, in some cases, even in the presence of antiviral therapy. However, the precise mechanisms by which specific viruses induce neuropathology and cognitive dysfunction remain unclear. This underscores the need to elucidate the underlying processes in order to develop effective therapeutic strategies. In this Research Topic, we have collated a series of manuscripts that assess the contribution of various viruses including Human Immunodeficiency Virus (HIV), Severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2), and others, to neuroinflammation, neuropathology and cognitive disorders.





Summary of contributions

As mentioned above, the role of viruses in neuroinflammation and neuropathology has gained significant attention in recent years. Contributing to this Research Topic, Li and Wu performed a bibliographic analysis of research publications in the field and found an increasing trend in the number of publications and citations over the last 20 years. Naturally, the contribution of pathogens to neuropathology and/or cognitive disorders varies based on factors such as the viral replication cycle, pathogenesis, host responses, and environmental influences. In this Research Topic, Nisa Awan et al. reviewed current evidence regarding viruses contributing to neuropathology and cognitive disorders. They further described underlying processes and, importantly, current clinical trials and drug treatment studies aimed at limiting the impact of viruses on the brain.

Antiviral signaling and cellular activation in the brain are critical defense mechanisms against viral infection, both within the central nervous system and systemically. Several studies in this Research Topic evaluated cellular activation in the context of HIV, revealing notable changes in both ex vivo brain tissue and cerebrospinal fluid (CSF) from people with HIV (PWH) - a population that continues to experience neuropathology and, in some cases, cognitive disorders despite viral suppression with antiretroviral therapy (5). Chan et al. demonstrated that the frequency of activated CD4+ and CD8+ T cells increased over time in CSF early during primary HIV infection. While the level of CSF CD4+ T cell activation correlated with levels of CSF HIV RNA, levels of CSF CD8+ T cell activation or the frequency of monocyte subsets in CSF did not. Importantly, T cell activation remained elevated in the CSF following ART initiation, indicating a persistent state of cell activation in the CSF. In a separate study, Byrnes et al. (including members of the editorial team) also demonstrated persistent cell activation in frontal cortex tissue from ART-suppressed PWH. Interestingly, levels of microglial activation were associated with both intact and 5’ defective HIV proviral DNA, supporting a relationship between HIV reservoirs in the brain and neuroinflammation. These findings suggest that ongoing immune activation, driven by viral reservoirs, may contribute to continued neuropathology in PWH despite successful systemic viral suppression.

While HIV is known to directly infect microglia and, to a lesser extent, astrocytes and pericytes, infection can impact surrounding cells including neurons, thereby contributing to neuropathology. Alternatively, signals from surrounding cells may exert protective effects that mitigate neuropathology. In a mini-review, Lopez and Brown described the role and impact of secreted phosphoprotein-1 (SPP1) on innate immune activation and inflammation in the brains of PWH through mammalian target of rapamycin (mTORC1/2) signaling and NLRP3 inflammasome activation to respond to neuronal injury, highlighting a potentially protective crosstalk mechanism between microglia and neurons. Therefore, therapeutic strategies that target sources of persistent inflammation, in combination with earlier treatment initiation, are likely to offer significant benefits in reducing HIV-associated neuropathology.

Importantly, factors beyond viral persistence and/or replication in the brain must also be considered when studying the neuroinflammation and neuropathology associated with viral infections. In a model of systemic viral infections, Li et al. demonstrated that intraperitoneal injection of polyriboinosinic: polyribocytidylic acid (poly I:C), a synthetic analog of viral double-stranded RNA, triggered neuroinflammation in rats. This was measured using [18F]DPA-714 positron emission tomography, supporting the role of peripheral immune activation on central neuroinflammatory processes. Additionally, illicit drug use and other modifiable factors may also exacerbate virus-mediated neuroinflammation. Miao et al. reviewed how methamphetamine use contributes to neuronal activation and persistent HIV in virally suppressed PWH.

A major limitation in studying neuroinflammation and neuropathology is the restricted accessibility of the brain, making direct cellular-level assessment extremely challenging. As a result, identifying predictive biomarkers of cognitive disease and pathology is essential. SARS-CoV-2 infection has been shown to induce long-term neurological effects in some individuals with levels of IL-1β in the brain associated with neuropathology and cognitive impairment (6, 7). In a study of individuals with Long COVID or recovered SARS-CoV-2 infection, Elahi et al. identified a positive correlation between levels of Galectin-9 and artemin with measures of cognitive deficit in people with Long-COVID and myalgic encephalomyelitis/chronic fatigue syndrome, suggesting potential clinical utility as prognostic biomarkers.

Models of viral infection of the brain are also essential tools in understanding the fundamental mechanisms of disease. Current approaches include cell coculture systems, organoids, animal models, and, in some cases, ex vivo human organotypic culture; each with distinct advantages and limitations. In a study by Govaerts et al., a mature human pluripotent stem cell (hiPSC)-derived neurospheroid model was used to investigate Varicella-zoster virus infection and antiviral evasion mechanisms. This study demonstrated that these neurospheroids could be infected with VSV and that infection suppressed antiviral signaling, highlighting the model’s potential as a novel platform for studying Vesicular Stomatitis Virus-mediated immune responses.





Concluding remarks

In summary, this Research Topic offers new insights into the role of viruses as key drivers of neuroinflammation, neuropathology and cognitive impairment, helping to inform future therapeutic strategies.
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Introduction

A series of symptoms, including fever, widespread pain, fatigue, and even ageusia, have frequently been reported in the context of various infections, such as COVID-19. Although the pathogenic mechanisms underlying an infection causing fever and pain have been well established, the mechanisms of fatigue induced by infection in specific brain regions remain unclear.





Methods

To elucidate whether and how the peripheral infection cause fatigue via regional neuroinflammation, we performed a brain-wide investigation of neuroinflammation in a peripheral pseudoinfection rat model using [18F]DPA-714 positron emission tomography (PET) imaging analysis, in which the polyriboinosinic: polyribocytidylic acid (poly I:C) was intraperitoneally injected.





Results

Transient fever lasting for several hours and subsequent suppression of spontaneous activity lasting a few days were induced by poly I:C treatment. Significant increase in plasma interleukin (IL)-1β, IL-6 and tumour necrosis factor (TNF)-α were observed at 2 and 4 h following poly I:C treatment. PET imaging analysis revealed that the brain uptake of [18F]DPA-714 was significantly increased in several brain regions one day after poly I:C treatment, such as the dorsal raphe (DR), parvicellular part of red nucleus (RPC), A5 and A7 noradrenergic nucleus, compared with the control group. The accumulation of [18F]DPA-714 in the DR, RPC and A5 was positively correlated with subsequent fatigue-like behavior, and that in the A7 tended to positively correlate with fever.





Discussion

These findings suggest that peripheral infection may trigger regional neuroinflammation, which may cause specific symptoms such as fatigue. A similar mechanism might be involved in COVID-19.
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1 Introduction

Fatigue and other prolonged neuropsychiatric and physical manifestations caused by SARS-CoV-2 infection have received growing attention as the most frequently claimed post-COVID-19 sequelae and are becoming a serious global public health issue. In general, infections induced by various kinds of pathogens or pathogenic organisms are known to be associated with a series of symptoms including fever, widespread pain, and fatigue. The underlying mechanisms for infection-evoked fever and pain have been well investigated. In response to peripheral infection, prostaglandin E2 (PGE2) is produced and increases in the brain parenchyma, which activates PGE receptor 3 (EP3) receptors of thermoregulatory neurons in the preoptic area of the hypothalamus leading to fever (1, 2). Peripheral and central mechanisms, such as upregulation of the transient receptor potential family in afferent sensory neurons evoked by pro-inflammatory mediators have been proposed to be involved in infection-related pain (3, 4). Long-term debilitating fatigue and severe fatigue sensations have also been reported frequently in various infections. In 1985, there was an outbreak of illness characterized by chronic or recurrent debilitating fatigue linked to the Epstein–Barr virus in Nevada in USA. The illness was defined as chronic fatigue syndrome (CFS) by the Centers for Disease Control and Prevention and first described in a publication in 1988 (5). Thereafter, similar symptoms have been frequently reported in some virus infections, including coronavirus disease 2019 (COVID-19). The latest clinical studies in COVID-19 have mentioned that besides respiratory symptoms, fatigue is one of the most common (approximately 50%) typical clinical manifestations related to COVID-19, and might be observed as sequelae (6–8). However, the detailed mechanisms pointing to the involvement of infection in fatigue pathophysiology remain unclear, and conclusive evidence has yet to be demonstrated.

Recently, neuroinflammation has been proposed as a possible mechanism related to the development of fatigue. Neuroinflammation, an immune response in the central nervous system (CNS) whereby glial cells are activated, is known to be involved in a variety of CNS diseases. In a pioneering study, Nakatomi et al. (9) reported that widespread neuroinflammation, particularly in the hippocampus, amygdala, thalamus, and midbrain, correlated with the severity of symptoms in patients with CFS. Although peripheral infection has been reported to trigger inflammatory responses in the brain (10–12), the underlying mechanisms for fatigue involved in neuroinflammation in the specific brain regions remain unclear.

The regional neuroinflammation in the brain could be quantitatively evaluated by positron emission tomography (PET) imaging non-invasively using radiolabeled compounds targeting specific biomarkers of activated glial cells. [18F]DPA-714 (N,N-Diethyl-2-(2-[4-(2-Fluoroethoxy)-Phenyl]-5,7-Dimethyl-Pyrazolo[1,5-a]Pyrimidin-3-yl)-Acetamide) has been developed and widely used for the quantitative assessment of neuroinflammation in diverse central nervous system diseases as a specific radioligand for the translocator protein 18 kDa, a reliable biomarker for activated microglia (13). To investigate whether and how the regional neuroinflammation is involved in peripheral infection induced fatigue-like symptoms, we induced a peripheral pseudoinfection in rats by intraperitoneal injection of polyriboinosinic: polyribocytidylic acid (poly I:C) (14). Using this animal model, we performed brain-wide quantitative evaluation of neuroinflammation using [18F]DPA-714 PET imaging analysis and assessed the correlation between regional neuroinflammation and sickness behaviors, including fatigue.




2 Materials and methods



2.1 Animals and peripheral pseudoinfection generation

Forty-six male Sprague-Dawley rats (6 weeks old) were purchased from Japan SLC (Hamamatsu, Japan). Since data variability has been reported to be greater in the females than in males in rodents PET imaging study, only male rats was used (15). The rats were housed in a temperature- (23 ± 1°C), humidity- (60 ± 5%), and light- (lights on at 8:00 and off at 20:00) controlled environment. A standard laboratory diet and tap water were available ad libitum. For acclimation, rats were housed in the experimental room for at least 1 week before the week-long pre-level measurement of spontaneous activity, and randomly divided into saline- (control) and poly I:C-treated groups. A pseudo-viral infection in rats (8 weeks old) was induced by intraperitoneal injection of poly I:C (GE Healthcare Life Science, Buckinghamshire, UK), a synthetic double-stranded RNA which has been widely used to mimic peripheral viral infections, dissolved in saline at a dose of 10 mg/kg body weight between 10:00 and 11:00 in the morning (14, 16). In the control group, rats were injected with saline at analogous procedure. Body weight was measured in the morning every day from 3 days before to 4 days after the poly I:C injection. The experimental procedures in the present study were approved by the Institutional Animal Care and Use Committee of RIKEN, Kobe Branch, and were performed in accordance with the Guide for the care and use of laboratory animals (NIH publication No. 85-23, revised 2011).




2.2 Measurement of spontaneous activity

To quantitatively evaluate fatigue state, the spontaneous activity of each rat was recorded with an infrared beam sensor (NS-AS01; Neuroscience, Tokyo, Japan) prior to and following a poly I:C injection. The infrared beam sensor was placed 15 cm above the center of each cage, and the activities of rats housed in individual cages were measured. The level of night-time spontaneous activity was normalized by the mean value of the 3 days prior to poly I:C injection. The fatigue of rats was calculated by assessing night-time spontaneous activity, which was added up every 60 min and analyzed in Clock Lab (Neuroscience, Tokyo, Japan). In addition, the spontaneous activity in all rats used in [18F]DPA-714 PET scan was also examined separately throughout the entire experimental period for the correlation analysis.




2.3 Body temperature measurement

Body temperature of rats was monitored using an implantable programmable temperature transponder (IPTT-300, Bio Medic Data Systems, Seaford, USA), which was implanted gently into the subcutaneous tissue between the scapulae of each rat under anesthesia (with a mixture of 1.5% isoflurane and nitrous oxide/oxygen 7:3) with a syringe-like action 7 days before intraperitoneal injection of poly I:C or saline. Temporal changes in the body temperature of the rats were measured wirelessly using an IPTT reader from 0 h (before injection) to 48 h following the poly I:C or saline injection.




2.4 Cytokine analysis

Besides the pre-injection levels (baseline), at 2 h, 4 h, 8 h, 24 h, and 48 h after poly I:C injection, rats were shortly anesthetized with a mixture of 1.5% isoflurane and nitrous oxide/oxygen (7:3), and blood samples were collected from an indwelling catheter in the tail vein implanted just before each sampling. Venous blood was centrifuged at 12,000 rpm for 10 min at 4°C and cytokine levels were measured on the resulting plasma. The cytokines interleukin (IL)-1β, IL-6 and tumour necrosis factor (TNF)-α were simultaneously assessed using the Bio-Plex Pro Rat Cytokines Assay (Bio-Rad Laboratories, California, USA) (17). Since, the level of plasma cytokines remained stable following repeat measurements in satellite control rats (Supplemental Figure), the poly I:C induced temporal changes in plasma cytokines were compared with their own baseline (pre-injection level).




2.5 PET scanning

In the present study, [18F]DPA-714 was synthesized as reported by Sydney group (18). The product was identified and purified using high-performance liquid chromatography on a COSMOSIL C18-AR-II column (10 × 250 mm, Nacalai, Kyoto, Japan). Molar activity ranged from 33 to 160 GBq/µmol. Radiochemical purity analyzed using HPLC exceeded 99%.

All PET scans were performed using a microPET Focus220 (Siemens, Knoxville, USA) designed for small laboratory animals. Both saline- and poly I:C-treated rats were anesthetized with 1.5% isoflurane and nitrous oxide/oxygen (7:3) and placed in a prone position in the PET scanner gantry. During the PET scan, the body temperature was maintained at 37°C using a small animal warmer connected to a thermometer (BWT-100A; Bio Research Center, Nagoya, Japan). A 45-min emission scan was performed immediately after the bolus injection of [18F]DPA-714 (≈75 MBq per animal) via a cannula inserted into the tail vein; the energy window was 400-650 keV and the coincidence time window was 6 ns. Emission data were collected in list mode and sorted into dynamic sonograms (6 × 10 s, 6 × 30 s, 11 × 60 s, and 10 × 180 s, for a total of 33 frames). The acquired data were reconstructed by standard 2D-filtered back projection (FBP) (ramp filter, cutoff frequency at 0.5 cycles per pixel) for quantification, and by a statistical maximum a posteriori probability (MAP) algorithm (12 iterations with point spread function effect) for image registration.




2.6 Image analysis

PET images were co-registered to a magnetic resonance imaging (MRI) template which was placed in a Paxinos and Watson stereotactic space using the PMOD imaging processing software (version 3.6, PMOD Technologies, Zürich, Switzerland). Each FBP image was spatially smoothed using an isotropic Gaussian kernel (0.6-mm full width at half maximum) for enhancement of the statistical power. The radioactivity was normalized with cylinder phantom data and expressed as standardized uptake values (SUVs).

A voxel-based statistical analysis was performed using Statistical Parametric Mapping (SPM) 8 software (Welcome Department of Imaging Neuroscience, London, UK). A two sample t-test was used for estimating the statistical differences between groups. The statistical threshold was set to be P < 0.005 familywise error (FWE) with an extent threshold of 200 contiguous voxels.




2.7 Statistical analysis

All results are expressed as the mean ± SEM. All data were analyzed in SPSS (version 24.0, IBM, Armonk, USA). One-way analysis of variance (ANOVA) with Bonferroni’s multiple-comparison procedure was used to assess changes in body temperature, cytokines, and spontaneous activity prior to and following poly I:C injection. Two-way repeated measures ANOVA with Bonferroni’s multiple-comparison procedure was used to assess differences in body temperature and spontaneous activity between the two groups of rats. Pearson’s test was used for correlation analysis of the accumulation of [18F]DPA-714 in each brain region and fatigue-like behavior. Differences were considered statistically significant at P < 0.05.





3 Results



3.1 Poly I:C-induced symptoms and plasma cytokine elevation

The body weight of poly I:C-treated rats decreased approximately by 10% of the pre-level value the day after poly I:C injection, thereafter recovering gradually. The body temperature of rats in the poly I:C-treated group increased significantly again and reached a peak at 5 h (P < 0.001), following a significant increase as an acute stress response within the first hour after the poly I:C injection (Figure 1A).


[image: Graph A shows body temperature over time after poly I:C injection, comparing poly I:C and control groups. The poly I:C group shows a temperature rise, peaking at seven hours, then decreasing by 24 hours. Graph B displays cytokine levels in three charts, showing peak levels at four to eight hours post-injection with poly I:C in contrast to control. Data indicate significant differences at specific time points.]

Figure 1 | Temporal changes in body temperature and peripheral cytokines following a poly I:C or saline treatment. (A) Subcutaneous body temperature of rats from poly I:C (10 mg/kg) treated group (closed circles, n = 8) and control group (open circles, n = 12) up to 48 h after intraperitoneal injection with poly I:C or saline were plotted. *P < 0.05, **P < 0.01 for poly I:C-treated group, ¶ ¶ P < 0.01 for control group vs. 0 h (before injection). #P < 0.05, ##P < 0.01 vs. control group. (B) Plasma IL-1β, IL-6, and TNF-α were detected at 2 h, 4 h, 8 h, 24 h and 48 h following poly I:C injection, as well as pre-injection (0 h). Each value represents the mean ± SEM, n = 14. *P < 0.05, **P < 0.01 vs. pre-treated level. IL, interleukin; TNF, tumour necrosis factor.



To assess poly I:C-induced peripheral inflammatory responses, temporal changes in plasma cytokines were detected up to 48 h after the poly I:C injection (Figure 1B). Several pro-inflammatory cytokines were significantly elevated at early injection time points, as compared with the pre-level. Two hours after poly I:C injection, cytokines IL-1β (P = 0.019), IL-6 (P = 0.004) and TNF-α (P < 0.001) were significantly elevated. A significant elevation of IL-1β (P = 0.002) and IL-6 (P = 0.006) was observed until 4 h following the poly I:C injection.




3.2 Poly I:C-induced suppression of spontaneous activity

Fatigue can be assessed by changes in voluntary activity, known to be associated with motivation (14). To evaluate fatigue, night-time spontaneous activity in the home cage was investigated in both groups. As shown in Figure 2, the night-time spontaneous activity in the control group remained nearly stable throughout the experiment. However, the night-time spontaneous activity decreased significantly on the first night after the poly I:C injection (post day 1, P < 0.001). On the second night (post day 2), the night-time spontaneous activity sharply recovered to 78 ± 4% (P < 0.001) of its pre-level, and gradually returned to baseline level within 1 week. A significant difference in night-time spontaneous activity between the two groups was observed until day 5 post-injection (P < 0.001).


[image: Line graph showing percentage of spontaneous activity over days after Poly I:C injection. Two lines represent different data sets. Activity drops significantly on day 1, then gradually recovers. Significant differences are marked with asterisks and hash symbols.]

Figure 2 | Dynamics of night-time spontaneous activity induced by poly I:C intraperitoneal injection. The spontaneous activity of each rat from control (open circles, n = 6) and poly I:C-treated (closed circles, n = 6) groups was recorded from 3 days prior to injection, and the percentage of night-time spontaneous activity was normalized by the mean value over the course of the 3 days (-3 to -1). Each value represents the mean ± SEM. *P < 0.05, **P < 0.01 vs. pre-injection level. #P < 0.05, ##P < 0.01 vs. control group.






3.3 Peripheral infection-induced neuroinflammation

In order to confirm whether the peripheral infection would induce neuroinflammation in the brain, a PET scan with [18F]DPA-714 was performed in rats from both groups 1 day after the poly I:C or saline injection. As shown in the representative PET images (Figure 3), [18F]DPA-714 radioactivity was barely observed within the brain in the saline-injected rats, except in the choroid plexus in the cerebral ventricles and some surrounding circumventricular area. However, the radioactivity of [18F]DPA-714 apparently increased throughout the brain regions after the poly I:C injection, especially in the mesencephalon and medulla, as well as in the cerebellum. A voxel-based statistical analysis showed that the accumulation of [18F]DPA-714 significantly increased in the several brain regions following poly I:C injection, including the dorsal raphe (DR), parvicellular part of red nucleus (RPC), central medial thalamic nucleus (CM), parabrachial nucleus (PB), gigantocellular reticular nucleus (Gi), A5, A7, A11 nuclei, and so on (Figure 4 and Table 1).


[image: Four PET scan images showing brain activity in coronal and transverse views. The left images are labeled "Vehicle" and the right as "Poly I:C." Regions of activity are highlighted by varying colors, with a scale indicating SUV from 0.2 (blue) to 1.8 (red).]

Figure 3 | Representative [18F]DPA-714 PET images co-registered with an MRI template in the saline- and poly I:C-treated rats. The coronal and transverse views of representative PET images were shown. PET scan with [18F]DPA-714 was performed in rats from both groups at 24 h after poly I:C or vehicle (saline) injection. PET images were reconstructed with a MAP algorithm and summed from 5 to 45 min following a [18F]DPA-714 bolus injection. MAP, statistical maximum a posteriori probability.




[image: MRI brain scans display highlighted regions indicating varying T values. Key areas are labeled, including VM, A11, MG, RPC, DR, mRT, IC/Cb, A7, PB, A5, Gi, and sol. A color scale below ranges from 9.2 to 12.0, representing T values.]

Figure 4 | Significant increment of regional neuroinflammation following peripheral pseudoinfection. Images were obtained by voxel-based statistical comparison of [18F]DPA-714 accumulation in entire brain regions between vehicle (saline) (n = 8) and poly I:C (n = 8) injected rats and co-registered with an MRI template. The T value of 9.14 was used as the threshold corresponding to the P < 0.005 FWE threshold. The right side of images corresponds to the right hemisphere. A5, A5 noradrenergic nucleus; A7, A7 noradrenergic nucleus; A11, A11 region; DR, dorsal raphe nucleus; Gi, gigantocellular reticular nucleus; IC/Cb, inferior colliculus/cerebellum; mRT, mesencephalic reticular formation; MG, medial geniculate nucleus; PB, parabrachial nucleus; RPC, parvicellular part of red nucleus; sol, nucleus tractus solitarius; VM, ventromedial thalamic nucleus.





Table 1 | Brain regions of significantly increased [18F]DPA-714 accumulation following peripheral pseudo infection.

[image: Table listing brain regions with laterality, T values, and volume in cubic millimeters. Brain regions include ventromedial thalamic nucleus, A11 dopaminergic nucleus, red nucleus, and others. T values range from 9.29 to 13.34, while volumes vary from 0.16 to 29.58 cubic millimeters. The analysis is based on vehicle versus Poly I:C with specified statistical thresholds.]



3.4 Correlation between regional neuroinflammation and fatigue-like behavior

Finally, to assess whether and how those regional neuroinflammations cause peripheral infection-induced symptoms, we analyzed the correlation between the [18F]DPA-714 accumulation in all the brain regions showing significant increment and the fever or fatigue-like behavior. The correlation analysis revealed that the [18F]DPA-714 accumulation in the DR, RPC and A5 positively correlated with the persistent fatigue severity defined by decrease in spontaneous activity from day 2 to day 5 following the poly I:C injection (Figures 5A–C). Moreover, a tendency towards a positive correlation of the [18F]DPA-714 accumulation with body temperature was observed in the A7 noradrenergic nucleus (Figure 5D).


[image: Four scatter plots labeled A, B, C, and D show relationships between variables. Plot A shows RPC with a correlation of r=0.711 and P=0.048. Plot B shows DR with r=0.729 and P=0.040. Plot C shows A5 with r=0.774 and P=0.024. Plot D shows A7, correlating body temperature to SUV, with r=0.679 and P=0.064. Each plot depicts a positive trend line with varying degrees of correlation strength.]

Figure 5 | Correlation between regional neuroinflammation in brain areas and fatigue-like behavior. (A–C) The correlation between neuroinflammation in the RPC, DR and A5 and night-time spontaneous activity. The positive correlation between the accumulation of [18F]DPA-714 in the RPC, DR, and A5 at 24 h after poly I:C injection with a prolonged decrease in night-time spontaneous activity from day 2 to day 5 following poly I:C injection. The Pearson coefficient value (r) is shown for each relation. (D) The correlation between neuroinflammation in the A7 and body temperature. The tendency towards a positive correlation between the accumulation of [18F]DPA-714 in the A7 at 24 h following poly I:C injection and an elevated body temperature following poly I:C injection. The Pearson coefficient value (r) is shown for the relation. A5, A5 noradrenergic nucleus; A7, A7 noradrenergic nucleus; DR, dorsal raphe nucleus; RPC, parvicellular part of red nucleus; SA, night-time spontaneous activity.







4 Discussion

In this study, we demonstrated that regional neuroinflammation caused by peripheral infection could be involved in fatigue and related symptoms, such as fever. Here, we provide lines of evidence that 1) transient fever and suppressed spontaneous activity lasting a few days were observed after an intraperitoneal injection of poly I:C, which has been widely used for induction of pseudoinfection; 2) an increased accumulation of [18F]DPA-714 was found in widespread brain regions 1 day after treatment with poly I:C; 3) a voxel-based statistical analysis showed that a significant increment of [18F]DPA-714 accumulation in the brain regions was closely related to fatigue-like behavior. Indeed, the accumulation of [18F]DPA-714 in the DR, RPC, and A5, was positively correlated with fatigue severity, and that in the A7 tended to positively correlate with fever. To our knowledge, this is the first brain-wide investigation to determine the region specific neuroinflammation induced by peripheral infection that may relate to fatigue and specific related symptoms.

Pro-inflammatory cytokines, including IL-1β, are known to activate the primary afferent nerve terminal or IL-1 receptors present on perivascular macrophages and endothelial cells, resulting in neuroinflammation following peripheral infection (19–21). An increase in plasma IL-1β concentrations was observed, suggesting that these two signaling pathways may represent pathways for conveying immune signals from the periphery to the brain, in the present study.

The main finding of the present study is that regional neuroinflammation in several brain regions may relate to the pathophysiology of fatigue-like symptoms following peripheral infection, such as the DR, RPC, and A5. Since a PET imaging technique provides a non-invasive approach for the quantitative evaluation of neuroinflammation in vivo, the association of regional neuroinflammation with consequent behavioral changes may be observed in the same animal. In the present study, we found that the peripheral infection-induced regional neuroinflammation in the DR was positively correlated with the subsequent fatigue-like symptoms. Functional alternations in the brain serotonergic system have long been implicated in fatigue development and sensation (22). It has been suggested that dysfunction of the serotonergic system could represent an underlying mechanism involved in chronic/pathogenic fatigue (23). In exercise-induced acute/physiological fatigue, the increased biosynthesis and release of serotonin (5-HT) in several brain regions have been reported to be involved in fatigue sensations (23, 24). In contrast, selective serotonin reuptake inhibitors, which result in an increase in extracellular serotonin concentration, have been demonstrated to be effective for some patients with CFS. A gene polymorphism analysis in CFS patients by our group demonstrated that the frequency of longer (L or XL) allelic variants of the 5-HT transporter (5-HTT) promoter region was significantly increased compared to that in controls, pointing to elevated 5-HTT expression and low levels of extracellular 5-HT concentrations in CFS patients (25). Moreover, clinical studies have also demonstrated that the upregulation of 5-HTT and consequent reduction of extracellular 5-HT levels were observed in IFN-α and IFN-γ therapies to treat various forms of cancer and hepatitis C, in which patients often complain of serious tiredness (26, 27). These observations suggest that the dysfunction of serotonergic system could represent an underlying mechanism involved at least in chronic/pathogenic fatigue. Along with the fact that neuroinflammation is known to induce dysfunction or decline in regional neural activity (28), the results in the present study suggest that regional neuroinflammation in the DR probably cause fatigue-like behavior via functional changes in the serotonergic system. In addition, neuroinflammation in the RPC and the A5 noradrenergic nucleus were also positively associated with fatigue-like behavior. Recently, a positive correlation has been reported between the magnitude of atrophy in the superior cerebellar peduncle (Scp) which envelops and traverses the RPC at all rostrocaudal leves, and fatigue severity in multiple sclerosis patients (29), and such volumetric variation in the Scp was then considered as an early structural change preceding fatigue development (30). Overall, these observations suggest that regional neuroinflammation in these brain areas could be a plausible mechanism underlying peripheral infection-induced fatigue-like symptoms. Incidentally, chronic fatigue has been reported to be one of most frequently reported symptoms following COVID-19 infection, in which the elevation of IL1-family cytokines was also observed (7, 31), suggesting that a similar mechanism underlying neuroinflammation in multiple brain regions might be involved in such fatigue evoked by COVID-19.

In the present study, we also found that neuroinflammation in several other brain regions, including the A7, A11, CM, PB, and Gi, was significantly increased, but was not correlated with fatigue-like behavior. The tendency towards a positive association between [18F]DPA-714 accumulation in the A7 and fever was observed following poly I:C treatment. Peripheral infection-induced PGE2 in A7 has been reported to suppress the inhibitory innervation of the A7 noradrenergic nucleus to the rostral medullary raphe (RMR), resulting in fever (32). In the present study, although the correlation was weak owing to the mismatched [18F]DPA-714 PET scan timing, it indicated that neuroinflammation in A7 may be implicated in fever (Figure 1A). Taken together, these results suggested that the peripheral infection-induced diverse symptoms were probably attributed to regional neuroinflammation in specific brain areas.

In conclusion, in the present study, we performed a brain-wide investigation to provide prospective evidence of the brain regions of peripheral infection-induced neuroinflammation. We also demonstrated the effect of regional neuroinflammation to fatigue and specific related symptoms. Future research is needed to further clarify the multiple interactions of these symptoms, which will aid in the development of more effective treatment strategies based on anti-inflammatory effects to address all fatigue related symptoms.
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HIV-infection of microglia and macrophages (MMs) induces neuronal injury and chronic release of inflammatory stimuli through direct and indirect molecular pathways. A large percentage of people with HIV-associated neurologic and psychiatric co-morbidities have high levels of circulating inflammatory molecules. Microglia, given their susceptibility to HIV infection and long-lived nature, are reservoirs for persistent infection. MMs and neurons possess the molecular machinery to detect pathogen nucleic acids and proteins to activate innate immune signals. Full activation of inflammasome assembly and expression of IL-1β requires a priming event and a second signal. Many studies have demonstrated that HIV infection alone can activate inflammasome activity. Interestingly, secreted phosphoprotein-1 (SPP1/OPN) expression is highly upregulated in the CNS of people infected with HIV and neurologic dysfunction. Interestingly, all evidence thus far suggests a protective function of SPP1 signaling through mammalian target of rapamycin (mTORC1/2) pathway function to counter HIV-neuronal injury. Moreover, HIV-infected mice knocked down for SPP1 show by neuroimaging, increased neuroinflammation compared to controls. This suggests that SPP1 uses unique regulatory mechanisms to control the level of inflammatory signaling. In this mini review, we discuss the known and yet-to-be discovered biological links between SPP1-mediated stimulation of mTOR and inflammasome activity. Additional new mechanistic insights from studies in relevant experimental models will provide a greater understanding of crosstalk between microglia and neurons in the regulation of CNS homeostasis.
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Introduction

Neurologic and gait disturbances were hallmark features of HIV-1 disease in the 1980s demonstrating the profound negative impact of the virus on central nervous system (CNS) functioning (1). The clinical manifestations of NeuroHIV can include cognitive impairment, depression, anxiety, and deficits in fine motor movements (2, 3). Comprehensive neuropsychological testing is used to identify people with HIV-associated neurocognitive disorder, now more generally known as NeuroHIV, to reflect the changing clinical spectrum of neurologic and psychiatric co-morbidities (4–6). Seminal neuropathology studies on HIV-infected post-mortem human brain tissue identified brain microglia and macrophages (MMs) as the predominant cellular targets of the virus (7–10). Through different mechanisms, HIV-infected monocytes, T-cells, and viral particles cross the blood-brain-barrier, which itself becomes impaired (11–14). Targeted antiretroviral therapies (ART), first introduced in 1996, were highly effective at blocking virus replication and sparing CD4+ T-cell death and immune system dysfunction (15). Many ART regimens reach pharmacological levels in the CSF; however, whether inhibitory concentrations reach regions in the brain parenchyma, where HIV-infected MMs reside, remains unclear (16–18). Additionally, yolk sac-derived microglia are relatively long-lived cells with a turnover of many months, and their capacity for self-renewal provides a sanctuary for HIV in brain tissue (19–21). Even under conditions of low-level HIV gene expression, immune activation in the form of increased circulating pro-inflammatory cytokines and immune markers are present in people with HIV on ART (22, 23).

HIV encodes nine genes that co-opt intrinsic immune cell pathways normally used for growth, metabolism and homeostasis (24, 25). Innate immune signaling is an early detection system meant to thwart pathogen replication by activating the release of inflammatory molecules that, in turn, prime adaptive immunity (26–28). HIV-1 binds to CD4 and chemokine receptors, in a process that initiates fusion of the viral and plasma membranes (Figure 1). Neurons express chemokine receptors that support neuronal development and maturation, but not CD4, and therefore, do not allow HIV entry (33). Viral fusion is followed by the release and trafficking of the preintegration complex (PIC) to the nucleus (Figure 1). The PIC uncoating process within the nucleus was first shown for primary human macrophages years ago (29, 31), but only recently confirmed for T-cells (34). This mechanistic detail has important implications for understanding whether HIV can delay detection by nucleic acid sensors that activate Toll-like receptor (TLR) signaling (24, 30). Importantly, in MMs, virus is packaged in vesicular bodies and buds from the plasma membrane in contrast to the cytopathic release of viral particles from T-cells (35, 36).
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Figure 1 | HIV lifecycle and relevance to inflammasome activation. (1) At target cell plasma membrane domains, HIV envelope protein gp120 trimer (red) binds to the CD4 receptor (yellow). Conformational alterations expose binding surfaces for coreceptor CCR5 on the Env trimer (green). (2) Fusion of Env with the cell plasma membrane is followed by uncoating and release of the preintegration complex (PIC) which contains a few molecules of reverse transcriptase, integrase and two copies of HIV RNA (vRNA) (29–31). Should the integrity of the PIC be compromised, viral RNA and proteins could be detected by innate immune sensors and thus initiate an inflammasome priming. (3) The actin cytoskeleton and specific microtubule motors transport the PIC to the nucleus (32). (4) The PIC can enter the nucleus in several ways including direct nuclear import and induced invaginations (24, 30). Degradation of the nucleoprotein coat would expose vRNA outside the nucleus, and provide another opportunity to activate innate antiviral responses. After reverse transcription (5), integration (6), transcription (7), and translation (8), viral proteins, vRNA, and (9) certain host proteins assembled at the inner plasma membrane surface. This mobilizes cytoskeletal proteins and molecular forces that facilitate budding (10), (11) release and maturation of new viral particles (32). Macrophages and microglia unlike T-cells are much more resistant to the cytopathic effects of HIV replication and therefore undergo innate immune activation in a sustained fashion. The figure was created with BioRender.



Microglia not only protect the brain from pathogens and injury, but also serve critical roles in maintaining neuronal viability, proper synaptodendritic function and integrity in development and over the lifespan (20, 21, 37–39). Understanding the mechanisms by which HIV-1 affects microglial innate immune function is key to addressing the brain as a source of pathologic neuroinflammation correlated with neurological and psychiatric comorbidities (18, 23, 40, 41). Below, we discuss what is known about HIV activation of the inflammasome, particularly as it relates to microglia and neurons and the expression of specific pro-inflammatory cytokines that remain elevated in people with NeuroHIV. We then discuss another innate sensor, secreted phosphoprotein-1 (or osteopontin, SPP1/OPN), and its intersection with the mammalian target of rapamycin pathway (mTOR) and potentially the inflammasome to provide a unifying view of putative mechanistic connections and cell-type dependent crosstalk between the pathways.





HIV activation of inflammasome signaling in the CNS

As the exploration of inflammasome function has progressed, NLRP3 is implicated in a variety of neurodegenerative diseases, including NeuroHIV (42–48). The inflammasome is a multiprotein complex involved in the immune and inflammatory response. Different inflammasomes types exist in the nucleotide-binding oligomerization domain, Leucine-rich-containing proteins (NLR) family (49). However, all inflammasomes contain key components including: NALP/NLR protein, PYCARD/ASC (Apoptosis-associated speck-like protein containing a CARD), and an enzyme responsible for pro-inflammatory cytokine activation (50–52). The NLRP3 inflammasome complex interacts with caspase-1 to activate IL-1β and IL-18 (53, 54). Both are pro-inflammatory cytokines that play various roles throughout the body. In microbial infections, the increase in IL-1β secretion is responsible for recruiting innate immune cells. In neurodegenerative diseases, IL-1β levels increase in response to microglial activation and neuronal injury (55, 56). IL-18 induces IFN production in T-cells and natural killer cells, promotes the production of other cytokines, and is suggested to exacerbate demyelination and cellular infiltration (44, 57).

NLRP3 inflammasome assembly needs two signals: a priming and an activating signal (58–60). Of the many ways to prime the inflammasome, the most studied route is through NFkappaB-dependent signals (Figure 2). Many ligands can prime the NLRP3 inflammasome, including lipopolysaccharide (LPS) and TLR inducers like dsRNA (59–61). During reverse transcription, dsRNA can be detected by intracellular, endosome-bound TLR3 (Figure 2) (32, 65). TLR3 ligand binding activates ERK 1/2, MAPK, and NFkappaB-pathways, promoting gene transcription (62). Interestingly, the HIV transactivator of transcription (Tat) protein alone can prime and activate the inflammasome complex (Figure 2) (66). Various ligands such as, ATP, nigericin, aggregated proteins, reactive oxygen species (ROS), and HIV viral proteins activate the NLRP3 inflammasome (46, 49, 58, 61, 66–69). These signals allow for the recruitment of additional proteins like NLRP3, ASC, and caspase-1 that are necessary for oligomerization and subsequent cleavage and maturation of cytokines (62). Caspase-1 also cleaves gasdermin D, leading to cell membrane pore formation, and a type of pro-inflammatory cell death known as pyroptosis (Figure 2) (62).
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Figure 2 | Schematic of the effects of HIV infection on microglia and neurons. The NLRP3 inflammasome is a multi-protein complex implicated in many neurodegenerative diseases including HAND. After HIV crosses the blood-brain barrier, it can bind to CD4+ cells, such as microglia, initiating the fusion of the virus to the plasma membrane, ultimately allowing HIV to enter the cell. After infiltrating the cell, many different aspects can affect the transcriptional activity of microglia via the NF-κβ pathway. Microglia. Step 1 indicates the first step required for inflammasome assembly: the priming step. Many stimuli can prime the NLRP3 inflammasome, including dsRNA for endosome-bound TLR3 (58, 59, 61, 62). Priming of the inflammasome leads to the localization of NF-κβ into the nucleus, indicated by Step 2. Along with host gene transcription, proteins like HIV TAT can be transcribed, which can act to prime/activate the inflammasome. Step 3 indicates the availability of the NLRP3 subunits necessary for the inflammasome to be oligomerized such as the NLRP3 protein, apoptosis-associated speck-like protein (ASC), and pro-caspase-1 (62). Step 4 indicates the activating step in NLRP3 inflammasome activation. Various stimuli, such as extracellular TAT protein, can trigger the activating signal. After receiving an activating signal, the NLRP3 inflammasome can begin its oligomerization and become functional. Pro-interleukin enzymes are recruited to be cleaved into their mature forms. For the NLRP3 inflammasome, IL-1B and IL-18 are cleaved by Caspase-1 and released, as shown by Steps 5, 6. The release of NLRP3-associated pro-inflammatory cytokines occurs via pores formed in the cell membrane. Caspase-1 will also cleave gasdermin D, leading to pyroptosis (62). The release of cytokines and viral proteins can then exacerbate local inflammation, leading to the recruitment of more immune cells and can affect other cell types, such as neurons. Neurons. Considering that HIV is unable to infect neurons directly, there are many examples of HIV-induced neuronal damage. One major contributor is the HIV-1 gp120 (Env). This protein can bind to CXCR4 and CCR5 receptors, expressed on neurons. HIV-1 Env has been shown to damage synaptic connections in cortical neurons when bound to CXCR4 via mTORC2 (63). When neurons were co-treated with HIV-1 Env and OPN/SPP1. Neurons showed signs of activated mTORC1/mTORC2 pathways, suggesting a regulatory feedback loop. Along with the required β1 and β3 integrin receptors, which OPN/SPP1 binds to, OPN/SPP1 acts as a neuroprotective modulator that promotes neurite growth in cortical neurons (β1 integrin) and regulates post-synaptic dendritic spine density in hippocampal neurons (β3 integrin) through mTORC1 (63, 64). Despite the protective effects of OPN/SPP1, over time, HIV-infected individuals present with neuronal degradation. Crosstalk. HIV-infected microglia have increased levels of NLRP3 activity, leading to pyroptosis and the release of highly pro-inflammatory cytokines. Given the role of IL-1β in inflammation, it is important to consider the various impacts it can have on the local microenvironment. Surrounding cells will respond to the inflammatory signal, such as upregulating SPP1/OPN. Regardless of the intent to reduce neuroinflammation, we see that HIV-infected individuals continue having low levels of chronic inflammation while on antiretroviral treatment. When looking at the acute effects, there is an increase in microglial phagocytosis, pyroptosis, pro-inflammatory cytokines, and OPN/SPP1 secretion. Chronically, we begin to see prolonged neuroinflammatory signaling, neurodegeneration, neuronal cell death, neuronal impairment, and functional disability, indicating the urgency to understand better the mechanisms of disease progression, cellular interactions, and regulation of neuroinflammatory pathways in HIV infection.



The NLRP3 inflammasome is robustly expressed in microglia (42, 59). However, whether the same is true for neurons is less well known. Interestingly, neurons undergoing pyroptosis have been documented (70–72). This is important since pyroptosis is strongly associated with NLRP3 inflammasome activation (73–77). The NLRP1 and AIM2 inflammasome complexes of cortical neurons have been the most investigated (70–72). Recently, studies reported that dopaminergic neurons express NLRP3 throughout the progression of Parkinson’s disease (45, 47). However, activation of NLRP3 in microglia contributes to demyelination through IL-1β and IL-18 secretion (44). HIV-positive individuals have increased caspase-1, IL-1β, and IL-18 levels, suggesting NLRP3 inflammasome activation systemically and in the CNS (78–80). Given the association between neurologic disorders, neuroinflammation, and the activation of the NLRP3 inflammasome in microglia and neurons, the potential for crosstalk between these cells is expected.





HIV induced inflammasome activation and mTOR signaling in NeuroHIV

There is renewed interest in mTOR signaling in HIV infection as new roles for this pathway have emerged. Early studies implicated a role for mTORC signaling in promoting virus replication (81–83). Most recently, mTORC-regulated mechanisms in HIV escape from latency in T-cells (84), autophagy (85), apoptosis (86), and the homing of intestinal CCR6+CD4+ T-cells (87) have been reported. Interestingly, in efforts to identify new candidate genes involved in latent HIV infection, a role for pro-inflammatory cytokines and signaling pathways regulated by secreted phosphoprotein-1/osteopontin (SPP1/OPN) were discovered (88). The mTOR pathway is composed of two structurally distinct, multi-subunit protein complexes, mTORC1 and mTORC2 that receive signals about a cell’s metabolic status to fine tune growth and repair processes through activation of relevant transcriptional programs (89, 90). HIV-positive individuals have dysregulated autophagy, indicating upregulated levels of mTOR activity (91). Increases in mTOR activity are associated with reactive microglia, neuronal damage, neurodegeneration, and memory deficits, all characteristics of NeuroHIV (63, 92). Although scarcely investigated, evidence of a regulatory relationships between mTOR and NLRP3 in immune cells and neurons have been reported. Studies have shown that downregulating mTOR activity reduces NLRP3 activation (93–96). With reduced mTOR activity, autophagy removes detrimental pro-inflammatory stimuli, including ROS. Indeed, ROS activates the NLRP3 inflammasome and has been associated with NeuroHIV (97, 98). Another study found that inhibition of mTORC1 leads to decreased secreted IL-1β, indicating post-transcriptional effects on NLRP3 activation (94). A similar regulatory relationship was observed with in vitro and in vivo NLRP3 knock-out studies in which mTOR activity decreased (93, 99). In macrophages an interaction between NLRP3 and mTOR was found, indicating a direct protein-protein interaction and communication between both pathways (93). Lastly, IL-1β can activate mTOR in T-cells and in hippocampal neurons further illustrating NLRP3 cell-specific- and cell-to-cell communication pathways and functional outcomes like neuroinflammation (100–102). The emerging relationships between NLRP3, mTOR, and HIV infection becomes more interesting when considering the function of additional innate immune sensors like SPP1/OPN.





Innate signaling pathways collide: SPP1/OPN and mTOR activation in NeuroHIV

The term neuroinflammation, as it is currently understood, broadly signifies a mix of innate and adaptive responses of resident brain- and circulating immune cells that, if left unregulated, can have damaging short- and long-term consequences (103). In this regard, chronic expression of proinflammatory molecules leads to over activation of the immune system and accumulation of damage and disability with time. Secreted phosphoprotein-1 (SPP1/OPN), by virtue of its modular domain structure, is a multifunctional phosphoprotein implicated in several neurodegenerative diseases (104–110). The expression of SPP1/OPN is markedly elevated in the CNS of humans and non-human primate models of HIV infection (109, 110). However, more recent findings with humanized mice and positron emission tomography neuroimaging demonstrate that SPP1/OPN expression is required to downregulate the microglial inflammatory response (111). How exactly SPP1/OPN modulates the HIV-induced inflammatory response in the brain is not yet understood. However, in cultured primary human macrophages, HIV replication and NF-κβ activity is increased in the presence of SPP1/OPN (110). The degree of neuroinflammation correlated with the extent of HIV replication only in humanized mice expressing SPP1/OPN (111). Neurons cannot be infected with HIV due to their lack of the CD4 receptor, however the presence of certain chemokine coreceptors like CCR5 or CXCR4 makes them vulnerable to excitotoxicity, degeneration and death after binding interactions with HIV Gp120 (33, 112). However, treatment of neurons with recombinant OPN protects hippocampal post-synapses from synaptodendritic injury, and the structural integrity of cortical axons and dendrites via mTORC1/mTORC2 activation (Figure 2) (63, 64). Therefore, in NeuroHIV, increased expression of SPP1/OPN is largely neuroprotective.





The intersection of SPP1/OPN, mTOR and inflammasome signaling in neurodegenerative disorders

We first hypothesized that the overexpression of SPP1/OPN in individuals with NeuroHIV was harmful, but as discussed above the findings thus far point to a neuroprotective function. While there is increasing evidence of linkages between neurodegeneration and cellular repair processes involved in resolving neuronal injury and neuroinflammation, significant gaps in our understanding of the molecular mechanisms remain. SPP1/OPN was identified as a highly-expressed transcript that clustered with a collection of genes termed “disease-associated microglia (DAM) (113–115). Recent studies by Rentsendorj et al., and Qiu et al., beautifully demonstrate using the ADtg and 5XFAD mouse models for AD, respectively roles for specific populations of SPP1+/- expressing monocytes, resident microglia and/or macrophages in the phagocytosis of amyloid and speculate about a role for inflammasome signaling (116, 117). In contrast, in a slow-progressing model of AD (AppNL-F knock-in reporter mice), SPP1+ macrophages and microglia associated with brain blood vessels and those located in the hippocampus were responsible for pathologic microglia-synapse destruction (118, 119). In another example of neuroprotection, regulatory T-cells localized in the brain several weeks after stroke express SPP1/OPN and, through a microglial-β1-integrin-dependent manner, foster repair of white matter axonal damage (120). In a model of glaucoma, a protective role for SPP1/OPN was found (117). Interestingly, in an ischemia model, intranasal delivery of a SPP1/OPN peptide suppressed microglial activation and the release of pro-inflammatory cytokines IL-1β and IL-6, an indication of reduced NLRP3 activity (121). To further support this idea, Zhang et al. demonstrated that SPP1/OPN negatively regulates the NLRP3 inflammasome in ischemic infarction (122). Lastly, in a MS model, NLRP3 knockout, as well as one of its components ASC, reduced mRNA SPP1/OPN expression in splenic CD4+ T cells (123). Whether this same relationship exists in the CNS is unknown, though it is possible that NLRP3 priming lead to NF-kappaB transcription of SPP1/OPN. Given its neuroprotective function, a negative feedback loop may be in place to prevent chronic inflammation via continuous NLRP3 activation. Importantly, as more details on the molecular mechanisms of SPP1/OPN function continue to emerge, the information will help provide a more complete understanding of the correlative findings of clinical studies (124) and toward the design of possible efficacious therapeutic interventions.

Over the last several years, understanding of the direct role of glycolytic metabolism on effector immune cell functions has greatly increased (125–128). As such, there are opportunities for pathogens to alter and/or harness signaling dynamics that feed directly into the mTOR pathway (129–132). Tissue macrophages and microglia assume a variety of activation states in response to local cues, and downstream stimulation of mTOR signaling is implicated in their M2- (anti-inflammatory) or M1-polarization (proinflammatory), respectively (133). Interestingly, inhibition of inflammasome activation is protective against disease progression in a mouse model of multiple sclerosis. In this regard, rapamycin, an immunosuppressive agent, was shown to block antigen presentation by dendritic cells and inflammatory signaling by microglia (133, 134).

The homeostatic balance of the immune system is maintained through direct and indirect interactions and with soluble factors acting locally and over long distances (refs). HIV infection disrupts and hijacks the important cell-to-cell communication network. The virus infects T-cells and MMs robustly and astrocytes in a limited fashion (35), and cells located nearby initiate a signaling cascade that amplifies locally, and recruits additional immune cells from a distance. This idea of cellular crosstalk was investigated by Wang and Gabuzda, who saw that direct contact between neurons and microglia was not necessary for neuronal damage (135). The same study also found that activated astrocytes promoted HIV replication in microglia. In this regard, as discussed above, mTOR signaling in cultured cortical neurons preserves structural integrity, however increased mTOR activity can also be detrimental to cells of the brain (133, 134, 136). Cortical neurons, as well as infected microglia may, in turn, be upregulate and secrete OPN/SPP1 to reduce the inflammatory response by inactivating the NLRP3 inflammasome in microglia, and promoting neuronal survival through mTOR activity. Decreased mTOR activity in astrocytes is primarily beneficial, but negatively affects their ability to differentiate (133, 134, 136). In oligodendrocytes, decreased mTOR activity impairs their differentiation and myelination functions (133, 134, 136). The release of damage signals and proinflammatory molecules from impaired glial cells, activates immune cells and neurons thus amplifying a neuroinflammatory response. An example being the rapid release of IL-1β and IL-18 from microglial pyroptosis (Figure 2). We emphasize the importance of considering that homeostasis in chronic low-level HIV infection is tightly regulated via crosstalk between different cells through secreted pro- and anti-inflammatory cytokines/chemokines. The delicate balance, or lack thereof, of a cellular local environment, can act to exacerbate or ameliorate neuroinflammation. Indeed, HIV utilizes these delicate communication pathways to promote an optimal environment for replication.

Given that microglia have receptors for OPN, it’s possible that signaling by cortical OPN/SPP1 via mTOR acts on microglia to reduce the inflammatory response and increase transcriptional programs involved in preserving neuronal function. Given their opposing, yet collaborative, roles in inflammation, it is important to investigate the relationship between SPP1/OPN, mTOR, and NLRP3 in HIV-induced neuroinflammation and NeuroHIV. In this regard, more research is needed to get a better understanding of the molecular and cellular mechanisms that take place in chronic HIV infection. Doing so would allow us to understand better how HIV manipulates the host’s protective measures, allowing for better treatments aimed to improve the host response to latent HIV infection, guiding us toward a solution to eliminate HIV-associated neuroinflammation and cognitive deficits.





Discussion

There is a greater appreciation that during development and adulthood, dynamic homeostatic regulation of the brain’s neural network is intertwined with and dependent on crosstalk and connectivity with glial. Disruption of the integrity of the brain, as seen in viral infection, leads to activation of what are meant to be protective responses, resulting in a neuroinflammatory response involving resident brain cells and immune sentinels that conduct tissue-level surveillance. As reviewed herein, innate immune signaling, including mTOR, SPP1/OPN, and NLRP3 inflammasome activation, is initiated to monitor and/or alter cell metabolic state, stimulate repair, migration, and other immune effector processes. Given that several myeloid and glial cells and cofactors can contribute and stimulate autocrine and paracrine feedback and feed-forward looping, how are the outputs integrated to restore homeostatic levels of regulation and surveillance? Deeper insight into the physiological, cellular, and molecular mechanisms will help to advance the development of effective interventions to help those suffering from neurological and neuropsychiatric comorbidities related to chronic over-activated innate immune responses in the central nervous system.
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Background

Neuroinflammation represents the immune response of the central nervous system to nerve injury, infection, toxin stimulation, or autoimmunity and is implicated in a wide range of neurological disorders. Viruses play a pivotal role as extrinsic biological drivers in neuroinflammation; however, numerous aspects remain unexplored. In this study, we employed bibliometric analysis to assess the current status of viral research in neuroinflammation and anticipate future research directions and emerging trends.





Methods

Conduct a comprehensive search for scholarly publications within the Web of Science Core Collection database, with search terms on neuroinflammation and virus. Apply Microsoft Excel Office, Hiplot, R (version 4.3.1), VOSviewer (version 1.6.20) and CiteSpace (6.2.R6, advanced) software for the bibliometric analysis and visualization.





Results

A total of 4230 articles and reviews on virus and neuroinflammation were identified, demonstrating a consistent upward trend over time. The United States was the country that contributed the most publications. Approximately 22274 authors from 4474 institutions contributed to the research. Johns Hopkins University leads with the highest number of publications and citations. The top three authors with the most published articles on this field are Power, C., Lane, T. E., and Buch, S. The Journal of Neuroinflammation is the most authoritative choice for researchers. The main research focuses in this field include multiple sclerosis, Parkinson’s disease, blood-brain barrier, COVID-19, Alzheimer’s disease, gene therapy. In recent years, stress have emerged as hot keywords, particularly depression, human immunodeficiency virus-associated neurocognitive disorders, blood-brain barrier, gut microbiota related directions, indicating a potential shift in research focus.





Conclusion

Research on the virus and neuroinflammation has attracted increasing attention in the past decade. European and American countries have been pivotal in conducting research on virus and neuroinflammation, while China has produced a significant number of publications, its impact is still limited. Stress is likely to emerge as the next area of focus in this field. The association and regulation between viral infection and psychiatric disorders are not fully understood, and further research is needed to explore the role of neuroinflammation caused by different types of viral infection and psychiatric disorders.





Keywords: bibliometric analysis, neuroinflammation, virus, psychiatric disorders, VOSviewer, CiteSpace, hotspots




1 Introduction

Neuroinflammation is an immune response activated by glial cells in the central nervous system (CNS), typically occurring in response to nerve injury, infection, toxin stimulation, or autoimmunity (1). This response is implicated in nearly all neurological disorders. Under normal physiological conditions, neuroinflammation can effectively clear or inhibit harmful substances, aid the body’s defense against pathogen invasion, and maintain internal homeostasis (2). However, excessive activation of neuroinflammation upon stimulation can lead to neuronal damage and exacerbate disease progression (3). Persistent inflammatory responses can activate glial cells (primarily microglia and astrocytes) within the CNS that serve functions such as immune surveillance and danger signal recognition while playing a pivotal role in maintaining CNS homeostasis and mediating neuroinflammatory responses (1, 4). Furthermore, recent studies have highlighted the significant contribution of peripheral systemic inflammation (5). For instance, disruption of tight junctions or endothelial cell damage impairs blood-brain barrier (BBB) function allowing infiltration of peripheral proinflammatory factors, immune cells, and harmful substances into the brain parenchyma (6, 7). Additionally, peripheral nerves transmit inflammatory signals from periphery to brain through receptors for inflammatory factors. These inflammatory factors and signals can directly or indirectly activate microglia and astrocytes leading to an inflammatory response within the CNS (8). Currently, the significance of neuroinflammation in the field of neurology is increasingly evident. Apart from well-established neuroinflammatory disorders like multiple sclerosis (MS), neuroinflammation also assumes a pivotal role in numerous ostensibly non-inflammatory neurological conditions, including Alzheimer’s disease (AD), Parkinson’s disease (PD), schizophrenia, stroke, and Glioblastoma (9–13).

Due to the concept of “neuroinflammation”, the brain is no longer considered a closed area. There is a bidirectional and complex interaction between the nervous system and the immune system, which plays a pivotal role in perceiving internal and external environmental stimuli as well as maintaining physiological homeostasis. Due to the prolonged parasitic nature of viruses within the human body, their wide-ranging infectivity, and limited targeted treatment options in certain cases, research on virus infection and neuroinflammation has progressively emerged as a field of interest among neuropathology researchers. The earliest studies in this field focused on viral meningitis and viral encephalitis caused by enterovirus, mumps virus, herpes simplex virus, and adenovirus (14, 15), and the incidence of both is increasing year by year, with high mortality and disability rates. Due to the varying regions of brain inflammation invasion, distinct clinical manifestations arise which can lead to different degrees of neurological sequelae. This poses a significant threat to human health while also resulting in substantial economic losses. Recent investigations have gradually unveiled that viral infections substantially elevate the risk of neurodegenerative diseases such as AD and PD. Multi-omics studies have identified elevated genomic DNA levels of human herpesviruses 6A and 7 within the brains of AD patients compared with cognitively normal controls; moreover, viral abundance correlates with transcriptomic features associated with amyloid-β (Aβ) processing (16, 17). Furthermore, amidst the outbreak of Corona Virus Disease 2019 (COVID-19), research has demonstrated persistent inflammatory responses within the brain tissue of individuals with mild COVID-19 infection; additionally, COVID-19 infection significantly heightens the risk for psychiatric disorders (18). Although there is ample evidence supporting the crucial role of viral infections in neuroinflammatory disorders’ development and progression, research on non-inflammatory neurological disorders mainly focuses on clinically relevant studies. Therefore, conducting an extensive investigation into neuroinflammation induced by viral infections will enhance our understanding of their involvement in non-inflammatory neurological disorders and refine our comprehension of pathological processes underlying CNS diseases, ultimately suggesting personalized treatment strategies for these diseases.

Bibliometrics emerged in the early 20th century and became an independent discipline in 1969, which has been widely used in literature analysis (19). It is a quantitative method used to describe and analyze the dynamics and progress of a certain discipline or research field. In the analysis process, detailed information such as countries, institutions, journals, authors, keywords, and references can be obtained (20). With the assistance of computer technology, the results of literature analysis can be visually represented to explore information relationships effectively.

To date, despite the extensive research conducted on the relationship between viruses and neuroinflammation, there remains a lack of clarity regarding the overall research trends in this area. In order to address this gap, this study aims to comprehensively explore the research trends and emerging hotspots concerning viruses and neuroinflammation from a bibliometric perspective, thereby providing guidance for future investigations into non-inflammatory neurological disorders caused by viral infections.




2 Materials and methods



2.1 Data source and search strategy

As a high-quality digital literature resource database covering various fields, Web of Science (WOS) has been accepted by many researchers and is the most suitable database for bibliometric analysis (21, 22). We conducted a comprehensive search for scholarly publications within the WOS Core Collection (WOSCC) database. The search strategy was set as the following: TS = (“neuroinflammation” OR “neurogenic inflammation” OR “nerve inflammation” OR “neural inflammation” OR “brain inflammation” OR “neural inflammatory” OR “neuritis” OR “nervous inflammatory” OR “CNS inflammation” OR “central nervous system inflammation” OR “neuroimmune” OR “neuroimmunology” OR “microglia activation”) AND TS = (*virales OR *viridae OR *virinae OR *virus* OR “virus” OR “viruses” OR “virological” OR “viral”). The retrieved data were collected on January 31, 2024, to avoid any potential deviation due to daily updates. The publications included in this study are categorized as either Article or Review Article and are written in the English language. A total of 4230 records were exported as the format of “plain text file”, and then recorded as “full record and cited references”. The flowchart of the study is shown in Figure 1.


[image: Flowchart illustrating a bibliometric analysis process on virus and neuroinflammation. Data source is the Web of Science Core Collection. The search strategy includes terms related to neuroinflammation and virus. Data filters used are publication years 1999-2024, English language, and specific document types. A total of 4,230 studies were identified. Data analysis and visualization tools mentioned are Bibliometrix-biblioshiny, VOSviewer 1.6.20, and CiteSpace 6.2.R6 (Advanced).]

Figure 1 | Flowchart of data collection and study design.






2.2 Data analysis and visualization

This study used Microsoft Excel Office, Hiplot, R (version 4.3.1), VOSviewer (version 1.6.20), and CiteSpace (6.2.R6, advanced) as the software tools for organizing, analyzing and visualizing data.

Microsoft Excel Office was used in this study to organize relevant data including the number of publications and citation. Hiplot (https://hiplot.com.cn) was used in this study to map the global geographic distribution.

Bibliometrix package in R software provides a set of tools for quantitative research in bibliometrics and scientometrics (23). And biblioshiny is a shiny app that presents the web interface of bibliometrix, which supports scholars to easily use the main features of bibliometrix (24). The tool can perform data importing, conversion to data frame collection and data filtering. Additionally, it can analyze and visualize the data based on three different level metrics (sources, authors and documents) and three structures of Knowledge (conceptual structure, intellectual structure and social structure). In this study, it was used to summarize the overview of the data and convert it into a dataset that can be used for R analysis and analyze the annual number of documents and citations.

VOSviewer is a free Java-based software developed in 2009 by van Eck and Waltman of Leiden University in the Netherlands (25). VOSviewer uses a data standardization method based on probability theory to analyze each information of the literature and visualize the results, which has been applied to research in many fields. VOSviewer provides three kinds of visualization views: network visualization, overlay visualization, and density visualization, which have the advantages of beautiful images and easy interpretation. The subject terms and keywords obtained from the database can be used to describe the research status and internal correlation in this field through cooperative network analysis, co-word analysis and cluster analysis. Therefore, VOSviewer was used to conduct a statistical analysis of relevant research countries, institutions, journals, authors, keywords, and references, summarize hot research, and look forward to the research frontier.

CiteSpace is developed by Professor Chaomei Chen of Drexel University in the United States (26). It is mainly used for literature review and summary, and for visual quantitative analysis of current data. It is a widely used bibliometric analysis tool for citation space. In addition to having the same functions as VOSviewer, CiteSpace can also extract information from titles, keywords and abstracts and generate cluster labels according to log-likelihood rate (LLR), latent semantic indexing (LSI) and mutual information (MI) algorithms (27). In addition, it can also find the research hotspots and heat in different periods through the emergence of keywords, so as to analyze the development trend of the field. VOSviewer was used in this study to perform the dual-map overlay of journals, the cluster analysis, timeline visualization and burst analysis of references and keywords.

This study followed the guideline for reporting bibliometric reviews of the biomedical literature (BIBLIO) (28).





3 Results



3.1 Global trend in publication outputs and citations

The 4230 publications utilized in this study were written by 22274 authors from 4474 institutions in 106 countries, published in 1046 journals, and cited 191063 references from 13107 journals. Figure 2 illustrates the annual publication volume and annual citation frequency of related articles from 1999 to the January 2024. Overall, there has been a consistent upward trend in the number of annual publications pertaining to viruses and neuroinflammation, with a notable surge observed since the year 2021. The year with the highest number of publications is 2022, with 559 articles. With the increase of the number of publications, the annual citation frequency of relevant literature showed a rugged upward trend. The number of citations in 2022 was as high as 9780. This indicates that the research concerning virus and neuroinflammation has garnered substantial attention and emerged as a prominent area for investigation within recent years.


[image: Bar and line graph showing annual publication numbers (blue bars) and citation numbers (red line) from 1999 to 2024. Publications increase steadily, peaking in 2022. Citations fluctuate, peaking in 2021 before a sharp decline.]

Figure 2 | Trends in the growth of publications and the number of citations. The number of publications and citation frequency for each year from 1999 to the January 2024 showed the steady growth trend.






3.2 Distribution of countries/regions

There were 106 countries involved in publications on the virus and neuroinflammation. The geographical distribution of these countries is shown in Figure 3A, and the volume of publications is represented by color variation, which shows that the countries involved in this field are mainly distributed in North America, East Asia, and Europe. Figure 3B shows the international cooperation relationships in the research on virus and neuroinflammation. The connections between nodes reflects the collaborative relationship between individual countries and regions, and the thickness of the links is positively correlated with the depth of collaboration (29). It is worth noting that the links between countries/regions are mainly concentrated between the United States and other countries, whereas research collaborations among other countries were scattered. To further analyze the highly productive countries in this field, Table 1 shows the top 10 countries/regions in terms of number of publications, and Figure 3C visualizes the geographical distribution and collaboration. The United States emerged as the leading contributor with 1,908 articles published, followed by China with 649 articles and Germany with 325 articles. In terms of citations received, the United States garnered the highest count with 79247 citations, followed by Germany with 13055 citations and the United Kingdom with 12287 citations. Although United States has the highest number of publications, the average number of citations per article (N = 41.53) is lower than that of Canada (N = 47.86), the United Kingdom (N = 46.54) and Spain (N = 41.74). At the same time, although China has a high number of publications and citations, its average number of citations per article (N = 16.55) is the lowest among the 10 countries, indicating that the academic influence of Chinese scholars is low, and it is still necessary to publish higher quality, more innovative and widely recognized academic papers in the professional field (Figure 3D).


[image: Image consisting of four panels:   A: World map color-coded by data counts, with the United States and China highlighted in red and other countries in shades of blue.   B: Network graph showing connections between countries, with the United States and China as prominent nodes, colored red and blue, respectively.   C: Geographical visualization of global connections, focusing on major countries like the United States, China, and European nations.  D: Radar chart comparing values for multiple countries, prominently featuring the United States, China, and several European nations.]

Figure 3 | Analysis of country/region. (A) Geographical distribution of global output. The volume of publications is represented by color variation. (B) Visual cluster analysis of cooperation among countries. The nodes of different colors represent the countries/regions with different clusters, and the thickness of the lines indicates how closely countries cooperate. (C) Geographical distribution and the co-authorship network of the top 10 productive countries. (D) Radar chart of the average cited frequency of the top 10 productive countries.






Table 1 | The top 10 most productive countries.

[image: Table listing ten countries by research output. The United States ranks first with 1908 counts and 79247 citations. China follows with 649 counts and 10739 citations. Germany, the United Kingdom, Italy, India, Canada, France, Spain, and Brazil complete the list, with their respective counts and citations decreasing progressively.]




3.3 Analysis of institutions and authors

Approximately 22274 authors from 4474 institutions contributed to the research on virus and neuroinflammation. Table 2 and Figure 4A show the citations and the average number of citations per article of the top 10 institutions in terms of publication volume. Johns Hopkins University leads with the highest number of publications and citations, whereas University of California, San Francisco has the highest average number of citations. Also, the top 10 institutions were in the United States, which demonstrated the high interest of the United States institutions in the study of virus and neuroinflammation and highlighted their important position and contribution to this field of research. To further investigate collaboration between institutions, we performed a co-authorship analysis of all publications. It is showed that the division of institutions into 6 clusters based on an occurrence frequency and cooperative relationships (Figure 4B). The institutions with close collaboration were mostly in the United States, further signifying the robustness of related research in the United States. Among them, Johns Hopkins University has the strongest collaboration with other institutions. According to Figure 4C, the United States institutions such as Johns Hopkins University have published relevant articles since around 2012. The institutions from China (the red cluster in Figure 4B) have been active in the virus and neuroinflammation research in recent years (yellow color).




Table 2 | The top 10 most productive institutions.

[image: Table displaying the top ten ranked institutions based on research counts and citations. Johns Hopkins University leads with 102 counts and 6027 citations, followed by Harvard Medical School with 66 counts and 1708 citations. The list includes the University of Pennsylvania, University of Nebraska Medical Center, several University of California campuses, Mayo Clinic, and University of Minnesota, with details on counts and citations for each.]


[image: A radar chart labeled "A" shows collaboration metrics among universities such as Johns Hopkins University, Harvard Medical School, and others. A network diagram labeled "B" depicts interconnected institutions, emphasizing Johns Hopkins University. Another network diagram labeled "C" displays similar connections with a timeline from 2012 to 2022. A radar chart labeled "D" presents collaboration metrics among researchers such as Power, C., and Lane, T. E.]

Figure 4 | Analysis of institutions and authors. (A) Radar chart of the average cited frequency of the top 10 institutions. (B) Visual cluster analysis of cooperation among institutions. The nodes of different colors represent the institutions with different clusters, and the thickness of the lines indicates how closely institutions cooperate. (C) Timeline visualization of cooperation among institutions. The different colors represent the time at which the institution began the relevant study. (D) Radar chart of the average cited frequency of the top 10 authors.



The top three authors with the most published articles on the virus and neuroinflammation are Power, C. from the University of Alberta, Lane, T. E. from University of Utah Salt Lake City, and Buch, S. from the University of Nebraska Medical Center (Table 3). Berman, J. W. from the Albert Einstein College of Medicine has the highest average number of citations (Figure 4D). Her research focuses on the mechanisms of human immunodeficiency virus (HIV) infection and BBB penetration (30, 31). Supplementary Figure 1 shows the maps of cooperation between authors; the minimum number of papers per author was set as 7. Of the remaining 130 authors, there were few links, indicating inadequate collaboration between research teams/laboratories conducting relevant research in the field.




Table 3 | The top 10 most productive authors.

[image: Table showing the top 10 ranked authors by publication counts. Authors listed from top to bottom are Power, C., Lane, T. E., Buch, S., Lokensgard, J. R., Cao, S., Hu, S., Guaza, C., Gendelman, H. E., Berman, J. W., and Mestre, L. The table includes their affiliations, citation counts, and average citation per publication. Power, C. from the University of Alberta is ranked first with 28 publications and 1128 citations. Berman, J. W. has the highest average citation per publication at 55.17.]




3.4 Distribution of journals

The articles on virus and neuroinflammation research were published across 1046 journals. Table 4 displays the top 10 journals with the greatest number of publications and their recent impact factor (IF). The Journal of Neuroinflammation leads with 201 articles, followed by Journal of Neurovirology with 103 articles, and Frontiers in Immunology with 96 articles. According to the density map of the journals, the journals that published articles on this field were mainly divided into four categories: neuroimmunology, neurology, virology and comprehensive (Figure 5A). And in recent years, articles in this field tend to be published in comprehensive journals (Figure 5B). The dual-map overlay of journals indicates the position of the research topic in the mainstream research subject classification, showing the cited trajectory as well as the change of research center. Each dot on the graph represents a journal, with the citing chart on the left and the cited chart on the right. The length of the ellipse indicates the number of authors, the width of the ellipse indicates the number of publications, and the trajectory indicates the relationship between interdisciplinary classifications. Citing journals are mainly from MOLECULAR, BIOLOGY, IMMUNOLOGY, MEDICINE, MEDICAL, CLINICAL, and NEUROLOGY. The cited journals are mainly from MOLECULAR, BIOLOGY, GENETICS, PSYCHOLOGY, EDUCATION, and SOCIAL (Figure 5C).



Table 4 | The top 10 most productive journals.

[image: Table listing top ten journals by rank, title, counts, citations, and impact factor (IF). Top-ranked journal is "Journal of Neuroinflammation" with 201 counts, 6090 citations, and 9.3 IF. "Brain Behavior and Immunity" has the highest IF at 15.1.]


[image: A set of three visualizations representing academic journal networks. Panel A is a word cloud with journals grouped by color. Panel B is a network map illustrating journal connections over time, with colors indicating publication years from 2012 to 2022. Panel C is a citation map showing clusters of journals and citation flows, with curved arrows indicating relationships.]

Figure 5 | Analysis of journals. (A) Visual cluster analysis among journals. The density map of different colors represent the journals with different clusters. (B) Timeline visualization among Journals. The different colors represent the time when the journal began to publish relevant studies. (C) The dual-map overlap of journals. Citing journals are on the left, cited journals are on the right, and colored paths indicate citation relationships.






3.5 Analysis of research hotspots



3.5.1 Most cited articles and cited authors

Table 5 shows the top 10 most cited articles on the virus and neuroinflammation. All of them were published in journals classified as Q1 and with great influence. The most frequently cited article is ‘‘ Neurologic Manifestations of Hospitalized Patients with Coronavirus Disease 2019 in Wuhan, China ‘‘ which focuses on the neurologic manifestations of patients with COVID-19 (32). In general, research in this field mainly focused on HIV-associated neurocognitive disorders (HAND) before 2020, and COVID-19 and neuroinflammation after 2020. In addition, there are 283 cited authors, and we listed the top 10 based on different countries (Table 6). The number of cited authors was ranked by country as follows: the United States, China, Germany, Canada, South Korea, India, Spain, etc.




Table 5 | The top 10 most cited references.

[image: Table listing ten ranked articles with columns for first author, journal, DOI, year, and 2023 impact factor. Top ranking includes Mao, L. in JAMA Neurology, DOI 10.1001/jamaneurol.2020.1127, year 2020, impact factor 29.0. Highest impact factor is 158.5 for Helms, J. in New England Journal of Medicine, year 2020.]



Table 6 | The top 10 most cited authors from each country.

[image: A table listing authors by country, showing counts of publications, total citations, and average citations per publication. Countries include the United States, Germany, Canada, China, India, Spain, and South Korea. For example, in the United States, N. Sacktor has 5 publications, 1053 citations, with an average of 211 citations per publication. In South Korea, A.M. Patil has 7 publications, 102 citations, averaging 15 citations per publication.]




3.5.2 Co-cited references and references bursts

Co-citation analysis is a method to measure the relevance between academic papers, which can not only reflect the influence of articles in the field, but also reflect the hot research directions in the field. We further constructed a network visualization of co-cited references (Figure 6A) and conducted cluster analysis, which led to the identification of 19 cluster modules (Figure 6B). The nominal terms of these clusters are extracted from the keywords of the cited articles by the latent semantic indexing (LSI) algorithm. By studying the references corresponding to each node category, the mainly intellectual base of current research on virus and neuroinflammation was summarized as follows: Cluster 0 (COVID-19): studies that investigated the neurological manifestations and neuro-immune interactions in patients with COVID-19; Cluster 1 (central nervous system): studies that investigated the immune resistance of the central nervous system under viral infection; Cluster 2 (Alzheimer’s disease): studies that investigated the mechanism by which viral infection produces inflammatory triggers leading to Alzheimer’s disease; Cluster 3 (multiple sclerosis): studies that investigated the mechanism of virus and neuroimmune in the occurrence and development of multiple sclerosis. Furthermore, we visualized the clustering timeline (Figure 6C) and identified multiple sclerosis, mu-opioid receptors, adenoviral vectors, arachidonic acid, T cells and nerve growth factor as the focus of early research on virus and neuroinflammation. With the outbreak of COVID-19, related topics in this field such as cytokine storm, chronic infection, central nervous system, and neuromyelitis optica have been pushed to a research climax. Figure 6D shows the top 20 references with the strongest citation bursts. The strongest citation burst was for the 2010 article ‘‘ HIV-associated neurocognitive disorders persist in the era of potent antiretroviral therapy: CHARTER Study ‘‘ (33). This article has an intensity of 24.53. In recent years, the cited literature mainly studies neurological symptoms of patients with COVID-19 and reveals neuroinflammation with distinct microanatomical microglia-T-cell interactions (34).


[image: Network visualization shows interconnected research papers on neurological topics with links illustrating citation relationships. Panels A and B display co-citation networks. Panel C presents a timeline of citation bursts from 1995 to 2024, highlighting emergent themes like COVID-19. Panel D lists top 20 references with strongest citation bursts, detailing years and strength.]

Figure 6 | Analysis and network visualization of reference co-citation. (A) Visual analysis of co-cited references. The nodes of different colors represent the co-cited references with different clusters. (B) Cluster analysis of co-cited references. The nominal terms of these clusters are extracted from the keywords of the cited references by the LSI algorithm and clustered into 19 clusters. (C) Timeline distribution of the clusters. Each horizontal line represents a cluster. The smaller the number is, the larger the cluster, with #0 being the largest cluster. Nodes size reflects co-citation frequency, and the links between nodes indicate co-citation relationships. Nodes occurrence year is the time when they were first co-cited. (D) The top 20 references with the strongest citation bursts.






3.5.3 Keywords analysis of research hotspots

Keywords summarize the core and essence of a paper, and research hotspots in a scientific field can be found through keyword co-occurrence analysis. VOSviewer was used to draw the keyword co-occurrence network view, and 69 key keywords with a frequency greater than or equal to 80 were selected for visualization (Figure 7A). The frequency of keywords was positively correlated with the size of the circle node. Based on the co-occurrence network, the research strategy in this field is to explore the mechanism by which viral infection promotes neuroinflammation in the central nervous system by triggering inflammatory factors such as NF-κB/TNF-α, and then leading to diseases at the in vitro and in vivo levels. Then we performed cluster analysis through CiteSpace using the same strategy as the co-cited references and obtained 9 clusters, which were multiple sclerosis, 1-associated myelopathy, Parkinson’s disease, neuroinflammation, blood-brain barrier, covid-19, Alzheimer’s disease, gene therapy and tumor necrosis (Figure 7B). These findings highlight the key research topics in this field. Furthermore, we also conduct a timeline visualization analysis of keywords, which can show the dynamic evolution path of the research hotspots represented by the keywords, and explore the time characteristics and the rise and fall process of the research field reflected by the aggregation of hot keyword research (Figure 7C). From the evolution of keywords, large-scale studies in multiple sclerosis, neuroinflammation, 1-associated myelopathy, central nervous system, and Alzheimer’s disease were conducted in this field as early as 1999. In the following research showed an annual average, maternal immune activation and cytokine storm intensively entered the research field in 2020. In order to better understand the research hotspots of sudden outbreaks in the field of viruses and neuroinflammation, we conducted a burst analysis on keywords. Figure 7D shows the top 25 keywords with the strongest citation bursts. It can be seen that “covid-19” has the highest burst strength and may still have high intensity research in 2024. At the same time, we also noticed that “stress” from 2021 and “neuroinflammation” from 2022 have become the recent research upsurge, indicating that viruses, stress and neuroinflammation may become the new research hotspot in this field.


[image: Network diagrams and chart visualizations related to keywords in medical research. Panel A shows a complex network of interconnected keywords like "neuroinflammation" and "central nervous system." Panel B groups these keywords into clusters, each labeled by topics like "multiple sclerosis" and "Parkinson's disease." Panel C displays a temporal evolution of keyword prominence from 1990 to 2024. Panel D lists the top twenty-five keywords with strong citation bursts over time, including "experimental allergic encephalomyelitis" and "neuritis."]

Figure 7 | Analysis and network visualization of the research hotspots. (A) Network visualization map of keywords co-occurrence. The nodes of different colors represent the keywords with different clusters. (B) Cluster Analysis of keywords. The nominal terms of these clusters are extracted from the keywords of the publications by the LSI algorithm and clustered into 9 clusters. (C) Timeline distribution of cluster analysis of keywords. Nodes occurrence year is the time when they first appeared. (D) The top 25 keywords with the strongest citation bursts.







3.6 Virus, neuroinflammation and psychiatric disorders

Based on the above findings and the global mental health reconstruction project in the context of COVID-19, we would like to take a deeper look at the current research on virus, neuroinflammation, and psychiatric disorders. According to the above search strategy, we added some conditions “TS= (mental* OR psychiatr* OR neuropsych* OR depressi* OR MDD OR anxi* OR “bipolar disorder” OR mania OR manic OR “mood disorder” OR “affective disorder” OR “feeding and eating disorder” OR anorexia OR “eating disorder” OR “neurocognitive disorders” OR “neurodevelopmental disorder” OR “personality disorder” OR schizophren* OR schizoaffect* OR psychotic OR psychosis OR “sleep wake disorders” OR “trauma and stressor related disorders” OR post-traumatic* OR PTSD OR autis* OR “attention deficit” OR ADHD OR “obsessive compulsive” OR OCD). After screening, 697 articles related to virus, neuroinflammation, and psychiatric disorders were included. In terms of global trends in publication output, the number of annual publications in this field has shown a steady growth trend, with a sharp increase since 2021 (Figure 8A). The United States leads with the highest number (n=366), followed by China (n=97) and the United Kingdom (n=52) (Figure 8B). According to overlay visualization of the Journal in which the article was published, the most articles in this field were published on The Journal of Neuroinflammation, and Molecular Psychiatry and Viruses-Basel has gained popularity for submissions in recent years (Figure 8C). Cluster analysis, timeline visualization, and burst analysis of keywords revealed that recent studies focused on depression, covid-19, HIV-associated neurocognitive disorders, neurofilament light chain, blood-brain barrier, hypercytokinemia, maternal immune activation, gut microbiota, stress, neuropathology and other directions, indicating that these areas are potential future research frontiers in the field of the virus, neuroinflammation and psychiatric disorders (Figures 8D–F).
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Figure 8 | Analysis and network visualization of research on viruses, neuroinflammation, and psychiatric disorders. (A) Trends in the growth of publications. (B) Geographical distribution of global output. (C) Timeline visualization among Journals. The different colors represent the time when the journal began to publish relevant studies. (D) Timeline distribution of cluster analysis of keywords. Nodes occurrence year is the time when they first appeared. (E) Cluster Analysis of keywords. The nominal terms of these clusters are extracted from the keywords of the publications by the LSI algorithm and clustered into 13 clusters. (F) The top 20 keywords with the strongest citation bursts.







4 Discussion



4.1 General information

This study conducted a comprehensive literature search of virus and neuroinflammation publications from January 1, 1999, to January 31, 2024, in the WOSCC database. After excluding publications that did not meet the predefined inclusion criteria, this bibliometric analysis encompassed a total of 4230 English articles. The annual publication trend exhibited a period of stability (prior to 2020) followed by rapid growth (from 2021 onwards), indicating the emerging prominence of virus and neuroinflammation research as a burgeoning field. The surge in research activity can be attributed to the heightened recognition of viral involvement in CNS-related disorders, which has been further accentuated by the COVID-19 outbreak-induced alterations in neural biochemical functions.

The bibliometric analysis revealed that the relevant publications were mainly published by corresponding authors from the United States, China, Germany, the United Kingdom, Canada, and Italy. This national disparity can be attributed to the strong correlation between academic capacity and a country’s economic situation. With robust government economic support, science and technology will continue to innovate and advance. Since the Renaissance, European scientists have embarked on exploring the fundamental structure and function of the nervous system, its interplay with psychology, as well as treatments for neurological disorders. In recent times, researchers in Germany, France, the United Kingdom, and the United States have employed cutting-edge imaging techniques such as electron microscopy to unravel the intricacies of nervous system architecture and functionality. In contemporary society, luminaries like Georg Nagel, Karl Deisseroth, Edward Boyden, Armbruster Roth et al., have pioneered optogenetics and chemogenetics respectively to precisely modulate neuronal activity. By integrating these approaches with brain-computer interfaces (BCIs), a deeper comprehension of distinct neuron roles in behavior modulation, learning processes,and memory formation has been achieved. Government investment in healthcare alongside scientific advancements serve as pivotal indicators of medical research output; factors that may contribute to why the United States leads in terms of publication quantity and citation impact. Whether analyzing the collaboration of countries, institutions, or authors on viral and neuroinflammation research also gravitates towards the United States—a testament to its remarkable contributions within this academic domain.This observation further underscores that other nations,institutions,and scholars should foster international cooperation to augment their influence.

Among the top 10 authors, three authors, Power C, Lane TE, and Buch s, have made the most outstanding contributions in this field. Professor Berman JW from the Albert Einstein College of Medicine is the author with the highest average number of citations per article (N= 55.17). His research focuses on the increased sensitivity of HIV infection of CD14+CD16+ monocytes to CCL2 and the expression of CCR2, JAM-A, and ALCAM on CD14+CD16+ monocytes promote the entry of HIV-infected and uninfected CD14+CD16+ monocytes into the brain (35). This in turn leads to ongoing neuroinflammation that occurs during HIV pathogenesis. Meanwhile, his findings indicate that CCR2 on CD14+CD16+ monocytes is a novel peripheral blood biomarker of HAND (30). Despite the significant contributions made by numerous authors in this field, it remains imperative to enhance collaboration among international and domestic institutions and laboratories in order to expedite the resolution of major scientific challenges and collectively achieve groundbreaking advancements from scratch. The majority of the top 10 journals that exhibit high research activity in viruses and neuroinflammation are published in the United States and Europe. The Journal of Neuroinflammation emerged as the journal with the highest number of publications, whereas Plos One garnered the highest number of average citations. In contrast, although China and India are also major contributors to research in this field, there is a lack of Asian publishers. This highlights the significance for Asia to establish its own foundations and develop internationally influential journals. Figure 5C demonstrates the widespread recognition and study of viruses in both basic and clinical research on neuroinflammation, which holds great importance for diagnosing and treating CNS-related diseases.




4.2 Hotspots and frontiers

The analysis of highly cited articles and frequent keywords provides valuable insights into influential findings, which can effectively guide future research directions in a specific field. In this study, we employed key co-occurrence analysis to identify the primary research focuses and emerging trends in virus-related neuroinflammation, as well as to elucidate the evolution and dynamics of its thematic structure.

Analysis of the references showed that 8 of the top 10 most cited articles were clinical trial articles and two reviews. These publications primarily focused on HAND, HIV-associated dementia (HAD), and COVID-19, reflecting the relatively concentrated research directions of virus and neuroinflammation, and their close clinical relevance provides scientific significance for basic research.

Keywords analysis of research hotspots showed that research on virus and neuroinflammation were mostly related to neurodegenerative diseases. Neurodegenerative diseases are characterized by the degeneration of various brain regions; however, they all exhibit two common features: neuroinflammation and an epidemiological association with viral infection. MS is a chronic inflammatory demyelinating disease of the central nervous system, in which the immune system plays a crucial role in its pathogenesis (36). Nerve fibers are enveloped by myelin sheaths, and the immune system erroneously targets these sheaths, resulting in nerve function impairment and subsequent disruption of normal nerve signal transmission, leading to associated symptoms (37). Viral infection is recognized as one of the primary triggers for MS development. Researchers have observed a 32-fold increase in MS risk following Epstein-Barr virus (EBV) infection (38). It was found that high levels of EBNA386-405 specific antibodies and GlialCAM370-389 derived from the CNS cross-react due to their similar structure, thus provoking the immune system to attack the body’s own nervous system and causing MS (39). Researchers have identified certain genetic factors and specific EBV variants that influence MS development by significantly attenuating immune responses against autoreactivity, thus promoting disease progression (39). Furthermore, AD and PD are also research hotspots in this field. In a study by Cairns DM, it was found that Varicella zoster virus (VZV) infection of cells quiescently infected with herpes simplex virus type 1 (HSV-1) causes reactivation of HSV-1 and consequent AD-like changes, including Aβ and P-tau accumulation (40). Moreover, the N protein of SARS-CoV-2 can interact with α-synuclein to accelerate the formation of amyloid deposits (41). Additionally, COVID-19-induced systemic inflammatory response or toxicity may exacerbate symptoms in elderly or severe PD patients; however, current clinical evidence does not establish a causal relationship between inflammation and PD (42). Since its first reported case in 2019, research on SARS-CoV-2 has remained active. The inflammatory response triggered by the virus can indirectly harm the nervous system, potentially leading to encephalitis, acute myelitis, cerebrovascular diseases, demyelinating diseases of the central nervous system, epilepsy, and other neurological disorders (43, 44). In conclusion, viral infection-induced neuroinflammation is involved in an increasing number of neurological diseases, thereby establishing a solid foundation for subsequent investigations. However, there remains a paucity of clinical studies targeting viral genes or proteins as therapeutic interventions for related neurological diseases. Consequently, the future focus in this field lies in the implementation of precise and efficacious personalized treatments that specifically target viruses to address neuroinflammation-related disorders.




4.3 Summary and prospects

In summary, the involvement of immune cells and disruption of the BBB are crucial steps in the virus-induced neuroinflammatory process. Virus infection typically results in an upregulation of chemokines (CCL2 and CCL5) and alterations in tight junction protein expression, thereby modifying endothelial cell function and increasing vascular permeability. This allows for direct viral penetration across the initial barrier of the CNS. Simultaneously, viruses can also infect white blood cells (monocytes and macrophages), enabling them to transport pathogens across the BBB, leading to sustained infection of macrophages and microglia within the central nervous system. Prolonged viral infection induces a shift in microglial phenotype from a neuroprotective state to a neurodegenerative state, characterized by production of neurotoxins and activation of immune cells. Furthermore, upon invasion into the CNS, viruses induce accumulation of immune cells such as CD8+ cells as well as pro-inflammatory cytokines like IFN-γ and TNF-α. These factors can exacerbate inflammation within the CNS, ultimately contributing to onset of neurological diseases (Figure 9).
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Figure 9 | Association of virus and neurological disorders. The virus can directly traverse the endothelial cells of blood vessels and exploit the “Trojan horse” mechanism to breach the blood-brain barrier, thereby inducing an upregulation of immune cells and pro-inflammatory factors, facilitating excessive activation of glial cells for mediating neuroinflammation, consequently leading to neurological disorders. The contribution of this process in the pathogenesis of mental illnesses remains to be elucidated.



With the advancement of research on viral infection-induced neuroinflammation in nervous system diseases, novel research directions in this field have gained prominence. In recent years, the investigation of neuroinflammation caused by viral infection in psychiatric disorders has emerged as a primary area of study, garnering significant attention from researchers. Particularly since the onset of COVID-19, an emerging acute infectious disease capable of inducing not only systemic symptoms but also psychiatric disorders (45). The largest study to date on the health of COVID-19 patients, which encompassed data from over 236,000 individuals afflicted with COVID-19, has been published online in The Lancet Psychiatry (46). Findings revealed that within six months of contracting COVID-19, 33.62% of patients received a diagnosis for a neurological or psychiatric disorder, with 12.84% being newly diagnosed cases. Among critically ill patients, 46.42% were diagnosed with neurological or mental disorders, and among them, 25.79% were newly diagnosed cases. Anxiety (17.39%) and mental disorders (1.40%) emerged as the most prevalent mental health conditions observed in this cohort. Notably, individuals affected by COVID-19 exhibited a 44% higher risk of developing neurological and psychiatric conditions compared to those infected with influenza and a 16% higher risk compared to those suffering from respiratory infections (46). These results indicate that COVID-19 confers an elevated susceptibility to neurological and psychiatric disorders when contrasted against influenza and respiratory infections alike. Furthermore, depression represents a significant public health concern; recent reports suggest its association with disease progression as well as increased complications arising from specific viral infections such as SARS-CoV-2 and HIV infection while also rendering individuals more susceptible to viral infections (47, 48). revealed a decrease in the expression of Abelson helper integration site 1 (AHI1) in peripheral blood mononuclear cells (PBMC) and macrophages from individuals with major depression (MDD), resulting in impaired antiviral immune response (49). The hypothesis of inflammation in the development of schizophrenia suggests that maternal exposure to infections such as influenza virus, Toxoplasma, herpes simplex virus, measles virus, rubella virus during the first and second trimesters of pregnancy is considered an important risk factor for adult-onset schizophrenia (50). Furthermore, dormant human cytomegalovirus (CMV) infection may be associated with mood disorders, suicidal behavior, and neuroinflammation (51, 52). A higher proportion of individuals with psychiatric disorders were found to be CMV seropositive compared to controls. Interestingly, CMV seropositivity was also linked to increased microglial activity, suggesting that CMV-associated neuroinflammation could potentially contribute to psychiatric disorders (51). These studies collectively suggest that neuroinflammation caused by viral infection not only plays a role in neuroinflammatory diseases, but also may have a potential role in non-inflammatory neurological diseases. In this bibliometric analysis, although the number of such studies is limited, they have been increasing steadily over the years. The majority of publications focus on relevance studies; therefore, future research should aim to investigate specific mechanisms in greater detail. Moreover, considering that psychiatric disorder is a multifactorial and highly heterogeneous disease, it would be worthwhile to explore whether personalized antiviral treatment could serve as a potential therapeutic approach.





5 Limitations

This study represents the pioneering attempt to investigate the evolving trends and potential research frontiers on virus-induced neuroinflammation, employing a bibliometric approach. Nevertheless, certain limitations should be acknowledged in this investigation. Specifically, only English articles and reviews from the WOSCC database were included with a literature collection cut-off date of January 31, 2024, potentially excluding relevant publications. Moreover, it is worth noting that an article’s impact can be influenced by its publication duration; thus, some recently published high-quality articles might have been overlooked due to their low citation frequency. However, these limitations are unlikely to alter the fundamental trends elucidated in this paper.




6 Conclusion

Through comprehensive bibliometric analysis in virus and neuroinflammation, this study evaluates the publications information of different years, countries, institutions, authors, and journals and analyzes the theme development and future research hotspots. The findings indicate a growing research interest in the field. European and American countries have played a pivotal role in conducting extensive studies on this topic; however, China has also made significant contributions despite its limited impact thus far. Our findings reveal that multiple sclerosis, Parkinson’s disease, blood-brain barrier, COVID-19, Alzheimer’s disease, neurocognitive disorders, gene therapy, depression, maternal immune activation, gut microbiota, and stress are the primary focus and hot spots of this field. However, the majority of previous studies have primarily focused on investigating the association between viruses and neuroinflammatory diseases. Only a limited number of epidemiological studies have suggested that viral infections may also contribute to non-inflammatory neurological disorders, such as psychiatric conditions. By examining current research trends and emerging areas of interest in the field of viruses and neuroinflammation, this study aims to provide valuable insights into understanding the mechanisms underlying neuroinflammation induced by different types of viruses in relation to the onset and progression of psychiatric disorders.
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Combination antiretroviral therapy (cART) has dramatically reduced mortality in people with human immunodeficiency virus (HIV), but it does not completely eradicate the virus from the brain. Patients with long-term HIV-1 infection often show neurocognitive impairment, which severely affects the quality of life of those infected. Methamphetamine (METH) users are at a significantly higher risk of contracting HIV-1 through behaviors such as engaging in high-risk sex or sharing needles, which can lead to transmission of the virus. In addition, HIV-1-infected individuals who abuse METH exhibit higher viral loads and more severe cognitive dysfunction, suggesting that METH exacerbates the neurotoxicity associated with HIV-1. Therefore, this review focuses on various mechanisms underlying METH and HIV-1 infection co-induced neurotoxicity and existing interventions targeting the sigma 1 receptor, dopamine transporter protein, and other relevant targets are explored. The findings of this review are envisaged to systematically establish a theoretical framework for METH abuse and HIV-1 infection co-induced neurotoxicity, and to suggest novel clinical treatment targets.
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1 Introduction

Acquired immunodeficiency syndrome (AIDS) is a highly infectious disease caused by infection with the human immunodeficiency virus (HIV). Most people with AIDS are infected with HIV-1, which is the most prevalent and more virulent subtype. It has been demonstrated that HIV-1 may trigger HIV-associated neurocognitive disorder (HAND) by inflicting damage to the neurovascular units (NVU), blood-brain barrier (BBB) dysfunction, and inflammatory response (1). It has been shown that the interplay between diverse HIV-1 viral proteins (Tat, Vpr, and gp120) and neural cells may be linked to the pathogenesis of HIV-1-induced neurotoxicity, which results in cellular injury and anomalous alterations in the CNS (2). However, the precise mechanism of action is not yet well defined. Despite a significant reduction in mortality rates among HIV-1 patients due to combination antiretroviral therapy (cART), chronic viral infections continue to persist in the brain (3). Moreover, it has been shown that long-term cART may disrupt mitochondrial function, affect metabolism, and even cause neurotoxicity and fatal complications (4, 5). Therefore, we need to explore safer and more effective ways for HIV treatment.

The global issue of substances misuse significantly affects the social welfare and public health. The World Drug Report 2024 by the United Nations Office on Drugs and Crime (UNODC) indicates that 13.9 million individuals engaged in substances injections in 2022, and about one in eight injecting substances abusers will be living with HIV-1 (6). Methamphetamine (METH), a highly addictive psychostimulant, is widely abused and can lead to severe health risks following withdrawal (7, 8). Prolonged METH use has also been reported to negatively impact memory, learning, and cognitive function, leading to symptoms such as paranoia, insomnia, irritability, hallucinations, and delusions (9). In severe cases, METH abuse may contribute to the development of neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). And yet, there are currently no the US Food and Drug Administration (FDA) -approved drugs for the treatment of METH-induced neurotoxicity (10).

METH abuse is often associated with HIV-1 infection through needle sharing and high-risk sexual activity among users. HIV-1-infected individuals who abuse METH exhibit higher viral loads and more severe cognitive dysfunction (11). Concurrently, studies have shown that the pathways of neurotoxicity can be induced by METH and HIV are somewhat similar. For instance, they can cause mitochondrial dysfunction and altered metabolic pathways (12–14), which in turn can lead to programmed cell death and neuroinflammatory (15–17). However, the specific mechanisms underlying this synergistic neurotoxicity are not fully understood and effective treatments are lacking. Therefore, this paper reviews the mechanisms of synergistically induced neurotoxicity by METH and HIV-1 and proposes potential therapeutic targets.




2 Potential mechanisms of neurotoxicity co-induced by METH and HIV-1



2.1 Oxidative stress and endoplasmic reticulum stress

Oxidative stress, a harmful result of free oxygen radicals in the body, is commonly associated with the processes of ageing and disease (18). Endoplasmic reticulum stress (ERS) is characterized by an atypical accumulation of unfolded or misfolded proteins, resulting from an increased demand for properly folded proteins in response to external stimuli, ultimately leading to ER dysfunction (19). The interaction between ERS and oxidative stress was apparent. The disruption of redox homeostasis in the endoplasmic reticulum caused by oxidative stress has been shown to significantly affect endoplasmic reticulum function, leading to endoplasmic reticulum signaling activation, which could result in ERS development and could produce high levels of reactive oxygen species (ROS), thereby exacerbating oxidative stress (20).

METH has been demonstrated to damage dopaminergic neurons through oxidative stress processes. Upon entering the neuron, METH displaces dopamine (DA) from vesicles, leading to an increase in intracellular and synaptic gap DA levels, which results in elevated auto-oxidation and DA metabolism, leading to higher ROS production (21). The resulting damage to cellular proteins, lipids, and DNA leads to a loss of cellular function and subsequent neurotoxicity, which is further exacerbated when METH and HIV-1 act together (22). Within the human innate immune macrophage cell line system, METH induces significant cellular ROS production, thereby activating the expression of interleukine-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α) in a dose-dependent manner. Additionally, METH-induced oxidative stress is further exacerbated by the presence of HIV-1 Tat protein (23). Combined exposure to METH and HIV-1 synergistically induces oxidative stress by activating transient receptor potential melastatin 2 (TRPM2) channels in endothelial cells, thereby resulting in ROS production, which further exacerbates the toxic effects on the nervous system by compromising the antioxidant defenses of catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) (1). TRPM2 channels can mediate oxidative stress by activating NLRP3 inflammasome and microglia or inducing TNF-α production, triggering autophagy in human cerebrovascular pericytes and damaging BBB (24).

It was also found that METH caused a significant increase in ERS-related proteins Bip, ATF-6, ATF-4, eIF2α, and CHOP in C57BL/6 mice, where memory loss and cognitive impairment were improved when treated with taurine, an ERS inhibitor, suggesting that METH-induced memory loss was associated with ERS (25).Abnormal mitochondrial function is a significant contributor to oxidative stress (26). Sirtuins (SIRTs) are NAD+-dependent deacetylases involved in mitochondrial biogenesis, protein responses, and intrinsic apoptosis. The activation of SIRTs has been reported to exert a neuroprotective effect in conditions such as AD and PD (27). In HIV-1 disease models, the miR-505/SIRT3 axis was implicated in mitochondrial oxidative stress, associated with the induction of the HIV-1 Tat protein-mediated microglia senescence phenotype, leading to elevated superoxide production within mitochondria (28). Consequently, HIV-1 Tat protein may induce oxidative stress and ERS by inhibiting SIRT1 and SIRT3, thereby diminishing their neuroprotective properties (28, 29). Mitochondria-associated endoplasmic reticulum membranes (MAMs) represent direct contact sites between the ER and mitochondria, functioning as critical platforms for the coordination of essential cellular processes, including mitochondrial dynamics and calcium homeostasis (30). Notably, the strategic targeting of MAMs to modulate astrocyte mitochondrial function holds potential as a promising approach to enhance the metabolic and antioxidant coupling between astrocytes and neurons, thereby promoting neuronal resilience against CNS pathologies (30). It has also been shown that METH and HIV-1-induced astrocyte excitatory amino acid transporter-2 dysfunction can be restored by maintaining calcium homeostasis (31).

Regulation of endoplasmic reticulum-related signaling pathways is critical for cellular homeostasis (19). Results of a study evaluating the effects of 7-day HIV-1 infection and chronic METH exposure on the endoplasmic reticulum and mitochondria showed that the expression level of ERS-related inositol-requiring protein 1α (IRE1α) was significantly upregulated (32). These results imply that ERS is implicated in the synergistic effect of HIV-1 and METH on the induction of neurocognitive impairment. Nonetheless, moderate ERS is beneficial for the body, but excessive ERS can cause neurocognitive dysfunction; thus, both oxidative stress and ERS are important factors in neurotoxicity caused by METH and HIV-1 (Figure 1).
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Figure 1 | The mechanism diagram of oxidative stress and endoplasmic reticulum stress caused by METH and HIV-1.






2.2 Programmed cell death

Presently, the prevalent types of programmed cell death include apoptosis, pyroptosis, autophagy, necrosis, and ferroptosis (33). The molecular mechanisms underlying these forms of cell death are not self-contained, and recent findings indicate an intricate interplay between them, collectively promoting nerve cell death (Figure 2) (34).
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Figure 2 | The mechanism diagram of programmed cell death caused by METH and HIV-1.





2.2.1 Autophagy

Autophagy is a crucial physiological mechanism for preserving cellular homeostasis and energy conservation. This process is primarily initiated by the activation of ULK1, Atg13, and FIP200 complexes via the PI3K/Akt/mTOR pathway, which then triggers the commencement of autophagic program (35). The acceleration of cell death resulting from dysregulation of autophagy occurs when the body is overstimulated. Autophagy dysfunction has been identified as a contributing factor to mental disorders and synaptic damage in degenerative diseases (36). Meanwhile, autophagy is the primary pathway for the degradation of long-lived proteins and organelles and is closely associated with survival, death, and neuron transformation (33). The formation of double-membrane vesicles, known as autophagosomes, is facilitated by the copolymerization of a series of Atg complexes that can capture organelle fragments in the cytoplasm (37). The completion of autophagy depends on the correct formation, maturation, and fusion with lysosomes of autophagosomes.

The specific role of autophagy in the body is twofold. On the one hand, the potential for the accumulation of misfolded proteins following HIV-1 infection to induce ERS, autophagy can effectively remove these toxic proteins, thereby reducing ERS and inhibiting the progression of HAND. On the other hand, an autophagic imbalance may result in the build-up of harmful substances in neurons (38). Similarly, METH enhanced HIV-1 gp120-mediated autophagy via Beclin-1 and Atg5/Atg7, thereby exerting a protective effect on astrocytes (39). Recent research on the gut-brain axis has revealed that the METH-abused BALB/c mouse model with continuously increasing multiple doses can induce neurotoxicity and enteritis and alter the gut microbiota and fecal metabolites, which is closely associated with autophagy (40). Our previous study revealed that HIV-1 Tat protein can promote autophagy in nerve cells in a concentration-dependent manner, and the induction of autophagy by HIV-1 Tat protein was found to decrease cellular activity, signifying its detrimental impact on the nervous system (41).

METH abuse has been observed to result in elevated systemic inflammation and CNS impairment in HIV-1-infected individuals. METH was found to inhibit macrophage phagocytosis of aggregated amyloid-β, increase total ROS, and dysregulate the autophagic process in HIV-1-infected human macrophages (42). Furthermore, previous research demonstrated that the combined effects of HIV-1 Tat protein and METH can induce autophagy in primary tree shrew midbrain neuronal cells through mTOR signaling and the Atg5/Atg7 pathway (43). The combined impact of METH and HIV-1 Tat proteins results in a significant increase in LC3-II expression and a blockade of autophagic flow in primary human neuronal cells, resulting in increased mitochondrial DRP1-dependent breakdown or rupture and neuronal degenerative changes by inhibiting mitochondrial autophagy (44). These findings suggest that the combined action of METH and HIV-1 Tat proteins induces autophagy, thereby contributing to neurotoxic damage.




2.2.2 Ferroptosis

Ferroptosis is a recently discovered iron-dependent form of programmed cell death distinct from apoptosis, necrosis, and autophagy (45). Although Ferroptosis was initially proposed in 2012, prior research has identified irregularities in iron metabolism within the CNS (46). Ferroptosis is characterized by unique morphological and biochemical features, including depletion of intracellular GSH and inactivation of GSH-Px4, resulting in the accumulation of lipid peroxidation (34). Ferroptosis induction is closely associated with oxidative stress, a phenomenon that METH contributes to through various pathways, ultimately affecting neurocognitive function. Many studies have implied the importance of maintaining normal intracellular iron levels for proper development and functioning of the CNS. Consequently, Ferroptosis may be pivotal in METH-induced neurotoxicity.

Several studies have established a correlation between ferroptosis and various neurodegenerative disorders such as PD, AD, and HAND (47). Neurons and glial cells exhibit elevated susceptibility to ferroptosis and neurodegeneration, with microglia being the most iron-laden cells. Iron-activated microglia may participate in the aberrant elimination of neurons and synapses, thereby exacerbating ferroptosis-induced neurodegeneration (48). Researchers found, as early as the 1990s, that ferritin concentrations increased, and iron-mediated oxidative stress was evident as AIDS progressed (49). According to a recent clinical study, elevated concentrations of iron transport proteins in the cerebrospinal fluid are associated with the incidence of HAND (50). The underlying mechanism of HAND may be attributed to HIV-1-related proteins inducing ferroptosis, where HIV-1 Tat protein specifically triggers ferroptosis in microglia by suppressing miR-204 expression, which subsequently upregulates ACSL4 expression, leading to increased lipid peroxidation. This process ultimately results in microglial activation and secretion of proinflammatory cytokines, culminating in neuroinflammation and neurotoxicity (48).

SLC7A11 is a crucial cystine/glutamate transporter protein constituent that expedites GSH synthesis and impedes ferroptosis (51). Our research team discovered that METH and HIV-1 Tat proteins can collaboratively instigate ferroptosis in BV2 cells, which is antagonized by transcription factor NF-E2-related factor (Nrf2) by regulating SLC7A11, thus providing a theoretical basis for investigate the synergistic effects of METH and HIV-1 induced neurotoxicity (17). However, the precise mechanisms underlying ferroptosis are poorly understood and warrant further investigation.




2.2.3 Apoptosis

Apoptosis is among the earliest identified forms of programmed cell death mechanisms (52). Unlike necrosis, apoptosis is an activecell death process that does not involve rupture of the cell membrane. It is often characterized by cell shrinkage, nuclear breakage, budding of the cytoplasmic membrane, and formation of apoptotic vesicles (53). Apoptosis has been a research hotspot for METH and HIV-1 induced neurotoxicity.

Apoptosis can be divided into an initiation phase and an execution phase, where the former is generally mediated by caspases 8, 9, and 10 and the latter by caspases 3, 6, and 7 (54). Among them, caspases 8 and 10 are initiators of exogenous apoptosis, and caspase 9 is an initiator of endogenous apoptosis. The activation of caspase-3 heralds the beginning of the apoptotic process and is considered a key enzyme that leads to apoptosis. A variety of proteins play equally important roles in the development of apoptosis. Bcl-2 and Bcl-XL act as potent apoptosis inhibitors to prevent apoptosis. Factors such as Bak, Bad and Bax promote apoptosis. In addition, P53 and Cyt-c are also involved in apoptosis development (55).

As previously mentioned, autophagy may have deleterious effects, resulting in autophagic cell death, and multiple intermediates of programmed cell death engage in intricate interactions (56). In an in vitro astrocyte experiment, the combined effects of METH and gp120 were observed, where inhibition of autophagy resulted in significant astrocyte apoptosis, indicating that autophagy plays a protective role against apoptosis caused by METH and gp120 (39). Similarly, another study found that gp120 and METH-induced oxidative stress through the cytochrome (CYP) P450 and NADPH oxidase (NOX) pathways result in astrocyte apoptosis (57), implying that inhibiting these two pathways could significantly help suppress the apoptosis of astrocytes. These findings demonstrated that METH and gp120 can induce apoptosis in several ways. In addition to gp120, a significant increase in TUNEL-staining-positive cells was also found in the hCMEC/D3 model of human microvascular endothelial cells following the combined action of HIV-1 Tat protein and METH (24). This indicates that both METH and multiple viral proteins of HIV-1 can induce apoptosis and that efficacious interventions are currently unavailable.




2.2.4 Pyroptosis

Pyroptosis is a mode of inflammatory cell death activated through two main pathways: gasdermin D (GSDMD)-dependent activation regulated by caspase-1/4/5/11 and GSDME-dependent activation regulated by caspase 3 (58). Activated caspases cleave the hinge region between the N- and C-terminal domains of GSDMD or GSDME to recognize and bind to phospholipid molecules in the cell membrane, This results in the formation of pores or perforations within the cell membrane, leading to alterations in cellular osmolarity and ultimately cell membrane rupture and cell death (59).

Substances misuse has been shown to accelerate neurological symptoms in HIV-1-infected patients by facilitating HIV-1 entry into the brain and triggering an immune response, thereby mediating neuroinflammation and pyroptosis through the activation of microglia and the release of neurotoxins (60). Studies have disclosed that METH can induce GSDME-dependent cell death of hippocampal neurons through the ERS pathway (61). In addition, manifestations of cognitive impairment and changes in the NLRP1/Caspase1/GSDMD signaling pathway were found in an in vivo model of METH administration in rats (62). The use of aspirin and NLRP1 siRNA significantly attenuated METH-induced cognitive deficits while decreasing the activities of NLRP1 and cleaved caspase-1, IL-1β, and TNF-α, providing further evidence of complex programmed cell death mechanisms. Similarly, one study reported HIV-1 gp120-induced NLRP3-dependent pyroptosis and IL-1β production in microglia (63). Long-term administration of MCC950 (an NLRP3 inhibitor) to gp120 transgenic mice attenuated neuroinflammation and neuronal death, promoted neuronal regeneration, and restored impaired neurocognitive functions (64).

All the aforementioned findings suggest a link between METH and HIV-1 and pyroptosis. Indeed, a recent study showed that METH enhanced HIV-1 gp120-induced activation of microglia and NLRP3 inflammasome, while elevating GSDMD and GSDMD-N expression (65). Thus, activation of microglia-mediated neuroinflammation and pyroptosis might be one of the HAND etiological factors. Nevertheless, the investigation into METH and HIV-1 acting synergistically in inducing pyroptosis is still in its infancy. Further research is required to elucidate the interrelationships between pyroptosis and other mechanisms.





2.3 Neuroinflammation

Neuroinflammation is an important mechanism of neurotoxicity that has been closely associated with the activation of inflammasomes, glial cells, and cytokines (9, 66–68). The activation of microglia and astrocytes is a crucial component of the synergistic induction of neuroinflammation by METH and HIV-1. It has been shown that METH can activate inflammatory cells such as astrocytes and microglia, leading to the secretion of TNF-α and IL-1β inflammatory factors (23). Upon HIV-1 infection of human microglia, pro-IL-1β is secreted at 4 h, and mature IL-1β is secreted at 24 h, accompanied by caspase-1 activation, initiating the inflammatory process (69). Furthermore, HIV-1 infection induces a notable release of proinflammatory cytokines, namely IL-1β and IL-18. Exposure of monocytes to HIV-1 Tat has been observed to cause IL-1β release, which can lead to neuronal cell death and HAND through a direct or indirect proinflammatory mechanism (70). Similarly, the severity of this inflammatory response is elevated in HIV-1 patients with a history of METH abuse (71).

At present, five primary types of inflammasomes, namely NLRP3, NLRP1, NLRC4, IPAF, and AIM2, have been extensively studied and are known to play crucial roles in the onset and progression of various diseases (72). In a study involving METH abuse in rats, elevated NLRP1 activity was observed in the hippocampus, and NLRP1 inhibition significantly ameliorated METH-induced cognitive impairment (62). Moreover, inhibition of the NLRP3 inflammasome has the potential to mitigate motor impairments and cerebellar alterations induced by METH administration (68). Similarly, HIV-1 activates inflammasomes through diverse mechanisms, resulting in immune cell death and associated pathological changes (73). This shows a notable correlation between inflammasomes and neuroinflammation induced by METH and HIV-1.

The findings of our study indicated that microglia in the prefrontal cortex of METH abusers with concurrent HIV-1 infections exhibited significant activation (74). Additionally, METH and HIV-1 led to the activation of NLRP3 inflammasomes and caused neuroinflammation, as well as neuronal apoptosis in the prefrontal cortex and hippocampus (63). These results have suggested that neuroinflammation in HIV-1-infected individuals with METH abuse may contribute to neuronal apoptosis and consequent damage to the nervous system. Neuroinflammation involves a multifaceted interplay of mechanisms, including apoptosis and oxidative stress (75). Therefore, investigating the interplay between neuroinflammation and other mechanisms is a promising area for future research.




2.4 Blood-brain barrier damage

The BBB serves as a critical interface between the brain and the peripheral circulation and plays a vital role in maintaining homeostasis within the CNS (76). The neurovascular unit (NVU), which comprises endothelial cells, pericytes, astrocytes, microglia, neurons, and basement membranes, is the main functional unit of the blood-brain barrier (77). To access the CNS, both METH and HIV-1 must traverse the BBB. It has been established that the benzene ring and methyl group in the chemical structure of METH render it lipid-soluble and capable of traversing cell membranes and even the BBB, thereby exerting an effect on the central nervous system. HIV-1 may gain access to the central nervous system by infecting endothelial cells or mononuclear macrophages via a “Trojan horse” mechanism (78). Notably, HIV-1 infection and METH abuse synergistically impairs the BBB (79).

Disruption of BBB results in infiltration of various plasma components, and immune factors into the CNS, thereby inducing neuroinflammation and ultimately leading to toxic damage to the nervous system (80). The mechanisms of neuroinflammation and BBB damage caused by METH and HIV-1 are summarized in Figure 3. METH affects CNS homeostasis by impairing pericytes and astrocytes and disrupting tight junction proteins, such as occludin and claudins (81). Recent research has demonstrated that METH exposure induced neuroinflammation and BBB damage through neuronal-derived alpha-nucleoprotein transfer to astrocytes, as evidenced by the co-culturing of neurons with astrocytes (76). Upon entry into the BBB, HIV-1-infected cells secrete a range of HIV-1-associated viral proteins, including Tat, gp20, and Vpr. Notably, the HIV-1-associated viral proteins can exert disruptive effects on the BBB through various mechanisms (82), such as specifically enhancing vascular permeability, suppressing the expression of tight junction proteins, inducing a reduction in the expression of claudin-5 and laminin, and stimulating the expression of matrix metallopeptidase 9 (MMP9) and matrix metallopeptidase 2 (MMP2), ultimately resulting in the cleavage of tight junction proteins (83, 84). However, the mechanism of injury associated with HIV-1 Tat protein-induced BBB damage is multifaceted and not isolated. Despite extensive research, complete elucidation of the mechanism of injury remains elusive.
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Figure 3 | The mechanism diagram of neuroinflammation and blood-brain barrier damage caused by METH and HIV-1.



In our previous series of experiments, we found that ginsenoside Rb1 and gastrodin could alleviate the synergistically induced BBB damage by METH and HIV-1 Tat protein to a certain extent (85, 86). However, the neurotoxic effects caused by METH and HIV-1 are likely to arise from the interaction of various cellular and molecular mechanisms, and more in-depth studies, as well as additional clinical testing, may be required to achieve a therapeutic cure (22). Furthermore, the BBB presents significant challenges for future pharmacological interventions. Consequently, enhancing the ability of drugs across the BBB remains a prominent research focus and obstacle.





3 Potential therapeutic targets for neurotoxicity co-induced by METH and HIV-1

Despite the significant extension of life expectancy for individuals with HIV-1 through combination antiretroviral therapy (cART), chronic infections persist in the brain, and HIV-1-related neurocognitive impairment remains a formidable, incurable challenge (87). To date, the FDA has not approved any effective treatments for METH-induced neurotoxicity (88). Nevertheless, researchers continue to explore potential therapeutic agents for the neurotoxic effects induced by METH and HIV-1. The potential drugs that may treat METH and HIV-1-induced neurotoxicity are summarized in Table 1. For instance, ginsenoside Rb1 has shown promise in mitigating METH-induced neurotoxicity through the NR2B/ERK/CREB/BDNF pathway (89). Gastrodin, another agent, has demonstrated to attenuate METH-induced autophagy and apoptosis (41, 90). However, these agents have not yet provided a complete solution to the problem. Therefore, in this section, we offer a thorough overview of the targets for potential treatment of the neurotoxicity induced by METH and HIV-1 (Figure 4).



Table 1 | The potential drugs that may treat METH and HIV-1-induced neurotoxicity.
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Figure 4 | The neurotoxicity and therapeutic targets co-induced by METH and HIV-1.





3.1 Sigma 1 receptor

Initially, Martin et al. proposed that the sigma 1 receptor (σ1R) was a new subtype of opioid receptor that facilitates specific effects induced by benzomorphans (109). Subsequent research has revealed that σ1R, an endoplasmic reticulum chaperone protein, is modulated by various ligands and serves as a potential therapeutic target for psychostimulant addiction (92). The σ1R has multiple functions within the cell, and its activation or inhibition may have different effects on the cell, depending on the specific biological context and pathological conditions (110).

A recent study suggests that supplementation with short-chain fatty acids can improve anxiety and depression-like behaviors induced by METH, through the activation of the σ1R/BDNF/TrkB pathway in the hippocampus of mice (13). Studies have found that HIV-1 gp120 can induce neuronal apoptosis and neuronal generation, while the 4-phenyl-1-(4-phenylbutyl) piperidine (PPBP), σ1R agonist, can weaken the neurotoxicity of gp120 (95). It suggests a protective role for σ1R. However, BD1047, a σ1R antagonist, has been found to mitigate METH-induced mortality and reduce seizures and convulsions in Swiss-Webster mice (93). Prior research also has demonstrated that cannabidiol can attenuate METH-induced conditioned place preference in rats through the σ1R/AKT/GSK-3β/CREB signaling pathway (94). The incidence of HIV-1 infection in quiescent CD4+ T cells is typically low; but even minor alterations in these cells can result in increased susceptibility to HIV-1 infection. Similarly, studies have indicated that the utilization of stimulants, such as cocaine, can enhance the likelihood of HIV-1 infection in quiescent CD4+ T cells through σ1R activation (111, 112). These findings suggest that σ1R may have damaging effects on the organism. In summary, σ1R plays a complex role in regulating homeostatic processes and may serve as a potential target for future therapeutic interventions.




3.2 Transcription factor NF-E2-related factor 2

Nrf2 is a significant transcriptional regulator with anti-inflammatory and antioxidant properties and a safeguarding effect on cellular survival (113). Under normal physiological conditions, Nrf2 is predominantly located in the cytoplasm and associates with Keap1 to form a complex. Upon exposure to stimuli such as ROS, Nrf2 disengages from Keap1 and translocates into the nucleus, where it interacts with antioxidant response elements and triggers the expression of antioxidant enzymes (114). When the extent of damage surpasses its regulatory capacity, the Keap1/Nrf2 pathway can have deleterious effects on the body, exacerbating oxidative stress.

The potential of targeting Nrf2 to treat METH and HIV-1-induced neurotoxicity has been extensively studied. Research has demonstrated that the endogenous antioxidant pathway, mediated by Nrf2, can mitigate METH-induced neurological dysfunction resulting from oxidative stress (96, 97). Resveratrol, a natural polyphenol, has been extensively studied for treating neurodegenerative diseases (115). Numerous studies have shown that multiple exposures to METH significantly impair cognitive function, leading to long-term memory deficits (116), whereas resveratrol may be effective in preventing memory impairment through interaction with Keap1, activation of the Keap1-Nrf2 pathway, and inhibition of DNA damage and apoptotic responses after METH exposure (98). Additionally, Nrf2 has also been reported to regulate iron homeostasis in vivo (117). It has been shown that Nrf2 can respectively prevent ferroptosis and autophagy induced by METH and HIV-1 Tat proteins by regulating the SLC7A11 and Nrf2/NQO1/HO-1 signalling pathways (17, 74). Consequently, further investigation of the functional role of Nrf2 provides great value for the treatment of METH and HIV-1-induced neurotoxicity.




3.3 Dopamine transporter protein

DA is crucial for regulating various physiological processes, such as reward, motivation, movement, working memory, and cognition (118). Dopaminergic neurons contain a transmembrane protein, DAT, which primarily promotes reuptake of DA released into the synaptic cleft (119).

Acute or single high dose METH abuse is indicated to cause a decrease in the amount of DAT and affect DA reuptake. This causes an increase in extracellular concentrations of DA, which in turn leads to the euphoria effect (120). However, the reduction in DAT can persist for up to 3 years after METH discontinuation. Prolonged or repeated METH administration can lead to a decrease in DA levels (121). The administration of traditional Chinese medicines, such as Chaihu-jia-Longgu-Muli decoction and levo-tetrahydropalmatine, has been demonstrated to regulate the levels of DA intracellular and extracellular, thereby mitigating the neurotoxicity associated with METH (99, 100). It has been posited that long-term HIV-1 viral protein exposure leads to a decreased dopaminergic state, which continues to persist despite the advent of cART (122).. Therefore, HIV-1 treatment should prioritize the restoration of DA function. The HIV-1 Tat protein plays a crucial role in the onset of HAND by binding to DAT, impeding DA transmission, and inducing neurotoxicity (123). Research has demonstrated that the HIV-1 Tat protein inhibits DA uptake by directly interacting with the human-dopamine transporter protein (hDAT) through mutation of crucial hDAT residues, namely D-H547, D-Y88, and D-D206, which are anticipated to participate in the binding process. This inhibition can be attenuated by disrupting the Tat-hDAT interaction via mutations in these residues (101). In the context of the combined influence of METH and HIV-1, the HIV-1 Tat protein has been observed to intensify the sensitizing impact of METH by altering the DA function (124). These findings indicate that extrasynaptic DA levels and DATs are crucial elements to focus on in managing neurotoxicity caused by METH and HIV-1, potentially paving the way for novel avenues in interventional research.




3.4 Peroxisome proliferator-activated receptor gamma

Peroxisome proliferator-activated receptor gamma (PPAR-γ) belongs to the nuclear hormone receptor superfamily of ligand-activated transcription factors that govern various functions, such as lipid metabolism and inflammation (125). Additionally, PPAR-γ plays a crucial anti-inflammatory role in brain injury and neurodegenerative diseases, is implicated in the pathogenesis of several diseases, including diabetes, cancer, and obesity, and is a promising therapeutic target for CNS disorders (126).

Activation of PPAR-γ results in its translocation to the nucleus, increasing anti-inflammatory gene expression and decreasing microglia/macrophage activation, ultimately downregulating proinflammatory factors (127). Behavioral sensitization, an experimental model of psychostimulant psychosis, is induced by repeated administrations of psychostimulants and has linked to brain inflammation. Notably, PPAR-γ activation attenuated METH-induced behavioral sensitization, potentially due to its anti-inflammatory properties (102). After the three-day METH injection, a gradual decrease in PPAR-γ expression was observed. However, subsequent treatments with aspirin and ibuprofen gradually reversed the DAT expression reduction, microglial activation, and PPAR-γ expression. These findings suggest a correlation between the reduction of PPAR-γ and METH-induced neurotoxicity, implying that the PPAR-γ agonistic effect of ibuprofen may underlie its ability to reverse neurotoxicity (103).

HIV-1 infection results in a range of neurological dysfunctions that entail activating glial cells and releasing inflammatory factors. These events lead to the occurrence of lethal toxic effects on nerve cells (104). Insulin treatment has been observed to upregulate PPAR-γ expression in HIV-1-infected primary microglia (106). Furthermore, HIV-1 primarily infects the CNS by disrupting the BBB. A reduction in PPAR-γ impedes MMP-9 and MMP-2 activity in human monocytes infected with HIV-1, leading to BBB impairment (105). Inflammation is a common factor in both METH and HIV-1 induced neurotoxicity, and the anti-inflammatory properties of PPAR-γ provide compelling evidence for synergistic therapeutic investigation of these conditions.




3.5 miRNA

The emergence of diverse genetic testing technologies, including transcriptome sequencing, has increased the interest in the in vivo function of non-coding RNAs (128), including rRNA, tRNA, snRNA, snoRNA, and microRNA. Recent extensive research has established that miRNAs can contribute to disease pathogenesis through various mechanisms and serve as viable targets for therapeutic drugs (129). This section provides a concise summary of the involvement of miRNAs in METH and HIV-1-induced neurotoxicity.

The pivotal function of miRNAs is contingent on their target genes, as established in the literature. Extensive studies have supported an important role for miRNAs in neurotoxicity induced by METH and HIV-1 (48, 130, 131). Specifically, METH induces the upregulation of miRNA-143 via σ1R, resulting in detrimental effects on human brain endothelial cells and disruption of tight junction proteins, ultimately compromising BBB integrity. Notably, silencing of miRNA-143 has been shown to confer protection to the BBB against METH-induced damage (107). Studies have demonstrated that chronic administration of METH leads to an increase in the expression of exosome-secreted miRNA-29a. However, ibudilast, an anti-inflammatory drug, can reduce the secretion of extracellular vesicles and subsequently downregulate miRNA-29a, mitigating synaptic damage (108). HIV-1 neurotoxicity is closely linked to its infectious capacity, and various stimuli can alter miRNA expression in vivo, thereby influencing HIV-1 replication. Activated CD4+ T cells can exhibit high levels of miRNA-132, the first miRNA discovered to enhance HIV-1 replication (132). Furthermore, the elevation of miR-34a by HIV-1 Tat protein impeded SIRT1, consequently triggering neuroinflammation (29). These results highlight the importance of miRNA-based gene therapy in addressing the neurotoxicity of both METH and HIV-1, as these miRNAs have been shown to be stably expressed in vivo.





4 Discussion

The excitotoxicity induced by METH leads to an elevated likelihood of engaging in risky sexual behavior and unhygienic injection practices among substance abusers, thereby increasing the risk of HIV-1 acquisition. This risk is further exacerbated in individuals with co-infection of HIV-1. Currently, there are no pharmacological interventions specifically targeting METH-induced neurotoxicity, with only symptomatic treatments available based on clinical presentation. Antiretroviral therapy can effectively manage HIV-1, but it does not completely remove the virus from the brain. In addition, a variety of complementary therapies can be employed, including psychotherapy, lifestyle changes, and social support. The above treatments primarily relieve clinical symptoms without preventing disease progression. Therefore, researchers are trying to find effective drugs that can treat the neurotoxicity they co-cause by exploring the common targets of METH and HIV-1. In this review, we have provided a comprehensive and up-to-date overview of the mechanisms and targets currently under investigation for METH and HIV-1-induced neurotoxicity, drawing on published literature and recent reports.

We have identified that σ1R, NRF2, DAT and PPAR-γ are all involved in METH and HIV-1 co-induced neurotoxicity (13, 17, 125, 133). Many preclinical studies have suggested that modulation of these targets may have significant therapeutic effects on METH and HIV-1 co-induced neurotoxicity. This provides new perspectives and potential breakthroughs for such future therapeutic strategies. However, future research should encompass more in-depth experiments and foster multidisciplinary communication to identify precise biomarkers. These biomarkers are instrumental for the early detection and classification of METH and HIV-1 co-induced neurotoxicity, thereby facilitating the development of personalized treatment plans. Meanwhile, we also found that METH and HIV-1 co-induced neurotoxicity has been significantly altered at the transcriptional level, and we briefly summarized some aberrant miRNAs, such as miRNA-143, miRNA-29a and miRNA-132 (108, 131, 134). The researchers have found that targeting these miRNAs could also ameliorate METH and HIV-1 co-induced neurotoxicity, providing a new strategy for treatment. However, the clinical application of miRNA therapy continues to face a lot of challenges, including issues of drug delivery, specificity, and safety, which need to be addressed through further research and clinical trials.

We believe that there are numerous unanswered questions for researchers to explore regarding the neurotoxicity associated with METH and HIV-1 co-exposure. Specific questions include: I. How METH affects HIV-1 latency and reactivation. II. The role of environmental factors in exacerbating or mitigating the neurotoxicity. III. The effects of simultaneous use of different drugs on the co-induced neurotoxicity of METH and HIV-1. IV. The specific roles of cellular populations and neural circuits in the neurotoxicity induced by the co-exposure to METH and HIV-1. Meanwhile, we should not overlook the impact of the social environment on patients. We must enhance public awareness of substance use disorder and HIV-1 infection through education and prevent such issues at their root. It is crucial to provide emotional support and practical assistance to individuals affected by HIV-1 and METH use, to promote societal understanding and acceptance of them, thereby reducing their psychological barriers to seeking help and improving their quality of life. In conclusion, we hope more researchers will focus on exploring treatments for METH and HIV-1-induced neurotoxicity.




5 Conclusion

The review provided an overview of the distinct mechanisms underlying neurotoxicity induced by METH and HIV-1, emphasizing their interplay. These mechanisms include oxidative stress, endoplasmic reticulum stress, neuroinflammation, programmed cell death, and blood-brain barrier damage. Additionally, potential targets for treating METH and HIV-1-induced neurotoxicity were discussed. The objective of this review was to establish a theoretical foundation for understanding METH and HIV-1-induced neurotoxicity and to suggest potential avenues for clinical research and treatment.
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Varicella-zoster virus (VZV) encephalitis and meningitis are potential central nervous system (CNS) complications following primary VZV infection or reactivation. With Type-I interferon (IFN) signalling being an important first line cellular defence mechanism against VZV infection by the peripheral tissues, we here investigated the triggering of innate immune responses in a human neural-like environment. For this, we established and characterised 5-month matured hiPSC-derived neurospheroids (NSPHs) containing neurons and astrocytes. Subsequently, NSPHs were infected with reporter strains of VZV (VZVeGFP-ORF23) or Sendai virus (SeVeGFP), with the latter serving as an immune-activating positive control. Live cell and immunocytochemical analyses demonstrated VZVeGFP-ORF23 infection throughout the NSPHs, while SeVeGFP infection was limited to the outer NSPH border. Next, NanoString digital transcriptomics revealed that SeVeGFP-infected NSPHs activated a clear Type-I IFN response, while this was not the case in VZVeGFP-ORF23-infected NSPHs. Moreover, the latter displayed a strong suppression of genes related to IFN signalling and antigen presentation, as further demonstrated by suppression of IL-6 and CXCL10 production, failure to upregulate Type-I IFN activated anti-viral proteins (Mx1, IFIT2 and ISG15), as well as reduced expression of CD74, a key-protein in the MHC class II antigen presentation pathway. Finally, even though VZVeGFP-ORF23-infection seems to be immunologically ignored in NSPHs, its presence does result in the formation of stress granules upon long-term infection, as well as disruption of cellular integrity within the infected NSPHs. Concluding, in this study we demonstrate that 5-month matured hiPSC-derived NSPHs display functional innate immune reactivity towards SeV infection, and have the capacity to recapitulate the strong immune evasive behaviour towards VZV.




Keywords: human iPSc, neurospheroids, varicella-zoster virus, type-I interferon signalling, antigen presentation, stress granules, structural integrity
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1 Introduction

Varicella-zoster virus (VZV) is a highly species-specific human neurotropic alphaherpesvirus that, due to its long co-evolutionary history with the human host, has developed a wide range of immune evasion mechanisms preventing early host immune activation (1, 2). Although VZV has a high transmission rate, resulting in the natural infection of most children before the age of 10 and the typical varicella (chickenpox) disease phenotype, complications can be unpredictable (3, 4). While infection is usually self-limiting, VZV remains in a latent state in the neurons of the sensory ganglia. Reactivation of VZV causes herpes zoster (HZ), which is characterised by a more localised, painful skin rash with blisters. In addition, about 20% of HZ patients suffer from debilitating, long-lasting pain known as postherpetic neuralgia (PHN) (5). Neurological complications in the central nervous system (CNS) can also occur (4). Here, the most common manifestation of VZV infection is vasculopathy, which manifests as headaches, cognitive decline and/or focal neurological deficits (6). In rare cases, VZV infection can lead to even more severe neurological complications such as meningitis, encephalitis, cerebellitis and myelopathy (4, 6). The most common hallmarks underlying these pathologies include persistent inflammation and/or virus-induced hypercoagulability (6). Although VZV-related CNS infections are treatable with intravenous acyclovir therapy and corticosteroids, the wide spectrum of possible CNS complications is not necessarily accompanied by a VZV-associated rash, potentially leading to mis- or non-diagnosis (6). Consequently, this may lead to long-lasting CNS dysfunction and emphasizes the need for a better understanding of VZV neuropathogenesis in the CNS. A specific focus on the neuro-immune mechanisms of disease and/or protection could advance both preventive and therapeutic strategies to avoid or efficiently cure severe neurological complications following VZV infection of CNS tissue.

Even though there is an unmet need for studying VZV neuropathology, its exclusive human tropism limits profound cellular studies due to the scarcity of human CNS tissue available for research. To cope with this, recent advances in cell and developmental biology have led to the establishment of self-organising, stem cell-derived 3D cultures containing a mixture of different CNS cell types (7, 8). These structures are often referred to as neurospheroids (NSPHs) or brain organoids, and have demonstrated improved differentiation capabilities, time-dependent maturation, and superior functionality of neural cell types as compared to classically used (stem) cell line-derived 2D cultures (9–12). In the context of viral infection, stem cell-derived brain organoids have already been applied to investigate neurodevelopmental and neuro-immune consequences for neurotropic viruses of significant public health concern, such as - but not limited to - Zika virus (ZIKV) (13, 14), herpes simplex virus 1 (HSV1) (13, 15), and more recently severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (16–18). However, to our knowledge, no stem cell-derived NSPH models have been used to study VZV neuro-immune interactions (7, 19, 20). Continuing on previously reported 2D human pluripotent stem cell derived neuronal and neuro-immune co-culture models studying VZV infection (5, 21–25), in this study we aim to investigate whether a productive VZV infection is immunologically recognised within a neural-like NSPH environment.

This research question directly relates to our preceding studies whereby innate immune recognition of VZV was investigated in a 2D human (h)iPSC-derived compartmentalised neuronal model (25). Although hiPSC-derived neurons are able to adequately respond to IFNα signalling and suppress a productive VZV infection upon IFNα treatment, they do not mount a Type-I IFN response themselves upon VZV infection, and as such are unable to autonomously suppress a productive VZV infection (25). Subsequently, we hypothesised that co-culture of VZV-infected hiPSC-derived neurons with isogenic hiPSC-derived macrophages, as an immune-competent bystander population, could control a productive VZV infection. However, even though hiPSC-derived macrophages were demonstrated to be fully immune competent, no Type-I IFN response was mounted upon VZV challenge, and no suppression of productive VZV infection within co-cultured neurons was seen (5). Within the CNS, additional cells such as astrocytes and microglia play an important role in immune surveillance and may thus be able to control a productive VZV infection (26). Given the functional similarities between microglia and macrophages, and based on our preceding work, we do not expect microglia to be able to mount a strong Type-I IFN response upon VZV recognition. Therefore, in this study we focused on the potential role of astrocytes as bystander immune cells to control VZV infection.

Based on previous reports demonstrating that astrocyte maturation is highly essential for shifting their functional role from support in brain development to support in brain homeostasis and immunity (9, 11), we here opted to investigate cellular responsivity to VZV infection in 5-month matured hiPSC-derived NSPHs. Furthermore, infection of NSPHs with a murine Sendai virus, which is expected to trigger a strong Type-I IFN response, was applied as positive control to allow better understanding of the immune evasive behaviour of VZV in a human neural-like environment (25).




2 Materials and methods


2.1 NSPH generation, differentiation, and maturation

A previously established and characterised self-renewing hiPSC-derived neural stem cell line (hiPSC-NSC) was cultured as described in Van Breedam et al. (27). For the initial generation of NSPHs, hiPSC-NSCs were harvested and seeded at a density of 1.6 x 104 cells per well in an ultra-low attachment (ULA) 96-well plate (Costar, 7007) in 100µL of complete neural expansion medium [cNEM, consisting of 1:1 Neurobasal medium (Gibco, 21103-049): Advanced DMEM/F12 (Gibco, 12634-010) supplemented with 1x neural induction supplement (Gibco, A16477-01) and 1% Penicillin/Streptomycin solution (Gibco, 15070-063)]. NSPH cultures were maintained in a humidified cell culture incubator at 37°C and 5% CO2. On the third day post-seeding, 100µL of cNEM was added and from this point onwards, the cultures were kept under constant orbital shaking at 88 rpm. Partial (50%) medium changes were then performed every 2-3 days until day 14. At this point, NSPHs were transferred to ULA 6-well plates (Corning, 3471) with 5-6 NSPHs per well in 3 mL cNEM. Partial (50%) medium changes were performed every 2-3 days throughout the culture period until the age of 5 months.




2.2 Propagation of VZVeGFP-ORF23 in ARPE19 cells

The human retinal pigment epithelial cell line ARPE19 (ATCC, CRL-2302) was used for the propagation of the VZVeGFP-ORF23 strain, as previously described (25, 28). In this pOka-derived recombinant VZV strain, the minor capsid protein ORF23 is fused with the enhanced green fluorescent protein (eGFP). Following VZVeGFP-ORF23 propagation in ARPE19 cells, infected cells were harvested and cryopreserved in 900µL cARPE19 medium [90% DMEM/F12 (Gibco, 11320-074) + 10% FBS (Gibco, 10270-106)] + 100µL DMSO (Sigma, D2650) at a concentration of 1.0 x 106 cells per vial. After thawing, VZVeGFP-ORF23 titres in plaque-forming units (PFU) were determined using an infectious foci assay in ARPE19 cells, according to previously described procedures (25, 28, 29).




2.3 Generation and propagation of VZVORF65-tdT-66 in ARPE19 cells

The VZV WT-tdTomato (VZVORF65-tdT-66) strain, based on the pOka-derived recombinant VZV strain, was generated by cloning the tdTomato-tag in the intergenic region between ORF65 and 66 under the control of the SV40 early promotor, according to previously described procedures (28). This newly generated VZVORF65-tdT-66 was maintained in ARPE19 cells as described above.




2.4 Generation of ARPE19-eGFP cells

ARPE19 cells stably expressing the eGFP-reporter protein were generated following transduction with a Lentiviral vector (LVv) encoding eGFP and the hygromycin resistance protein (pCHMWS-eGFP-IRES-Hygr, kindly provided by the Leuven Viral Vector Core, LVVC, Molmed, KU Leuven, Leuven, Belgium) (25). Stable transduction and selection were performed as described previously (30). Stable expression of eGFP was confirmed by both fluorescence microscopy and flow cytometric analysis. ARPE19-eGFP cells were cryopreserved in 900µL cARPE19 medium + 100µL DMSO at a concentration of 1.0 x 106 cells per vial.




2.5 Pro-inflammatory stimulation of NSPHs

For pro-inflammatory stimulation, NSPHs were treated with a combination of 27.5 µg/mL ATP (Avantor, ICNA0219461301), 1 µg/mL LPS (Sigma, L7895), 10ng/mL IL1β (Immunotools GmbH, 11340012), 50ng/mL IFNγ (Immunotools GmbH, 11343534) and 10ng/mL TNFα (Immunotools GmbH, 11343013) for 72 hours, after which the cell culture supernatant was collected and frozen at -80°C for subsequent analysis.




2.6 VZVeGFP-ORF23 and VZVORF65-tdT-66 infection of NSPHs

For infection of NSPHs, VZVeGFP-ORF23-infected ARPE19 cells were thawed and used directly as a vehicle for cell-associated VZVeGFP-ORF23 infection. In this study, 3.25 x 103 PFU were added per NSPH, corresponding to 16.25 x 103 VZVeGFP-ORF23-infected ARPE19 cells. As negative control for VZVeGFP-ORF23 infection in downstream experiments, NSPHs were stimulated with ARPE19-eGFP cells. For this, an equal amount of 16.25 x 103 ARPE19-eGFP cells were added to the NSPHs. Medium changes were performed at 3dpi (80%), 5dpi (50%) and 7dpi (50%), thereby removing VZVeGFP-ORF23-infected ARPE19 and ARPE19-eGFP cells. Supernatant collected at 3, 5 and 7dpi was centrifuged to remove debris and frozen at -80°C for downstream analysis. Similarly, VZVORF65-tdT-66 infected ARPE19 cells were used directly as a vehicle for cell-associated VZV ORF65-tdT-66 infection of NSPHs, as described above.




2.7 SeVeGFP infection of NSPHs

Commercially available eGFP-labelled Sendai Virus (SeVeGFP) was obtained from ViraTree (S124). For NSPH infection, 3.25 x 103 PFU were added per NSPH, with medium changes performed at 3dpi (80%), 5dpi (50%) and 7dpi (50%), thereby removing remaining free SeVeGFP. Supernatant collected at 3, 5 and 7dpi was frozen at -80°C for downstream analysis.




2.8 Single cell dissociation of NSPHs

NSPHs were dissociated into a single cell suspension using a commercially available Papain/DNase-I dissociation kit (Worthington, 9035-81-1) following a procedure described by Barbar et al., 2020 (31, 32), with minor modifications. Briefly, 2-4 NSPHs were transferred into a single 24-well and mechanically broken into smaller pieces using sterile tweezers. Next, Papain/DNase-I solution (1 mL) was added and NSPH pieces were gently triturated 3 times. Subsequently, NSPH pieces were incubated for 45 minutes on an orbital shaker (88 rpm at 37°C), gently triturated 10 times, re-incubated for 15 minutes under orbital shaking and gently triturated again 10 times. The NSPH dissociation process was then stopped by transferring the dissociated cell suspension to an ovomucoid inhibitor solution (1,2 mL + 2 mL Earle’s medium). Finally, cells were centrifuged and resuspended in PBS.




2.9 Flow cytometry analysis of NSPHs

For flow cytometry analysis, the single cell populations obtained from dissociated NSPHs were immediately co-stained with a phycoerythrin (PE)-labelled anti-human CD49f antibody (1:20, BD Biosciences, 555736) and a LIVE/DEAD™ Fixable Aqua Dead near-IR Cell Stain (Invitrogen, L34976), according to previously described procedures (33). Flow cytometric analysis was performed using a BD FacsLyric™ analytical flow cytometer (BD Biosciences) and data were analysed using FACSuite v1.5 (BD Biosciences) and FlowJo (10.8.1) software.




2.10 Cryosectioning of NSPHs

NSPHs were fixed individually in 1,5 mL of 4% paraformaldehyde solution [PFA in phosphate-buffered saline (PBS)] for 150 min at room temperature (RT). Following two wash steps with 1,5 mL of PBS, NSPHs were stored at 4°C in PBS with 0.01% sodium azide. Following overnight dehydration in 20% sucrose solution (in dH2O), NSPHs were embedded in TissueTek-OCT (VWR) for cryosectioning in a NSPH array setup, as previously optimised by us (27). 10 to 20 μm thick frozen sections were prepared using an NX70 cryostar cryostat (Thermo Scientific) and collected on glass slides coated with poly-L-lysine (Sigma) and stored at -20°C before further processing.




2.11 Immunofluorescent staining of NSPH cryosections

For immunofluorescence staining, sections were rehydrated with PBS for 5-10 minutes and permeabilised for 30 minutes using 0,1% (v/v) Triton X-100 (Sigma) in Tris-buffered saline (TBS), both at RT. Next, NSPH sections were blocked with a solution of TBS supplemented with 20% serum of the corresponding secondary antibody host species or with 1% bovine serum albumin (BSA) for 1 hour at RT. Next, NSPH sections were incubated overnight at 4°C with primary antibodies diluted either in 10% (m/v) milk solution (Sigma) in TBS or in 3% BSA in TBS. After washing with TBS and a subsequent 1-hour incubation with the secondary antibodies in the dark, slides were washed again and counterstained with DAPI (1 μg/mL, Sigma) for 10 minutes at room temperature. After a final washing step with distilled water, sections were mounted in ProLong R Gold antifade reagent (Thermo Fisher). The used primary and secondary antibodies, as well as their final working concentrations and combinations applied, are provided in Table 1 (primary antibodies) and Table 2 (secondary antibodies).



Table 1 | List of primary antibodies used for immunocytochemistry and flow cytometry.

[image: Table listing antibodies with their corresponding hosts, sources, and final concentrations. Includes antibodies like TuJ1 from mouse with a concentration of 2 micrograms per milliliter, MAP2 from chicken, and others from rabbit, guinea pig, and rat, with varying concentrations and sources.]



Table 2 | List of secondary antibodies used for immunocytochemistry.

[image: Table listing antibodies with details:   - Anti-rabbit (Goat) with Texas red from Abcam, 5 µg/mL, combined with D, E, F, K, L, J.  - Anti-rat (Goat) with AF555 from Invitrogen, 4 µg/mL, G.  - Anti-mouse (Goat) with AF555 from Invitrogen, 2 µg/mL, A, M.  - Anti-guinea pig (Donkey) with Cy3 from Jackson ImmunoResearch, 7.5 µg/mL, C.  - Anti-chicken (Donkey) with Cy3 from Jackson ImmunoResearch, 1.5 µg/mL, B.  - Anti-mouse (Goat) with AF555 from Invitrogen, 2 µg/mL, O.  - Anti-rabbit (Goat) with AF647 from Invitrogen, 2 µg/mL, P.  - Anti-rabbit (Goat) with FITC from Jackson ImmunoResearch, 7.5 µg/mL, D, I.  - Anti-chicken (Donkey) with FITC from Jackson ImmunoResearch, 3.75 µg/mL, B.]




2.12 Microscopy and image analysis

Live cell images of control and virus infected NSPHs at different time points during culture were captured with a Zeiss Axio Observer.Z1 inverted fluorescence microscope using a N-Achroplan 5x (NA 0,13) objective. Immunofluorescence images of stained NSPHs were acquired using an Olympus BX51 fluorescence microscope equipped with an Olympus DP71 digital camera and using a UPlanFLN 10× (NA 0,30), UPlanFLN 20× (NA 0,50) or PlanC 40× (NA 0,65) dry objective. High-resolution images were acquired using the Nikon CSU-W1 SoRa confocal microscope using a Plan Apo 10x air objective (NA 0.45), Plan Apo 40x air objective (NA 0.95) and Plan Apo 60x water objective (NA 1.2) in normal confocal mode and NIS-Elements software (Nikon). Fiji image analysis freeware was used for image processing and analysis (http://fiji.sc). Briefly, images of stained NSPHs were manually delineated selecting two regions of interest (ROIs): (i) a 200 µm viable border of the NSPH (ROI(i), region of interest), and (ii) the necrotic core of the NSPH (ROI(ii), region of background fluorescence). Results indicating specific immunofluorescence signal of a given marker are presented as mean fluorescence intensity ROI(i)/ROI(ii).




2.13 Transmission electron microscopy

VZVeGFP-ORF23-infected and control NSPHs were fixed in 2.5% glutaraldehyde in Sorensen’s buffer 0.1 M solution (pH 7.4) at RT for 10 min before being moved 4°C for 2 h. After three washes in Sorensen’s buffer, samples were post-fixed for 60 min in 2% osmium tetroxide and dehydrated through a graded ethanol–propylene oxide series then embedded in epoxy resin. The resin was then polymerised at 60°C for 72 h. Ultrathin Sections (60–80 nm) were cut using a diamond knife (Diatome) mounted in an ultramicrotome (Ultracut S Leica) and contrasted in the dark for 15 min in uranyl acetate solution, and for 15 min in lead citrate solution. For ultrastructural analyses, random fields of these samples were examined under a Jeol TEM JEM-1400 transmission electron microscope at 80 kV, and random fields were photographed using an 11-megapixel camera system (Quemesa, Olympus).




2.14 Analysis of cytokine secretion

Concentrations of interleukin 6 (IL-6), CXCL10, interferon alpha-2 (IFN-α2) and interferon beta (IFN-β) in cell culture supernatant were determined using commercially available ELISA MAX™ Deluxe Sets (BioLegend, 430504, 439904, 446404, 449504), according to the manufacturer’s instructions.




2.15 Haematoxylin-eosin staining

A haematoxylin and eosin (H&E) staining was performed on cryosections of NSPHs using Carazzi’s haematoxylin (0.1% (m/v) dissolved in 1:4 distilled water:glycerol 85% containing 105 mM KAl(SO4)2.12 H2O, 0.9 mM KIO3 Sigma) and eosin Y (1% (m/v) in distilled water, Sigma), as previously described (27). In short, cryosections were stained for 2 min. with Carazzi’s haematoxylin and washed for 5 min. with running water. After 5 min. of eosin Y staining, slides were dipped 5 times in distilled water and subsequently dehydrated by 95% ethanol (2 min.), 100% ethanol (2 min.) and xylene (10 min.) and finally mounted using ProLong® Gold anti-fade reagent (Thermo Fisher).




2.16 Nanostring digital transcriptomics

At 7 days post stimulation/infection, NSPHs were washed with ice cold PBS, snap frozen in liquid nitrogen and stored at -80°C. RNA extraction was performed on 2 pooled NSPHs of each condition (three samples per condition) using the RNeasy Mini Kit (Qiagen, 74104) according to the manufacturer’s protocol. RNA concentration was determined with the Qubit RNA Broad Range Assay Kit (Invitrogen, Q10211) and the 260/280 ratio, indicative of RNA purity, was checked using NanoDrop™ 2000/2000c Spectrophotometer (Thermo Scientific, ND-2000). The RNA samples were used for digital transcriptomic analysis (nCounter, NanoString Technologies) on a nCounter® MAX Analysis System, as previously described for other viral infections (34–37). Briefly, RNA extracts were hybridised to ± 600 unique capture/reporter pairs (50bp each) targeting 585 immune transcripts and 15 housekeeping genes, as defined in the Human Immunology V2 nCounter® panel, as well as 6 positive and 8 negative control probes (all from NanoString). Results were sequentially corrected for background (negative control probes), technical variation (positive control probes) and RNA content (housekeeping genes) using nSolver 4.0 (NanoString), followed by differential gene expression (DGE) analysis and gene set enrichment (GSE) analysis (based on GO-terms) using Omics Playground (BigOmics Analytics). The original NanoString digital transcriptomics data are available in the GEO database via accession number GSE273529.




2.17 Data representation and statistical analysis

Box/dot plots representing cytokine production and quantification of ICC markers were created with GraphPad Prism v.8.2.1 software. Statistical analyses were carried out using JMP® Pro Version 16 statistical software. All data were modelled using a linear mixed-effects model, accounting for the repeated measures, i.e. independent experiments and/or repeated measurements for each observation. Post-hoc analyses for linear mixed-effects models were carried out with Tukey’s HSD correction for multiple comparisons. A p-value <0,05 was considered statistically significant. All other statistical analyses were performed directly within nSolver 4.0 (NanoString) and Omics Playground (BigOmics Analytics) software.





3 Results


3.1 Longitudinal characterisation of NSPH differentiation

To visualise NSPH differentiation longitudinally, NSPHs were harvested after 1, 2, 3 and 5 months of culture and analysed by ICC (Figure 1). Following the culture method applied, NSPHs increase in size up to 3 months in culture after which growth stabilised at a diameter of approximately 2-3 mm. Although ICC for neuron-specific proteins (Figure 1A) demonstrated the early presence of Tuj1+ neurons in 1-month-old NSPHs, expression of the more mature neuronal marker MAP2 was only detected in NSPHs from the age of 2 months. However, due to the increasing size of the NSPHs, a large TUNEL+ core of dead cells becomes more pronounced within the NSPHs from 3 months of age onwards. Nevertheless, 5-month-old NSPHs clearly displayed the presence of matured Tuj1+MAP2+NeuN+ neurons in the viable border. In contrast to the early appearance of developing neurons, only a small population of GFAP+ astrocytes was detected at earliest after 2 months of culture, and this specifically at the outer border of the NSPH (Figure 1B). Upon continued NSPH culture, this immature astrocyte population colonised the viable NSPH border and matured into GFAP+S100b+AQP4+SOX9+ astrocytes between the 3rd and the 5th month of age, giving rise to a matured bi-partite (neurons + astrocytes) hiPSC-derived NSPH model that will be used throughout this study.


[image: Comparison of immunofluorescence staining in neurons and astrocytes over time. Panel A shows neuron staining with DAPI, TUJ1, and MAP2 at one, two, three, and five months, including detailed views of TUJ1, MAP2, NeuN, and TUNEL at five months. Panel B depicts astrocyte staining with DAPI, GFAP, and S100b at the same intervals, showing detailed views of GFAP, S100b, AQP4, and SOX9 at five months. Each image specifies scale bars for size reference, with detailed sections providing closer examination.]

Figure 1 | Longitudinal characterisation of NSPH differentiation. (A) Representative images of NSPHs at the age of 1, 2, 3 and/or 5 months immunolabelled for the neuronal markers Tuj1 (magenta), MAP2 (magenta) and NeuN (magenta), and the late-stage apoptosis TUNEL staining (magenta), as indicated. (B) Representative images of NSPHs at the age of 1, 2, 3 and/or 5 months immunolabelled for the astrocyte markers GFAP (magenta), S100b (magenta), AQP4 (magenta) and SOX9 (magenta), as indicated. Nuclei are labelled with DAPI (blue). Scale bars of 20, 50 and 500 µm are indicated on the images.






3.2 5-month-old NSPHs are susceptible to VZVeGFP-ORF23 infection

At the age of 5 months, NSPHs were inoculated with cell-associated VZVeGFP-ORF23, as described in detail in the Materials and Methods section. Following 7 days of infection, widefield live cell fluorescence microscopy revealed a widespread bright eGFP signal from inoculated NSPHs as compared to control NSPHs (Figure 2A). Next, flow cytometry of single cell populations dissociated from control and VZVeGFP-ORF23-infected NSPHs was performed to determine the proportion of VZVeGFP-ORF23-infected astrocytes (CD49f+, Figures 2B, C) and neurons (CD49f-/low, Figure 2C) within NSPHs. We found that both the CD49f+ cell population (comprising astrocytes) and the CD49f- cell population (comprising neurons) were highly susceptible to VZVeGFP-ORF23 infection (Figure 2C), with - within the viable cell population recovered - 80,5 +/- 1,3% of neurons and 94,2 +/- 1,2% of astrocytes being infected (Figure 2D). Additionally, ICC analysis of cryosections of VZVeGFP-ORF23-infected NSPHs (Figure 2E; Supplementary Figure 1) confirmed widespread eGFP-ORF23 expression throughout the entire viable border of the VZVeGFP-ORF23-infected NSPHs, consisting of both astrocytes (GFAP staining) and neurons (MAP2 staining), but not in the necrotic core of the NSPHs (TUNEL staining). Higher magnification confocal images (Figure 2F) revealed both nuclear and cytoplasmic localisation of the eGFP-ORF23 fluorescent signal (green), indicative of a productive VZV infection. The latter was further confirmed using TEM, showing the VZVeGFP-ORF23 replication complex (RC) in the nucleus (Figure 2G, upper left and upper right panel), with the presence of different viral capsid structures (procapsids, capsid B and capsid C) in- and outside of the RC (Figure 2G, lower left panel), as well as egressing viral particles at the cell surface (Figure 2G, lower right panel). In summary, these results demonstrate the susceptibility of bi-partite hiPSC-derived NSPHs to VZVeGFP-ORF23 infection.


[image: Scientific figure with multiple panels labeled A to G. Panel A shows microscopic images of spherical structures with control and VZV-eGFP-ORF23 labeling. Panel B shows a pink fluorescent image labeled CD49f. Panel C presents flow cytometry graphs comparing eGFP expression in neurons and astrocytes under control and VZV conditions. Panel D is a bar chart illustrating the percentage of total and eGFP-positive cells among astrocytes and neurons in both conditions. Panel E displays overlapping immunofluorescence images of NSPH with various markers: GFAP, MAP2, and TUNEL, all with VZV. Panel F shows a nuclear fluorescence microscopy image with merged, DAPI, and VZV-eGFP-ORF23 channels. Panel G includes electron micrographs with different magnifications showing cellular ultrastructure.]

Figure 2 | VZVeGFP-ORF23 infection of 5-month-old NSPHs. (A) Representative live cell fluorescence image of uninfected NSPHs and VZVeGFP-ORF23 infected NSPHs at day 7 post-infection. Scale bars of 200 µm are indicated on the images. (B) Representative image of a NSPH stained with the extracellular astrocyte-enriched CD49f marker (magenta) and nuclei labelled with DAPI (blue). Scale bar of 20µm indicated on the image. (C) Representative flow cytometric analysis showing histogram overlay of CD49f- neurons and CD49f+ astrocytes obtained from dissociated uninfected NSPHs (CTRL) and VZVeGFP-ORF23 infected NSPHs (VZV) at day 7 post-infection. (D) Bar graph indicating the average percentage of astrocytes and neurons measured in uninfected NSPHs (CTRL) and VZVeGFP-ORF23 infected NSPHs (VZV), as well as the average % of astrocytes and neurons displaying eGFP-ORF23 fluorescence in VZVeGFP-ORF23 infected NSPHs (n=3 for CTRL and n=3 for VZV). Error bars indicate standard deviation (SD). (E) Representative images of VZVeGFP-ORF23 infected NSPHs (green) at the age of 5 months immunolabelled for GFAP (magenta), MAP2 (magenta) and TUNEL (magenta), as indicated. Nuclei are labelled with DAPI (blue). Scale bars of 100 and 500 µm are indicated on the images. (F) Representative images of the cytoplasmic and nuclear localisation of VZVeGFP-ORF23 (green) in infected NSPHs at the age of 5 months. Nuclei are labelled with DAPI (blue). Scale bars of 20 µm are indicated on the images. (G) Representative transmission electron microscopy (TEM) images of VZVeGFP-ORF23 infected NSPHs at the age of 5 months. Upper left image showing an overview TEM image of a VZVeGFP-ORF23 infected cell. Upper right image showing the nuclear replication complex (RC). Lower left image showing different maturation stages of the VZV virion, with white arrows indicating procapsids, long black arrows indicating capsid B and short black arrows indicating capsid C Lower right image showing viral particles egressing at the cell surface (long black arrows). Scale bars of 1, 2 and 10 µm are indicated on the images.






3.3 Matured NSPHs are immunosensitive, but do not secrete a selected panel of pro-inflammatory cytokines following VZVeGFP-ORF23 infection

Given the high infectivity of NSPHs by VZVeGFP-ORF23, and in line with our preceding studies demonstrating the lack of neuronal innate immune signalling towards VZV (5, 25), we here questioned whether astrocytes could immunologically sense the presence of a productive VZVeGFP-ORF23 infection. To investigate this, 4 experimental conditions were included: (a) control NSPHs, (b) NSPHs inoculated with eGFP+ control ARPE19 cells (= control for condition c), (c) NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells, and (d) NSPHs infected with an SeVeGFP, serving as a positive control for induction of Type-I/II IFN response. At first, NSPH infectivity with VZVeGFP-ORF23 and SeVeGFP was monitored by live cell fluorescence microscopy over 7-days (Supplementary Figure 2; Figure 3A). This revealed successful NSPH infectivity by VZVeGFP-ORF23 and SeVeGFP, as demonstrated by a gradual increase in green fluorescent signal. Inoculation of NSPHs with eGFP+ control ARPE19 cells only resulted in the appearance of a few eGFP+ foci resulting from ARPE19 cells adhering to the NSPHs. Subsequent ICC analysis (Figure 3B) however revealed a different infectivity pattern whereby VZVeGFP-ORF23 displayed widespread distribution within the viable NSPH border, while SeVeGFP only displayed infectivity in the outer layer of the NSPHs. Next, we investigated the capacity of NSPHs to respond immunologically to VZVeGFP-ORF23 or SeVeGFP infection. Although NSPHs secreted high levels of IL-6 and CXCL10 following 3 days of stimulation with a pro-inflammatory cocktail consisting of ATP, LPS, IL-1β, IFNγ and TNFα (Figure 3C), no significant release of IL-6 and CXCL10 in the NSPH cell culture supernatant could be detected following VZVeGFP-ORF23 infection over the 3 measured timepoints (3-, 5- and 7-days post-stimulation) (Figure 3D). In contrast, SeVeGFP infection resulted in a significant release of IL-6 and CXCL10 (Figure 3D), albeit at ten-fold lower levels as compared to stimulation with a pro-inflammatory cocktail (Figure 3C). Additionally, we investigated the secretion of IFN-α2 and IFN-β at the same timepoints following VZVeGFP-ORF23 and SeVeGFP infection. However, for both VZVeGFP-ORF23 and SeVeGFP, infected NSPHs did not secrete detectable levels of IFN-α2 and IFN-β (data not shown). Concluding, 5-month-old NSPHs are immune responsive to pro-inflammatory stimulation and SeVeGFP-infection, as demonstrated by the secretion of IL-6 and CXCL10, but do not secrete pro-inflammatory cytokines following VZVeGFP-ORF23-infection, at least not for the panel applied in this study.


[image: Panels A and B show fluorescent microscopy images with varying expression levels of eGFP across different conditions labeled CTRL, ARPE-CTRL, VZV, and SeV. Insets provide magnified views. Panel C displays bar charts showing IL-6 and CXCL10 expression levels at 3 days post-stimulation, with significant differences marked by asterisks. Panel D presents box plots for IL-6 and CXCL10 levels at 3, 5, and 7 days post-infection, indicating statistical differences between groups using asterisks. Scale bars provide size references in microscopy images.]

Figure 3 | Immune responsiveness of VZVeGFP-ORF23- and SeVeGFP-infected NSPHs. (A) Representative live cell fluorescence image of 5-month-old control NSPHs (CTRL), NSPHs inoculated with eGFP+ control ARPE19 cells (ARPE-CTRL, green), NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells (VZVeGFP-ORF23, green), and NSPHs infected with SeVeGFP (SeVeGFP, green) at day 7. Scale bars of 50 and 200 µm are indicated on the images. (B) Representative images of 5-month-old control NSPHs (CTRL), NSPHs inoculated with eGFP+ control ARPE19 cells (ARPE-CTRL, green), NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells (VZVeGFP-ORF23, green), and NSPHs infected with SeVeGFP (SeVeGFP, green) at day 7. Nuclei are labelled with DAPI (blue). Scale bars of 50 and 200 µm are indicated on the images. (C) Boxplots showing IL-6 and CXCL10 cytokine secretion (in pg/mL) by 5-month-old control NSPHs (CTRL, n=4) and NSPHs stimulated with IL-1b, TNF-α, IFN-γ, LPS and ATP (n=4) at day 3 post-stimulation (dps). **** p<0,0001. Error bars indicate standard deviation (SD). (D) Combined box/dotplots showing IL-6 and CXCL10 cytokine secretion (in pg/mL) derived from 2 independent experiments for5-month-old control NSPHs (CTRL, n=8 for Exp1, n=4 for Exp 2), NSPHs inoculated with eGFP+ control ARPE19 cells (ARPE-CTRL, n=8 for Exp1, n=4 for Exp 2), NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells (VZV, n=8 for Exp1, n=4 for Exp 2), and NSPHs infected with SeVeGFP (SeV, n=8 for Exp1, n=4 for Exp 2) at 3-, 5- and 7-days post-infection (dpi). The mean of each individual experiment is given as a dot within the boxplot. ** p<0,01. **** p<0,0001.






3.4 Molecular immune profiling of VZVeGFP-ORF23and SeVeGFP-infected NSPHs

Given the observation that SeVeGFP, but not VZVeGFP-ORF23, induced cytokine release by infected NSPHs, we performed a multiplex human immunology NanoString gene expression analysis on the 4 experimental conditions described above to gain a broader insight into the immune signalling pathways triggered upon viral infection. DGE analysis between SeVeGFP infected NSPHs and control NSPHs revealed strong upregulation of gene transcripts related to the Type-I interferon response, such as IFIT2, BST2, MX1, IFITM1 and STAT1 (Figure 4A, indicated in red on the volcano plot), as well as a moderate upregulation of gene transcripts related to MHC class I antigen presentation, such as HLA-A, HLA-B and HLA-C (Figure 4A, indicated in blue on the volcano plot). Consequently, GSE analysis (GO terms) revealed positive enrichment scores (meaning activation) for pathways related to antigen processing and presentation, Type-I IFN signalling and cellular defence against viral infection (Figure 4A, GSE table), albeit only the latter two being significant (based on the meta.q value). In contrast, DGE analysis between NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells and NSPHs inoculated with eGFP+ control ARPE19 cells revealed a significant downregulation of gene transcripts related to the Type-I interferon response, such as IFI35, IFIT2 and IFITM1 (Figure 4B, indicated in red on the volcano plot), and gene transcripts related to MHC class II antigen presentation, such as HLA-DPA1, HLA-DRA, HLA-DRB1, HLA-DMB and CD74 (Figure 4B, indicated in blue on the volcano plot). Next, GSE analysis (GO terms) revealed negative enrichment scores (meaning suppression) for pathways related to antigen processing and presentation and lysosomal functioning (Figure 4B, GSE table), albeit only the latter being significant (based on the meta.q value). Of note, GSE analysis of ARPE19-stimulated NSPHs vs. control NSPHs revealed no significant differences caused by the stimulation of the NSPHs with the ARPE19 vehicle cells (data not shown). Concluding, these results suggest that VZVeGFP-ORF23 infection in NSPH, besides not triggering and even actively suppressing a Type-I IFN response, also interferes with antigen processing and presentation processes.


[image: Scatter plots A and B compare differential gene expression analysis. Plot A shows SeV vs. CTRL, highlighting genes such as STAT1 and MX1. Plot B compares VZV vs. ARPE, featuring genes like IFIT2 and CX3CR1. Both plots indicate significance in the y-axis and effect size on the x-axis. Below each plot, tables list gene ontology terms with scores, logFC, and meta.q values, identifying key biological processes affected.]

Figure 4 | Human Immunology NanoString gene expression analysis of VZVeGFP-ORF23- and SeVeGFP-infected NSPHs. Differential gene expression (DGE) analysis and gene set enrichment (GSE) analysis. (A) NSPHs infected with SeVeGFP (SeV, n=3) vs. uninfected control NSPH (CTRL, n=3). (B) NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells (VZV, n=3) vs. NSPHs inoculated with eGFP+ control ARPE19 cells (ARPE, n=3). Genes related to the Type-I IFN pathway are marked in red and genes related to the MHC antigen presentation pathway are marked in blue on the DGE volcano plot. The activation score, LogFC and meta.q significance values for the top-ranked GO terms from the GSE analysis are provided for (A, B).






3.5 VZVeGFP-ORF23 infection of NSPHs interferes with Type-I IFN response and antigen presentation

To validate the observed alterations in molecular signalling pathways, ICC analyses were performed on cryosections obtained under the 4 experimental NSPH conditions described above. First, examination of downstream proteins of the Type-I Interferon pathway (Supplementary Figure 3; Figure 5A) revealed significant upregulation of MX1, IFIT2 and ISG15 at the protein level in SeVeGFP-infected NSPHs, but not in VZVeGFP-ORF23-infected NSPHs. Second, investigation of proteins related to MHC Class II antigen processing and presentation (Supplementary Figure 3; Figure 5B), confirmed downregulation of the invariant chain protein CD74 in VZVeGFP-ORF23-infected NSPHs as compared to control NSPHs. However, at this stage of analysis, this did not yet result in a significantly lower expression of HLA-DR. Concluding, these results confirm that VZVeGFP-ORF23 interferes with Type-I IFN response and antigen presentation in a human neural-like environment.


[image: Fluorescent images and box plots show expression of Mx1, IFIT2, ISG15, CD74, and HLA-DR under different conditions: CTRL, ARPE-CTRL, VZV\(_{eGFP-ORF23}\), and SeV\(_{eGFP}\). Images are labeled with 100 micrometer scale bars. Box plots display mean intensity at the border/core, with significance asterisks indicating differences.]

Figure 5 | VZVeGFP-ORF23 and SeVeGFP-infected NSPHs display opposite effects on protein expression related to Type-I interferon response and antigen presentation pathway. Representative immunofluorescence images for 5-month-old control NSPHs (CTRL, n=6), NSPHs inoculated with eGFP+ control ARPE19 cells (ARPE-CTRL, green, n=6), NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells (VZVeGFP-ORF23, green, n=6), and NSPHs infected with SeVeGFP (SeVeGFP, green, n=6), immunolabelled for (A) Type-I interferon response markers MX1, IFIT2 and ISG15, and (B) antigen presentation pathway markers HLA-DR and CD74. All in magenta. Nuclei are labelled with DAPI (blue). Scale bars of 100 µm are indicated on the images. Combined box/dotplots showing signal quantification. The mean value for each individual NSPH analysed is given as a dot within the boxplot. * p<0,05. ** p<0,01. *** p<0,001. **** p<0,0001.






3.6 VZVeGFP-ORF23- and SeVeGFP-infection of NSPHs induces stress granule formation

Even though VZVeGFP-ORF23 can evade innate immune signalling in NSPHs, it is highly unlikely that a productive VZVeGFP-ORF23 infection has no consequences in infected cells. We questioned whether a cellular stress response was induced in VZVeGFP-ORF23- and SeVeGFP-infected NSPHs upon prolonged viral challenge of a neural-like environment. Hereto, ICC analyses were performed at 7 days post-infection for 2 well-described protein components of stress granules (SGs), namely G3BP1 (G3BP stress granule assembly factor 1) and PABPC1 (poly(A) binding protein cytoplasmic 1). While no SG formation was observed in control NSPHs and NSPHs inoculated with eGFP+ control ARPE19 cells (Figure 6A), within VZVeGFP-ORF23-infected NSPHs we observed a strong induction of G3BP1+ SG formation in VZVeGFP-ORF23-infected cells (Figure 6B). In contrast, SeVeGFP-infected cells in the NSPH induce the formation of PABPC1+ SGs, but not G3BP1+ SGs, in infected cells (Figure 6C). Concluding, these results indicate a clear difference in the type of SGs formed following prolonged viral presence in our NSPH model for both types of viruses. Furthermore, the formation of SGs following VZVeGFP-ORF23 infection of the NSPHs is a clear indication of induced cellular stress upon prolonged VZVeGFP-ORF23 presence, even though further downstream, VZV still manages to affect innate immune signalling and antigen-processing machinery.


[image: Fluorescence microscopy images showing cellular components tagged with various fluorescent markers. Panels A to C display different experimental conditions labeled as CTRL, ARPE-CTRL, VZV^eGFP-ORF23, and SeV^eGFP, with each condition having an overview image. DAPI stains the nuclei blue, G3BP1 is shown in orange, PABPC in magenta, and eGFP in green. Detailed views of selected areas highlight the distribution of these markers. Scale bars indicate 50 micrometers in overview images and 5 micrometers in detailed sections.]

Figure 6 | Formation of stress granules in VZVeGFP-ORF23 and SeVeGFP-infected NSPHs. Representative overview immunofluorescence images of control NSPHs [(A), top left], NSPHs inoculated with eGFP+ control ARPE19 cells [(A), top right, ARPE-CTRL], NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells [(B), top left, VZVeGFP-ORF23], and NSPHs infected with SeVeGFP [(C), top right, SeVeGFP], immunolabelled for G3BP1 (orange) and PABPC1 (magenta). Insets of virus-infected cells are depicted by white arrows on the overview image [(B, C), top] and shown below the corresponding overview images [(B, C), bottom]. Nuclei are labelled with DAPI (blue). Scale bars of 50 (overview) and 5 (detail) µm are indicated on the images.






3.7 VZVORF65-tdT-66 affects cellular integrity in infected NSPHs

Further documenting the cellular stress VZV induces in infected NSPHs, we performed a final experiment in which NSPHs were infected with cell-associated VZVORF65-tdT-66 (Figure 7A). At first, comparison of Haematoxylin-Eosin (H&E)-stained slides from control and VZVORF65-tdT-66 infected NSPHs already indicates increased structural degradation inside the VZVORF65-tdT-66 infected NSPHs, as well as a clear disruption of the outer border of the NSPH (Figure 7B). Although subject to further investigation, additional stainings for the neuronal marker MAP2 and the astrocyte marker GFAP indicate that the morphology and/or integrity of both NSPH cell types is severely affected following infection with VZVORF65-tdT-66 (Figure 7C).


[image: Panel A shows two images of cell structures stained with DAPI; the left image is a control, and the right shows Varicella Zoster Virus presence in red. Panel B has H&E stained tissue sections with more dense cells in the control on the left than in the infected tissue on the right. Panel C displays fluorescent staining of neuronal markers; blue indicates nuclei, green represents MAP2 in the top row and GFAP in the bottom row. Inserts provide magnified views. Scale bars indicate 100 micrometers and 50 micrometers.]

Figure 7 | VZVORF65-tdT-66 affects cellular integrity in infected NSPHs. (A) Representative images of cryosections of control (CTRL) and VZVORF65-tdT-66 infected NSPH at day 7 post-infection (dpi), in which nuclei are labelled with DAPI (blue) and infection with VZVORF65-tdT-66 is shown in red (direct tdTomato fluorescence signal). (B) Representative images Haematoxylin-Eosin stained cryosections of control (CTRL) and VZVORF65-tdT-66 infected NSPH at 7 dpi. (C) Representative immunofluorescence images of control (CTRL) and VZVORF65-tdT-66 infected NSPH at 7 dpi, immunolabelled for the neuronal marker MAP2 (green, top panel) and astrocyte marker GFAP (green, bottom panel). Nuclei are labelled with DAPI (blue). Scale bars of 100 (overview) and 50 (detail) µm are indicated on the images.







4 Discussion

While several human pluripotent stem cell (PSC)-derived in vitro models have been developed and successfully applied to demonstrate neuronal susceptibility to VZV infection, and to investigate subsequent downstream cell- and/or virus-specific intracellular events (5, 21–25), to date little is known about the behaviour of VZV in a multicellular context, especially including cell types involved in innate immunity (38). This approach is highly important as during primary infection, as well as during secondary infection following reactivation from latency, innate immune signalling is the first line of VZV’s recognition by the host’s immune system that can be activated either by the infected cell itself or by surrounding bystander cells (39–41). In the CNS, besides microglia, astrocytes are in close contact with neurons too, and as such most likely one of the first cells to come into contact with viral particles released from infected neurons (42–45). As mentioned before, there are very few studies concerning VZV neuro-immune biology in primary human brain tissue. A preceding study by Bubak and colleagues has already shown that VZV alters morphology and suppresses pro-inflammatory cytokines in primary human spinal cord and hippocampal astrocytes during VZV infection in vitro, and these events may as such represent an immune evasion strategy during VZV myelopathy and encephalopathy (46). While this study already provided valuable insights into (the absence of) an anti-viral astrocyte response upon VZV challenge, the use of human post-mortem isolated and cultured astrocytes may not fully recapitulate in vivo physiological responses due to the absence of important astrocyte-neuron interactions.

Mixed human neuron-astrocyte cultures are difficult to establish in a 2D context due to differences in growth factor requirements for both cell types and the time needed to regain physiological rest and functional maturity upon plating of individual cell populations (11, 47). For this reason, PSC-derived NSPHs have gained significant importance in the study of virus infections of the CNS as they have been able to overcome some of the major limitations of the preceding preclinical models (7, 8, 19, 48–50). Nevertheless, Depla and colleagues recently pointed out that heterogeneity in organoid generation protocols, as well as their age/maturation at the time of infection, may explain confounding results (7). With a specific focus on studying astrocyte-mediated anti-viral immune responses, it is of utmost importance to allow for time-dependent maturation of the astrocyte-lineage cells in human NSPHs from an embryonic-like developmental stage to a stage resembling at least late-foetal/early-postnatal or even adult human astrocytes, which requires a prolonged maturation period (9, 11). Based on these studies by Sloan et al. (11) and Gordon et al. (9), we decided to define the appearance of AQP4 as a marker for mature(d) adult-like astrocytes, which appeared in this study - with the hiPSC-line and culture protocol used - highly expressed in 5-month-old NSPHs. Therefore, in this study NSPHs were allowed to differentiate/mature for 5 months after which they displayed a stable composition of neurons and astrocytes expressing a clear set of markers associated with matured neurons and astrocytes (Figure 1) (9, 11, 31, 51). Furthermore, immune-competence of our cultured NSPHs was demonstrated by release of the pro-inflammatory cytokines IL-6 and CXCL10 following pro-inflammatory cocktail stimulation, previously defined by us (52) and others (31, 46, 53, 54) to demonstrate astrocyte reactivity.

Upon initial VZVeGFP-ORF23 infection experiments of 5-month matured NSPHs, we observed VZVeGFP-ORF23 spreading rapidly throughout the viable area of the NSPHs, infecting both neurons and astrocytes (Figure 2). In agreement with the preceding study by Bubak et al. (46), we here demonstrate that immune-competent NSPHs, with their immune-responsiveness being demonstrated by cytokine production following pro-inflammatory cocktail stimulation or following SeVeGFP-infection, are not triggered to release the pro-inflammatory cytokines IL-6 and CXCL10 upon VZV eGFP-ORF23-infection (Figure 3). These observations in our 5-month matured NSPH model, wherein we initially hypothesised VZV immune recognition to be coordinated by astrocytes, thus recapitulate the findings of Bubak et al. (46) that also astrocytes – even within a more neural-like context - become subjected to the extensive repertoire of immune evasion strategies of VZV (1, 55–57). A major advantage of this NSPH approach – in contrast to scarce human material – is the (theoretically) unlimited amount of neural-like tissue that can be generated and used for research purposes. As shown in this study, a multiplex human immunology NanoString gene expression analysis (Figure 4), and subsequent histological confirmation (Figure 5), could easily be performed and demonstrated the ability of VZVeGFP-ORF23 to interfere with Type-I interferon response as well as antigen presentation pathways in matured hiPSC-derived NSPHs. Even though this was highly expected based on published literature reviews regarding HSV and VZV immunobiology (1, 38, 58–62), the multicellular context of hiPSC-derived NSPH models allows for single model validation strategies in a human neural-like context.

Noteworthy, next to IL-6 and CXCL10, we also investigated whether NSPHs could be triggered to release IFN-α2 and IFN-β upon infection with VZVeGFP-ORF23 or SeVeGFP, as a sign of intrinsic anti-viral response. Our observation that no Type-1 IFNs were detected in the culture supernatant in VZVeGFP-ORF23 and SeVeGFP infected NSPHs at day 3, day 5 or day 7 post-infection, is in fact also in line with our multiplex human immunology NanoString gene expression analysis, whereby no significant upregulation of IFN-α2 and IFN-β mRNA was noted (Supplementary Table 1). Although not yet investigated in detail by us for hiPSC-derived astrocytes and/or NSPHs as a whole, we did report previously that hiPSC-derived neurons, even though they can respond to exogenous IFN-α, they cannot produce IFN-α themselves even after stimulation with strong synthetic inducers (25). Based on literature reports, we hypothesised this to be an intrinsic defence mechanism of the brain against IFN-α mediated neuronal damage. As such, it is also not unexpected that no IFN-α2 and IFN-β was detected upon SeVeGFP infection of NSPHs.

An interesting finding from our approach relates to the invariant chain protein CD74, which – besides stabilising newly generated MHC class II molecules - promotes the intracellular trafficking of empty MHC class II proteins from the endoplasmic reticulum (ER) via the Golgi Apparatus towards late-stage phagolysosomes for subsequent MHC class II antigen-loading (38). Although interference with CD74 has been observed for HSV-1 (38, 63), our new study now also ascribes this immune evasion mechanism also to VZV. In addition, although not further investigated in this study, our GSE analysis (Figure 4) also revealed a significant downregulation of signalling pathways related to lysosomal membranes in VZVeGFP-ORF23-infected NSPHs. Indeed, several herpesviruses have developed strategies to escape autolysosomal degradation, although there is an increasing body of evidence suggesting complex and sometimes opposing effects of autophagy in the context of VZV infection (64–66), with one recent study suggesting a neuro-protective role for autophagy in VZV-infected neurons (67). Clearly, this is a topic requiring further research.

Regarding the methodological level of NSPH research, we acknowledge several improvements that ultimately need to be integrated, one of which is the inclusion of autologous macrophages and/or microglia (68). Hereto, several protocols have been developed to generate hiPSC-derived NSPH models containing isogenic microglia (69, 70). However, based on our preceding research whereby isogenic hiPSC-derived macrophages were added in co-culture with hiPSC-derived peripheral nervous system (PNS)-like neurons (5), we do not expect them to play a direct role in counteracting a productive VZV-infection, not in the PNS nor in the CNS. As hypothesised before, macrophages/microglia, and potentially even astrocytes, may play an important role in linking innate and adaptive immunity. We suggest that, both in PNS and CNS, respectively macrophages and microglia/astrocytes, will be subject to inhibition of Type-I IFN signalling, but may still play an important role, albeit (partially) suppressed, in primary/secondary T-cell activation (5, 38, 71, 72). As shown in this study, the antigen-presentation machinery becomes subject to downregulation by VZVeGFP-ORF23 infection but does not seem to be fully absent as it may require a certain time to fully downregulate HLA-DR expression (Figures 4, 5). To investigate the latter, it would be highly interesting to generate iPSC-lines from both primed (naturally or vaccinated) and naïve healthy individuals, whereupon VZV-infected hiPSC-derived NSPHs can be co-cultured with autologous peripheral blood mononuclear cells (PBMC). In this context, we have recently demonstrated that not only a lower VZV-specific T-cell receptor (TCR) diversity, but also reduced functional TCR affinity for VZV-specific proteins in HZ patients, leads to lower T cell activation and consequently affects the susceptibility for viral reactivation (73). While such studies are currently not feasible due to financial constraints, it is plausible that reduced TCR diversity and/or affinity may aid to susceptibility for VZV-induced CNS neuropathology. Likewise, with the knowledge that several mutations are known to be involved in increased VZV-associated neuropathology (41, 74), in time the use of patient-derived iPSC and autologous PBMC may need to be explored to gain a better understanding of VZV-associated neuropathology and/or potential neuroprotective interventions.

Still under continuous development by many research groups, another limitation of most of the current NSPH models, including ours, is the lack of vascularisation. While on one hand micro-vascularisation may prevent the occurrence of TUNEL+ necrotic cells in the NSPH core (Figure 1) (75, 76), in the context of VZV-associated neuropathology it may more readily be considered as a way to model VZV vasculopathy and subsequent CNS infection. Specifically for modelling the latter, one may not need a fully vascularised and perfused NSPH model, but rather an external endothelial cell layer, similar to existing blood-brain-barrier (BBB) models (77). Again, these approaches may need to be performed in an autologous experimental setup, as discussed above.

Nevertheless, we would like to emphasise the future importance of multicellular NSPH models, especially as they allow the study of cellular stress in a 3D neural-like context. This is exemplified by our staining for SGs, a stress-induced membraneless organelle, in which over 140 cytoplasmic proteins can intertwine with cytoplasmic mRNAs, translation initiation components and proteins affecting mRNA function (78, 79). While the initial stage of SG formation is considered to be protective, as they allow the cell to control energy consumption in favour of cell survival, their long-term persistence and/or reduced clearance may lead to the activation of cell death processes, as is the case in the pathogenesis of many neurodegenerative diseases (80). In this study, we observed a marked increase in G3BP1+ cytoplasmatic aggregates in VZVeGFP-ORF23-infected NSPHs (Figure 6), suggesting active cellular stress upon sustained NSPH infection (i.e. 7 days post-infection). Although further comparative studies between HSV- and VZV-infections in NSPHs are required, the induced formation of G3BP1+ SGs as such is a novel finding for VZV and has not previously been observed for wild-type HSV (81), although this may be cell-type and/or context dependent, and more specifically in our study the chosen (late) timing of analysis following initial infection. Finnen and colleagues did observe G3BP1+ SGs in cell lines infected with an engineered mutant HSV-2 strain, however, these SGs were not observed following infection with wild-type HSV-2 (82). On the other hand, we observed induction of PABPC1+ SG formation in SeVeGFP-infected NSPHs (Figure 6), highlighting a clear difference between the two viral infections in terms of the types of SGs induced in the NSPH model. In contrast to VZV, no G3BP1+ SG formation was observed in the SeVeGFP-infected NSPHs, which may be consistent with previous studies by Iseni and colleagues indicating that SeV inhibits SG formation by investigating another SG component, TIAR1, which was not tested in our case (81, 83). Like TIAR, G3BP1 is also a primary SG nucleating protein involved in phase 2 of SG assembly (81), further suggesting interference by SeV during SG formation. Although not the initial aim of this study, our NSPH model may thus become an interesting future tool to study SG formation and/or resolution in a more complex in vitro human neural-like environment upon viral infection and/or other neuropathologies.




5 Conclusion

In this study we have demonstrated that matured 5-month-old hiPSC-derived NSPHs, containing neurons and astrocytes, are immune competent, susceptible to viral infection, and most importantly, able to recapitulate VZV- and SeV-specific innate immune signatures. In this model, we demonstrate that VZV evades innate neuro-immune recognition by suppressing the Type-I IFN and antigen presentation pathways, in contrast to SeV. Furthermore, even though VZV is highly immune evasive, NSPHs do suffer from long-term cellular stress upon infection. This NSPH model is therefore well suited to study viral neuro-immune responses and evasion strategies in a human CNS-like environment.
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Supplementary Figure 1 | Single channel images of Figure 2E. Representative images of 5-month-old VZVeGFP-ORF23 infected NSPHs as seen in Figure 2E, but depicted individually as single-channel images of the nuclei labelled with DAPI (blue), the VZVeGFP-ORF23 infection (green) and the stainings (magenta). Scale bars of 100 µm are indicated on the images.

Supplementary Figure 2 | Longitudinal imaging of VZVeGFP-ORF23 and SeVeGFP infection in NSPHs. Representative live cell fluorescence image of 5-month-old control NSPHs (CTRL), NSPHs inoculated with eGFP+ control ARPE19 cells (ARPE-CTRL, green), NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells (VZVeGFP-ORF23, green), and NSPHs infected with SeVeGFP (SeVeGFP, green) at day 3, 5 and 7. Scale bars of 50 and 200 µm are indicated on the images.

Supplementary Figure 3 | VZVeGFP-ORF23- and SeVeGFP-infected NSPHs display opposite effects on protein expression related to Type-I interferon response and antigen presentation pathway – Overview images. Representative images for 5-month-old control NSPHs (CTRL), NSPHs inoculated with eGFP+ control ARPE19 cells (ARPE-CTRL, green), NSPHs inoculated with VZVeGFP-ORF23-infected ARPE19 cells (VZVeGFP-ORF23, green), and NSPHs infected with SeVeGFP (SeVeGFP, green), immunolabelled for the Type-I interferon response markers MX1, IFIT2 and ISG15, and the antigen presentation pathway markers HLA-DR and CD74. All in magenta. Nuclei are labelled with DAPI (blue). Scale bars of 500 µm are indicated on the images.

Supplementary Table 1 | Complete gene expression list Human Immunology V2 nCounter® panel. Gene expression list showing 585 immune transcripts, 15 housekeeping genes, 6 positive and 9 negative control probes for the 4 conditions ‘CTRL’, ‘ARPE-GFP’, ‘VZVeGFP-ORF23’ and ‘SeVeGFP’. The included gene expression data was sequentially corrected for background, technical variation and RNA content, as described in M&M section 2.16.
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This study aimed to assess plasma galectin-9 (Gal-9) and artemin (ARTN) concentrations as potential biomarkers to differentiate individuals with Long COVID (LC) patients with myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) from SARS-CoV-2 recovered (R) and healthy controls (HCs). Receiver operating characteristic (ROC) curve analysis determined a cut-off value of plasma Gal-9 and ARTN to differentiate LC patients from the R group and HCs in two independent cohorts. Positive correlations were observed between elevated plasma Gal-9 levels and inflammatory markers (e.g. SAA and IP-10), as well as sCD14 and I-FABP in LC patients. Gal-9 also exhibited a positive correlation with cognitive failure scores, suggesting its potential role in cognitive impairment in LC patients with ME/CFS. This study highlights plasma Gal-9 and/or ARTN as sensitive screening biomarkers for discriminating LC patients from controls. Notably, the elevation of LPS-binding protein in LC patients, as has been observed in HIV infected individuals, suggests microbial translocation. However, despite elevated Gal-9, we found a significant decline in ARTN levels in the plasma of people living with HIV (PLWH). Our study provides a novel and important role for Gal-9/ARTN in LC pathogenesis.
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Introduction

Long COVID (LC) is a major global health concern that has impacted the quality of life of millions of individuals. It is a multisystemic condition with incidence rates ranging from 10 to 70% depending on the studied cohorts and the time of screening (1–3). LC can be observed in any age group, but it appears to be more common between the ages of 30 and 50 years. Additionally, it is frequent to observe more LC cases in those with mild acute COVID-19 disease (1, 4). This suggests that LC can occur regardless of the severity of acute disease and in the absence of other co-morbidities. Notably, women are disproportionality impacted, with more severe symptoms associated with LC and more frequently than men (4, 5).

While LC improves over time in some patients, others continue to experience LC symptoms even for years. Unfortunately, a subset of patients exhibits the most debilitating form of LC, myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS), and this might be lifelong in a subset of them (1, 6). LC patients experience a wide range of symptoms, such as cardiovascular and thrombotic diseases, cerebrovascular disease, ME/CFS, dysautonomia, autoimmune conditions, cognitive impairment, etc.

Nevertheless, the molecular mechanism underlying the most post-acute disease symptoms, including ME/CFS remains not fully understood. Several potential mechanisms have been proposed, including metabolomic and immune dysregulation, chronic inflammation, dysregulated hematopoiesis, hypoxia, viral persistence, autoimmunity, alteration of microbiota and gastrointestinal inflammation, endothelial dysfunction, and impaired signaling in the brainstem and/or vagus nerve (1, 4, 7–12). Although fatigue is one of the main symptoms in this group, the major symptom observed in a subset of LC patients is cognitive impairment, or brain fog, which has been linked to autonomic nervous system dysfunction (13). Given the blood-brain barrier (BBB) disruption, neurological symptoms (e.g. brain fog) observed in LC patients are likely due to sustained systemic inflammation and BBB dysfunction (14). Indeed, a peripheral immune-mediated response to viral antigens and neuroinflammation might indirectly result in neurocognitive symptoms (15). Mechanistically, it is known that in some cases circulating pathogen associated patterns (PAMPs) can reach the CNS and choroid plexus (CP) and the circumventricular reigns (16). For example, peripheral administration of LPS and/or inflammatory cytokines are associated with impaired learning skills in animal models (17, 18). Therefore, it is possible to speculate that an unresolved localized or systemic pro-inflammatory state contributes to CNS symptoms in LC patients. In this scenario, residential cells in the CNS are exposed to systemically produced pro-inflammatory cytokines, chemokines, and other damage-associated molecules (DAMPs), ultimately resulting in neurological symptoms, fatigue, and neurocognitive impairment in a subset of LC patients.

Galectin-9 (Gal-9) is a β-galactosidase binding lectin with diverse immunomodulatory properties (19). It is widely abundant in immune and non-immune cells and binds to different receptors, such as TIM-3, PD-1, PDI, IgE, CD44, CD45, and CD3 among others (20–24). The concentration of soluble Gal-9 is reported to be elevated in the plasma, saliva, and synovial fluids in HIV and other inflammatory conditions (25–27). Gal-9, as a DAMP, has been reported to play a predominant role in cytokine release storm in the acute SARS-CoV-2 infection (28). Most recently, we reported elevated levels of Gal-9 in the plasma of LC patients with ME/CFS (29). In particular, our findings supported a positive correlation between the plasma Gal-9 levels with CRP, MIP-1β, IL-10, and VCAM-1 in these patients (29). Of note, persistent gastrointestinal (GI) symptoms are reported in acute phase of COVID-19 disease and LC patients (30, 31). This may, in part, suggest the presence of compromised GI mucosal integrity in LC patients. Thus, plasma soluble CD14 (sCD14) and intestinal fatty acid binding protein (I-FABP) are considered reliable biomarkers for assessing GI permeability and epithelial integrity (32, 33). However, the association of these biomarkers with Gal-9 has not been documented in LC. Moreover, elevated Gal-9 expression across brain tissues is reported to be associated with neuropathology and cognitive impairment in HIV-infected individuals (34).

Additionally, we have reported the elevation of artemin (ARTN), a neurotrophic factor, in the plasma of LC patients with ME/CFS (29). ARTN interacts with its receptor GFRα3 and its co-receptor RET affecting cell growth and differentiation (35). Notably, the role of ARTN in neuropathic pain has been the subject of debate (35, 36). We previously reported that systemic ARTN levels were positively correlated with the cognitive impairment and pain scores in LC patients (29). Therefore, in the current study, we decided to determine whether plasma Gal-9 levels have any association with cognitive impairment scores in LC patients with ME/CFS, as reported in people living with HIV (PLWH) (34, 37). Given that compromised gut integrity and microbial translocation are contributing factors to chronic inflammation commonly observed in PLWH (32, 38), due to this similarity, we decided to examine whether this is the case in LC patients by measuring LPS-binding protein (LPS-BP). Finally, considering the association of plasma ARTN levels with cognitive impairment scores in LC patients with ME/CFS (29) and reported HIV-associated neurocognitive disorder (34), we quantified this neurotrophic factor in the plasma of PLWH and compared them with values of the other groups. Taken together, our findings suggest that plasma Gal-9 and ARTN levels, with high sensitivity and specificity, can differentiate LC from the recovered group. Furthermore, we observed a positive correlation between plasma Gal-9 with inflammatory biomarkers such as sCD14, I-FABP, LPS-BP, serum amyloid A (SAA), and IP-10 in LC patients. Notably, we found that Gal-9 was positively correlated with cognitive failure score in LC patients as reported in PLWH (37, 39). Despite the reported elevation of Gal-9 in the plasma of PLWH, these individuals had significantly lower levels of ARTN compared to healthy individuals and LC patients.





Methods




LC cohort

The first cohort (discovery) comprised 44 LC patients (median age 51.5±13.1, 11 males and 33 females) and 24 SARS-CoV-2 infected individuals who had recovered (R) from the disease without any obvious symptoms and complications (median age 50.5 ± 13.3, 6 males and 18 females). All were infected with the original Wuhan SARS-CoV-2 strain. All study subjects were recruited approximately 12 months (371±19 days LC vs. 368±6.2 days R) after the onset of SARS-CoV-2 infection as reported elsewhere (29). We utilized a set of well-defined validated clinical questionnaires developed by CDC and WHO (40, 41) for the diagnostic of LC patients with ME/CFS. To determine the applicability of our findings to another cohort, we established a validating cohort. The validating cohort consisted of 34 LC patients (median age 48 ± 9.8, 9 males and 25 females) and 34 recovered individuals (median age 45 ± 11.39, 10 males and 24 females) from SARS-CoV-2 infection without any symptoms. The infection was confirmed by PCR in both cohorts. This validating cohort was infected mainly with the Delta/or Omicron variants. Similar to the discovery cohort, they were recruited approximately 12 months (435±89 days LC vs. 415±40 days R) after the onset of acute disease, as reported elsewhere (29).

Study participants were age-and sex-matched, and considering that the majority of our patients had a mild acute infection, confounding health conditions were not common. All study subjects (LC and R) in the first cohort were SAS-CoV-2 vaccine-naïve but 67.3% of LC and 73.5% of R were vaccinated in the validating cohort. All of our LC patients in both cohorts met the criteria for categories I, II, III, IV, V, and VI associated with ME/CFS as we previously reported (29). Those LC patients who did not meet the criteria established by CDC and WHO (40, 41) were excluded from the study. Considering that a subset of PLWH presents cognitive impairments, we decided to compare our findings with a cohort of PLWH.





HIV cohort

Our HIV group comprised 63 individuals on antiretroviral therapy (ART) form the Northern Alberta HIV cohort as reported elsewhere (24, 42). We also recruited 25 healthy controls who were serologically negative for HIV, hepatitis C virus (HCV), and hepatitis B virus (HB) for comparison.





Ethics statement

The COVID-19-related study was approved by the Human Research Ethics Board (HREB) at the University of Alberta (protocol # Pro00099502). Similarly, the HIV-related study was approved by the HREB (protocol # Pro00070528) and HCs (protocol # Pro00063463). A written informed consent form was obtained from all participants.





Cytokine and chemokine multiplex analysis and ELISA assays

Frozen plasma samples stored at -20/80°C were thawed and centrifuged for 15 min at 1500g followed by dilution in PBS for quantifying cytokine/chemokine and other soluble analytes. The concentration of cytokines and chemokines was quantified using the V-PLEX Neuroinflammation panel 1 kit (K15210D-1) from Meso Scale Discovery (MSD) (28, 43). Additionally, the plasma was subjected to ELISA assays for Gal-9 (R&D, DY 2045), ARTN (R&D, DY 2589), LPS-Binding protein (DY870-05), FABP-1 (R&D, Z-001), and sCD14 (DC140), as we have reported elsewhere (21, 28, 43).





Statistical analysis

Spearman correlation was used to measure association between two variables. The non-parametric Mann-Whitney U test for two groups or One-way ANNOVA was used when more than two groups were compared. Measures are expressed as mean ± SEM, and a P-value < 0.05 was considered to be statistically significant.






Results

Recently, we reported elevated levels of Gal-9 and ARTN in the plasma of LC patients with ME/CFS (29). To further investigate whether plasma Gal-9 and/or ARTN concentrations could serve as surrogate biomarkers to differentiate LC patients from recovered (R) and/or HCs, we conducted additional analysis. Using the receiver operating characteristic (ROC) curve, we calculate the optimal cut-off value of Gal-9 to distinguish LC patients from HCs. The ROC curve point with the best sensitivity/specificity indicated that a plasma Gal-9 level greater that 1725 pg/ml separates LC from HCs with 97% sensitivity and 100% specificity (Figure 1A). To identify LC patients from the R group, we determined a Gal-9 cut-off value of greater than 2779 pg/ml, achieving a sensitivity of 78.5% and specificity of 100% (Figure 1B). This finding was confirmed in our validating cohort, where a cut-off value of greater than 1702 pg/ml/ml differentiated LC patients from the R group with 82.35% sensitivity and 95% specificity (Figure 1C). These observations suggest that the plasma Gal-9 is a sensitive screening biomarker for discriminating LC patients with ME/CFS from both R and HCs.
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Figure 1 | The diagnostic value of galectin-9 (Gal-9) in Long-COVID patients. (A) The receiver operating characteristic (ROC) curve for Gal-9 in LC versus healthy controls (HC) in the discovery cohort. (B) The ROC curve for Gal-9 in LC versus recovered individuals (R) in the discovery cohort. (C) The ROC curve for Gal-9 in LC versus R in the validating cohort. (D) The correlation between plasma Gal-9 and SAA, and (E) IP-10 levels in LC patients of the discovery cohort. (F) The correlation between plasma Gal-9 and SAA, and (G) IP-10 levels in LC patients of the validating cohort.



In addition to our previous findings of a positive correlation between plasma Gal-9 and CRP, VCAM-1, MIP-1β, and IL-10 (28, 44), we observed similar correlations between plasma Gal-9 and SAA and IP-10 levels in our discovery (Figures 1D, E) and validating LC cohorts, respectively (Figures 1F, G).

Activated innate immune cells (e.g. neutrophils and monocytes) can shed Gal-9 (20, 28). Given the elevated sCD14 in the acute phase of COVID-19 disease (44) and in LC patients (29), our observations suggest that Gal-9 may contribute to the elevation of sCD14 in the plasma of LC patients. As such, we found a moderate positive correlation between plasma Gal-9 and sCD14 concentrations in LC patients across both discovery and validating cohorts (Figures 2A, B). Furthermore, with the elevation of the I-FABP in LC patients’ plasma (29), we observed a positive correlation between I-FABP and Gal-9 levels in both cohorts (Figures 2C, D). Measurement of LPS-binding protein levels revealed a significant increase in LC patients compared to the R group (Figure 2E). Given the association of Gal-9 with HIV neuropathology and cognitive deficits (34, 37, 45), we explored whether plasma Gal-9 is linked to cognitive impairments in LC patients. Our analyzes showed a positive correlation between Gal-9 levels and impaired cognitive function scores in both LC cohorts with ME/CFS (Figures 2F, G). However, we did not find any association between Gal-9 levels and other symptoms such as pain severity or widespread pain scores in LC patients (data not shown). Considering the elevated plasma ARTN levels in LC patients (29), we evaluated the diagnostic value of ARTN concentrations as a non-invasive biomarker in these patients. A cut-off value of greater than 2813 pg/ml plasma ARTN distinguished LC from HCs with 79% sensitivity and 82% specificity in our discovery cohort (Figure 3A). Similarly, a cut-off value of greater than 2780 pg/ml plasma ARTN differentiated LC from R with 79% sensitivity and 83% specificity in the discovery cohort (Figure 3B). Notably, in the validating cohort, a cut-off value of greater than 2855 pg/ml ARTN reliably differentiated LC patients from the R group with 100% sensitivity and 70% specificity (Figure 3C). The diagnostic values of both Gal-9 and ARTN were supported by a moderate and positive correlation between their plasma concentrations in both LC cohorts (Figures 3D, E).
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Figure 2 | The correlation of Gal-9 with inflammatory and cognitive impairment in LC patients. (A) The correlation between plasma sCD14 and Gal-9 in the discovery, and (B) validating cohort. (C) The correlation between plasma I-FABP and Gal-9 in the discovery, and (D) validating cohort. (E) Detected concentrations of LPS-binding protein (LPS-BP) in the plasma of LC versus R in both cohorts. (F) The correlation between plasma Gal-9 and cognitive failure score in the discovery, and (G) validating cohort. The symbol **** shows a p value less than 0.0001 or P < 0.0001.
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Figure 3 | The diagnostic value of artemin (ARTN) in Long-COVID patients. (A) The ROC curve for ARTN in LC versus HCs in the discovery cohort. (B) The ROC curve for ARTN in LC versus the R group in the discovery cohort. (C) The ROC curve for ARTN in LC versus R in the validating cohort. (D) The correlation between plasma Gal-9 and ARTN in LC patients of the discovery, and (E) validating cohort. (F) Detected ARTN levels in plasma samples from HIV-infected individuals, HCs and LC patients of both cohorts. (G) TGF-β levels in plasma samples from HIV-infected individual versus HCs. The symbol **** shows a p value less than 0.0001 or P < 0.0001.



Given the elevated plasma Gal-9 levels in PLWH (21, 24), we examined whether ARTN levels were also increased in HIV infection. Surprisingly, we found a significant reduction in ARTN levels in PLWH compared to HCs (Figure 3F). Although ARTN is a member of the TGF-β superfamily (46), its plasma levels were sharply elevated in PLWH compared to HCs (Figure 3G). In contrast, TGF-β levels were significantly reduced in LC patients (29). Despite the commonality of chronic immune activation and immune dysregulation in both HIV and LC subjects, ARTN levels were substantially lower in PLWH compared to LC patients (Figure 3F).





Discussion

This study aimed to explore the potential of plasma Gal-9 and ARTN levels as surrogate biomarkers for distinguishing LC patients from HCs and R individuals. The ROC curve analysis revealed that the plasma Gal-9 and ARTN serve as effective biomarkers with high sensitivity and specificity in differentiating LC patients from Rs and HCs. This suggests that Gal-9 and ARTN hold promise as non-invasive screening biomarkers for identifying LC individuals experiencing ME/CFS. Whether these biomarkers are associated with idiopathic ME/CFS requires further investigation.

The reproducibility of our findings in a separate cohort strengthens the evidence that plasma Gal-9/ARTN concentrations could be valuable tools in distinguishing LC patients with ME/CFS.

The observed positive correlations between plasma Gal-9 levels and inflammatory markers such as SAA and IP-10 are consistent with our previous observations during acute SARS-CoV-2 infection and in LC patients (28, 29, 44). This reaffirms the role of Gal-9 as a potential indicator of immune dysregulation in both acute and prolonged phases of COVID-19 disease. However, elevated plasma Gal-9 levels have been reported in various pathological conditions such as HIV infection, virus-associated solid tumors, chronic lymphocytic leukemia, hepatitis C infection, autoimmune hepatitis, influenza infection, and other inflammatory conditions (21, 22, 25, 26, 47–49). Therefore, it is important to consider that other chronic inflammatory conditions may also influence Gal-9 levels in plasma when evaluating this lectin in LC study subjects. Furthermore, it is important to note that Gal-9 interacts with various receptors such as TIM-3, CD45, CD44, CD3, PDI, and PD-1. The biological consequences of these interactions vary significantly depending on the target cell, the expression level of the corresponding receptor, and the microenvironment. For instance, interactions of Gal-9:TIM-3 and Gal-9:PD-1 are associated with CD8+ T cell exhaustion (22, 50, 51). In contrast, Gal-9:CD3 interaction enhances TCR signaling in T cells (20, 52). Similarly, while Gal-9:CD44 interaction promotes NK cell effector functions under physiological conditions, it impairs their cytotoxic capabilities in chronic conditions (23, 53).

Our investigation into potential sources of elevated Gal-9 in LC patients revealed a positive and moderate correlation with plasma sCD14 levels. This association with sCD14 implies that activated innate immune cells (e.g. neutrophils and monocytes) likely shedding this lectin (20, 28) may contribute to the elevated Gal-9 levels in LC patients. In agreement, blocking CD14 has resulted in a substantial reduction in neutrophil abundance in the lung and peripheral blood and subsequently reduced organ dysfunction due to inflammation in COVID-19 patients (54). Given the importance of plasma concentrations of sCD14 in conjunction with I-FABP in compromised intestinal permeability (33, 55), we found a substantial correlation between Gal-9 with sCD14 and I-FABP in LC patients. Moreover, the elevation of LPS-binding protein in the plasma of LC patients further supports the complex interplay between immune activation, compromised GI integrity, and metabolic pathways in LC. The elevation of LPS in the plasma of PLWH is considered as a marker of microbial translocation associated with increased sCD14 and chronic immune activation (56). These observations suggest that compromised intestinal barrier integrity during the early phase of infection or persistent SARS-CoV-2 replication in the GI tract contributes to sustained immune activation and dysregulation in LC patients. This hypothesis is further supported by shedding of fecal SARS-CoV-2 RNA in patients up to 7 months post-acute disease (57).

Therefore, persistent residual viral replication in LC patients, similar to HIV, or the presence of SARS-CoV-2 viral antigens in tissues (e.g. gut) (12), can result in chronic immune activation. Consequently, the pro-inflammatory response and metabolomic alterations (4, 29) may promote the Warburg effect in LC patients. We suggest that the chronic inflammatory state may promote mitochondrial dysfunction in LC patients. The observed reduction in ATP plasma levels in LC patients (4) suggests the potential effects of persistent viral replication/innate immune activation on the glycolytic and mitochondria pathway in LC. It is noteworthy that the Warburg effect may subsequently downregulate T and B cell effector functions, as reported in cancer patients (58). For example, enhanced tryptophan metabolism and increased kynurenine metabolites can impair B cell effector functions (59) and also contribute to musculoskeletal symptoms observed in LC patients (60). Additionally, elevated Gal-9 may enhance SARS-CoV-2 entry in a glycan-dependent manner, as reported via enhanced binding of the spike protein with ACE2 (61). Likewise, enhanced SARS-CoV-2 infection by Gal-3, Gal-8, and Gal-9 has been reported (44). However, the effect of Gal-9 on HIV infection is receptor-dependent. For instance, Gal-9, via interaction with TIM-3, reduces HIV infection, and via interaction with PDI enhances HIV infection in CD4+ T cells (21, 62). Notably, our study unveils a potential link between Gal-9 levels and cognitive function in LC patients as documented in PLWH (37, 39). The positive correlation with cognitive failure scores suggests that Gal-9 may contribute to cognitive impairment in individuals with LC. Whether this effect is indirect through the elevation of pro-inflammatory cytokines/chemokines or direct needs to be determined. It has been reported that Gal-9 acts as an astrocyte-microglia signaling molecule, enhancing cytokine production (e.g. IL-6 and TNF-α) (63). Moreover, elevated levels of plasma and cerebrospinal fluids (CSF) Gal-9 are correlated with cognitive impairments in PLWH (64), further supporting its potential role in cognitive deficits in other viral infections, such as LC. Of note, the potential impact of ART on Gal-9 and other inflammatory biomarkers in PLWH should be considered. Therefore, further studies beyond HIV and LC are needed to evaluate the potential impact of elevated plasma Gal-9 on cognitive functions in other pathological conditions. Nevertheless, the source of Gal-9 needs to be determined, as immune and non-immune cells in the periphery and CNS can express and secrete this lectin (20, 28, 63). Although Gal-9 could originate from the periphery, diffusion between the plasma and CNS may occur due to the disruption of the BBB (65). Furthermore, the positive correlation between Gal-9 with ARTN concentrations, previously associated with cognitive failure and pain symptoms (29), adds another layer to the intricate network of molecular interactions in LC. GFRα3, the major ARTN receptor, is highly expressed in sensory and sympathetic ganglia of the peripheral nervous system (46) but not in immune cells (our unpublished observations). Similarly, ARTN is observed in human tissues (e.g. kidney and lung), Schwann cells, and upregulated after nerve injury, which implies glia are the main source of this neurotrophic factor (46). Therefore, it is so complex to delineate the role of ARTN in this context. On one hand, we have shown that the plasma ARTN concentrations are positively associated with cognitive impairments and pain scores in LC patients (29). On the other hand, ARTN might function as a compensatory mechanism to repair neural damage in LC patients by ongoing inflammation. Alternatively, we have reported that the expanded CD71+ erythroid cells (CECs) (66, 67) in the peripheral blood of LC patients by secretion of ARTN may play a role in this scenario (29), as reported by CECs in animal cancer models (68). However, it is unclear whether Gal-9 directly or indirectly influences ARTN expression in tissues. Therefore, the correlation of Gal-9 with ARTN merits further investigations.

Despite a previous report that Gal-9 levels were elevated in the plasma and CSF of PLWH (45), we found a significant reduction in the plasma ARTN concentrations in PLWH compared to HCs and LC patients. This observation indicates that Gal-9 does not have ever an absolute control over ARTN in PLWH. The expansion of CECs in the peripheral blood of PLWH (69) alongside the reduction in ARTN, contradicts their role as a major source of this neurotrophic factor. This discrepancy between SARS-CoV-2 and HIV might be explained by differential viral pathogenicity, chronicity, or other unknown mechanisms. Notably, recent studies have indicated the persistent SARS-CoV-2 RNA in LC patients up to several months post the onset of acute disease (12, 70). Nevertheless, our studies were performed 12 months after the acute SARS-CoV-2 infection, and at this stage, we are unaware of viral persistence in our LC cohort. Alternatively, the elevation of ARTN levels likely reflects a response to chronic inflammation, immune dysregulation, and nerve damage, as the body attempts to repair neuronal damage in LC patients. In contrast, reduced ARTN levels in HIV are likely due to the overall impaired neuroimmune responses and potential direct effects of the virus or inflammation on ARTN production. Therefore, further studies are required to determine other ARTN sources, such as endothelial cells and peripheral neurons, in LC patients with ME/CFS (64).

We propose that compromised gut barrier integrity occurs in a subset of SAR-CoV-2 infected individuals at the onset of acute disease or alternatively due to persistent viral replication and/or the presence of viral antigens in the gut of LC patients (Figure 4). This leads to microbial translocation to the periphery, which subsequently results in the activation of innate immune cells. This is supported by the elevation of LPS-BP, I-FABP, and sCD14 in the plasma of LC patients. Activated innate immune cells secrete pro-inflammatory cytokines and chemokines, contributing to systemic inflammation in LC patients (Figure 4). Additionally, Gal-9, released by immune and non-immune cells due to its immunomodulatory properties, exacerbate immune dysregulation. Finally, elevated plasma Gal-9 and pro-inflammatory biomarkers may directly or indirectly influence the CNS due to BBD disruption in LC patients (Figure 4). In conclusion, our findings highlight the potential of plasma Gal-9 and/or ARTN as sensitive biomarkers for identifying and stratifying LC individuals with ME/CFS. The correlations with inflammatory markers, immune activation, and cognitive impairment underscore the multifaceted nature of Gal-9 in LC, providing valuable insights for future research and potential therapeutic interventions. However, we are aware of several study limitations. This is a descriptive study, and further investigations are needed to understand how Gal-9 and/or ARTN affect cognitive impairments. Additionally, similar studies in larger cohorts, particularly, longitudinal studies are needed to confirm our findings. The heterogeneity of LC patients in terms of clinical presentations should be considered in future studies, given that the majority of our LC patients had a mild acute infection. Considering the differential immunological effects of SARS-CoV-2 strains, such as the Wuhan strain compared to the Delta and Omicron variants (44), it is important to examine how these variants might differentially impact LC syndrome. Our discovery cohort consisted of individuals infected with the Wuhan strain, while our validating cohort primarily included subjects infected with the Delta and Omicron variants. Therefore, future studies should account for the potential differential effects of SARS-CoV-2 variants of concerns. Finally, given the chronic systemic immune dysregulation/activation and potential cross-talk between HIV and SARS-CoV-2 (71), it would be informative to determine whether PLWH are more prone to have worst outcome when they become infected by SARS-CoV-2 virus or to developing LC syndrome.
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Figure 4 | The proposed graphic summary. The gastrointestinal involvement during acute SARS-CoV-2 infection and the possible persistence of viral antigen/replication beyond the acute phase result in compromised gut barrier integrity. This, subsequently, leads to the translocation of microbial by-products (e.g. LPS) into the blood circulation. This leads to the activation of innate immune cells and the release of variety of pro-inflammatory cytokines and chemokines. This inflammatory cascade may result in immune/non-immune cell apoptosis and the release of damage-associated molecular patterns (e.g. Gal-9). Gal-9 may influence the activation/deactivation of different immune cells and ultimately may directly/indirectly influence the effector functions of microglia and astrocytes.
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Background

Trafficking of immune cells to the central nervous system is hypothesized to facilitate HIV entry and immune-induced neuronal injury and is mediated by surface proteins such as chemokine receptors and α4 integrin. We longitudinally assessed immune cell activation and surface marker expression in cerebrospinal fluid (CSF) and blood and their relationship with CSF HIV RNA beginning during primary HIV infection (PHI) before and after antiretroviral therapy (ART).





Methods

Longitudinal paired blood and CSF were obtained in ART-naïve PHI (<12 month since infection) participants; some independently initiated ART during follow up. Multiparameter flow cytometry of fresh samples determined activation (% CD38+HLADR+) and chemokine receptor expression (% CCR5+ and CXCR3+) on CD4+ and CD8+ T cells, and subtype and α4 integrin expression (% and mean fluorescence intensity (mfi) of CD49d+) on monocytes. HIV RNA was quantified by PCR. Analyses employed Spearman correlation, within-subject correlation, and linear mixed models.





Results

51 participants enrolled at a median 3.2 months post HIV transmission with 168 total visits (113 pre-ART, 55 post-ART) and a median of 6.5 months of longitudinal follow up (range 0-40). In pre-ART PHI, frequencies of activated CD4+ and CD8+ T cells were much higher in CSF than in blood, with levels similar to ART-naïve people with chronic HIV infection. Both CSF CD4+ and CD8+ T cell activation increased longitudinally prior to initiation of ART. In multivariate analysis, CSF CD4+ but not CD8+ T cell activation independently predicted CSF HIV RNA. Neither CSF monocyte subtypes or α4 expression correlated with CSF HIV RNA. Blood monocyte α4 MFI correlated with CD4+ and CD8+ T cell activation (p<0.05). Following ART initiation, blood but not CSF T cell activation declined with days on treatment (slope=-0.06, p=0.001). During ART, blood and CSF monocyte α4 MFI correlated with T cell activation (p<0.05).





Conclusions

In untreated early infection after PHI, immune activation increases over time, and CSF CD4+ T cell activation but not monocyte activation correlates with CSF HIV RNA. Intrathecal T cell activation does not decline during early follow up on ART. Immunomodulating therapies may be needed to prevent neuronal injury and HIV neuroinvasion during early HIV.
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Introduction

HIV is a multi-organ disease that involves the central nervous system (CNS) (1). Prior investigation confirms that HIV invades the CNS within days after transmission (2–4) and establishes infection of cells residing in the CNS within the first year after acquisition and that evolves throughout untreated infection (5–7). This local infection of CNS cells persists despite antiretroviral therapy (ART) (8–12). Both systemic and intrathecal immunologic responses are readily observed during Fiebig I-V acute HIV infection (AHI) (13), including immune cell activation and elevation of immune activation markers in both blood and cerebrospinal fluid (CSF) compartments (4, 14). While these findings demonstrate the onset of HIV neuropathogenesis during AHI, studies during primary HIV infection (PHI), defined as within the first year of infection following acquisition, highlight that several adverse CNS events may happen after AHI and during the early phases of infection. Sequencing studies have revealed the development of compartmentalized quasispecies in the CSF during PHI, but not AHI (5, 15–17), suggesting the establishment of local viral replication within the CNS during this period. Abnormal levels of CSF neurofilament light chain (NFL), a protein biomarker reflective of active injury to neurons, has been detected in up to 40% of CSF samples collected from untreated people with HIV (PWH) during PHI, in association with neuroimaging evidence of reduced neuronal integrity (18). Moreover, soluble markers of immune activation and blood brain barrier compromise are both elevated during early infection and increase in the first few years following initial HIV infection in the absence of treatment with ART (19, 20). Diffusion tensor imaging (DTI) further reveals that white matter and grey matter structural changes manifest in the brain during PHI (21, 22) and that regional volumes in the brain decrease over time with duration of infection after PHI (23). These findings suggest that PHI is a highly evolutionary period of HIV neuropathogenesis, during which timely ART initiation may alter the trajectory of neurological outcomes.

It remains unclear how immune cell states in the blood and CSF compartments evolve and contribute to CNS HIV infection during PHI prior to and after ART. These include cells that are known to be pathogenically important in HIV, such as CD4+ T-cells, monocytes, and cytotoxic CD8+ T-cells. The former two are susceptible to HIV infection and contribute to HIV replication, while the latter are responsible for limiting HIV replication and at the same time associating with adverse inflammation. Recent studies have suggested that CD4+ T cells may be target cells of infection not only in the periphery but also in the CNS during acute HIV, and may importantly contribute to establishment and maintenance of CNS HIV reservoirs (24–27). To date, evaluating the natural course of immunological changes during PHI and early HIV infection has posed significant challenges. First, identifying HIV infection within the first year after transmission is difficult, as PWH are mostly asymptomatic during the period. Second, as immediate ART upon HIV diagnosis provides the best outcomes for PWH (28), observational studies deferring ART initiation are no longer feasible.

Leveraging a prospective study of paired blood and CSF samples collected before guidelines for implementation of immediate ART, this analysis aimed to examine longitudinal changes in CD4+ and CD8+ T-cell and monocyte phenotypes in the respective compartments beginning during PHI both prior to and following ART initiation. Comparison participants included cross-sectionally collected paired samples from pre-ART PWH with chronic HIV infection (CHI, defined as known HIV diagnosis for at least three years) and people without HIV (PWoH). Laboratory evaluations on paired samples included measurements of activated CD4+ and CD8+ T-cells frequency, monocyte subpopulation composition, and alpha-4 (α4) integrin expression in monocytes, which signifies monocytes’ potential trafficking capacity across compartments via cell adhesion and transmigration. Finally, potential correlations between T-cell activation and monocyte subpopulations, both before and after ART initiation, were explored.





Materials and methods




Study design and participants

PHI study participants were enrolled in the Primary Infection Stage CNS Events Study (PISCES) cohort study conducted in San Francisco between 2005 and 2014, including 51 pre-ART PHI participants and 11 age and gender matched PWoH. In addition, data collected using identical methods from 32 initially pre-ART CHI participants enrolled in a separate observational study in San Francisco was included for comparison. In most participants, PHI was confirmed by documentation of a negative HIV test within the previous 12 months followed by a positive test, where estimated date of infection was designated 14 days prior to the onset of an acute retroviral syndrome, or in asymptomatic participants as the halfway point between the last negative and first positive test. In a minority of participants, recent infection was confirmed by a participant reporting a recent exposure, an acute retroviral like syndrome, and evidence of infection within the past six months by a diluted (less sensitive) HIV antibody test, as described in previous reports (20, 29). All PHI participants were ART-naïve at baseline and were followed at 6 weeks, and then every 6 months thereafter. As PISCES was established before guidelines recommended immediate ART initiation for all PWH regardless of CD4+ T-cell levels, the timing of ART initiation among PHI participants varied individually, depending on decisions made by the participants and their clinicians. The settings resulted in the collection of serial CSF samples from PHI participants both before and after ART. Compared to longitudinal CSF samplings among participants with PHI, CHI and PWoH participants served as study controls and underwent cross-sectional CSF sampling (29). Informed consent was obtained from all participants. The PISCES study protocol was approved by the University of California San Francisco Committee on Human Research (H9133-26278).





Sample collection & laboratory procedures

Paired blood and CSF samples were obtained from all study participants at baseline, and from PHI participants during follow-up visits. Blood CD4+ and CD8+ T-cell count, CSF white blood cell (WBC) count, protein and albumin were measured using fresh samples. Blood and CSF HIV-1 RNA were measured in previously frozen (-70°C) cell free samples, using the ultrasensitive Amplicor HIV Monitor (version 1.5; Roche Molecular Diagnostic Systems, Branchburg, NJ) assay (29).





Flow cytometry

Paired blood and CSF samples were prepared as previously described (30, 31). Briefly, multiparameter flow cytometry was performed on fresh samples of whole blood and the cellular component of CSF (separated by centrifugation from the cell free fraction) to assess the percentage of activated CD4+ and CD8+ T-cells in the samples, based on CD38 and HLA-DR co-expression (32). Blood and CSF monocytes were classified by CD14 and CD16 expression, while expression of α4 integrin was measured as the percentage of CD49d+ monocytes and the mean/median fluorescence intensity (MFI) of CD49d staining.

Since low monocyte percentages in CSF precluded splitting CSF cell pellet samples, we chose to examine a subset of samples for T-cell flow cytometry markers including analysis of CCR5+ and CXCR3+ expression in T-cells (Panel 1), and in 2008, flow cytometry antibody-dye panels were switched in order to study monocyte markers including expression of α4 integrin in monocytes (Panel 2). Participants already enrolled by 2008 continued to have longitudinal samples analyzed using Panel 1 while newly enrolling participants in 2008 and thereafter had samples analyzed using Panel 2 (Supplementary Tables S1, S2). Comparison of the 2 panels showed differences in CSF CD4+ T-cell activation and CSF monocyte activation, hence data from the two panels were analyzed separately throughout this study. Panel 1 data was used for baseline and longitudinal analyses of T-cells. Panel 2 data was used for analyses of monocytes and for comparison of monocyte alpha-4 integrin expression with T-cell activation.

Monoclonal antibodies included CD3, CD4, CD8, CD38, HLA-DR, CCR5, CXCR3, CD45, CD14, CD16, and CD49d conjugated to allophycocyanin (APC), phycoerythrin (PE) peridinin chlorophyll protein (PerCP), fluorescein isothiocyanate (FITC), and tandem conjugations with cyanine (ACP-Cy7, PE-Cy7) and Texas Red (PE-Texas Red). Blood samples were stained with fluorescence-minus-one controls in which one antibody was omitted; an unstained control and single-stained samples were also prepared as compensation controls. Samples were run on a FACS DIVA (BD Biosciences, San Jose, CA) and flow cytometry data analyzed with FlowJo (TreeStar, Ashland, OR).





Statistical analyses

Participant characteristics were summarized as frequency and percentage, or median and interquartile range (IQR) as appropriate. Chi-square test for categorical variables or Kruskal-Wallis test with post hoc testing using Dunn’s multiple comparisons for continuous variables was performed to compare groups. Longitudinal data was analyzed using linear mixed models, which accounts for correlations among repeated assessments within same individual using the effect of random intercept. Further, Sobel’s test was used for mediation analysis, to examine whether the increase in CSF CD8+ cells from the increase of CSF HIV RNA level was medicated by the increase of CSF CD4+ cells. Statistics were performed and graphics generated using IBM SPSS Statistics 25 (IBM, Armonk, NY) or Prism 7 (GraphPad Software Inc, La Jolla, CA). Statistical significance was p<0.05, two-sided.






Results




Participant characteristics

All 51 PHI participants were male, with a median age of 36 (IQR 31-45) years at study baseline (i.e., 1st CSF sampling, pre-ART). Please see Table 1 for demographic information. The estimated duration of HIV infection was 3.2 (IQR 2.4-5.6) months. At baseline, plasma and CSF HIV RNA were 4.37 (IQR 3.80-4.86) and 2.31 (IQR 1.69-3.10) log10cps/ml, while blood CD4+ and CD8+ T-cell levels were 581 (IQR 429-738) and 985 (IQR 691-1336) cells/µl.



Table 1 | Characteristics of primary infection participants.

[image: Table displaying clinical and demographic data for 51 patients with primary HIV. Median age is 36 years. All participants are male. Baseline data includes median CD4+ count of 581 cells/µl and CD8+ count of 985 cells/µl. Plasma HIV RNA median level is 4.37 log10 copies/ml, and CSF HIV RNA is 2.31 log10 copies/ml. CSF WBC count and protein are 6 cells/mm³ and 41.0 mg/dL, respectively. Longitudinal analysis shows a follow-up duration of 6.5 months with 168 total study visits. ART initiation data includes a subgroup of 113 participants without ART and 55 with ART; median duration at ART initiation is 6.2 months. Medians with interquartile ranges are shown.]

PHI participants were longitudinally followed for a median duration of 6.5 (IQR 0-22.7) months. Including the baseline visit, they contributed to 168 visits with paired blood and CSF sampling. Two longitudinal analyses were constructed according to their ART status. The first one examined the immunological changes based on samples collected from PHI participants without ART initiation. The analysis included 113 paired samples, including 21 PHI participants who underwent repeated CSF sampling. The second longitudinal analysis examined the immunological changes after ART based on 55 paired samples. In the analysis, all baseline samples were collected pre-ART, whereas all subsequent samples were collected post-ART, contributed by 11 PHI participants. Of note, all post-ART samples donors achieved and maintained plasma HIV suppression during longitudinal sample collection.





T-cell activation in blood and CSF samples at baseline

Figure 1 compares the percentages of activated CD4+ and CD8+ T-cells in blood and CSF samples across the three participant groups: pre-ART PHI at baseline, pre-ART CHI and PWoH. In blood, both PHI and CHI participants exhibited higher percentages of activated CD4+ and CD8+ T-cell than PWoH (p<0.001). Percentages of activated CD4+ and CD8+ T-cells in blood did not differ statistically between PHI and CHI participants.


[image: Four scatter plots comparing T-cell activation among HIV-negative, PHI, and CHI groups. Top left: Blood CD4+ T-cell activation shows increased activation from HIV- to PHI to CHI, with significant differences. Top right: Blood CD8+ T-cell activation also shows significant increases across the groups. Bottom left: CSF CD4+ activation displays a similar pattern with a less pronounced difference. Bottom right: CSF CD8+ activation increases significantly as well. Statistical significance is indicated by asterisks, with detailed p-values provided on each plot.]

Figure 1 | Comparison of blood and CSF CD4+ and CD8+ T-cell activation (% CD38+ HLA-DR+) between HIV-negative, PHI, and CHI participants at baseline visit. Horizontal line indicates the group mean and error bars indicate standard deviation. * p< 0.05, *** p< 0.001, **** p< 0.0001.



In CSF, CHI but not PHI participants demonstrated greater percentages of activated CD4+ and CD8+ T-cell than PWoH (p=0.02). However, percentages of activated CD4+ and CD8+ T-cells in CSF did not differ statistically between PHI and CHI participants. We interpret these data as suggesting that PHI participants had levels of T-cells activation intermediate between those of CHI and PWoH.





Monocyte subpopulation and α4 integrin expression in blood and CSF samples at baseline

Figure 2 displays the monocyte subpopulations in blood and CSF samples across the three participant groups, revealing no significant differences in the percentages of non-classical (CD14dim CD16+), intermediate (CD14+ CD16+), and classical (CD14+ CD16-) monocytes in either blood and CSF between groups. However, α4 integrin expression in monocytes, as determined by the percentage of monocytes expressing α4 integrin and MFI-based α4 integrin expression intensity differed by HIV status (Figure 3). Specifically, compared to PWoH, PHI and CHI participants exhibited higher α4 integrin MFI in blood monocytes (p=0.001 and p=0.005) and a higher percentage of α4 integrin expression in CSF monocytes (p=0.008 and p=0.03).


[image: Six scatter plots show monocyte percentages in HIV-negative, primary HIV infection (PHI), and chronic HIV infection (CHI) groups. Top row: Blood monocytes – non-classical, intermediate, and classical. Bottom row: CSF monocytes – non-classical, intermediate, and classical. Each plot compares the percentage of monocytes marked by CD14 and CD16 across the groups, with green triangles for HIV-negative, orange circles for PHI, and blue squares for CHI. Data points display variation and error bars.]

Figure 2 | Baseline comparison of non-classical (CD14dim CD16+), intermediate (CD14+ CD16+), and classical (CD14+ CD16-) monocyte subtypes in blood and CSF of HIV-negative, PHI, and CHI participants.




[image: Four scatter plots showing α4 integrin expression and intensity in blood and CSF monocytes across three groups: HIV-negative, PHI, and CHI. Top left: Blood monocyte expression. Top right: Blood monocyte intensity. Bottom left: CSF monocyte expression. Bottom right: CSF monocyte intensity. Significant differences marked with p-values and asterisks for statistical significance.]

Figure 3 | Comparison of monocyte α4 integrin expression (in % CD49d+ monocytes and CD49d mean fluorescence intensity, MFI) in blood and CSF of HIV-negative, PHI, and CHI participants at baseline. * p< 0.05, ** p< 0.01.







Longitudinal immunological changes in blood and CSF samples in untreated PHI participants




CD4+ and CD8+ T-cell activation

Figure 4 illustrates longitudinal percentage changes in activated CD4+ and CD8+ T-cells in blood and CSF samples, based on 113 follow-up samples collected from 21 PHI participants who had not initiated ART during the period. In the blood, activated CD4+ T-cells increased by 0.03% per week (p=0.01), while activated CD8+ T-cells did not show a significant increase (p=0.34). In CSF, activated CD4+ T-cells increased by 0.10% per week longitudinally (p=0.005), while activated CD8+ T-cells increased by 0.11% per week (p=0.005). These findings highlight a greater increase in activated CD4+ and CD8+ T-cells in the CSF compared to plasma during this period. Additionally, activated T-cells were more frequently observed in the CSF than in plasma, up to a three-fold difference.


[image: Four line graphs depicting T-cell activation over time in blood and cerebrospinal fluid (CSF). Top left shows Blood CD4+ T-cell activation with a slope of 0.03 percent per week and P=0.01. Top right displays Blood CD8+ T-cell activation with a slope of 0.02 percent per week and P=0.34. Bottom left features CSF CD4+ T-cell activation with a slope of 0.10 percent per week and P=0.005. Bottom right illustrates CSF CD8+ T-cell activation with a slope of 0.11 percent per week and P=0.005. Each graph includes data points, trend lines, and activation percentages.]

Figure 4 | Longitudinal changes in blood and CSF CD4+ and CD8+ T-cell activation (% CD38+HLA-DR+) in untreated PHI participants (n=21). Data points from the same participant over time are connected. Solid line represents significant regression slope and dashed line non-significant regression slope.








Monocyte subpopulation and α4 integrin expression

Compared to the significant increases in the percentages of activated CD4+ and CD8+ T-cells in blood and CSF samples, mixed model analysis did not reveal significant changes in the composition of intermediate, classical, and non-classical monocyte subpopulations in either sample over time. Furthermore, metrics of α4 integrin expression in blood and CSF monocytes, whether by expression percentage or by MFI, did not statistically differ over time.





Longitudinal immunological changes in blood and CSF samples following ART initiation




CD4+ and CD8+ T-cell activation

Figure 5 illustrates the longitudinal changes in CD4+ and CD8+ T-cell activation in blood and CSF samples following ART initiation, based on 55 paired samples from 11 PHI participants. Following ART initiation, activated CD4+ T-cell level did not significantly decline in blood (p=0.08), while activated CD8+ T-cell level declined at a rate of 0.42% per week (p<0.001). No statistically significant decline in activated CD4+ or CD8+ T-cells was observed in CSF samples after ART.


[image: Four line graphs depict CD4+ and CD8+ T-cell activation in blood and cerebrospinal fluid (CSF) over days of treatment. Blood CD4+ shows a slight decrease with a slope of -0.07% per week (p=0.08). Blood CD8+ shows a significant reduction, slope -0.42% per week (p=0.001). CSF CD4+ remains stable, slope -0.02% per week (p=0.67). CSF CD8+ also shows little change with a slope of -0.07% per week (p=0.56). Each graph includes a dashed reference line.]

Figure 5 | Longitudinal changes in blood and CSF CD4+ and CD8+ T-cell activation (% CD38+ HLA-DR+) in PHI participants (n=11) after ART.








Monocyte subpopulation and α4 integrin expression

Following ART initiation, neither blood nor CSF samples exhibited a significant change in the composition of monocyte subpopulations. Additionally, α4 integrin expression in monocytes in blood and CSF remained generally unchanged, except a reduction in MFI-based α4 integrin expression intensity in blood monocytes over time (p=0.03).





Correlations between HIV RNA, T-cell activation and monocyte subpopulations in CSF

Potential association between CSF HIV RNA, CD4+ and CD8+ T-cell activation and metrics of monocytes in the CSF samples were explored using a mixed model longitudinal data analysis (Table 2). Before ART initiation, percentages of activated CD4+ T-cells (p<0.001) and activated CD8+ T-cell (p=0.013) in CSF correlated with CSF HIV RNA levels in univariate analyses. In multivariate analyses, CSF CD4+ T-cell activation (p=0.005), but not CD8+ T-cell activation (p=0.45), remained independently associated with CSF HIV RNA, demonstrating significant mediation effects that explained 69% of the association in the predictive model (Supplementary Figure S1). In contrast, neither the percentages of monocyte subpopulations nor the metrics of α4 integrin expression in CSF correlated with CSF HIV RNA pre-ART in the univariate analysis (not shown).



Table 2 | CSF CD4+ and CD8+ T-cell activation (% CD38+ HLA-DR+) as univariate and multivariate predictors of CSF viral load (log10 CSF HIV RNA).

[image: Table comparing univariate and multivariate analyses of T-cell activation. Univariate analysis includes CSF CD4+ T-cell activation versus HIV RNA (regression coefficient 0.0436, p-value 0.0003), CSF CD8+ T-cell activation versus HIV RNA (coefficient 0.0274, p-value 0.013), and CSF CD8+ versus CD4+ T-cell activation (coefficient 0.496, p-value <0.0001). Multivariate analysis includes CD4+ activation versus HIV RNA (coefficient 0.0383, p-value 0.005) and CD8+ activation (coefficient 0.0088, p-value 0.45). T-cell activation is defined as % CD38+ HLA-DR+.]





Correlations between T-cell activation and measures of monocytes before and after ART initiation

Potential correlations between CD4+ and CD8+ T-cell activation and metrics of monocytes in the blood and CSF samples were explored in pre-ART and post-ART settings. Prior to ART initiation, correlations between monocyte metrics and T-cell activation were generally absent in both blood and CSF samples, except positive but modest correlations between monocyte α4 integrin MFI and the frequencies of activated CD4+ T-cells (b=0.004, p=0.02) and activated CD8+ T-cells (b=0.008, p=0.01) in the blood (Supplementary Table S3).

In blood, following ART initiation, the frequency of intermediate monocytes increased with the percentages of activated CD4+ T-cells (b=0.22, p=0.02) and CD8+ T-cells (b=1.4, p<0.001), while the frequency of classical monocytes was negatively associated with the percentages of CD4+ T-cells (b=-0.19, p=0.03) and CD8+ T-cells (b=-1.14, p=0.001) (Supplementary Table S4). Additionally, the frequency of α4 integrin expression and α4 integrin MFI in monocytes exhibited opposite directions of correlation with CD4+ and CD8+ T-cells activation in blood. The former was negatively associated with the frequencies of activated CD4+ T-cells (b=-0.21, p=0.007) and CD8 T-cells (b=-0.69, p=0.02), while the latter was positively associated with the frequencies of activated CD4+ T-cells (b=0.005, p=0.01) and CD8+ T-cells (b=0.018, p=0.01). In CSF, none of the monocyte parameters were associated with T-cell activation, except a positive and modest correlation between α4 integrin MFI and frequencies of activated CD4+ T-cells (b=0.014, p=0.005).






Discussion

Leveraging a longitudinal collection of paired blood and CSF samples since PHI diagnosis, this study aimed to investigate the evolution of immune cell activation in blood and CSF compartments during early HIV infection, before and after ART initiation. Previous studies suggest that immune activation in the CSF compartment occurs following HIV CNS invasion, defined as detection of HIV RNA in CSF. In one study, CSF pleocytosis occurred following the detection of HIV RNA in CSF (33). Another study reported a significant increase in activated CD8+ T-cells in CSF during Fiebig stage III of AHI, though no statistical difference was found between the percentages of activated CD8+ T-cells in CSF from Fiebig stages I-II of AHI and PWoH (14). Importantly, while there was a notable rise in the percentage of activated CD8+ T-cells in CSF during Fiebig stage III of AHI, the level of activated CD8+ T-cells remained lower than those seen in PWH with untreated CHI (14).




T-cell activation in PHI before and after antiretroviral therapy during PHI

In the current study, measurements of activated CD4+ and CD8+ T-cells in the paired samples revealed similar frequencies of activated CD4+ and CD8+ T-cells in blood between untreated PHI and CHI participants. However, levels of CD4+ and CD8+ T-cell activation in CSF during PHI were intermediate between those of CHI and PWoH, without reaching statistical significance compared to either group. During longitudinal follow-up prior to initiation of ART, PHI participants exhibited progressive increases in activated CD4+ and CD8+ T-cells in the CSF, but not in the blood. These findings align with published studies indicating that T-cell activation in the CSF is relatively delayed compared to activation in the systemic circulation, and data from this cohort that soluble immune activation markers continue to increase over time during early HIV untreated infection (20).

In this study, following ART initiation, levels of T-cell activation declined in both blood and CSF compartments. However, only the decline of activated CD8+ T-cell in blood reached statistical significance, whereas the corresponding decline in CSF was relatively modest (0.42% vs 0.07% per week). While the lack of significant change could be related to small sample size, the findings may indicate that T-cell activation in the CSF, and potentially intracerebral inflammation, requires a prolonged duration to normalize if it ever reaches levels comparable to those in PWoH. In ART-naïve PWH with CHI, especially in those with advanced immunodeficiency and HIV encephalitis, a protracted course of decay in HIV RNA in the CSF compared to blood is frequently observed (34), potentially contributing to a slower course of decline in activated CD8+ T-cells in the CSF. However, this phenomenon would not be applicable to the current study, as all PHI participants commenced ART before the development of advanced immunodeficiency or overt neurological manifestations.





Monocyte subpopulation and α4 integrin expression in PHI before and after antiretroviral therapy

Monocytes may be susceptible to HIV infection and contribute to long-term viral reservoirs as tissue macrophages (35). Monocytes can be classified into three subtypes: CD14dimCD16+ non-classical monocytes, CD14+CD16+ intermediate monocytes, and CD14+ CD16- classical monocytes. In PWH, various monocytes measures have been associated with adverse CNS outcomes. For instance, higher levels of circulating intermediate monocytes and intact HIV reservoir in monocytes in blood were associated with worse cognitive function in virally-suppressed women with HIV (36, 37), whereas non-classical monocyte levels in blood were negatively correlated with cerebral small vessel disease and cognitive performance (38). Additionally, monocyte activation markers, such as sCD14 and sCD163, are frequently elevated in PWH with cognitive impairment compared to those without (39).

Prior studies of AHI and PHI have highlighted elevations of monocyte activation markers in blood and CSF shortly after HIV acquisition (3, 4). However, there has been less investigation into changes in monocyte subpopulations and their expression of trafficking markers in both compartments. α4 integrin, also known as very late antigen 4 (VLA-4) or CD49d, is a subunit of the transmembrane integrin protein that mediates immune cell adhesion to endothelial cells, facilitating their extravasation from the blood into other tissue compartments including the CNS (40, 41). In a prior study, application of anti-α4 antibody that blocks monocyte/macrophage trafficking to the brain and gut in late Simian immunodeficiency virus (SIV) infection reduced and stabilized neuronal injury in non-human primate model (42). However, the potential benefit of alpha-4 blocker on direct virologic control in the SIV model remains unclear (43, 44).

In the current study, the composition of monocyte subpopulations did not differ by HIV status in either compartment when assessed cross-sectionally. Additionally, no significant changes in the composition of monocyte subpopulations were observed in blood and CSF samples during the longitudinal follow-up of pre-ART PHI participants. The findings contrast with a previous study that investigated the composition of blood monocyte subpopulations in PWH. That study reported elevated levels of intermediate monocytes and reduced levels of classical monocytes in blood samples from pre-ART PWH with Fiebig stages III-V AHI and CHI (45). The findings from that study suggest that similar changes are likely to occur during PHI, as it is chronologically positioned between AHI and CHI. To date, the understanding on the impacts of HIV on compartmental monocyte subpopulations remains limited, with challenges including the confounding effects from co-infections and chronic conditions. For instance, syphilis infection (46) and the use of methamphetamine (47), which are not uncommon in PWH, can individually affect the composition of monocyte subpopulations in the blood. Another study reported differing composition of monocyte subpopulations in blood and CSF between HIV-subtypes (48).

Compared to monocyte subpopulation composition, the expression of α4 integrin in monocytes differed between PWH and PWoH. Pre-ART PHI and CHI participants showed higher levels of α4 integrin MFI in blood monocytes and a greater percentage of α4 integrin expression in CSF monocytes than PWoH. Moreover, this elevated α4 integrin expression in blood and CSF monocytes persisted over time in PHI participants, though without significant progression. Our exploratory analysis further suggests that α4 integrin expression in monocytes is associated with T-cell activation, particularly in the blood compartment and after ART initiation. Future studies should investigate the role of α4 integrin expression in monocytes in residual immune activation in PWH on stable ART.

This study has limitations. The longitudinal analysis was based on a relatively small sample size of paired blood and CSF samples from people with PHI, with variation in the timing of ART initiation. In addition, longitudinal sampling of participants with CHI was not included, limiting our ability to compare the impact of early versus late ART initiation on T-cell activation and monocyte subpopulations. The duration of HIV infection was estimated through combined sequential HIV-related serological changes and clinical history acquisition, however accurate estimation is often challenging and exact durations are not available. The impacts of other potential modifiers on study outcomes in the participants who started ART, such as CNS-penetrating efficacy of ART and the degree of immune recovery (e.g., individual improvement in CD4+ T-cell counts), were not determined because of the small sample size in this category (n=11). Finally, this analysis did not assess associations between cellular immune measures and clinical outcomes such as neuropsychological performance or daily function.






Conclusions

This study of paired CSF and blood samples from young male participants initially studied in the first year of HIV acquisition and followed longitudinally pre and post-ART demonstrates a compartmentalized immune response in the CNS as compared to blood throughout early infection and treatment. While we observed a delay in emergence of T-cell activation in the CNS compartment compared to during untreated PHI, overall we found a higher frequency of CD8+ T cell activation in the CSF, and increasing frequencies of CD4+ and CD8+ T cell activation in the CSF during early infection prior to ART. This did not contemporaneously follow responses in blood, where CD4+ T cell activation but not CD8+ T cell activation mildly increased during this period. Our study also observed a slower decline of CD8+ T-cell activation in the CSF compared to blood after ART initiation, indicating the presence of persistent intrathecal immune activation despite ART initiation during early stages of HIV infection. Finally, frequency of CSF CD4+ T-cell activation but not CD8+ T-cell activation or monocyte sub-phenotypes was independently associated with CSF HIV RNA prior to ART, suggesting that in the early stages of infection, T cell infection is an important determinant of viral replication within the CNS. Compartmentalized cellular CNS immune activation occurs and progresses during early HIV infection and is not immediately ameliorated by ART.
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Neurodegenerative disorders (NDs) are chronic neurological diseases that can be of idiopathic, genetic, or potentially infectious origin. Although the exact cause of neurodegeneration is unknown, it might be result of a confluence of age, genetic susceptibility factors, and environmental stresses. The blood-brain barrier shields the brain from the majority of viral infections, however neurotropic viruses are able to breach this barrier and infect central nervous system. Growing research points to a possible connection between viruses and neurodegenerative diseases, indicating that virus-induced neuroinflammation and disruption of neuronal protein quality control may play a role in the initial stages of disease progression. The diagnosis and treatment of NDs are urgent and challenging. Even though there is limited clinical evidence to support the use of antiviral medications and their dose regimens within the central nervous system (CNS), with the exception of acyclovir, they are currently utilized to treat various viral CNS infections. Understanding the neuropathogenesis of viral CNS infection may help with targeted diagnosis and treatment plans by focusing on the molecular mechanisms of the CNS. It may also be helpful in the search for new antiviral drugs, which are crucial for better managing these neurotropic viral infections. This review focuses on new findings linking viral infection to NDs and explores how viral modifications of cellular functions can impact the development of neurodegeneration and will also explore the therapeutic potential of antiviral drugs in NDs.
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Introduction

Neurodegenerative diseases (NDs) are chronic degenerative disorders of the central nervous system (CNS) that are characterized by the chronic and progressive loss of the structure and function of neurons (1). Millions of people worldwide are impacted by them, making them the fourth most common cause of mortality in developed nations. Furthermore, their influence is growing in developing countries. With an increasing lifespan, it is expected that the incidence rate will rise. Even with extensive investigation, most NDs’ basic root causes are still poorly understood (1, 2). Numerous intracellular mechanisms, such as apoptosis, inefficient axonal transport, mitochondrial malfunction, and protein degradation, are linked to neurodegenerative diseases (3). The etiology of numerous neurodegenerative illnesses has also been linked to long-term viral infections, malnutrition, exposure to heavy metals in the environment, autoimmune reactions, vascular disorders, head trauma, brain fluid buildup, and alterations in neurotransmitter concentrations (2, 4, 5). Viral infections can infiltrate the immune system and other organ systems, resulting in a variety of symptoms (6).

The majority of NDs have a pathogenic connection to the accumulation and aggregation of cellular proteins (7, 8). Notably, dementia with Lewy bodies, multiple systems atrophy (MSA), and Parkinson’s disease (PD) have all been associated with α-synuclein (α-syn) aggregates (9). Alzheimer’s disease (AD) patients also have extracellular amyloid-β (Aβ) plaques and intraneuronal tangles of hyperphosphorylated tau in their brains (10). Like prions, these pathogenic proteins can aggregate and form pathogenic plaques, which leads to the eventual development of NDs (11, 12). A significant contributing component to these processes is an imbalance in the cellular mechanisms that control the creation of misfolded proteins and their breakdown, or protein homeostasis (13). The potential for viral infections to significantly disrupt protein homeostasis makes cells more vulnerable to protein misfolding (14). Moreover, maintaining protein homeostasis may benefit from the release of pro-inflammatory cytokines and chemokines in response to a virus (15). Up-regulation of pro-inflammatory cytokines plays a dual role in neurodegeneration and neuroprotection. Activated microglia can cause harm by releasing pro-inflammatory cytokines such IL-1β, IL-6, and TNF-α, which affect surrounding brain tissue.

Therefore, it is believed that viruses, particularly neurotropic viruses, play a part in the genesis of various NDs. Table 1 lists the several viruses that are believed to be involved in NDs.



Table 1 | Viruses in Neurodegeneration.
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Viruses in neurodegeneration

It is likely that aging, genetic vulnerability, and environmental stressors all play a part in this process, even if the precise etiological reasons of NDs are still not entirely understood. There is mounting evidence that suggests viral infections, especially neurotropic viruses, may play a factor in the onset and progression of depressions that are not diagnosed. The progressive loss of cognitive, motor, and behavioral abilities is a hallmark of neurodegenerative illnesses like AD, PD, and amyotrophic lateral sclerosis (ALS) (53). Despite early assumptions that neuroinflammation results from neurodegeneration, further studies have demonstrated that neuroinflammation can both cause and accelerate the development of NDs. The hypothesis that neuroinflammation causes neurodegeneration was reinforced by genome-wide association studies (GWAS) that identified immune-related genes, including as CD33 and TREM2, as risk factors for AD (54). Additionally, it has been suggested that neuroinflammatory processes are largely influenced by the ϵ4 allele of the apolipoprotein E gene (APOE ϵ4), which is the most powerful genetic risk factor for AD and accounts for around 10–20% of the risk of late-onset illness (55). These genetic factors increase the risk of NDs, but they are not sufficient to cause the condition on their own. There is increasing evidence that viruses and neurodegenerative illnesses are associated (56–59). Virus-induced neuroinflammation and disruption of neuronal protein quality control may also be involved in the early phases of illness development (60). Viruses can begin and/or aggravate degenerative processes because they have the capacity to take over the host cell’s internal machinery and induce inflammation. Viral infections can stimulate astrocytes and microglia or allow peripheral immune cells to invade the central nervous system, which can result in neuroinflammation (61). Certain viruses can disrupt neuronal activities, cause neuronal death, or trigger lytic egress from infected neurons, all of which can lead to neurodegeneration. Numerous negative outcomes are brought on by CNS viral infections, such as elevated morbidity and mortality as well as mild to severe neurological aftereffects, shown in Figure 1. Viral infections have a wide range of impact on neuronal dysfunction, including promoting chronic inflammation, inducing cellular oxidative stress, impairing mitophagy, interfering with mitochondrial dynamics, enhancing metabolic rewiring, altering neurotransmitter systems, and inducing misfolded and aggregated pathological proteins linked to neurodegenerative diseases. These pathogenetic processes cause a multifaceted brain injury that results in neuronal and brain dysfunctions. By interfering with the immune system, it can either directly or indirectly induce encephalitis (62). Neurotropic viral infections have an impact on a multitude of factors related to neuronal dysfunction. These include the induction of misfolded and aggregated pathological proteins linked to neurodegenerative diseases, the promotion of chronic inflammation, the induction of cellular oxidative stress, the impairment of mitophagy, the interaction with mitochondrial dynamics, the enhancement of metabolic rewiring, the modification of neurotransmitter systems (63). A complex brain injury brought on by these pathogenetic mechanisms gives rise to specific brain and neuronal dysfunction (64). Understanding the molecular mechanisms behind the neurophathogenesis associated with viral infection-induced neurodegeneration could lead to the development of efficient prophylactic, therapeutic, and preventive measures against CNS virus infections.
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Figure 1 | Molecular mechanisms adapted by viruses in causing Nds.







Molecular mechanisms associated with viral infection-related neurodegeneration

Viruses can directly cause neuronal dysfunction through their cytolytic effects, and they can also indirectly cause neuronal degeneration through a variety of mechanisms, including the expression of viral genes that disrupt the host’s immune system and cellular functions, bystander inflammatory responses, or apoptosis (65). Herpes simplex virus (HSV; family Herpesviridae) and human immunodeficiency virus (HIV; family Retroviridae) are two examples of viruses that exhibit oxidative stress and cause latent or delayed infections. Microglia and brain cells were found to produce intracellular ROS in response to HSV-1 infection. In cultured mouse neural cells, HSV-1 infection results in oxidative stress and triggers the production of bioactive lipid peroxidation byproducts, MDA/hydroxyalkenals (HAEs), which are essential for viral replication (66). A number of HIV-1 component proteins, through various processes, increase the formation of ROS in neural cells, including neurons, microglial cells, and astrocytes. ROS generation and substantial DNA damage are induced by the HIV-1 transactivator of transcription (Tat) protein (67). Nitroxidative stress marker proteins, including cytochrome P450-2E1 (CYP2E1), iNOS, and NADPH oxidase, are found to be elevated in the brains of HIV-1 transgenic rats. Neuronal cell death in HIV-1 transgenic rats was linked to markedly increased hippocampal levels of activated caspase-3 and BCL2 associated X (BAX) in the HIV-1 model. In conjunction with the activation of MAPK pathways mediated by ERK and JNK and the reduction of B-cell lymphoma 2 (BCL-2) expression, HIV-1 gp120 protein causes death in neurons and microglial cells (68). In neurons and glial cells, JEV (family Flaviviridae) infection raises the concentrations of superoxide anions (O2.-), nitric oxide (NO), and peroxynitrite (OONO-) (69). Neuronal cells infected with other members of the Flaviviridae family, such as West Nile virus (WNV) (70) and dengue virus type 2 (DENV-2), also showed excessive O2.-production during viral infection (71, 72), which resulted in host cell apoptosis.

The coronavirus is the largest kind of RNA virus, human proteins that interact with SARS-CoV-2 proteins have also been implicated in a number of biological processes linked to aging and neurodegenerative diseases, including lipid metabolism, responses to oxidative stress, and problems with protein homeostasis and mitochondrial function (73). Due to immune-response dysregulation and the effect of COVID-19-related discomfort on cognitive performance, people with AD seem to be at a higher risk of experiencing severe COVID-19 outcomes. COVID-19-induced systemic inflammation may be a factor in neurodegeneration and cognitive impairment.PD patients have a higher case fatality rate during COVID-19 infections, but the underlying mechanisms remain unclear. Additional research is required to determine whether the diseases share any pathophysiological pathways or risk factors. Akinetic-rigid parkinsonism that develops after severe COVID-19 instances begs the question of how the virus affects dopamine pathways. Due to respiratory muscle involvement and heightened vulnerability to respiratory problems during the pandemic, ALS patients face challenges. In COVID-19 cases, some genetic variants associated with familial ALS, like C9orf72 repeat expansions, may affect the severity of the disease (74). A study revealed that Intranasal infection of C57BL/6J mice with the SARS-CoV-2 Beta strain causes Ly6Chi monocyte infiltration of the central nervous system and activation of microglia. SARS-CoV-2, but not H1N1 influenza virus, raises brain IL-1β levels and causes IL-1R1-mediated loss of hippocampus neurogenesis, resulting in post-acute cognitive impairments. Vaccination with a low dosage of adenoviral-vectored spike protein suppresses hippocampus synthesis of IL-1β during breakthrough SARS-CoV-2 infection, resulting in neurogenesis loss and memory impairments (75, 76).

Influenza virus, belonging to Orthomyxoviridae family, which are negative sense, single-stranded, segmented RNA viruses. Influenza A virus was found to be present in substantia nigra pars compacta (SNpc) from postmortem PD brain sections. Neuroinflammation and the influenza A virus’s function in PD pathogenesis were convincingly demonstrated by the colocalization of influenza A and immune cells with caspase-cleaved Beclin-1 within the SNpc. It has been shown that the H5N1 influenza virus enhances α-synuclein phosphorylation and aggregation as it moves from the peripheral nervous system into the central nervous system (77).

Emerging RNA viruses that target the CNS cause cognitive consequences in survivors. Studies in people and animals infected with WNV, a re-emerging RNA virus linked to learning and memory disorders, demonstrated microglial-mediated synapse destruction in the hippocampus. Furthermore, CNS-resident memory T (TRM) cells activate microglia, which limits synapse regeneration and causes spatial learning deficits in WNV-recovered animals (78). Innate immune responses to emerging RNA viruses are becoming recognized as having substantial implications to neurologic sequelae, including memory impairments. Using a recovery model of WNV encephalitis it was found that, while macrophages deliver the antiviral and anti-neurogenic cytokine IL-1β during acute infection; viral recovery is associated with continued astrocyte inflammasome-mediated production of inflammatory levels of IL-1β, which is maintained by hippocampal astrogenesis via IL-1R1 signaling in neural stem cells (NSC). As a result, the absence of IL-1 signaling in NSC prevents abnormal astrogenesis, implying that only freshly produced astrocytes cause neurotoxicity by blocking synapse repair and enhancing spatial learning deficits (79, 80). In mice recovering from WNV or ZIKV infection, T cell-derived interferon-γ (IFN-γ) signaling in microglia causes spatial-learning defects through virus-target-specific mechanisms. Recovery from WNV infection resulted in presynaptic termini elimination with no repair, while recovery from ZIKV resulted in extensive neuronal apoptosis with loss of postsynaptic termini (81, 82).




Viral hepatitis B and C neurological impairment

Systemic parenteral hepatitis is characterized by a wide range of neurological issues and symptoms caused by several immune illnesses (6). Pathological processes are caused by viral agents replicating within and outside of brain. Depending on the degree, neurological problems brought on by acute or chronic viral hepatitis may arise from the brain, spinal cord, or peripheral nervous system. From subclinical alterations to neurocritical situations, these symptoms can occur (83, 84). Viral particles’ direct neurotoxic effects on brain cells as well as the indirect effects of viruses’ influence on the immune system or from the use of antiviral medication are the causes of these disorders (85). Identifying the key neurological symptoms of individuals with viral hepatitis is critical for neurologists who treat these patients on a regular basis. This will make it easier to guarantee the quick implementation of diagnostic and treatment plans (83, 84).

Nevertheless, in the last few years, a growing body of research has investigated the relationship between the Hepatitis C virus and dementia (41, 86, 87). The mechanism underlying the emergence of dementia in viral hepatitis C patients is still unclear (41). Hepatitis viruses may be able to directly infect endothelial cells and get through the blood-brain barrier to reach the central nervous system The component molecules that viruses release during replication are known as pathogen-associated molecular patterns (PAMP). When the central nervous system is damaged in inflammatory infections, inflammatory mediators such TNF-α, IFN-γ, IL-1β, IL-6, IL-18, and chemokines are produced that promote neuronal death (88).

Parkinson’s disease pathogenesis in viral hepatitis is associated with the ability of hepatitis viruses to replicate in brain macrophages and microglial cells as well as their capability to pass the blood-brain barrier. Pro-inflammatory cytokines and chemokines are released more frequently as a result, which damages neurons and eventually results in their death (89, 90). Moreover, recent studies on rats have shown that the hepatitis virus depletes dopaminergic neurons in rodents’ brains (90, 91). Numerous studies have demonstrated that individuals with chronic viral hepatitis are more likely to develop PD (27, 29). Thus, a major population-based study conducted in Taiwan with 49,967 individuals who had viral hepatitis C revealed that this patient group is more prone to Parkinson’s disease than those who had no history of viral hepatitis (92). Previous studies have found similar results showing a considerable increased risk of Parkinson’s disease in individuals with viral hepatitis; nevertheless, to obtain more reliable data, the authors recommend doing further large-scale studies (28, 29, 93). Dementia, particularly Alzheimer’s disease, has been linked to HCV infection (94). According to a recent study, treating HCV infection with direct-acting antivirals (e.g., ledipasvir/sofosbuvir, elbasvir/grazoprevir, and glecaprevir/pibrentasvir) dramatically lowers the risk of death in individuals with dementia associated with AD (95). Furthermore, viruses play a significant role in the development of AD through promoting the accumulation of amyloid-β (Aβ) peptides in the brain (96). Previous research has shown that the blood-brain barrier permeability, which controls HCV infection and activity in the central nervous system, is influenced by the ApoE level, which is also strongly linked to the neuropsychiatric symptoms experienced by HCV-infected individuals (96, 97). Although evidence suggests that HCV infection is linked to CNS impairment, it is unclear if any HCV infection promotes AD etiology. Observational studies can be difficult to understand as the results may have been impacted by reverse causality and confounding factors.





Human immunodeficiency virus type 1

In elderly HIV-1-positive patients receiving highly active antiretroviral therapy, age-related AD-like illness may be more likely to occur due to neurocognitive impairments associated with Aβ deposition and hyperphosphorylated Tau (98). HIV multiplies and contributes to neurodegeneration by affecting brain energetics at the cellular level, causing changes in overall brain metabolic homeostasis. Even though immunological dysfunction and dysregulation are typically attributed to the underlying pathophysiology of HIV infection, cognitive impairments associated with the virus have long been recognized. The spectrum of progressive neurological effects of infection includes asymptomatic neurocognitive impairments (ANI), moderate neurocognitive disorders (MND), and the more severe HIV-associated dementia (HAD) (99). According to estimates, 20–50% of HIV-positive individuals suffer from certain cognitive dysfunctions; these conditions are collectively known as HIV-associated neurological disorders (HAND). Functional status assessments and neuropsychological tests are used in the diagnosis of several disorders (100). HIV infection in the CNS is associated with activation of microglia and astrocytes, as well as the production of inflammatory and neurotoxic insults, all of which contribute to the neurodegeneration and cognitive impairment characteristic of HAND disease. Macrophages and microglia can release pro-inflammatory cytokines such as TNFα, IFNα, IL6, IL8, and IL1β, as well as chemokines such as CCL2, CCL5, and MIP-1β. These indications point to the presence of cellular reservoirs in the CNS established within 3 to 5 days of HIV-1 infection, which include three types of long-lived infected cells: astrocytes, monocyte lineage cells, and microglial cells (101). HIV enters the brain through infected CD4+ macrophages and lymphocytes, which permits the virus to transmigrate to the CNS’s perivascular spaces without being noticed by the immune system (102). The molecular and cellular mechanisms underpinning HIV-associated cognitive dysfunctions (HAND) are poorly understood, despite the prevalence of these disorders. These pathways are thought to combine the neurotoxic effects of HIV-associated proteins, indirect host factor involvement, and direct viral infection of CNS cells (103). Notably, it has been shown that the HIV viral proteins Tat and gp120 both increase viral entry into the central nervous system and modify the integrity of the blood-brain barrier. HIV transactivator of transcription, or Tat, is a viral regulatory protein that initiates viral transcription and is among the first HIV proteins to be generated upon infection (104).

Moreover, HIV-RNA in the cerebrospinal fluid (CSF) and viral replication in the CNS can occur in non-viremic people receiving combined antiretroviral therapy, a condition that can cause neurological harm like cognitive decline (105, 106). Despite a decrease in the occurrence of these disorders throughout the era of combined antiretroviral medication, the frequency of minor to severe HAND remains high, even in those who get sufficient treatment (100, 107). Neopterin levels in the CSF in HIV patients with viral suppression can actually be high (108). Neopterin is associated with both cognitive decline and phagocyte activity, suggesting a potential role for CNS phagocytes in neuronal damage and degeneration. CNS phagocytes express neurodegeneration associated molecules and are located topographically in inflammatory foci rich in reactive astrocytes. Neurodegenerative phagocytes appose neurons and consume synaptic material. Aberrant phagocyte activation may be responsible for the cognitive abnormalities seen in HAND. A notable histological characteristic of HAND is synaptic degeneration (109, 110). While persistent chronic inflammation is thought to contribute to cognitive decline, the molecular basis of CNS immune activation in the context of HAND remains little known. Because the population of HIV-positive people is aging, it is imperative to understand the processes behind these synaptic alterations in HIV in order to find new therapy targets to stop cognitive decline in HAND and other disorders (111).





Influenza virus

Flu and neuropsychiatric disorders include encephalopathy, delirium, convulsions, and confusion are well-establishedly linked (112). Influenza infections during pregnancy have also been linked to a higher chance of schizophrenia or bipolar illness in the child (113). Numerous studies suggest that the neurological effects of influenza are caused by neuroinflammatory insult, which is primarily immune-mediated rather than the result of direct viral invasion of the CNS (114). Studies on animals have raised the possibility of a link between influenza and AD. In particular, these investigations have revealed increased microglial activity in the mouse hippocampal region, a place critical for the formation of new memories and an early stage in the pathophysiology of AD due to loss of neuronal cells (115). A follow-up study on mice was able to demonstrate a connection between influenza-induced hippocampus neuroinflammation and cognitive impairment (114).

There has been speculation of an infectious etiology, and some research has linked certain diseases to PD (116, 117). Whether influenza and Parkinson’s disease or parkinsonism are related has been debated for decades (118, 119). Influenza has been implicated in an outbreak of postencephalitic parkinsonism that happened from 1916 and 1930, right before and after the 1918 influenza pandemic (120, 121). The connection between influenza and Parkinson’s disease and parkinsonism has been extensively studied, and some of the results suggest that infections may be the root cause of some cases (91, 122). Neurotropic influenza-A virus-infected mice exhibit activation of microglia, inflammatory responses, and inclusions of α-Synuclein in dopaminergic neurons in an experimental setting (19). The primary protein component of Lewy bodies and Lewy neurites, α-syn, was in fact produced by dopaminergic cells expressing the H1N1 influenza virus, but not tau or Transactive response DNA binding protein 43 kDa (TDP-43) (123).





SARS-CoV-2

Multiple sclerosis (MS), AD, and PD are neurodegenerative illnesses that are increasingly thought to be comorbidities in SARS-CoV-2-infected patients (124). Age dependence and co-morbidities like obesity, diabetes, and cardiovascular problems are among the many parallels between COVID-19 and PD. Furthermore, it is possible that COVID-19 will influence PD patient treatment practices and vice versa (125). Other common COVID-19 traits, such as fever, tension, and anxiety, may also negatively impact tremor, gait, and dyskinesias in PD, in addition to impairing the efficiency of L-Dopa (124). The functional relationship between AD and COVID-19 is becoming more and more evident. Like other neurodegenerative diseases, AD is considered a co-morbidity with COVID-19, meaning that having one condition usually makes the other worse (126). Neurodegeneration and neurocognitive impairment are associated with both situations with the buildup of amyloid precursor protein (APP) and activation of N-methyl-D-aspartate (NMDA)receptors. Furthermore, because these disorders share proinflammatory signaling cascades, neuronal cell death and dysfunction in both circumstances have been linked to microglial-mediated responses (127).

One of the largest RNA viruses is the SARS-CoV-2 virus. With the help of a complex array of accessory and nonstructural proteins, the virus is able to elude the innate immune system and replicate, translate, and exocytose as a fully functional virion. The single-stranded RNA that encodes 29 proteins includes the spike protein, which has the essential domains needed for binding to Angiotensin-converting enzyme 2 (ACE2). Furthermore, the possibility that these proteins have a role in the metabolic and molecular pathways of neurodegeneration is starting to gain more attention. Viruses or necessary protein components can be transported by extracellular vesicles to neurons in the substantia nigra, human cortical astrocytes, and microglia in addition to being directly absorbed by brain endothelium. This facilitates the faster formation of pathogenic fibrils (128). Liquid condensate can be produced by the intrinsically disordered SARS-CoV-2 nucleocapsid protein, which can even create harmful heteropolymers with RNA-binding proteins associated with neurodegenerative disease, such as TDP-43, fused-in sarcoma (FUS), and heterogeneous nuclear ribonucleoprotein A1 (hnRNP1A). More transmissible but less severe than the initial strain, the SARS-CoV-2 virus is continually evolving in response to the immune pressure imposed by very efficient vaccinations. Its potential long-term impacts on the brain system may therefore be a legacy of a global health crisis far more grave than acute disease (129). More severe SARS-CoV-2 and IAV infections are significantly correlated with aging-related proteostasis degradation in older people. A growing body of research indicates that the SARS-CoV-2 infection affects cognitive function over the long term and may eventually result in neurodegenerative diseases like AD (129–131). A number of pathways have been suggested, which are not mutually exclusive, while research to identify the exact mechanism(s) by which SARS-CoV-2 attacks the neurological system, both acutely and chronically, is underway (132, 133).





Herpes simplex virus-1

Lifelong latent infections in sensory neurons are brought on by neurotropic herpesviruses. HSV-1 is a periodically reactivating virus that can enter the brain and cause encephalitis or create CNS latency. Many studies link AD and HSV-1. In fact, HSV-1 seropositivity appears to increase the risk of AD (134), and HSV-1 DNA can be detected in Aβ plaques (135). In animals and cellular models, reactivation of repeated HSV-1 infections results in the accumulation of hyperphosphorylated Tau and the AD biomarkers Aβ over time (136).

The ϵ4 genotype of APOE is a known risk factor for AD. In animal models, apoE ϵ4 appears to allow HSV1 latency in the brain much more and is more effective than apoE ϵ3 in promoting viral colonization of the brain following acute HSV1 infection (137). It was demonstrated that apoE ϵ4 was more common in the brains of AD patients who were HSV1-positive than HSV1-negative, and in those who had recurrent cold sores than in those who did not (138). These findings suggest that individuals with the apoE ϵ4 allele may be more susceptible to HSV’s effects on the brain.





Human herpesvirus 6

HHV6 belongs to the β herpesvirus subfamily, which consists of two distinct species. It damages nerve cells and has been connected to a number of neurological disorders. The olfactory route allows HHV6 to enter the brain (139). In addition to AD, HHV6 is frequently seen in older, healthy brains. The HHV6 IgG antibodies reactivity of AD patients were significantly lower than that of normal controls. Although HHV6 might be linked to the genesis of AD, these findings might potentially point to a causal relationship or an opportunistic participant in neurodegeneration (140). A multiscale network analysis that includes late-onset AD-associated viromes and integrated genomic, transcriptomic, proteomic, and histological data from four distinct brain regions in human post-mortem tissue was used to demonstrate that AD patients had greater levels of HHV6A and human herpesvirus 7 than controls (141). There are regulatory relationships between viral abundance and APP metabolism modulators, including HHV-6A’s activation of APBB2, APPBP2, BIN1, BACE1, CLU, PICALM, and PSEN1. This suggests that specific virus species can cause neuropathology and Alzheimer’s disease (142).





Other viruses involved in neurodegeneration

Recent research has unequivocally shown that a history of Epstein-Barr virus (EBV) infection is associated with a higher risk of developing multiple sclerosis (MS) (143). A motor neuron disease called ALS damages brain and spinal cord nerves. A build-up of RNA-binding proteins such as FUS or TDP-43, along with cytoplasmic mislocalization, are indicative of both frontotemporal dementia and ALS. An underlying viral infection that is ordinarily epigenetically repressed and incapable of replication is up-regulated in individuals with ALS (144). Enteroviruses in the brains and cerebrospinal fluid of individuals with ALS are a topic of discussion (48). However, mice infected with two enteroviruses developed an accumulation of TDP-43 and persistent inflammation (145). Mice infected with Theiler’s murine encephalitis virus (TMEV) developed an ALS-like phenotype with TDP-43 and FUS inclusions in their cytoplasm, which affected their motor neurons and glial cells (146). The Japanese encephalitis virus (JEV) can infect humans and cause Japanese encephalitis, which has a high death rate in severe cases and leaves 30 to 50 percent of survivors with severe, permanent neurological or mental repercussions (147). Increased production of reactive oxygen species (ROS) from JEV infection intensifies the death of neurons brought on by both mature and replication-incompetent viruses (148). Increased ROS production and decreased membrane fluidity in JEV-infected neuronal cells lead to serious cytopathic effects, which ultimately cause neuronal cell death (149). Neuronal cells infected with other members of the Flaviviridae family, such as West Nile virus (WNV) (70) and dengue virus type 2 (DENV-2) (150), also showed excessive O2.- production during viral infection, which resulted in host cell apoptosis. Different viruses adapt different routes to enter the CNS and causes neurodegeneration explained in Figure 2.
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Figure 2 | Entry routes of different viruses to infiltrate the CNS and induces neurodegeneration.



The Venezuelan equine encephalitis virus (VEEV) causes serious neurological abnormalities in 4–14% of patients, and fatal encephalitis in 1% of cases (151). Upon infection with VEEV, astrocytoma U87MG cells exhibit an abrupt rise in ROS levels (152). Deadly rabies virus (RABV) attacks the central nervous system (CNS), leading to encephalitis and ultimately mammalian death. Research has shown that RABV infection results in increased ROS production in mouse neuroblastoma cells (153). Inducing oxidative stress is a crucial role of the RABV viral component (154). Infection with the deadly RABV causes changes in cellular gene expression. RABV, like other neurodegenerative diseases, may be involved in neuronal death due to an imbalance in Ca2+ homeostasis. Due to the role of calcium homeostasis in dysregulation in neurodegenerative diseases and other pathophysiology, there is reason to assume that neurons that contain certain intracellular calcium-binding proteins have a greater capacity to buffer calcium, and therefore would be more resistant to degeneration (155). Oxidative stress is a major factor in the pathogenesis of neurodegeneration in viral infections of the central nervous system, as evidenced by elevated levels of free radicals and lipid peroxidation caused by neurotrophic viruses. Table 2 lists the numerous population-based investigations that were carried out to determine the role of viruses in neurodegenerative diseases.



Table 2 | Prospective cohort studies for involvement of viruses in NDs.
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Possible mechanism of viral pathogenesis, inflammation and neurodegeneration

Neurotropic viruses are a type of newly and re-emerging infections that specifically target and damage the integrity of the CNS (159, 160). There are several distinctive ways in which they can enter the CNS, leading to a range of neurological symptoms (161). Viruses have a particular method in which they first enter the peripheral nervous system before migrating into the CNS via axon fibers (162). Neurotropic viruses employ a variety of techniques in addition to exploiting the peripheral nervous system to bypass host barrier defenses and directly infiltrate the central nervous system. For instance, immune cells like macrophages, monocytes, and dendritic cells can become infected by the Zika virus (ZIKV), human cytomegalovirus (HCMV), and human immunodeficiency virus (HIV), which then function as carriers to move the virus into the CNS (161, 163, 164). Moreover, it has been shown that viral infections stimulate the production of chemokines and pro-inflammatory chemicals like TNF-α, CCL2, CCL5, IL-6, and IL-8, which can trigger a cytokine storm. The systemic pro-inflammatory state impairs the blood-brain barrier, allowing more pro-inflammatory cytokines and viruses to enter the CNS. The cytokine storm at the nervous system level can cause neuronal death, activation of microglia, synaptic plasticity impairment, and neurotransmission dysfunction (161, 165). Viruses have the ability to activate astrocytes and microglia (166, 167), cause neuroinflammation (167), oxidative stress (168), immunological responses (159), protein aggregation (169), and upset the balance of microbes in the gut (170) after they have entered the central nervous system. Accumulating data has revealed a bidirectional relationship between the gut microbiome and CNS, known as the “microbiota-gut-brain axis.” Early microbiome changes were observed in preclinical Alzheimer’s disease (AD) and prodromal Parkinson’s disease (PD) patients (171, 172). These processes have the capacity to both initiate and exacerbate NDs.

Risk factors were recently analyzed with publicly available datasets from two large-scale population-based studies, UK Biobank and FinnGen. The UK Biobank contained twenty-two of the forty-five significant correlations between viral infections and NDs that were discovered in FinnGen. It’s interesting to see that the strongest hazard ratio was associated with viral encephalitis and AD (57). Additionally, utilizing virome analysis, nine viruses were shown to be present in various CNS brain tissues in patients with PD, with PD patients showing greater positive frequencies of viruses than patients in the control group (173). Remarkably, evidence from recent studies provide credence to the hypothesis that persons with viral illnesses may be less likely to develop NDs if they receive immunizations or antiviral drugs (123, 174). When considered collectively, these results provide credibility to the theory that viral infections raise the chances of NDs.

Viruses have evolved unique defense methods to evade host defense reactions. These mechanisms include autophagy disruption and additional interference with host antiviral signaling triggered by viral infection (175). In Table 3 various mechanisms are summarized through which viruses cause neurodegeneration in AD and PD. Although some illnesses interfere with specific signaling pathways to prevent autophagosomes from fusing with lysosomes or lysosomal breakdown, autophagosomes can also serve as reproduction sites for viruses as they infect a host (202–204). Activation of autophagy by various viruses, including flaviviruses and enteroviruses, can promote virus spread by assembling and releasing infectious particles through autophagic vacuoles. In certain viral infection cases, such as poliovirus and coronavirus infection, autophagy induction by infected cells promotes the generation of double-membrane vesicles to enhance viral replication (205).



Table 3 | Mechanisms adopted by viruses causing neurodegeneration in PD and AD.
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Antiviral therapies in ND’s

Antivirals could be interesting alternative drug options for treating NDs. In cell culture, antivirals were able to decrease HSV-1-induced production of Aβ and phosphorylated Tau (206)Acyclovir, penciclovir, and foscarnet are anti-HSV1 antiviral medications that decreased Aβ and P-tau accumulation along with HSV1. The antiviral-induced decrease in Aβ is attributable to the reduced number of new viruses, and hence the reduction in viral spread. Since antiviral agents reduce greatly Aβ and P-tau accumulation in HSV1-infected cells, they would be suitable for treating AD with great advantage unlike current AD therapies, only the virus, not the host cell, would be targeted (206). Ribavirin is a low-molecular-weight nucleoside analogue and inhibitor of inosine monophosphate dehydrogenase that functions as a broad-spectrum antiviral drug against a variety of DNA and RNA viruses. Ribavirin is approved in the United States for the treatment of RSV infections and, when combined with interferon, for hepatitis C virus infections (207). However, studies have shown that, as compared to a placebo, oral ribavirin formulations do not improve virologic response or the treatment of chronic hepatitis C. As a result, ribavirin is not permitted for use as a monotherapy for hepatitis C (208). Moreover, despite divergent opinions in the literature, ribavirin has been shown to be efficient against HSV both on its own and in combination with acyclovir, where it has been shown to augment the effects of acyclovir (209). Activity of ribavirin against EV has been demonstrated in vitro (210). Hepatitis C, RSV, and HSV are among the infectious diseases that ribavirin effectively treats; AD has been connected to several of these infections (87, 209). In a clinical trial, the Apovir group’s CSF biomarker levels showed a decrease in Aβ42 over the duration of treatment (86).

The main antiviral drug used to treat HSV1 infections is called acyclovir (ACV); as expected, ACV dramatically reduces the number of HSV1 and the levels of Aβ and P-tau in HSV1-infected cells in culture (206). P-tau production is reliant on HSV1 replication and eventually drops to zero. Antibody formation is significantly decreased, but it depends, at least partially, on a previous phase of the cycle. Lower viral DNA replication is probably the cause of this decrease in viral dissemination. These results suggest that ACV might be helpful in the management of AD (211). Individuals who test positive for HSV have a higher likelihood of cognitive impairment, and antiviral drugs have a potent anti-HSV infection impact. Recent studies employing databases incorporating electronic health information have shown that HSV infections increase the risk of dementia, but antiviral medication treatment lowers this risk. In a trial including schizophrenia, the generic antiviral drug valacyclovir showed better memory improvement than a placebo (212). It has also been shown that acyclovir administration prevents HSV-1-induced neuronal death (213). When dexamethasone and acyclovir were given together, the impairments in spatial cognition were lessened. Together with microglia activation, this combination also decreased the levels of neuroinflammation markers as TNF-α and IL-6 (214). However, these effects happen only when acyclovir and dexamethasone are administered simultaneously.

Antiviral medication significantly reduces the risk of Parkinson’s disease in patients with viral hepatitis (25, 215). In vitro models showed that the anti-influenza drug oseltamivir phosphate inhibited the aggregation of α-synuclein caused by H1N1 (123). Antiviral medication has demonstrated promise in reducing the likelihood of HCV infection, which is a risk factor for PD. In patients, the incidence of PD with persistent HCV infection appeared to be lower when treated with interferon-based antiviral therapy (216). Anti-HIV drug maraviroc specifically inhibited CCR5, ameliorating tauopathies and Huntington’s disease (HD) in model mice (217).

Ever since the initial appearance of the acute respiratory coronavirus SARS-CoV-2, scientists have been searching for novel antiviral medications and repurposing those that have demonstrated efficacy against other coronaviruses. antiviral medication that could be applied in case of COVID-19 outbreak. PD, AD, and fatigue associated with multiple sclerosis have been shown to benefit from amantanes such as amantadine, rimantadine, and memantine. These conditions are all known comorbidities associated with COVID-19. Additionally, basic pharmacological studies conducted in vitro and in vivo have shown that amantadine can inhibit SARS-CoV-2 by down-regulating host-cell proteases, which impairs the release of the viral genome into the host cell, and by acting as an NMDA receptor antagonist, which prevents the acute lung injury and respiratory distress that are hallmarks of COVID-19 (124). Antiviral drugs like oseltamivir, which are frequently prescribed to treat influenza, have been demonstrated to significantly enhance parkinsonism and increase dyskinesia (218).

Antiviral drugs are now being tested for the treatment of ALS. Combination antiretroviral therapy lowers transcript levels of the HERV-K subtype HML-2, that has been demonstrated to be elevated in ALS (219). A Phase IIa clinical trial including ALS patients found that antiretroviral medication (effective against HERV-K HML-2) indicates a trend toward delayed disease progression in patients with virological response to the treatment (220). Even though the results were encouraging, more randomized controlled trials (RCTs) are now required to assess any potential advantages for NDs.

Additionally, the potential antiviral properties of bioflavonoids produced from Ginkgo biloba leaves, such as ginkgetin, isoginkgetin, and ginkgolic acid, were investigated. These substances have a well-established antiviral profile from earlier research (221). Ginkgetin has been shown to effectively block the synthesis of viral proteins and impede the replication of HSV-1, HSV-2, and the human cytomegalovirus (222). The important significance that traditional Chinese medicine plays in treating COVID-19 aftereffects has been acknowledged. Research has demonstrated that chalcones and flavonoids can prevent neurodegeneration, prolonged COVID-19 illness, and SARS-CoV-2 infection (223). The bioactive constituents of Ginkgo biloba extract, ginkgolides and bilobalide (BB), have demonstrated neuroprotective effects in AD via pathways including anti-excitotoxicity, anti-inflammatory, and anti-oxidative properties. Furthermore, by blocking the major protease of SARS-CoV-2, ginkgolides and BB may also have antiviral effects against COVID-19. But whether pure ginkgolides or BB are given over an extended period of time at potentially therapeutic doses is actually beneficial or harmful for treating COVID-19 and AD is still up for debate (223).

Different medications have demonstrated promise in alleviating the long-term clinical symptoms of COVID-19 and neurodegenerative disorders, despite the fact that there is presently no standardized treatment for COVID-19. One way to lessen the harmful impact on nerve cells is to either preserve internal Ca2+ homeostasis or prevent the long-term inflow of Ca2+ ions. By inhibiting the extrasynaptic N-methyl-D-aspartate receptors, N-methyl-D-aspartate antagonists such as amantadine and memantine can do this by reducing the long-term Ca2+ ion influx that contributes to neuronal excitotoxicity. Amantadine is an antiviral medication that has been demonstrated to help patients with PD with their altered motor behavior. It may also help with persistent fatigue. However, memantine might aid in the improvement of cognitive deficiencies. Overlooking these issues may result in neuronal death and the associated functional deficits (224). To ascertain the effectiveness and comprehend the molecular underpinnings of these drugs’ anti-coronavirus activity or inhibitory potential, more in vitro and in vivo research are required. Different antiviral drugs are in trials for neurodegenerative disorders explained in Table 4.



Table 4 | Clinical trials of antiviral drugs against NDs.
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AAV gene therapy

In recent years, adeno-associated virus (AAV) has become the main vector for CNS gene therapy. AAV has already shown promising results in the clinic for a range of CNS ailments, including neuromuscular diseases, lysosomal storage disorders, and illnesses that are intractable with medicine. Gene therapy uses DNA or RNA as a pharmacological agent to produce gene products that permanently mute, repair, or modify endogenous genes. One “one-and-done” treatment method that can cross the blood-brain barrier is gene therapy (227) help prevent the long-term progression of neurological diseases (6). In recent years, gene therapies—like AAV-based therapy—have progressed from being the exclusive focus of preclinical research to being an effective form of treatment (228). AAV has the advantages of immunological privilege, high delivery efficiency, and specialized tissue or cell tropism in the CNS.

Regarding AAV-based gene therapy, the most clinically studied CNS condition is PD. PD is currently being studied using three different methods: glutamate decarboxylase (GAD)-inhibited glutamine synthesis as a neurotransmitter; aromatic amino acid decarboxylase, AADC-induced dopamine production; and glial cell line-derived neurotrophic factor (GDNF) in the substantia nigra to protect nigral neurons. However, the majority of AAV-based treatments are unable to treat pathologically complex diseases (229). To treat PD, AAV-based gene therapy vectors can increase dopamine levels in target cells (230). In PD primate model, intrastriatal infusion of an AAV vector containing the human aromatic l-amino acid decarboxylase (hAADC) gene results in robust gene expression (231). Alternatively, an AAV-based α-synuclein expression vector (AAV-PHP.B-GBA1) can be injected intravenously (IV) into the target neural parenchyma as an alternative to the more common injection of the mouse forebrain in PD gene therapy. Because of this, the vector was able to enter the brain parenchyma and propagate throughout it. This allowed the vector to target the central and peripheral nervous systems globally and restored animal behavior by reducing synucleinopathy (232).

More than one hundred clinical trials have involved Alzheimer’s patients. Other than immunotherapy, there is currently no medication that can impede the progression of Alzheimer’s disease in those with cognitive impairments. However, AAV-based gene therapy continues to be ineffective. The only experiment that was successfully completed used AAV2-driven nerve growth factor to reverse basal cholinergic neuronal dysfunction. Ten patients with mild-to-moderate AD were treated in a Phase I clinical trial with bilateral stereotactic injections of AAV2-nerve growth factor into the Meynert nucleus basalis without the use of immunosuppressive drugs (233). This medicine worked effectively, was safe, and was well tolerated. No side effects were reported. Another trial, a Phase II trial, used a higher dose, although the treatment and placebo groups’ outcomes in terms of brain metabolic or cognitive performance did not vary statistically (234). The autopsy results of the three cases showed that stereotactically injected AAV2 did not reach the nucleus basalis of Meynert due to restricted AAV2 diffusion; hence, no reliable conclusions could be drawn (235). Three other therapeutic modalities are the subject of clinical investigation, the results of which have not yet been made public: Intravenous or intrathecal telomerase (hTERT) delivery to lengthen telomeres; brain-derived neurotrophic factor administered via parenchymal delivery to minimize neuronal loss and promote synaptic reconstruction; and intra-CSF delivery of apolipoprotein E2 to restore protein expression in patients homozygous for apolipoprotein E4 (235).

Numerous novel issues highlight the need for further research, especially in the areas of safe delivery methods, well-understood immunological systems, cost-effective production procedures, targeted vectors, and further immune system suppression strategies. To extend AAV-based gene therapy from monogenic disorders to other diseases, we need to understand the whole phenotypic range of each disease and find objective biomarkers to capture the essential features of the condition. Ongoing research on the imaging of viral vectors is necessary to monitor the pharmacokinetics of viruses.






Conclusion

CNS infection diagnosis and therapy are difficult but essential. There are either none or very few antiviral medications on the market now for treating viral infections of the central nervous system. A viral infection causes an imbalance between free radicals and antioxidants, which increases oxidative stress within cells and causes neuronal cells to undergo programmed death through apoptosis. In order to interfere with mitophagy and mitochondrial dynamics in their hosts, viruses work with the recycling machinery of the cell.

Viral disturbance of mitochondrial homeostasis alters neuronal metabolism and consequently affects brain function. When neurotropic viruses enter the brain, specific brain functions are harmed, neurotransmitter systems are changed, and pathological signs of NDs appear. An understanding of the neuropathogenesis of viral CNS infection may help in the creation of more efficient diagnosis and treatment plans by focusing on the molecular mechanisms underlying CNS infection. It might also be helpful in the search for new antiviral drugs, which are necessary to treat these neurotropic viral infections in an efficient manner.





Author contributions

MA: Writing – original draft, Writing – review & editing. FM: Formal analysis, Investigation, Writing – review & editing. PX: Investigation, Writing – review & editing. JX: Conceptualization, Resources, Supervision, Validation, Writing – review & editing. FZ: Writing – review & editing, Funding acquisition.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The study was funded by the National Key Research and Development Program of China (2024YFF0507500, 2021YFC2500100,2021YFC2500103), Scientific and Technological Innovation 2030(2023ZD0505804), National Natural Science Foundation of China (82471212,8207118,82360387,81870821), Key Project of Yunnan Provincial Department of Science and Technology (202301AS070037, 202305AK340001) and Key project of Yunnan Provincial Department of Science and Technology (202301AS070037).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Zhou, L, Miranda-Saksena, M, and Saksena, NK. Viruses and neurodegeneration. Virol J. (2013) 10:172. doi: 10.1186/1743-422X-10-172

2. Wang, YA, Kammenga, JE, and Harvey, SC. Genetic variation in neurodegenerative diseases and its accessibility in the model organism Caenorhabditis elegans. Hum Genomics. (2017) 11:1–10. doi: 10.1186/S40246-017-0108-4

3. Mirza, Z, Kamal, M, Buzenadah, A, Al-Qahtani, M, and Karim, S. Establishing genomic/transcriptomic links between Alzheimer’s disease and type 2 diabetes mellitus by meta-analysis approach. CNS Neurol Disord Drug Targets. (2014) 13:501–16. doi: 10.2174/18715273113126660154

4. Griffin, WST. Inflammation and neurodegenerative diseases. Am J Clin Nutr. (2006) 83(2):470S–4S. doi: 10.1093/AJCN/83.2.470S

5. Muravchick, S, and Levy, RJ. Clinical implications of mitochondrial dysfunction. Anesthesiology. (2006) 105:819–37. doi: 10.1097/00000542-200610000-00029

6. Nicolson, GL. Chronic bacterial and viral infections in neurodegenerative and neurobehavioral diseases. Lab Med. (2008) 39:291. doi: 10.1309/96M3BWYP42L11BFU

7. Calabrese, G, Molzahn, C, and Mayor, T. Protein interaction networks in neurodegenerative diseases: From physiological function to aggregation. J Biol Chem. (2022) 298(7):102062. doi: 10.1016/J.JBC.2022.102062

8. Sengupta, U, and Kayed, R. Amyloid β, Tau, and α-Synuclein aggregates in the pathogenesis, prognosis, and therapeutics for neurodegenerative diseases. Prog Neurobiol. (2022) 214:102270. doi: 10.1016/J.PNEUROBIO.2022.102270

9. Wang, Q, Zheng, J, Pettersson, S, Reynolds, R, and Tan, EK. The link between neuroinflammation and the neurovascular unit in synucleinopathies. Sci Adv. (2023) 9(7):eabq1141. doi: 10.1126/SCIADV.ABQ1141

10. Scheltens, P, De Strooper, B, Kivipelto, M, Holstege, H, Chételat, G, Teunissen, CE, et al. Alzheimer’s disease. Lancet. (2021) 397:1577–90. doi: 10.1016/S0140-6736(20)32205-4

11. Liu, H, Zheng, Q, Yuan, J, Gao, Y, Wang, T, Zhang, H, et al. Modulating SQSTM1/p62-dependent selective autophagy of neurons by activating Nrf2 with multifunctional nanoparticles to eliminate α-synuclein aggregates and boost therapy of Parkinson’s disease. Nano Today. (2023) 49:101770. doi: 10.1016/J.NANTOD.2023.101770

12. Vaquer-Alicea, J, and Diamond, MI. Propagation of protein aggregation in neurodegenerative diseases. Annu Rev Biochem. (2019) 88:785–810. doi: 10.1146/ANNUREV-BIOCHEM-061516-045049

13. Balchin, D, Hayer-Hartl, M, and Hartl, FU. In vivo aspects of protein folding and quality control. Science. (2016) 353(6294):aac4354. doi: 10.1126/SCIENCE.AAC4354

14. Aviner, R, and Frydman, J. Proteostasis in viral infection: unfolding the complex virus-chaperone interplay. Cold Spring Harb Perspect Biol. (2020) 12(3):a034090. doi: 10.1101/CSHPERSPECT.A034090

15. Shelkovnikova, TA, An, H, Skelt, L, Tregoning, JS, Humphreys, IR, and Buchman, VL. Antiviral immune response as a trigger of FUS proteinopathy in amyotrophic lateral sclerosis. Cell Rep. (2019) 29:4496–4508.e4. doi: 10.1016/J.CELREP.2019.11.094

16. Park, SJ, Jin, U, and Park, SM. Interaction between coxsackievirus B3 infection and α-synuclein in models of Parkinson’s disease. PloS Pathog. (2021) 17(10):e1010018. doi: 10.1371/JOURNAL.PPAT.1010018

17. Jin, U, Park, SJ, Lee, BG, Kim, JB, Kim, SJ, Joe, EH, et al. Critical roles of parkin and PINK1 in coxsackievirus B3-induced viral myocarditis. Microbes Infect. (2023) 25:105211. doi: 10.1016/J.MICINF.2023.105211

18. Chemparthy, DT, Kannan, M, Gordon, L, Buch, S, and Sil, S. Alzheimer’s-like pathology at the crossroads of HIV-associated neurological disorders. Vaccines (Basel). (2021) 9(8):930. doi: 10.3390/VACCINES9080930

19. Jang, H, Boltz, D, Sturm-Ramirez, K, Shepherd, KR, Jiao, Y, Webster, R, et al. Highly pathogenic H5N1 influenza virus can enter the central nervous system and induce neuroinflammation and neurodegeneration. Proc Natl Acad Sci U S A. (2009) 106:14063–8. doi: 10.1073/PNAS.0900096106

20. Cocoros, NM, Svensson, E, Szépligeti, SK, Vestergaard, SV, Szentkúti, P, Thomsen, RW, et al. Long-term risk of parkinson disease following influenza and other infections. JAMA Neurol. (2021) 78:1461–70. doi: 10.1001/JAMANEUROL.2021.3895

21. Maramattom, BV, and Philips, G. Acute parkinsonism with west nile virus infection. Ann Indian Acad Neurol. (2023) 26:801. doi: 10.4103/AIAN.AIAN_539_23

22. Lenka, A, Kamat, A, and Mittal, SO. Spectrum of movement disorders in patients with neuroinvasive west nile virus infection. Mov Disord Clin Pract. (2019) 6:426. doi: 10.1002/MDC3.12806

23. Bantle, CM, Phillips, AT, Smeyne, RJ, Rocha, SM, Olson, KE, and Tjalkens, RB. Infection with mosquito-borne alphavirus induces selective loss of dopaminergic neurons, neuroinflammation and widespread protein aggregation. NPJ Parkinson’s Dis. (2019) 5:1–15. doi: 10.1038/s41531-019-0090-8

24. Schultz, DR, Barthal, JS, and Garrett, C. Western equine encephalitis with rapid onset of parkinsonism. Neurology. (1977) 27:1095–6. doi: 10.1212/WNL.27.11.1095

25. Selim, R, Gordon, SC, Zhou, Y, Zhang, T, Lu, M, Daida, YG, et al. Impact of hepatitis C treatment status on risk of Parkinson’s disease and secondary parkinsonism in the era of direct-acting antivirals. J Viral Hepat. (2023) 30:544–50. doi: 10.1111/JVH.13826

26. Golabi, P, Otgonsuren, M, Sayiner, M, Arsalla, A, Gogoll, T, and Younossi, ZM. The prevalence of parkinson disease among patients with hepatitis C infection. Ann Hepatol. (2017) 16:342–8. doi: 10.5604/01.3001.0009.8588

27. Wijarnpreecha, K, Chesdachai, S, Jaruvongvanich, V, and Ungprasert, P. Hepatitis C virus infection and risk of Parkinson’s disease: a systematic review and meta-analysis. Eur J Gastroenterol Hepatol. (2018) 30:9–13. doi: 10.1097/MEG.0000000000000991

28. Lilach, G, Fogel-Grinvald, H, and Israel, S. Hepatitis B and C virus infection as a risk factor for Parkinson’s disease in Israel-A nationwide cohort study. J Neurol Sci. (2019) 398:138–41. doi: 10.1016/J.JNS.2019.01.012

29. Choi, HY, Mai, TH, Kim, KA, Cho, H, and Ki, M. Association between viral hepatitis infection and Parkinson’s disease: A population-based prospective study. J Viral Hepat. (2020) 27:1171–8. doi: 10.1111/JVH.13346

30. Ogata, A, Tashiro, K, Nukuzuma, S, Nagashima, K, and Hall, WW. A rat model of Parkinson’s disease induced by Japanese encephalitis virus. J Neurovirol. (1997) 3:141–7. doi: 10.3109/13550289709015803

31. Tadokoro, K, Ohta, Y, Sato, K, Maeki, T, Sasaki, R, Takahashi, Y, et al. A Japanese encephalitis patient presenting with parkinsonism with corresponding laterality of magnetic resonance and dopamine transporter imaging findings. Internal Med. (2018) 57:2243. doi: 10.2169/INTERNALMEDICINE.0337-17

32. Camacho-Soto, A, Faust, I, Racette, BA, Clifford, DB, Checkoway, H, and Nielsen, SS. Herpesvirus infections and risk of parkinson’s disease. Neurodegener Dis. (2020) 20:97–103. doi: 10.1159/000512874

33. Tunnicliffe, L, Weil, RS, Breuer, J, Rodriguez-Barradas, MC, Smeeth, L, Rentsch, CT, et al. Herpes zoster and risk of incident parkinson’s disease in US veterans: A matched cohort study. Movement Disord. (2024) 39:438–44. doi: 10.1002/MDS.29701

34. Hsieh, JC, Lue, KH, and Lee, YL. Parkinson-like syndrome as the major presenting symptom of Epstein–Barr virus encephalitis. Arch Dis Child. (2002) 87:358–8. doi: 10.1136/ADC.87.4.358

35. Tiwari, D, Mittal, N, and Jha, HC. Unraveling the links between neurodegeneration and Epstein-Barr virus-mediated cell cycle dysregulation. Curr Res Neurobiol. (2022) 3:100046. doi: 10.1016/J.CRNEUR.2022.100046

36. Itzhaki, RF. Overwhelming evidence for a major role for herpes simplex virus type 1 (HSV1) in alzheimer’s disease (AD); underwhelming evidence against. Vaccines (Basel). (2021) 9(6):679. doi: 10.3390/VACCINES9060679

37. Vestin, E, Boström, G, Olsson, J, Elgh, F, Lind, L, Kilander, L, et al. Herpes simplex viral infection doubles the risk of dementia in a contemporary cohort of older adults: A prospective study. J Alzheimers Dis. (2024) 97:1841–50. doi: 10.3233/JAD-230718

38. Calcagno, A, Celani, L, Trunfio, M, Orofino, G, Imperiale, D, Atzori, C, et al. Alzheimer dementia in people living with HIV. Neurol Clin Pract. (2021) 11:e627. doi: 10.1212/CPJ.0000000000001060

39. Hussain, H, Fadel, A, Garcia, E, Michel, G, Saadoon, ZF, Fernandes, A, et al. HIV and dementia. Microbe. (2024) 2:100052. doi: 10.1016/J.MICROB.2024.100052

40. Romanescu, C, Schreiner, TG, and Mukovozov, I. The role of human herpesvirus 6 infection in alzheimer’s disease pathogenicity—A theoretical mosaic. J Clin Med. (2022) 11:3061. doi: 10.3390/JCM11113061

41. Choi, HG, Soh, JS, Lim, JS, Sim, SY, and Lee, SW. Association between dementia and hepatitis B and C virus infection. Medicine. (2021) 100:E26476. doi: 10.1097/MD.0000000000026476

42. Tan, CH, Chang, MC, Tsai, WF, Chuang, WL, Huang, JF, Lin, ZY, et al. Different profiles of neurocognitive impairment in patients with hepatitis B and C virus infections. Sci Rep. (2022) 12:1–11. doi: 10.1038/s41598-022-14736-3

43. Huang, L, Wang, Y, Tang, Y, He, Y, and Han, Z. Lack of causal relationships between chronic hepatitis C virus infection and alzheimer’s disease. Front Genet. (2022) 13:828827/PDF. doi: 10.3389/FGENE.2022.828827/PDF

44. Chiu, WC, and Chen, PC. PIN79 hepatitis C virus infection increases the risk of alzheimer’S diseases. Value Health. (2012) 15:A399. doi: 10.1016/j.jval.2012.08.1146

45. Sim, KY, An, J, Bae, SE, Yang, T, Ko, GH, Hwang, JR, et al. Alzheimer’s disease risk associated with changes in Epstein-Barr virus nuclear antigen 1-specific epitope targeting antibody levels. J Infect Public Health. (2024) 17:102462. doi: 10.1016/J.JIPH.2024.05.050

46. Cairns, DM, Itzhaki, RF, and Kaplan, DL. Potential involvement of varicella zoster virus in alzheimer’s disease via reactivation of quiescent herpes simplex virus type 1. J Alzheimers Dis. (2022) 88:1189–200. doi: 10.3233/JAD-220287

47. Shin, E, Chi, SA, Chung, TY, Kim, HJ, Kim, K, and Lim, DH. The associations of herpes simplex virus and varicella zoster virus infection with dementia: a nationwide retrospective cohort study. Alzheimer’s Res Ther. (2024) 16:1–10. doi: 10.1186/S13195-024-01418-7/TABLES/2

48. Xue, YC, Feuer, R, Cashman, N, and Luo, H. Enteroviral infection: The forgotten link to amyotrophic lateral sclerosis? Front Mol Neurosci. (2018) 11:63/PDF. doi: 10.3389/FNMOL.2018.00063/PDF

49. Cabrera, JR, Rodríguez-Izquierdo, I, Jiménez, JL, and Muñoz-Fernández, MÁ. Analysis of ALS-related proteins during herpes simplex virus-2 latent infection. J Neuroinflammation. (2020) 17:1–15. doi: 10.1186/S12974-020-02044-4/FIGURES/6

50. Bjornevik, K, Münz, C, Cohen, JI, and Ascherio, A. Epstein–Barr virus as a leading cause of multiple sclerosis: mechanisms and implications. Nat Rev Neurol. (2023) 19:160–71. doi: 10.1038/s41582-023-00775-5

51. Khalesi, Z, Tamrchi, V, Razizadeh, MH, Letafati, A, Moradi, P, Habibi, A, et al. Association between human herpesviruses and multiple sclerosis: A systematic review and meta-analysis. Microb Pathog. (2023) 177:106031. doi: 10.1016/J.MICPATH.2023.106031

52. Elhalag, RH, Motawea, KR, Talat, NE, Rouzan, SS, Reyad, SM, Elsayed, SM, et al. Herpes Zoster virus infection and the risk of developing dementia: A systematic review and meta-analysis. Medicine. (2023) 102:E34503. doi: 10.1097/MD.0000000000034503

53. Lotz, SK, Blackhurst, BM, Reagin, KL, and Funk, KE. Microbial infections are a risk factor for neurodegenerative diseases. Front Cell Neurosci. (2021) 15:691136/PDF. doi: 10.3389/FNCEL.2021.691136/PDF

54. Griciuc, A, and Tanzi, RE. The role of innate immune genes in Alzheimer’s disease. Curr Opin Neurol. (2021) 34:228–36. doi: 10.1097/WCO.0000000000000911

55. Parhizkar, S, and Holtzman, DM. “APOE mediated neuroinflammation and neurodegeneration in Alzheimer’s disease.” In Seminars in immunology. Vol. 59.  Academic Press (2022). doi: 10.1016/J.SMIM.2022.101594

56. Li, C, Liu, J, Lin, J, and Shang, H. COVID-19 and risk of neurodegenerative disorders: A Mendelian randomization study. Transl Psychiatry. (2022) 12(1):283. doi: 10.1038/S41398-022-02052-3

57. Levine, KS, Leonard, HL, Blauwendraat, C, Iwaki, H, Johnson, N, Bandres-Ciga, S, et al. Virus exposure and neurodegenerative disease risk across national biobanks. Neuron. (2023) 111:1086–1093.e2. doi: 10.1016/J.NEURON.2022.12.029

58. Shouman, S, Hesham, N, and Salem, TZ. Viruses and neurodegeneration: a growing concern. J Trans Med. (2025) 23:1–21. doi: 10.1186/S12967-024-06025-6

59. Mathew, S, Faheem, M, Ibrahim, SM, Iqbal, W, Rauff, B, Fatima, K, et al. Hepatitis C virus and neurological damage. World J Hepatol. (2016) 8:545. doi: 10.4254/WJH.V8.I12.545

60. Leblanc, P, and Vorberg, IM. Viruses in neurodegenerative diseases: More than just suspects in crimes. PloS Pathog. (2022) 18:e1010670. doi: 10.1371/JOURNAL.PPAT.1010670

61. Wang, WY, Tan, MS, Yu, JT, and Tan, L. Role of pro-inflammatory cytokines released from microglia in Alzheimer’s disease. Ann Transl Med. (2015) 3(10):136. doi: 10.3978/J.ISSN.2305-5839.2015.03.49

62. Wongchitrat, P, Chanmee, T, and Govitrapong, P. Molecular mechanisms associated with neurodegeneration of neurotropic viral infection. Mol Neurobiol. (2023) 61:2881–903. doi: 10.1007/S12035-023-03761-6

63. Zhao, YJ, Xu, KF, Shu, FX, and Zhang, F. Neurotropic virus infection and neurodegenerative diseases: Potential roles of autophagy pathway. CNS Neurosci Ther. (2023) 30:e14548. doi: 10.1111/CNS.14548

64. Bramlett, HM, and Dietrich, WD. Long-term consequences of traumatic brain injury: current status of potential mechanisms of injury and neurological outcomes. J Neurotrauma. (2015) 32:1834. doi: 10.1089/NEU.2014.3352

65. Onisiforou, A, and Spyrou, GM. Identification of viral-mediated pathogenic mechanisms in neurodegenerative diseases using network-based approaches. Brief Bioinform. (2021) 22:bbab141. doi: 10.1093/BIB/BBAB141

66. Kavouras, J, Prandovszky, E, Valyi-Nagy, K, Kovacs, SK, Tiwari, V, Kovacs, M, et al. Herpes simplex virus type 1 infection induces oxidative stress and the release of bioactive lipid peroxidation by-products in mouse P19N neural cell cultures. J Neurovirol. (2007) 13:416–25. doi: 10.1080/13550280701460573

67. Thangaraj, A, Periyasamy, P, Liao, K, Bendi, VS, Callen, S, Pendyala, G, et al. HIV-1 TAT-mediated microglial activation: role of mitochondrial dysfunction and defective mitophagy. Autophagy. (2018) 14:1596. doi: 10.1080/15548627.2018.1476810

68. Cho, YE, Lee, MH, and Song, BJ. Neuronal cell death and degeneration through increased nitroxidative stress and tau phosphorylation in HIV-1 transgenic rats. PloS One. (2017) 12:e0169945. doi: 10.1371/JOURNAL.PONE.0169945

69. Srivastava, R, Kalita, J, Khan, MY, and Misra, UK. Free radical generation by neurons in rat model of Japanese encephalitis. Neurochem Res. (2009) 34:2141–6. doi: 10.1007/S11064-009-0008-7

70. Verma, S, Molina, Y, Lo, YY, Cropp, CB, Arai, S, Nakano, CM, et al. Role of oxidative stress in west nile virus (WNV)- induced apoptosis. FASEB J. (2006) 20:A1073–A1073. doi: 10.1096/FASEBJ.20.5.A1073-B

71. Fonseka, CL, Hardman, CS, Woo, J, Singh, R, Nahler, J, Yang, J, et al. Dengue virus co-opts innate type 2 pathways to escape early control of viral replication. Commun Biol. (2022) 5:735. doi: 10.1038/S42003-022-03682-5

72. Jan, J-T, Chen, B-H, Ma, S-H, Liu, C-I, Tsai, H-P, Wu, H-C, et al. Potential dengue virus-triggered apoptotic pathway in human neuroblastoma cells: arachidonic acid, superoxide anion, and NF-kappaB are sequentially involved. J Virol. (2000) 74:8680–91. doi: 10.1128/JVI.74.18.8680-8691.2000

73. Zhou, Y, Hou, Y, Shen, J, Mehra, R, Kallianpur, A, Culver, DA, et al. A network medicine approach to investigation and population-based validation of disease manifestations and drug repurposing for COVID-19. PloS Biol. (2020) 18:e3000970. doi: 10.1371/JOURNAL.PBIO.3000970

74. Lippi, A, Domingues, R, Setz, C, Outeiro, TF, and Krisko, A. SARS-coV-2: at the crossroad between aging and neurodegeneration. Movement Disord. (2020) 35:716–20. doi: 10.1002/MDS.28084

75. Vanderheiden, A, Hill, JD, Jiang, X, Deppen, B, Bamunuarachchi, G, Soudani, N, et al. Vaccination reduces central nervous system IL-1β and memory deficits after COVID-19 in mice. Nat Immunol. (2024) 25:1158–71. doi: 10.1038/S41590-024-01868-Z

76. Soung, AL, Vanderheiden, A, Nordvig, AS, Sissoko, CA, Canoll, P, Mariani, MB, et al. COVID-19 induces CNS cytokine expression and loss of hippocampal neurogenesis. Brain. (2022) 145:4193–201. doi: 10.1093/BRAIN/AWAC270

77. Rohn, TT, and Catlin, LW. Immunolocalization of influenza A virus and markers of inflammation in the human Parkinson’s disease brain. PloS One. (2011) 6(5):e20495. doi: 10.1371/JOURNAL.PONE.0020495

78. Rosen, SF, Soung, AL, Yang, W, Ai, S, Kanmogne, M, Davé, VA, et al. Single-cell RNA transcriptome analysis of CNS immune cells reveals CXCL16/CXCR6 as maintenance factors for tissue-resident T cells that drive synapse elimination. Genome Med. (2022) 14:1–20. doi: 10.1186/S13073-022-01111-0/FIGURES/7

79. Soung, AL, Dave, VA, Garber, C, Tycksen, ED, Vollmer, LL, and Klein, RS. Corrigendum to: “IL-1 reprogramming of adult neural stem cells limits neurocognitive recovery after viral encephalitis by maintaining a proinflammatory state. Brain Behav Immun. (2022) 102:387. doi: 10.1016/j.bbi.2021.12.024

80. Garber, C, Vasek, MJ, Vollmer, LL, Sun, T, Jiang, X, and Klein, RS. Astrocytes decrease adult neurogenesis during virus-induced memory dysfunction via IL-1. Nat Immunol. (2018) 19:151–61. doi: 10.1038/S41590-017-0021-Y

81. Garber, C, Soung, A, Vollmer, LL, Kanmogne, M, Last, A, Brown, J, et al. T cells promote microglia-mediated synaptic elimination and cognitive dysfunction during recovery from neuropathogenic flaviviruses. Nat Neurosci. (2019) 22:1276–88. doi: 10.1038/S41593-019-0427-Y

82. Vasek, MJ, Garber, C, Dorsey, D, Durrant, DM, Bollman, B, Soung, A, et al. A complement-microglial axis drives synapse loss during virus-induced memory impairment. Nature. (2016) 534:538–43. doi: 10.1038/NATURE18283

83. Schwendimann, RN, and Minagar, A. Liver disease and neurology. Continuum (Minneap Minn). (2017) 23:762–77. doi: 10.1212/CON.0000000000000486

84. Ferro, JM, Viana, P, and Santos, P. Management of neurologic manifestations in patients with liver disease. Curr Treat Options Neurol. (2016) 18:1–17. doi: 10.1007/S11940-016-0419-0

85. Pawełczyk, A. Consequences of extrahepatic manifestations of hepatitis C viral infection (HCV). Postepy Hig Med Dosw (Online). (2016) 70:349–59. doi: 10.5604/17322693.1199988

86. Lindblom, N, Lindquist, L, Westman, J, Aström, M, Bullock, R, Hendrix, S, et al. Potential virus involvement in alzheimer’s disease: results from a phase IIa trial evaluating apovir, an antiviral drug combination. J Alzheimers Dis Rep. (2021) 5:413. doi: 10.3233/ADR-210301

87. Chiu, WC, Tsan, YT, Tsai, SL, Chang, CJ, Wang, JD, and Chen, PC. Hepatitis C viral infection and the risk of dementia. Eur J Neurol. (2014) 21(8):1068–e59. doi: 10.1111/ENE.12317

88. Sochocka, M, Zwolińska, K, and Leszek, J. The infectious etiology of alzheimer’s disease. Curr Neuropharmacol. (2017) 15:996. doi: 10.2174/1570159X15666170313122937

89. Abushouk, AI, El-Husseny, MWA, Magdy, M, Ismail, A, Attia, A, Ahmed, H, et al. Evidence for association between hepatitis C virus and Parkinson’s disease. Neurol Sci. (2017) 38:1913–20. doi: 10.1007/S10072-017-3077-4

90. Benito-León, J. Viral hepatitis and the risk of Parkinson disease. Neurology. (2017) 88:1596–7. doi: 10.1212/WNL.0000000000003853

91. Smeyne, RJ, Noyce, AJ, Byrne, M, Savica, R, and Marras, C. Infection and risk of parkinson’s disease. J Parkinsons Dis. (2021) 11:31–43. doi: 10.3233/JPD-202279

92. Tsai, HH, Liou, HH, Muo, CH, Lee, CZ, Yen, RF, and Kao, CH. Hepatitis C virus infection as a risk factor for Parkinson disease: A nationwide cohort study. Neurology. (2016) 86:840–6. doi: 10.1212/WNL.0000000000002307

93. Abushouk, AI, Negida, A, Ahmed, H, and Abdel-Daim, MM. Neuroprotective mechanisms of plant extracts against MPTP induced neurotoxicity: Future applications in Parkinson’s disease. BioMed Pharmacother. (2017) 85:635–45. doi: 10.1016/J.BIOPHA.2016.11.074

94. Lin, HC, Xirasagar, S, Lee, HC, Huang, CC, and Chen, CH. Association of Alzhemier’s disease with hepatitis C among patients with bipolar disorder. PloS One. (2017) 12(6):e0179312. doi: 10.1371/JOURNAL.PONE.0179312

95. Tran, L, Jung, J, Carlin, C, Lee, S, Zhao, C, and Feldman, R. Use of direct-acting antiviral agents and survival among medicare beneficiaries with dementia and chronic hepatitis C. J Alzheimers Dis. (2021) 79:71. doi: 10.3233/JAD-200949

96. Yamazaki, Y, Zhao, N, Caulfield, TR, Liu, CC, and Bu, G. Apolipoprotein E and Alzheimer disease: pathobiology and targeting strategies. Nat Rev Neurol. (2019) 15:501–18. doi: 10.1038/S41582-019-0228-7

97. Sheridan, DA, Bridge, SH, Crossey, MME, Felmlee, DJ, Thomas, HC, Neely, RDG, et al. Depressive symptoms in chronic hepatitis C are associated with plasma apolipoprotein E deficiency. Metab Brain Dis. (2014) 29:625–34. doi: 10.1007/S11011-014-9520-9

98. Fulop, T, Witkowski, JM, Larbi, A, Khalil, A, Herbein, G, and Frost, EH. Does HIV infection contribute to increased beta-amyloid synthesis and plaque formation leading to neurodegeneration and Alzheimer’s disease? J Neurovirol. (2019) 25:634–47. doi: 10.1007/S13365-019-00732-3

99. Kanki, PJ, Hopper, JR, and Essex, M. The origins of HIV-1 and HTLV-4/HIV-2. Ann N Y Acad Sci. (1987) 511:370–5. doi: 10.1111/J.1749-6632.1987.TB36265.X

100. Antinori, A, Arendt, G, Becker, JT, Brew, BJ, Byrd, DA, Cherner, M, et al. Updated research nosology for HIV-associated neurocognitive disorders. Neurology. (2007) 69:1789–99. doi: 10.1212/01.WNL.0000287431.88658.8B

101. López, AB, Penedo, MA, Rivera-Baltanas, T, Pérez-Rodríguez, D, Alonso-Crespo, D, Fernández-Pereira, C, et al. Microglia: the real foe in HIV-1-associated neurocognitive disorders? Biomedicines. (2021) 9:925. doi: 10.3390/BIOMEDICINES9080925

102. Gras, G, and Kaul, M. Molecular mechanisms of neuroinvasion by monocytes-macrophages in HIV-1 infection. Retrovirology. (2010) 7:1–11. doi: 10.1186/1742-4690-7-30/FIGURES/1

103. Smith, LK, Kuhn, TB, Chen, J, and Bamburg, JR. HIV associated neurodegenerative disorders: A new perspective on the role of lipid rafts in gp120-mediated neurotoxicity. Curr HIV Res. (2018) 16:258. doi: 10.2174/1570162X16666181003144740

104. Das, AT, Harwig, A, and Berkhout, B. The HIV-1 tat protein has a versatile role in activating viral transcription. J Virol. (2011) 85:9506. doi: 10.1128/JVI.00650-11

105. Fois, AF, and Brew, BJ. The potential of the CNS as a reservoir for HIV-1 infection: implications for HIV eradication. Curr HIV/AIDS Rep. (2015) 12:299–303. doi: 10.1007/S11904-015-0257-9

106. Canestri, A, Lescure, FX, Jaureguiberry, S, Moulignier, A, Amiel, C, Marcelin, AG, et al. Discordance between cerebral spinal fluid and plasma HIV replication in patients with neurological symptoms who are receiving suppressive antiretroviral therapy. Clin Infect Dis. (2010) 50:773–8. doi: 10.1086/650538

107. Simioni, S, Cavassini, M, Annoni, JM, Rimbault Abraham, A, Bourquin, I, Schiffer, V, et al. Cognitive dysfunction in HIV patients despite long-standing suppression of viremia. AIDS. (2010) 24:1243–50. doi: 10.1097/QAD.0B013E3283354A7B

108. Motta, I, Allice, T, Romito, A, Ferrara, M, Ecclesia, S, Imperiale, D, et al. Cerebrospinal fluid viral load and neopterin in HIV-positive patients with undetectable viraemia. Antivir Ther. (2017) 22:539–43. doi: 10.3851/IMP3140

109. Levine, AJ, Soontornniyomkij, V, Achim, CL, Masliah, E, Gelman, BB, Sinsheimer, JS, et al. Multilevel analysis of neuropathogenesis of neurocognitive impairment in HIV. J Neurovirol. (2016) 22:431. doi: 10.1007/S13365-015-0410-7

110. Sá, MJ, Madeira, MD, Ruela, C, Volk, B, Mota-Miranda, A, and Paula-Barbosa, MM. Dendritic changes in the hippocampal formation of AIDS patients: a quantitative Golgi study. Acta Neuropathol. (2004) 107:97–110. doi: 10.1007/S00401-003-0781-3

111. Borrajo, A, Spuch, C, Penedo, MA, Olivares, JM, and Agís-Balboa, RC. Important role of microglia in HIV-1 associated neurocognitive disorders and the molecular pathways implicated in its pathogenesis. Ann Med. (2021) 53:43. doi: 10.1080/07853890.2020.1814962

112. Popescu, CP, Florescu, SA, Lupulescu, E, Zaharia, M, Tardei, G, Lazar, M, et al. Neurologic complications of influenza B virus infection in adults, Romania. Emerg Infect Dis. (2017) 23:574. doi: 10.3201/EID2304.161317

113. Brown, AS, Begg, MD, Gravenstein, S, Schaefer, CA, Wyatt, RJ, Bresnahan, M, et al. Serologic evidence of prenatal influenza in the etiology of schizophrenia. Arch Gen Psychiatry. (2004) 61:774–80. doi: 10.1001/ARCHPSYC.61.8.774

114. Jurgens, HA, Amancherla, K, and Johnson, RW. Influenza infection induces neuroinflammation, alters hippocampal neuron morphology, and impairs cognition in adult mice. J Neurosci. (2012) 32:3958–68. doi: 10.1523/JNEUROSCI.6389-11.2012

115. Sadasivan, S, Zanin, M, O’Brien, K, Schultz-Cherry, S, and Smeyne, RJ. Induction of microglia activation after infection with the non-neurotropic A/CA/04/2009 H1N1 influenza virus. PloS One. (2015) 10(4):e0124047. doi: 10.1371/JOURNAL.PONE.0124047

116. Limphaibool, N, Iwanowski, P, Holstad, MJV, Kobylarek, D, and Kozubski, W. Infectious etiologies of parkinsonism: pathomechanisms and clinical implications. Front Neurol. (2019) 10:652. doi: 10.3389/FNEUR.2019.00652

117. Olsen, LK, Dowd, E, and McKernan, DP. A role for viral infections in Parkinson’s etiology? Neuronal Signal. (2018) 2(2):NS20170166. doi: 10.1042/NS20170166

118. Henry, J, Smeyne, RJ, Jang, H, Miller, B, and Okun, MS. Parkinsonism and neurological manifestations of influenza throughout the 20th and 21st centuries. Parkinsonism Relat Disord. (2010) 16:566–71. doi: 10.1016/J.PARKRELDIS.2010.06.012

119. Moore, G. Influenza and parkinson’s disease. Public Health Rep. (1977) 92:79–80.

120. Poskanzer, DC, and Schwab, RS. COHORT ANALYSIS OF PARKINSON’S SYNDROME: EVIDENCE FOR A SINGLE ETIOLOGY RELATED TO SUBCLINICAL INFECTION ABOUT 1920. J Chronic Dis. (1963) 16:961–73. doi: 10.1016/0021-9681(63)90098-5

121. Dourmashkin, RR. What caused the 1918–30 epidemic of encephalitis lethargica? J R Soc Med. (1997) 90:515. doi: 10.1177/014107689709000916

122. Estupinan, D, Nathoo, S, and Okun, MS. The demise of poskanzer and schwab’s influenza theory on the pathogenesis of parkinson’s disease. Parkinsons Dis. (2013) 2013:167843. doi: 10.1155/2013/167843

123. Marreiros, R, Müller-Schiffmann, A, Trossbach, SV, Prikulis, I, Hänsch, S, Weidtkamp-Peters, S, et al. Disruption of cellular proteostasis by H1N1 influenza A virus causes α-synuclein aggregation. Proc Natl Acad Sci U S A. (2020) 117:6741–51. doi: 10.1073/PNAS.1906466117

124. Butterworth, RF. Adamantanes for the treatment of neurodegenerative diseases in the presence of SARS-CoV-2. Front Neurosci. (2023) 17:1128157/BIBTEX. doi: 10.3389/FNINS.2023.1128157/BIBTEX

125. Prasad, S, Holla, VV, Neeraja, K, Surisetti, BK, Kamble, N, Yadav, R, et al. Parkinson’s disease and COVID-19: perceptions and implications in patients and caregivers. Movement Disord. (2020) 35:912. doi: 10.1002/MDS.28088

126. Xia, X, Wang, Y, and Zheng, J. COVID-19 and Alzheimer’s disease: how one crisis worsens the other. Transl Neurodegener. (2021) 10(1):15. doi: 10.1186/S40035-021-00237-2

127. Butterworth, RF. Memantine for the treatment of alzheimer’s disease: novel mechanisms and future opportunities. Neurol Neurorehabilitation. (2022) 5:17–20. doi: 10.37532/22.4.2.17-20

128. Justo Arevalo, S, Castillo-Chávez, A, Uribe Calampa, CS, Zapata Sifuentes, D, Huallpa, CJ, Landa Bianchi, G, et al. What do we know about the function of SARS-CoV-2 proteins? Front Immunol. (2023) 14:1249607. doi: 10.3389/FIMMU.2023.1249607

129. Strong, MJ. SARS-CoV-2, aging, and Post-COVID-19 neurodegeneration. J Neurochem. (2023) 165:115–30. doi: 10.1111/JNC.15736

130. Liu, N, Jiang, X, and Li, H. The viral hypothesis in Alzheimer’s disease: SARS-CoV-2 on the cusp. Front Aging Neurosci. (2023) 15:1129640/PDF. doi: 10.3389/FNAGI.2023.1129640/PDF

131. Krey, L, Huber, MK, Höglinger, GU, and Wegner, F. Can SARS-coV-2 infection lead to neurodegeneration and parkinson’s disease? Brain Sci. (2021) 11:1654. doi: 10.3390/BRAINSCI11121654

132. Crook, H, Raza, S, Nowell, J, Young, M, and Edison, P. Long covid—mechanisms, risk factors, and management. BMJ. (2021) 374. doi: 10.1136/BMJ.N1648

133. Jha, NK, Ojha, S, Jha, SK, Dureja, H, Singh, SK, Shukla, SD, et al. Evidence of coronavirus (CoV) pathogenesis and emerging pathogen SARS-coV-2 in the nervous system: A review on neurological impairments and manifestations. J Mol Neurosci. (2021) 71:2192–209. doi: 10.1007/S12031-020-01767-6

134. Wozniak, MA, Shipley, SJ, Combrinck, M, Wilcock, GK, and Itzhaki, RF. Productive herpes simplex virus in brain of elderly normal subjects and Alzheimer’s disease patients. J Med Virol. (2005) 75:300–6. doi: 10.1002/JMV.20271

135. Wozniak, M, Mee, AP, and Itzhaki, RF. Herpes simplex virus type 1 DNA is located within Alzheimer’s disease amyloid plaques. J Pathol. (2009) 217:131–8. doi: 10.1002/PATH.2449

136. Marcocci, ME, Napoletani, G, Protto, V, Kolesova, O, Piacentini, R, Li Puma, DD, et al. Herpes simplex virus-1 in the brain: the dark side of a sneaky infection. Trends Microbiol. (2020) 28:808–20. doi: 10.1016/J.TIM.2020.03.003

137. Burgos, JS, Ramirez, C, Sastre, I, and Valdivieso, F. Effect of apolipoprotein E on the cerebral load of latent herpes simplex virus type 1 DNA. J Virol. (2006) 80:5383–7. doi: 10.1128/JVI.00006-06

138. Itzhaki, RF, Lin, WR, Shang, D, Wilcock, GK, Faragher, B, and Jamieson, GA. Herpes simplex virus type 1 in brain and risk of Alzheimer’s disease. Lancet. (1997) 349:241–4. doi: 10.1016/S0140-6736(96)10149-5

139. Harberts, E, Yao, K, Wohler, JE, Maric, D, Ohayon, J, Henkin, R, et al. Human herpesvirus-6 entry into the central nervous system through the olfactory pathway. Proc Natl Acad Sci U S A. (2011) 108:13734. doi: 10.1073/PNAS.1105143108

140. Westman, G, Blomberg, J, Yun, Z, Lannfelt, L, Ingelsson, M, and Eriksson, BM. Decreased HHV-6 igG in alzheimer’s disease. Front Neurol. (2017) 8:40/BIBTEX. doi: 10.3389/FNEUR.2017.00040/BIBTEX

141. Readhead, B, Haure-Mirande, JV, Funk, CC, Richards, MA, Shannon, P, Haroutunian, V, et al. Multiscale analysis of three independent Alzheimer’s cohorts reveals disruption of molecular, genetic, and clinical networks by Human herpesvirus. Neuron. (2018) 99:64. doi: 10.1016/J.NEURON.2018.05.023

142. Readhead, B, Haure-Mirande, JV, Funk, CC, Richards, MA, Shannon, P, Haroutunian, V, et al. Multiscale analysis of independent alzheimer’s cohorts finds disruption of molecular, genetic, and clinical networks by human herpesvirus. Neuron. (2018) 99:64–82.e7. doi: 10.1016/J.NEURON.2018.05.023

143. Bjornevik, K, Cortese, M, Healy, BC, Kuhle, J, Mina, MJ, Leng, Y, et al. Longitudinal analysis reveals high prevalence of Epstein-Barr virus associated with multiple sclerosis. Science. (2022) 375:296–301. doi: 10.1126/SCIENCE.ABJ8222

144. Douville, R, Liu, J, Rothstein, J, and Nath, A. Identification of active loci of a human endogenous retrovirus in neurons of patients with amyotrophic lateral sclerosis. Ann Neurol. (2011) 69:141–51. doi: 10.1002/ANA.22149

145. Fung, G, Shi, J, Deng, H, Hou, J, Wang, C, Hong, A, et al. Cytoplasmic translocation, aggregation, and cleavage of TDP-43 by enteroviral proteases modulate viral pathogenesis. Cell Death Differentiation. (2015) 22:2087–97. doi: 10.1038/cdd.2015.58

146. Masaki, K, Sonobe, Y, Ghadge, G, Pytel, P, and Roos, RP. TDP-43 proteinopathy in Theiler’s murine encephalomyelitis virus infection. PloS Pathog. (2019) 15(2):e1007574. doi: 10.1371/JOURNAL.PPAT.1007574

147. Unni, SK, Růžek, D, Chhatbar, C, Mishra, R, Johri, MK, and Singh, SK. Japanese encephalitis virus: from genome to infectome. Microbes Infect. (2011) 13:312–21. doi: 10.1016/J.MICINF.2011.01.002

148. Lin, RJ, Liao, CL, and Lin, YL. Replication-incompetent virions of Japanese encephalitis virus trigger neuronal cell death by oxidative stress in a culture system. J Gen Virol. (2004) 85:521–33. doi: 10.1099/VIR.0.19496-0

149. Mishra, MK, Ghosh, D, Duseja, R, and Basu, A. Antioxidant potential of Minocycline in Japanese Encephalitis Virus infection in murine neuroblastoma cells: correlation with membrane fluidity and cell death. Neurochem Int. (2009) 54:464–70. doi: 10.1016/J.NEUINT.2009.01.022

150. Jan, J-T, Chen, B-H, Ma, S-H, Liu, C-I, Tsai, H-P, Wu, H-C, et al. Potential dengue virus-triggered apoptotic pathway in human neuroblastoma cells: arachidonic acid, superoxide anion, and NF-κB are sequentially involved. J Virol. (2000) 74:8680–91. doi: 10.1128/JVI.74.18.8680-8691.2000/ASSET/EE619D90-E640-447C-8F71-BBD3E36FA736/ASSETS/GRAPHIC/JV1800201009.JPEG

151. Ronca, SE, Dineley, KT, and Paessler, S. Neurological sequelae resulting from encephalitic alphavirus infection. Front Microbiol. (2016) 7:959/PDF. doi: 10.3389/FMICB.2016.00959/PDF

152. Keck, F, Brooks-Faulconer, T, Lark, T, Ravishankar, P, Bailey, C, Salvador-Morales, C, et al. Altered mitochondrial dynamics as a consequence of Venezuelan Equine encephalitis virus infection. Virulence. (2017) 8:1849–66. doi: 10.1080/21505594.2016.1276690

153. Kammouni, W, Wood, H, Saleh, A, Appolinario, CM, Fernyhough, P, and Jackson, AC. Rabies virus phosphoprotein interacts with mitochondrial Complex I and induces mitochondrial dysfunction and oxidative stress. J Neurovirol. (2015) 21:370–82. doi: 10.1007/S13365-015-0320-8

154. Kammouni, W, Wood, H, and Jackson, AC. Serine residues at positions 162 and 166 of the rabies virus phosphoprotein are critical for the induction of oxidative stress in rabies virus infection. J Neurovirol. (2017) 23:358–68. doi: 10.1007/S13365-016-0506-8

155. Kanu, B, Kia, GSN, Aimola, IA, Korie, GC, and Tekki, IS. Rabies virus infection is associated with alterations in the expression of parvalbumin and secretagogin in mice brain. Metab Brain Dis. (2021) 36:1267. doi: 10.1007/S11011-021-00717-4

156. Wu, WYY, Kang, KH, Chen, SLS, Chiu, SYH, Yen, AMF, Fann, JCY, et al. Hepatitis C virus infection: a risk factor for Parkinson’s disease. J Viral Hepat. (2015) 22:784–91. doi: 10.1111/JVH.12392

157. Ma, X, Liao, Z, Tan, H, Wang, K, Feng, C, Xing, P, et al. The association between cytomegalovirus infection and neurodegenerative diseases: a prospective cohort using UK Biobank data. EClinicalMedicine. (2024) 74. doi: 10.1016/j.eclinm.2024.102757

158. Khater, SS, Elnaser, AA, Abdallah, D, Zamzam, D, and Elaziz, DA. Is hepatitis C virus incriminated in pathogenesis of multiple sclerosis? Mult Scler Relat Disord. (2023) 80:105220. doi: 10.1016/J.MSARD.2023.105220

159. Vazquez, C, and Jurado, KA. Neurotropic RNA virus modulation of immune responses within the central nervous system. Int J Mol Sci. (2022) 23(7):4018. doi: 10.3390/IJMS23074018

160. McMillan, RE, Wang, E, Carlin, AF, and Coufal, NG. Human microglial models to study host-virus interactions. Exp Neurol. (2023) 363:114375. doi: 10.1016/J.EXPNEUROL.2023.114375

161. Tan, LY, Komarasamy, TV, James, W, and Balasubramaniam, VRMT. Host molecules regulating neural invasion of zika virus and drug repurposing strategy. Front Microbiol. (2022) 13:743147/PDF. doi: 10.3389/FMICB.2022.743147/PDF

162. McGavern, DB, and Kang, SS. Illuminating viral infections in the nervous system. Nat Rev Immunol. (2011) 11:318–29. doi: 10.1038/NRI2971

163. Ene, L. Human immunodeficiency virus in the brain-culprit or facilitator? Infect Dis. (2018) 11:117863371775268. doi: 10.1177/1178633717752687

164. Haspot, F, Lavault, A, Sinzger, C, Sampaio, KL, Stierhof, YD, Pilet, P, et al. Human cytomegalovirus entry into dendritic cells occurs via a macropinocytosis-like pathway in a pH-independent and cholesterol-dependent manner. PloS One. (2012) 7(4):e34795. doi: 10.1371/JOURNAL.PONE.0034795

165. Yuan, S, Jiang, SC, Zhang, ZW, Fu, YF, Hu, J, and Li, ZL. Quantification of cytokine storms during virus infections. Front Immunol. (2021) 12:659419/PDF. doi: 10.3389/FIMMU.2021.659419/PDF

166. Quincozes-Santos, A, Bobermin, LD, Costa, NLF, Thomaz, NK, Almeida RR de, S, Beys-da-Silva, WO, et al. The role of glial cells in Zika virus-induced neurodegeneration. Glia. (2023) 71:1791–803. doi: 10.1002/GLIA.24353

167. Patrycy, M, Chodkowski, M, and Krzyzowska, M. Role of microglia in herpesvirus-related neuroinflammation and neurodegeneration. Pathogens. (2022) 11(7):809. doi: 10.3390/PATHOGENS11070809

168. Duarte, LF, Farías, MA, Álvarez, DM, Bueno, SM, Riedel, CA, and González, PA. Herpes simplex virus type 1 infection of the central nervous system: Insights into proposed interrelationships with neurodegenerative disorders. Front Cell Neurosci. (2019) 13:46/PDF. doi: 10.3389/FNCEL.2019.00046/PDF

169. Ge, T, and Yuan, Y. Herpes simplex virus infection increases beta-amyloid production and induces the development of alzheimer’s disease. BioMed Res Int. (2022) 2022(1):8804925. doi: 10.1155/2022/8804925

170. Follmer, C. Viral infection-induced gut dysbiosis, neuroinflammation, and α-synuclein aggregation: updates and perspectives on COVID-19 and neurodegenerative disorders. ACS Chem Neurosci. (2020) 11:4012–6. doi: 10.1021/ACSCHEMNEURO.0C00671

171. Loh, JS, Mak, WQ, Tan, LKS, Ng, CX, Chan, HH, Yeow, SH, et al. Microbiota–gut–brain axis and its therapeutic applications in neurodegenerative diseases. Signal Transduction Targeted Ther. (2024) 9:1–53. doi: 10.1038/s41392-024-01743-1

172. Ashique, S, Mohanto, S, Ahmed, MG, Mishra, N, Garg, A, Chellappan, DK, et al. Gut-brain axis: A cutting-edge approach to target neurological disorders and potential synbiotic application. Heliyon. (2024) 10:e34092. doi: 10.1016/J.HELIYON.2024.E34092

173. Deng, L, Fu, P, Ding, L, Duan, X, Feng, S, and Peng, Y. Virome analysis provides new insights into the association between viruses and Parkinson’s disease. J Med Virol. (2023) 95(1):e28111. doi: 10.1002/JMV.28111

174. Bukhbinder, AS, Ling, Y, Hasan, O, Jiang, X, Kim, Y, Phelps, KN, et al. Risk of alzheimer’s disease following influenza vaccination: A claims-based cohort study using propensity score matching. J Alzheimers Dis. (2022) 88:1061–74. doi: 10.3233/JAD-220361

175. Zhou, A, Zhang, W, Dong, X, Liu, M, Chen, H, and Tang, B. The battle for autophagy between host and influenza A virus. Virulence. (2022) 13:46–59. doi: 10.1080/21505594.2021.2014680

176. Yaow, CYL, Hong, ASY, Chong, NZY, Chong, RIH, Mai, AS, and Tan, EK. Risk of Parkinson’s disease in hepatitis B and C populations: a systematic review and meta-analysis. J Neural Transm. (2024) 131:609–16. doi: 10.1007/S00702-023-02705-7/FIGURES/7

177. Zhang, Y, Cobleigh, MA, Lian, JQ, Huang, CX, Booth, CJ, Bai, XF, et al. A proinflammatory role for interleukin-22 in the immune response to hepatitis B virus. Gastroenterology. (2011) 141:1897–906. doi: 10.1053/J.GASTRO.2011.06.051

178. Sejvar, JJ. Clinical manifestations and outcomes of west nile virus infection. Viruses. (2014) 6:606. doi: 10.3390/V6020606

179. Schafernak, KT, and Bigio, EH. West Nile virus encephalomyelitis with polio-like paralysis & nigral degeneration. Can J Neurol Sci. (2006) 33:407–10. doi: 10.1017/S0317167100005370

180. Beatman, EL, Massey, A, Shives, KD, Burrack, KS, Chamanian, M, Morrison, TE, et al. Alpha-synuclein expression restricts RNA viral infections in the brain. J Virol. (2015) 90:2767–82. doi: 10.1128/JVI.02949-15

181. Clifford, DB. Human immunodeficiency virus–associated dementia. Arch Neurol. (2000) 57:321–4. doi: 10.1001/ARCHNEUR.57.3.321

182. Dehner, LF, Spitz, M, and Pereira, JS. Parkinsonism in HIV infected patients during antiretroviral therapy - data from a Brazilian tertiary hospital. Braz J Infect Dis. (2016) 20:499–501. doi: 10.1016/J.BJID.2016.05.008

183. Hamaue, N, Ogata, A, Terado, M, Ohno, K, Kikuchi, S, Sasaki, H, et al. Brain catecholamine alterations and pathological features with aging in Parkinson disease model rat induced by Japanese encephalitis virus. Neurochem Res. (2006) 31:1451–5. doi: 10.1007/S11064-006-9197-5

184. Leta, V, Urso, D, Batzu, L, Lau, YH, Mathew, D, Boura, I, et al. Viruses, parkinsonism and Parkinson’s disease: the past, present and future. J Neural Transm. (2022) 129:1119. doi: 10.1007/S00702-022-02536-Y

185. Eimer, WA, Vijaya Kumar, DK, Navalpur Shanmugam, NK, Rodriguez, AS, Mitchell, T, Washicosky, KJ, et al. Alzheimer’s disease-associated β-amyloid is rapidly seeded by herpesviridae to protect against brain infection. Neuron. (2018) 99:56–63.e3. doi: 10.1016/J.NEURON.2018.06.030

186. Bortolotti, D, Gentili, V, Rotola, A, Caselli, E, and Rizzo, R. HHV-6A infection induces amyloid-beta expression and activation of microglial cells. Alzheimers Res Ther. (2019) 11:1–11. doi: 10.1186/S13195-019-0552-6/FIGURES/5

187. Harris, SA, and Harris, EA. Molecular mechanisms for herpes simplex virus type 1 pathogenesis in Alzheimer’s disease. Front Aging Neurosci. (2018) 10:48/BIBTEX. doi: 10.3389/FNAGI.2018.00048/BIBTEX

188. De Chiara, G, Marcocci, ME, Civitelli, L, Argnani, R, Piacentini, R, Ripoli, C, et al. APP processing induced by herpes simplex virus type 1 (HSV-1) yields several APP fragments in human and rat neuronal cells. PloS One. (2010) 5:13989. doi: 10.1371/JOURNAL.PONE.0013989

189. Canet, G, Dias, C, Gabelle, A, Simonin, Y, Gosselet, F, Marchi, N, et al. HIV neuroinfection and Alzheimer’s disease: Similarities and potential links? Front Cell Neurosci. (2018) 12:307/BIBTEX. doi: 10.3389/FNCEL.2018.00307/BIBTEX

190. Clifford, DB, Fagan, AM, Holtzman, DM, Morris, JC, Teshome, M, Shah, AR, et al. CSF biomarkers of Alzheimer disease in HIV-associated neurologic disease. Neurology. (2009) 73:1982. doi: 10.1212/WNL.0B013E3181C5B445

191. Blanck, G, Huda, TI, Chobrutskiy, BI, and Chobrutskiy, A. CMV as a factor in the development of Alzheimer’s disease? Med Hypotheses. (2023) 178:111140. doi: 10.1016/J.MEHY.2023.111140

192. Barbian, HJ, Lurain, NS, Bennett, DA, Al-Harthi, L, and Hannah Barbian, CJ. HCMV infection induces AD pathology in astrocytes. vitro. Alzheimer’s Dementia. (2020) 16:e039591. doi: 10.1002/ALZ.039591

193. De Francesco, MA. Herpesviridae, neurodegenerative disorders and autoimmune diseases: what is the relationship between them? Viruses. (2024) 16(1):133. doi: 10.3390/V16010133

194. Rizzo, R, Bortolotti, D, Gentili, V, Rotola, A, Bolzani, S, Caselli, E, et al. KIR2DS2/KIR2DL2/HLA-C1 haplotype is associated with alzheimer’s disease: implication for the role of herpesvirus infections. J Alzheimers Dis. (2019) 67:1379–89. doi: 10.3233/JAD-180777

195. Wozniak, MA, Frost, AL, and Itzhaki, RF. Alzheimer’s disease-specific tau phosphorylation is induced by herpes simplex virus type 1. J Alzheimers Dis. (2009) 16:341–50. doi: 10.3233/JAD-2009-0963

196. ILL-Raga, G, Palomer, E, Wozniak, MA, Ramos-Fernández, E, Bosch-Morató, M, Tajes, M, et al. Activation of PKR causes amyloid ß-peptide accumulation via de-repression of BACE1 expression. PloS One. (2011) 6(6):e21456. doi: 10.1371/JOURNAL.PONE.0021456

197. Wang, Z, Liu, J, Han, J, Zhang, T, Li, S, Hou, Y, et al. Herpes simplex virus 1 accelerates the progression of Alzheimer’s disease by modulating microglial phagocytosis and activating NLRP3 pathway. J Neuroinflammation. (2024) 21:1–24. doi: 10.1186/S12974-024-03166-9/FIGURES/11

198. Wu, Z, Zhang, X, Huang, Z, and Ma, K. SARS-coV-2 proteins interact with alpha synuclein and induce lewy body-like pathology. In Vitro. Int J Mol Sci. (2022) 23(6):3394. doi: 10.3390/IJMS23063394

199. Semerdzhiev, SA, Fakhree, MAA, Segers-Nolten, I, Blum, C, and Claessens, MMAE. Interactions between SARS-coV-2 N-protein and α-synuclein accelerate amyloid formation. ACS Chem Neurosci. (2022) 13:143–50. doi: 10.1021/ACSCHEMNEURO.1C00666

200. Idrees, D, and Kumar, V. SARS-CoV-2 spike protein interactions with amyloidogenic proteins: Potential clues to neurodegeneration. Biochem Biophys Res Commun. (2021) 554:94–8. doi: 10.1016/J.BBRC.2021.03.100

201. Jarrahi, A, Ahluwalia, M, Khodadadi, H, Da Silva Lopes Salles, E, Kolhe, R, Hess, DC, et al. Neurological consequences of COVID-19: what have we learned and where do we go from here? J Neuroinflammation. (2020) 17:1–12. doi: 10.1186/S12974-020-01957-4

202. Romeo, MA, Faggioni, A, and Cirone, M. Could autophagy dysregulation link neurotropic viruses to Alzheimer’s disease? Neural Regener Res. (2019) 14:1503–6. doi: 10.4103/1673-5374.253508

203. Panda, C, and Mahapatra, RK. Bi-directional relationship between autophagy and inflammasomes in neurodegenerative disorders. Cell Mol Neurobiol. (2023) 43:115–37. doi: 10.1007/S10571-021-01184-2

204. Lizama, BN, and Chu, CT. Neuronal autophagy and mitophagy in Parkinson’s disease. Mol Aspects Med. (2021) 82:100972. doi: 10.1016/J.MAM.2021.100972

205. Ke, PY. Regulation of autophagosome–lysosome fusion by human viral infections. Pathogens. (2024) 13:266. doi: 10.3390/PATHOGENS13030266

206. Wozniak, MA, Frost, AL, Preston, CM, and Itzhaki, RF. Antivirals reduce the formation of key Alzheimer’s disease molecules in cell cultures acutely infected with herpes simplex virus type 1. PloS One. (2011) 6(10):e25152. doi: 10.1371/JOURNAL.PONE.0025152

207. Aliyu, S. Viral, fungal, protozoal and helminthic infections. In: Clinical pharmacology. Churchill Livingstone (2012). p. 213–39. doi: 10.1016/B978-0-7020-4084-9.00054-9

208. Brok, J, Gluud, LL, and Gluud, C. Ribavirin monotherapy for chronic hepatitis C infection: a Cochrane Hepato-Biliary Group systematic review and meta-analysis of randomized trials. Am J Gastroenterol. (2006) 101:842–7. doi: 10.1111/J.1572-0241.2006.00505.X

209. Pancheva, SN. Potentiating effect of ribavirin on the anti-herpes activity of acyclovir. Antiviral Res. (1991) 16:151–61. doi: 10.1016/0166-3542(91)90021-I

210. Smee, DF, Evans, WJ, Nicolaou, KC, Tarbet, EB, and Day, CW. Susceptibilities of enterovirus D68, enterovirus 71, and rhinovirus 87 strains to various antiviral compounds. Antiviral Res. (2016) 131:61. doi: 10.1016/J.ANTIVIRAL.2016.04.003

211. Itzhaki, RF, and Wozniak, MA. Could Antivirals be used to Treat Alzheimer‘s Disease? Future Microbiol. (2012) 7:307–9. doi: 10.2217/FMB.12.10

212. Devanand, DP, Andrews, H, Kreisl, WC, Razlighi, Q, Gershon, A, Stern, Y, et al. Antiviral therapy: Valacyclovir Treatment of Alzheimer’s Disease (VALAD) Trial: protocol for a randomised, double-blind,placebo-controlled, treatment trial. BMJ Open. (2020) 10(2):e032112. doi: 10.1136/BMJOPEN-2019-032112

213. Iqbal, UH, Zeng, E, and Pasinetti, GM. The use of antimicrobial and antiviral drugs in alzheimer’s disease. Int J Mol Sci. (2020) 21:1–19. doi: 10.3390/IJMS21144920

214. Hui, Z, Zhijun, Y, Yushan, Y, Liping, C, Yiying, Z, Difan, Z, et al. The combination of acyclovir and dexamethasone protects against Alzheimer’s disease-related cognitive impairments in mice. Psychopharmacol (Berl). (2020) 237:1851–60. doi: 10.1007/S00213-020-05503-1

215. Su, TH, Yang, HC, Tseng, TC, Chou, SW, Lin, CH, Liu, CH, et al. Antiviral therapy in patients with chronic hepatitis C is associated with a reduced risk of parkinsonism. Movement Disord. (2019) 34:1882–90. doi: 10.1002/MDS.27848

216. Lin, WY, Lin, MS, Weng, YH, Yeh, TH, Lin, YS, Fong, PY, et al. Association of antiviral therapy with risk of parkinson disease in patients with chronic hepatitis C virus infection. JAMA Neurol. (2019) 76:1019–27. doi: 10.1001/JAMANEUROL.2019.1368

217. Festa, BP, Siddiqi, FH, Jimenez-Sanchez, M, Won, H, Rob, M, Djajadikerta, A, et al. Microglial-to-neuronal CCR5 signaling regulates autophagy in neurodegeneration. Neuron. (2023) 111:2021–2037.e12. doi: 10.1016/J.NEURON.2023.04.006

218. Kadowaki, T, Komagamine, T, Suzuki, K, and Hirata, K. Oseltamivir-induced dyskinesia in Parkinson’s disease. Parkinsonism Relat Disord. (2011) 17:133–4. doi: 10.1016/J.PARKRELDIS.2010.10.013

219. Garcia-Montojo, M, Fathi, S, Norato, G, Smith, BR, Rowe, DB, Kiernan, MC, et al. Inhibition of HERV-K (HML-2) in amyotrophic lateral sclerosis patients on antiretroviral therapy. J Neurol Sci. (2021) 423:117358. doi: 10.1016/J.JNS.2021.117358

220.Record History | ver. 1: 2016-08-11 | NCT02868580 . ClinicalTrials.gov. Available online at: https://clinicaltrials.gov/study/NCT02868580?tab=history&a=1 (Accessed September 13, 2024).

221. Miki, K, Nagai, T, Suzuki, K, Tsujimura, R, Koyama, K, Kinoshita, K, et al. Anti-influenza virus activity of biflavonoids. Bioorg Med Chem Lett. (2007) 17:772–5. doi: 10.1016/J.BMCL.2006.10.075

222. Tatlı Çankaya, İ, Devkota, HP, Zengin, G, and Šamec, D. Neuroprotective potential of biflavone ginkgetin: A review. Life. (2023) 13(2):562. doi: 10.3390/LIFE13020562

223. Melrose, J, and Smith, MM. Natural and semi-synthetic flavonoid anti-SARS-coV-2 agents for the treatment of long COVID-19 disease and neurodegenerative disorders of cognitive decline. Front Bioscience - Elite. (2022) 14. doi: 10.31083/J.FBE1404027/PDF

224. Wang, Z, Wang, Y, Pasangulapati, JP, Stover, KR, Liu, X, Schier, S, et al. Design, synthesis, and biological evaluation of furosemide analogs as therapeutics for the proteopathy and immunopathy of Alzheimer’s disease. Eur J Med Chem. (2021) 222:113565. doi: 10.1016/J.EJMECH.2021.113565

225. Tada, T, Kumada, T, Okushin, H, Tani, J, Takaguchi, K, Tsutsui, A, et al. Real-world virological efficacy and safety of ledipasvir and sofosbuvir in patients with chronic hepatitis C virus genotype 2 infection: A multicenter study. Infect Dis Ther. (2021) 10:269. doi: 10.1007/S40121-020-00364-9

226. Jonker, I, Doorduin, J, Knegtering, H, Van’T Hag, E, Dierckx, RA, De Vries, EFJ, et al. Antiviral treatment in schizophrenia: a randomized pilot PET study on the effects of valaciclovir on neuroinflammation. Psychol Med. (2023) 53:7087. doi: 10.1017/S0033291723000430

227. Chen, W, Yao, S, Wan, J, Tian, Y, Huang, L, Wang, S, et al. BBB-crossing adeno-associated virus vector: An excellent gene delivery tool for CNS disease treatment. J Controlled Release. (2021) 333:129–38. doi: 10.1016/J.JCONREL.2021.03.029

228. Zhu, D, Schieferecke, AJ, Lopez, PA, and Schaffer, DV. Adeno-associated virus vector for central nervous system gene therapy. Trends Mol Med. (2021) 27:524–37. doi: 10.1016/J.MOLMED.2021.03.010

229. Christine, CW, Starr, PA, Larson, PS, Eberling, JL, Jagust, WJ, Hawkins, RA, et al. Safety and tolerability of putaminal AADC gene therapy for Parkinson disease. Neurology. (2009) 73:1662–9. doi: 10.1212/WNL.0B013E3181C29356

230. Stoker, TB, Torsney, KM, and Barker, RA. Emerging treatment approaches for Parkinson’s disease. Front Neurosci. (2018) 12:693/BIBTEX. doi: 10.3389/FNINS.2018.00693/BIBTEX

231. Eberling, JL, Jagust, WJ, Christine, CW, Starr, P, Larson, P, Bankiewicz, KS, et al. Results from a phase I safety trial of hAADC gene therapy for Parkinson disease. Neurology. (2008) 70:1980–3. doi: 10.1212/01.WNL.0000312381.29287.FF

232. Morabito, G, Giannelli, SG, Ordazzo, G, Bido, S, Castoldi, V, Indrigo, M, et al. AAV-PHP.B-mediated global-scale expression in the mouse nervous system enables GBA1 gene therapy for wide protection from synucleinopathy. Mol Ther. (2017) 25:2727–42. doi: 10.1016/J.YMTHE.2017.08.004

233. Rafii, M, Baumann, T, Bakay, R, and Ostrove, J. A phase1 study of stereotactic gene delivery of AAV2-NGF for Alzheimer’s disease. Alzheimers Dement. (2014) 10(5):571–81. doi: 10.1016/j.jalz.2013.09.004

234. Rafii, M, Tuszynski, M, and Thomas, R. Adeno-associated viral vector (serotype 2)–nerve growth factor for patients with alzheimer disease: a randomized clinical trial. JAMA Neurol. (2018) 75(7):834–41. doi: 10.1001/jamaneurol.2018.0233

235. Summerford, C, and Samulski, RJ. Membrane-associated heparan sulfate proteoglycan is a receptor for adeno-associated virus type 2 virions. J Virol. (1998) 72:1438–45. doi: 10.1128/JVI.72.2.1438-1445.1998





Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Awan, Mahmood, Peng, Zheng and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




Glossary

AAV Adeno-Associated Virus

ACE2 Angiotensin-Converting Enzyme 2

ACV Acyclovir

AD Alzheimer’s disease

ALS Amyotrophic Lateral Sclerosis

ALS Amyotrophic Lateral Sclerosis

ANI Asymptomatic Neurocognitive Impairments

ApoE Apolipoprotein E

APOE ϵ4 Apolipoprotein E ε4 allele

APP Amyloid Precursor Protein

Aβ Amyloid-β

BACE1 β-Site Amyloid Precursor Protein Cleaving Enzyme 1

CNS Central Nervous System

CSF Cerebrospinal Fluid

CVB3 Coxsackievirus B3

DAA Direct-Acting Antiviral

DENV-2 Dengue Virus Type 2

EBV Epstein-Barr virus

EBV Epstein-Barr Virus

EVs Enteroviruses

GAD Glutamate Decarboxylase

GDNF Glial Cell Line-Derived Neurotrophic Factor

GSK3β Glycogen Synthase Kinase 3β

GWAS Genome-Wide Association Studies

HAD HIV-Associated Dementia

HAND HIV-Associated Neurological Disorders

HBV Hepatitis B virus

HCMV Human Cytomegalovirus

HCV Hepatitis C virus

HHV Human Herpesvirus

HHV6 Human Herpesvirus 6

HIV Human Immunodeficiency Virus

HSV Herpes simplex virus

HSV-1 Herpes Simplex Virus-1

IAV Influenza A virus

IV Intravenously

JEV Japanese encephalitis virus

JEV Japanese Encephalitis Virus’

LDV Ledipasvir

MND Moderate Neurocognitive Disorders

MS Multiple sclerosis

MSA Multiple Systems Atrophy

NDs Neurodegenerative diseases

NMDA N-methyl-D-aspartate

PD Parkinson’s disease

PKA Protein Kinase A

PKR RNA-Activated Protein Kinase

RABV Rabies Virus

ROS Reactive Oxygen Species

SNpc Substantia Nigra Pars Compacta

SOF Sofosbuvir

TMEV Theiler’s Murine Encephalitis Virus

VEEV Venezuelan Equine Encephalitis Virus

VZV Varicella-Zoster Virus

WEV Western equine virus

WNV West Nile Virus

WNV West Nile virus

ZIKV Zika virus

α-syn α-synuclein.
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Despite viral suppression with antiretroviral therapy (ART), people with HIV (PWH) continue to exhibit brain pathology, and ~20% of individuals develop HIV-associated neurocognitive disorders. However, the state of cellular activation in the brain of virally suppressed (VS) PWH and the impact of local viral reservoirs on cellular activation are unclear. Using multiplex immunofluorescence imaging, here, we demonstrate that the frontal cortex brain tissue from both non-virally suppressed (nVS; n=17) and VS PWH (n=18) have higher frequencies of astrocytes and myeloid cells expressing interferon-inducible Mx-1 and proinflammatory TNFα relative to HIV-seronegative individuals (p<0.05 for all). The frequency of TGF-β1+ cells were also elevated in the brain tissue from both nVS and VS PWH, which may support active immunoregulatory responses despite ART. Importantly, the frequency of Mx1+ myeloid cells correlated with levels of total HIV DNA and intact and 5′ defective HIV proviral DNA (p<0.05 for all) in the brain of VS PWH. These findings demonstrate that cell activation persists in the brain of VS PWH and is associated with HIV DNA in the brain, which may contribute to neuropathology.
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1 Introduction

Although sustained treatment with antiretroviral therapy (ART) suppresses HIV plasma viremia, which limits the risk of acquired immunodeficiency syndrome or viral transmission, virally suppressed people with HIV (VS PWH) continue to have chronic tissue damage and an elevated risk of developing comorbidities and long-term non-AIDS-related pathology (1–5). Specifically, VS PWH have a higher incidence of brain atrophy (6), reduced synaptic density (7), and elevated clinical neurometabolites associated with cellular activation than age-matched people without HIV with approximately 20% of VS PWH developing neurocognitive disorders (3, 6, 8). The mechanisms driving neuropathology and/or cognitive disorders are unclear; however, viral persistence in the central nervous system (CNS) and peripheral tissues, and ongoing neuroinflammation and systemic inflammation penetrating the brain are all thought to play fundamental roles (3, 9).

We and others have recently demonstrated that a reservoir of HIV DNA persists in the brain tissue of VS PWH, primarily in the frontal cortex (10–13). Levels of intact and defective HIV proviral DNA present in the CNS did not differ between VS and non-virally suppressed (nVS) PWH, demonstrating that ART does not reduce the size of the viral reservoir in the frontal cortex, which may impact cell activation.

Chronic HIV infection is associated with heightened measures of neuroinflammation and immune activation as primarily measured by surrogate markers in plasma and/or cerebrospinal fluid (CSF) (14–16). Studies, including our own, have utilized models of chronic ART-treated simian immunodeficiency virus (SIV) infection to further demonstrate chronic immune activation in the brain parenchyma at a cellular level (17–19). Specifically, we found heightened type I interferon (IFN), oxidative stress, and transforming growth factor (TGF-β1) signaling pathways in the frontal cortex of SIV+ non-human primates (NHPs) despite long-term viral suppression with ART (18). Whether these markers of immune activation are similarly elevated in the CNS of VS PWH, and importantly, the role of viral persistence in the brain on cellular activation is unclear.

In this study, cellular activation in the frontal cortex of the brain from VS PWH was measured using quantitative spatial multiplex immunofluorescence imaging of the autopsy brain tissue. The relationship between the local viral reservoir in the brain and neuroinflammation were examined to further understand the mechanisms driving neuroinflammation in VS PWH.




2 Materials and methods



2.1 Cohort

Formalin-fixed paraffin-embedded (FFPE) and matched fresh frozen human autopsy frontal cortex tissue from PWH and HIV-seronegative individuals were generously provided by the National NeuroHIV Tissue Consortium (NNTC, USA, https://nntc.org). The median (IQR) post-mortem interval (PMI) was 8.50 (5.75–16.5) h. Exclusion criteria included extended post-mortem interval (>27 h), any known co-infections, and comorbidities associated with the brain or vascular system. Tissue was not specifically anatomically matched within the frontal cortex. Clinical information including ART regimen, CD4+ T cell counts, plasma, and CSF viral loads were provided unless stated (Table 1). CNS penetrance scores were calculated as previously described (20).



Table 1 | Clinical parameters.

[image: A table presents data on HIV seronegative, non-virally suppressed, and virally suppressed individuals. Columns include ID, age, sex, plasma VL, CSF VL, CD4 count, ART regimen, CPE score, VS years, and average T-Score. Data is structured for each HIV status category, with additional median and interquartile range information provided at the bottom. Abbreviations and notes are included for clarity.]




2.2 Quantification of cellular immune activation in human brain tissue

Multiplex fluorescent immunohistochemistry was performed as previously described (21) with the following amendments: FFPE tissue was deparaffinized and rehydrated prior to antigen retrieval and hydrogen peroxide treatment. Tissues were then incubated in the first primary antibody, either Mx1 (1:100; 2 h; cat: MABF958; Merck, Rahway, NJ, United States), TNFα (1:100; 2 hours; cat: ab1793; Abcam), or TGF-β1 (1:50; overnight; cat: ab215715; Abcam, Waltham, MA, United States). Primary antibody was detected with the anti-rabbit/mouse polymer HRP-conjugated system (cat: DET-HP1000; EMD Millipore, Burlington, MA, United States). Opal fluorophore (opal 570; 1:200; cat: FP1488001KT; Akoya, Marlborough, MA, USA) was used to visualize the first primary antigen. To remove residual antibody for the next round of antigen detection, each slide was boiled for 20 min in citrate (pH6) retrieval buffer and left to cool at room temperature. This method was repeated for the second primary antibody (CD68; 1:200; 2 h; cat: M0814; DAKO, Jena, TH, Germany) and the third primary antibody (GFAP; 1:5,000; 2 h; cat: Z0334; DAKO, Jena, TH, Germany) and visualized with Opal 650 (1:200; cat: FP1496001KT; Akoya, Marlborough, MA, USA) and Opal 520 (1:200; cat: FP1487001KT), respectively. Nuclei were counterstained with DAPI (1:750; cat: 94774; DAKO, Jena, TH, Germany), and lipofuscin was quenched with True Black (1:20 in 70% ethanol; 30 s; cat: 23007; Biotium, Freemont, CA, USA). Slides were rinsed in H2O and mounted with Fluoromount G (cat: 495802; Invitrogen, Carlsbad, CA, USA). Mounted slides were dried overnight and scanned at 20× magnification (Axioscan 7; Zeiss, Oberkochen, BW, Germany). Images were analyzed as a whole or stratified into gray and white matter using HALO AI 3.6 software (Indica Labs, Albuquerque, NM, USA). The percentage of positive and colocalized cells were quantified using HighPlex FL v4.2 with the frequency of marker-positive cells expressed relative to the number of nuclei per tissue section.




2.3 HIV DNA quantification in frontal cortex tissue

Genomic DNA was extracted from homogenized fresh frozen frontal cortex brain tissue (~10 mg pieces) and intact (Ψ+ and env+), 3′ defective (Ψ+ and env−) and 5′ defective (Ψ− and env+) HIV DNA standardized to RPP30 was quantified using the intact proviral DNA assay (QX200; BioRad, Hercules, CA, USA), as previously described (10).




2.4 Statistics

All statistical analysis was completed using GraphPad Prism software (version 10.2.2 Windows). Comparisons between groups were made using non-parametric Kruskal–Wallis tests with Dunn’s post-hoc analysis for multiple comparisons; median and interquartile ranges are shown. Spearman’s correlations were performed on log transformed data; rho (ρ) and p-values are shown.





3 Results

To characterize the cellular environment and HIV viral reservoir in the brain of nVS and VS PWH, matched fresh frozen and formalin-fixed paraffin-embedded (FFPE) frontal cortex tissue was obtained from nVS (n=17), VS PWH (n=18), and HIV-seronegative controls (HIV−; n=6) from the National NeuroHIV Tissue Consortium (NNTC, USA; https://nntc.org/; Table 1). Viral suppression was defined by >1.4 years of undetectable HIV RNA copies/mL in plasma. One participant (VS PWH 3) under this threshold was included, as they had long-term suppression (5.35 years) prior to two viral load tests <650 copies/mL, 0.75 years prior to death. This individual had two undetectable viral load tests prior to death, one of which was the day prior to death and a CD4 T-cell count in range of the virally suppressed group. PWH who were treated with ART but did not meet the criteria of undetectable viral loads as described above were collated in the nVS group for analysis. VS PWH were suppressed for a median of 3.8 years, were generally older than both nVS PWH (median age, 60 vs. 47 years; p<0.001) and seronegative individuals (median age, 60 vs. 51, p>0.05), and were predominantly men (77.5%). The average T score measure of cognitive impairment did not differ between VS and nVS groups (median T score: VS, 39.6 vs. nVS, 40.1; p>0.05). Three nVS PWH were classified with HIV encephalitis by expert neuropathologists at the NNTC.



3.1 Elevated reactive astrocytes persist in the frontal cortex of the brain in virally suppressed PWH

To assess immune activation in the frontal cortex of the brain from nVS and VS PWH, multiplex immunofluorescence imaging specific for type I IFN responses, proinflammatory NF-κB-mediated signaling and immunoregulatory TGF-β1 signaling were performed. Representative images of immunofluorescence staining are shown in Figure 1. Myeloid cells were defined as CD68+ and astrocytes were defined as glial fibrillary acidic protein (GFAP) positive, which are upregulated during cell activation (22, 23). Due to regional differences in cell composition and function between white matter and gray matter in the frontal cortex, each region was annotated and assessed individually and a combined total value. The frequency of CD68+ myeloid cells (consisting of both microglia and perivascular macrophage) did not differ between HIV-seronegative, nVS PWH, and VS PWH when examined in total frontal cortex, and in the white matter and gray matter alone (Supplementary Figures S1A–C). While the frequency of astrocytes in the gray and white matter were similar between groups (HIV-seronegative, VS PWH, and nVS PWH), there was a higher frequency of astrocytes in the total frontal cortex for nVS PWH relative to HIV-seronegative controls (Supplementary Figures S1D–F).


[image: Fluorescent microscopy images showing immunohistochemical markers Mx1, TNFα, TGFβ1, CD68, GFAP, and DAPI in three conditions: HIV-, non-virally suppressed, and virally suppressed. Each row represents different markers, with columns indicating the conditions. Insets highlight specific marker presence and distribution.]

Figure 1 | Representative images of multiplex immunohistochemistry of human frontal cortex tissue from PWH. Representative images of fluorescent IHC staining for Mx1, TNFα, and TGF-β1 (orange) multiplexed with CD68 (magenta), GFAP (green), and DAPI (blue) performed on the frontal cortex tissue of the brain from non-virally suppressed and virally suppressed PWH or HIV-seronegative (HIV−). Images shown at 30× magnification: scale bars: 50 and 20 µm (inset).






3.2 Virally suppressed PWH harbors a state of cellular activation in the frontal cortex of the brain despite ART

Multiplex immunofluorescence staining for CD68, GFAP, Mx1, tumor necrosis factor alpha (TNFα), and TGF-β1 was performed to assess whether cellular activation is present in the frontal cortex of nVS and VS PWH. A higher frequency of cells expressing the anti-viral IFN-inducible protein Mx1 was present in total frontal cortex tissue from nVS PWH relative to HIV-seronegative individuals (Figure 2A). When stratifying by region, the frequency of Mx1+ cells were elevated in both white and gray matter from nVS PWH (p<0.05 for both). However, Mx1+ cells were elevated in gray matter from VS PWH (Figures 2B, C), suggesting that activation was localized to gray matter during viral suppression. Total frontal cortex tissue from both nVS and VS PWH also exhibited a higher frequency of cells expressing proinflammatory TNFα relative to HIV-seronegative individuals (Figure 2D). The frequency of TNFα+ cells was elevated across white matter when analyzed separately for both nVS and VS PWH (p<0.05 for all; Figure 2E). In the gray matter, TNFα was elevated in VS PWH (p<0.05), and an increasing trend was present in nVS PWH (p=0.066; Figure 2F), indicating widespread production of TNFα within the frontal cortex of the brain from PWH.


[image: Nine dot plot graphs comparing percentages of specific cell types across HIV-negative (HIV-), non-virally suppressed (nVS), and virally suppressed (VS) individuals. The cells analyzed are Mx1 (A-C), TNFα (D-F), and TGFβ1 (G-I) in total, white matter, and grey matter brain tissues. Significant differences are marked with asterisks. Mx1 shows higher values in nVS vs. VS and HIV-. TNFα data indicates increased percentages in nVS vs. VS and HIV-, with slight variations. TGFβ1 graphs display notable increases in nVS vs. HIV- and slight differences when compared to VS.]

Figure 2 | The frequency of cells expressing immune activation and immunoregulatory proteins are elevated in the frontal cortex from non-virally suppressed and virally suppressed people with HIV. The frequency of cells expressing (A–C) Mx1, (D–F) TNFα, and (G–I) TGF-β1 in the total (white + gray matter) and white and gray matter tissue alone of the frontal cortex from non-virally suppressed PWH (nVS; n=16–17), virally suppressed PWH (VS PWH; n=17–18), and HIV seronegative controls (HIV−; n=5–6) as measured by multiplex immunofluorescence. Data unavailable for gray matter for n=1 HIV-seronegative controls (TGF-β1 only), n=1 VS PWH and n=1 nVS PWH due to no gray matter region present in the tissue section provided. Median and interquartile ranges shown. Comparisons made using Kruskal–Wallis test with Dunn’s post-hoc tests (*p<0.05; **p<0.01; ***p<0.001).



Interestingly, a higher proportion of cells expressing the immunoregulatory cytokine TGF-β1 was observed in the total frontal cortex tissue of both nVS and VS PWH compared to HIV-seronegative individuals (p<0.05, Figure 2G), which may indicate active immunoregulatory responses. Regional analysis identified an increasing trend of TGF-β1+ cell frequency in nVS and VS PWH in the white matter (nVS p=0.054, VS p=0.055; Figure 2H). In gray matter, TGF-β1 was increased in VS PWH (p<0.05) and was higher in nVS PWH; however, this did not reach significance (p=0.071; Figure 2I). Importantly, the frequency of immune markers did not correlate with age (Supplementary Table S1). Together, these observations demonstrate that a heightened state of cellular activation and reciprocal regulatory responses exists in the brain of PWH, which persists despite viral suppression with ART.




3.3 Activated myeloid cells and astrocyte phenotypes contribute to neuroinflammation in PWH

To further define the cellular origins of immune activation in the frontal cortex of nVS and VS PWH, colocalization analysis was performed using HALO imaging analysis software. Specifically, cell-marker-positive cells (i.e., either CD68+ myeloid cells or GFAP+ astrocytes) expressing a particular activation marker were enumerated and expressed as a percentage of cell-marker-positive cells. In the total frontal cortex and white matter, nVS PWH had a higher frequency of myeloid cells expressing Mx1 relative to HIV-seronegative individuals (p<0.05 for both; Figures 3A, B). Additionally, the frequency of Mx1+ myeloid cells were higher in both nVS and VS PWH in the gray matter (p<0.05 for both; Figure 3C). Additionally, the frequency of TNFα+ myeloid cells were elevated in total frontal cortex from both nVS and VS PWH relative to HIV-seronegative individuals (p<0.05 for both; Figure 3D), supporting heightened cell activation leading to broad proinflammatory cytokine production in the frontal cortex that is not restored with ART treatment. The frequency of TNFα+ cells were also elevated across white and gray matter for both groups (p<0.05 for all; Figures 3E, F), indicating a higher frequency of TNFα-producing myeloid cells across all regions of the frontal cortex in PWH. The frequency of myeloid cells producing TGF-β1 was elevated in both nVS and VS PWH (p<0.05 for both; Figure 3G). A higher frequency of TGF-β1 expressing myeloid cells were observed in nVS PWH in the white matter (p<0.05), and an increasing trend was present in VS PWH (p=0.058; Figure 3H). In the gray matter, only nVS PWH displayed a trend of elevated TGF-β1+ myeloid cells (p=0.061; Figure 3I).


[image: Nine scatter plots display the percentages of CD68+ cells expressing MX1, TNFα, and TGFβ1 in different brain regions for three groups: HIV-, nVS, and VS. Panels A-C show MX1 data; D-F represent TNFα; G-I illustrate TGFβ1. Significant differences are indicated with asterisks.]

Figure 3 | Non-virally suppressed and virally suppressed PWH have a higher frequency of myeloid cells expressing inflammatory markers in the frontal cortex. Frequency of (A–C) Mx1, (D–F) TNFα, and (G–I) TGF-β1 colocalized with CD68+ myeloid cells as a percentage of total CD68+ cells in total frontal cortex tissue, white matter or grey matter of non-virally suppressed (nVS; n = 16-17), virally suppressed (VS; n = 17–18) people with HIV and HIV-seronegative controls (HIV−; n = 5–6). Data unavailable for gray matter for n=1 HIV seronegative controls (TGF-β1 only), n=1 VS PWH, and n=1 nVS PWH due to no gray matter region present in the tissue section provided. Median and interquartile ranges shown. Comparisons made using Kruskal–Wallis test with Dunn’s post-hoc tests (*p<0.05; **p<0.01; ***p<0.001).



Similar to observations for myeloid cells, an increased trend of Mx1+-activated astrocytes was present in total frontal cortex tissue of nVS PWH (p=0.054; Figure 4A). Sub-analysis by region demonstrated that while there were no significant changes between groups in the white matter (Figure 4B), nVS PWH exhibited a higher frequency of Mx1+ astrocytes in gray matter compared to HIV-seronegative individuals (p<0.05; Figure 4C). Additionally, a trend of increased frequency of Mx1+ astrocytes was present between VS PWH and HIV-seronegative individuals (p=0.060; Figure 4C), indicating that the gray matter is a site of elevated Mx1-expressing astrocytes in PWH.


[image: Nine scatter plots display percentages of GFAP-positive cells expressing Mx1, TNFα, and TGFβ1 in HIV-negative and HIV-positive groups (nVS, VS). Panels A-C show Mx1 data for total, white, and grey matter; D-F show TNFα data; G-I show TGFβ1 data. Significant differences are marked by asterisks, and p-values are provided for comparisons.]

Figure 4 | A higher frequency of activated astrocytes persists in the frontal cortex tissue from non-virally suppressed and virally suppressed people with HIV. Frequency of (A–C) Mx1, (D–F) TNFα, and (G–I) TGF-β1 colocalized with GFAP as a total of GFAP+ cells in white and gray matter in non-virally suppressed (nVS; n=16–17), virally suppressed people with HIV (VS HIV; n=17–18) and HIV-seronegative controls (HIV-; n=5-6) as measured by multiplex immunofluorescence. Data unavailable for gray matter for n=1 HIV seronegative controls (TGF-β1 only), n=1 VS PWH, and n=1 nVS PWH due to no gray matter region present in the tissue section provided. Median and interquartile ranges shown. Comparisons made using Kruskal–Wallis test with Dunn’s post-hoc tests (*p<0.05; **p<0.01; ***p<0.001).



An increase in TNFα-expressing astrocytes was observed in VS PWH (p<0.05; Figure 4D) relative to HIV-seronegative individuals in total frontal cortex tissue. In contrast to a consistently increased prevalence of TNFα-expressing myeloid cells across total, white, and gray matter in nVS and VS PWH (Figures 3D–F), a higher frequency of TNFα+ astrocytes in nVS and VS PWH were found in the white matter (p<0.05 for both; Figure 4E), while TNFα+ astrocytes were only elevated in VS PWH in the gray matter (p<0.05; Figure 4F).

Finally, the incidence of TGF-β1+ astrocytes were significantly higher in total frontal cortex tissue from VS PWH (p<0.05; Figure 4G), and a trend to a higher frequency was observed in nVS PWH (p=0.062) relative to HIV-seronegative individuals. Following sub-region analysis, a higher frequency of TGF-β1+ astrocytes was also observed in VS PWH (p<0.05; Figure 4H), and a trend was present in nVS PWH (p= 0.073) relative to HIV-seronegative individuals in the white matter. Similarly, the frequency of TGF-β1+ astrocytes were increased in both nVS and VS PWH compared to HIV-seronegative individuals (p<0.05 for both; Figure 4I).




3.4 Neuroinflammation in the frontal cortex of VS PWH is associated with total and 5′ defective HIV DNA in the brain

To determine whether cellular activation in the brain was associated with the level and type of HIV proviral DNA in the frontal cortex of PWH, the levels of intact, 3′ defective and 5′ defective HIV DNA were quantified by the intact proviral DNA assay (IPDA), and correlation analysis with measures of cellular activation was performed. Similar to our previous findings (10), the frontal cortex of all PWH in both nVS and VS groups contained similar levels of total HIV DNA (Supplementary Figure S2A). Intact proviral DNA was also present in the frontal cortex of both nVS and VS PWH (Supplementary Figure S2B) at similar levels, confirming that the brain tissue from both nVS and VS PWH harbored a reservoir of intact proviral HIV DNA that did not differ between groups. The level of total HIV proviral DNA was associated with Mx1+ myeloid cells in the total frontal cortex tissue and also in white and gray matter regions alone when analyzed separately (p<0.05 for all, Table 2). Total HIV DNA was also associated with levels of Mx1+ astrocytes in gray matter (ρ=0.507, p=0.040) and total frontal cortex tissue (ρ=0.510, p=0.039), with a trend observed in white matter (ρ=0.461, p=0.054; Table 2), supporting a relationship between levels of HIV proviral DNA and Mx1-expressing cells in the frontal cortex of VS PWH. Sub-analysis for intact, 3′ defective and 5′ defective proviral DNA, as measured by IPDA, demonstrated that levels of intact HIV proviral DNA correlated with those of total Mx1+ cells in total frontal cortex and gray matter (p<0.05 for both), Mx1+ myeloid cells in all regions (p<0.05 for all) and Mx1+ astrocytes in both total frontal cortex and gray matter (p<0.05 for both; Table 2). Importantly, levels of 5′ defective HIV DNA were associated with Mx1+ myeloid cells in total frontal cortex, white and gray matter, and GFAP+ cells in total and white matter tissue (p<0.05 for all, Table 2), supporting an association between 5′ defective HIV proviruses in the brain of ART-suppressed PWH with Mx1-expressing myeloid cells and astrocytes in the frontal cortex tissue. Conversely, levels of 3′ defective HIV DNA did not correlate with Mx1, TNFα, or TGF-β1 expression in either white or gray matter (p>0.05 for all; Table 2). Total or intact HIV proviral DNA did not correlate with TNFα or TGF-β1 expression (p>0.05 for all; Table 2), indicating an alternative viral independent driver of cells expressing these proteins in VS PWH. Together, these findings indicate that the level of total and specifically 5′ defective HIV DNA in the frontal cortex tissue was associated with activation of anti-viral type I IFN signaling in VS PWH.



Table 2 | Association between HIV DNA in the frontal cortex and neuroinflammation in virally suppressed PWH.
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4 Discussion

Despite viral suppression with ART, PWH continue to develop comorbidities at a greater rate than seronegative individuals that significantly impact health and daily function. Neurocognitive issues and neuropathologies affect ~20% of VS PWH, reportedly leading to social withdrawal, reduction in cognitive function, and ability to perform daily tasks including using the internet, driving, and health navigation (24–26). The mechanisms causing disease are unclear but possibly relate to HIV persistence both in the brain and peripheral tissues that are associated with chronic inflammation that may lead to cellular activation. Utilizing a cohort of well-defined human autopsy brain tissue from nVS and VS PWH, we characterized cell activation and its relationship to local viral reservoirs in the brain. Specifically, a higher frequency of astrocytes and myeloid cells harboring activated IFN pathways and production of TNFα and TGF-β1 were observed, demonstrating an activated inflammatory state in the brain. Importantly, we identified that levels of total, intact, and 5′ defective proviruses in the frontal cortex of PWH were associated with increased measures of cellular activation.

In this study we observed an elevated frequency of Mx1-expressing cells in the gray matter of the frontal cortex of VS PWH relative to HIV-seronegative controls, which recapitulates our findings from ART-suppressed SIV-infected NHPs (18). Mx1 production is triggered via the Stat1 pathways following activation of IFNα/β receptors (IFNAR) by type I IFNs (i.e., IFNα/β) (27). Therefore, HIV infection in the brain results in IFN production leading to augmented expression of IFN stimulated genes (including Mx1) in infected and surrounding cells resulting in an elevated state of cellular activation and cognitive function. Type I IFNs including IFNα and β are traditionally associated with anti-viral-mediated effects both in vitro and ex vivo, and chronically elevated IFN signaling is also associated with the pathogenesis of some neuroinflammatory conditions (28, 29). Furthermore, a series of recent studies using human brain organoid models also observed increased Mx1 and interferon signaling in response to HIV infection despite ART suppression (30–32), supporting our ex vivo observations. In vivo studies using IFNAR knockout rodent models of neuroHIV have demonstrated an improved effect on cell damage and behavioral measures after knocking down IFN signaling (33), supporting a deleterious role of heightened interferon activation in the brain. Given the role of IFN signaling in mediating viral infection, uncontrolled peripheral viremia in nVS PWH may have a greater impact on the level of Mx1-expressing cells in the brain than local viral persistence alone, particularly in myeloid cells in nVS PWH. These findings support the further assessment of the impact of chronic IFN signaling on brain cells and cognitive outcomes in PWH.

Significantly, we found that the levels of the Mx1 in frontal cortex tissue correlated with levels of total, intact, and 5′ defective HIV proviruses, supporting a mechanism by which the local inflammatory environment influences viral persistence likely through elevated levels of cellular activation. Intact proviruses contain the necessary viral machinery for persistence, viral replication and, in the absence of ART, the generation of infectious virions as demonstrated by ex vivo studies from the brain tissue of both NHPs and humans (34). Defective proviruses, as characterized in this study by the IPDA, have been shown to represent replication incompetent viruses that may retain transcriptional activity and even produce select viral proteins that can contribute to cellular activation (35–37). 5′ defective viruses identified by Bruner et al. were defined as being predominantly intact and predicted to be capable of producing the majority of HIV proteins, albeit at a lower level than intact virus (35). Therefore, the association between 5′ defective proviruses in the frontal cortex and Mx1 is unlikely driven by viral replication and instead may reflect the generation of viral transcripts and possible low-level production of viral proteins (37, 38), although these were not specifically assessed in this study. A study of defective proviruses missing the 5′ untranslated region demonstrated that 5′ defective proviruses were able to generate viral transcripts and proteins by using alternative reading frames (39), supporting a role of 5′ defective proviruses in modulating neuroinflammation. Therefore, our ex vivo findings from a cohort of autopsy brain tissue support the need for future studies to define the mechanisms governing cell activation in response to 5′ defective proviral DNA in the brain.

VS PWH had a higher level of TNFα-producing cells in the brain, which extends on previous observations in nVS PWH (40, 41), highlighting that even in the presence of ART, a higher proportion of TNFα-producing myeloid cells persists in the CNS. TNFα is a broadly proinflammatory cytokine known to activate and recruit microglia and astrocytes via TNF receptor 1 to sites of inflammation (42, 43). Plasma levels of TNFα are associated with adverse disease progression in untreated PWH (44), and plasma levels of soluble TNF receptor I (a surrogate measure of TNF-α) remain elevated in the plasma of virally suppressed PWH and are associated with HIV mortality independent of CD4+ T-cell counts (45, 46). A previous study in nVS PWH with dementia identified elevated levels of TNFα expression in the brain and astrogliosis (41, 47); however, we did not observe an association between levels of TNFα and the frequency GFAP+ astrocytes in our cohort. Myeloid cells were the major producer of TNFα in VS PWH, as was previously observed in nVS PWH (40), and levels appeared to be distributed throughout both white and gray matter of the brain. While the frequency of total myeloid cells did not differ between groups, the frequency of cells expressing TNFα and Mx1 were higher in the brain of PWH, potentially reflecting cell activation rather than greater cellular recruitment. Similarly, the level of cells expressing the astrocyte activation marker GFAP+ and specifically GFAP+ cells expressing TNF-α were also higher in both white and gray matter of VS PWH, supporting activation of astrocytes throughout the frontal cortex of the brain. Given the role of astrocytes in maintaining homeostasis in the brain, chronic activation of astrocytes may lead to cell dysfunction and/or adverse cognitive outcomes in the brain of PWH. Furthermore, although neurons are not directly infected by HIV, astrocyte and microglial activation may have deleterious bystander effects on neurons through both release of viral proteins including tat and nef or through generation of proinflammatory cytokines (31, 48). We have previously demonstrated that HIV genomes and the viral protein p24 were detected in myeloid cells in the brain that may drive cellular activation (10, 21). However, here, we did not find an association between the levels of the viral reservoirs (cell associated HIV DNA) and measures of TNFα+ myeloid cells. These findings may suggest that TNFα production in the brain is not solely due to local viral persistence in the brain; however, additional studies are required to define the mechanistic drivers of TNFα in the brain of virally suppressed PWH.

Interestingly, expression of TGF-β1 was higher in the frontal cortex of VS and nVS PWH, when compared to seronegative controls, reflecting our previous findings in SIV-infected ART-suppressed NHPs (18), and supports heightened immunoregulatory signaling in the brain during chronic HIV. TGF-β1 is a multifunctional immunosuppressive cytokine that can impact cell activation, proliferation, and apoptosis and has been demonstrated to activate astrocytes and promote glial scar formation in the brain following secretion by activated myeloid cells (49). The formation of fibrotic scars in the CNS has been implicated in neurological disorders and vascular dementia (50). Similarly, in lymph node tissue, TGF-β1-mediated fibroblast activation and the resulting fibrosis may facilitate local HIV replication and persistence and inflammation (51, 52). Furthermore, TGF-β1 has been shown to control HIV reservoir size, at least in the gut, via targeting cell proliferation and inducing apoptosis (53). Heightened TGF-β1+ cells in the brain of nVS and VS PWH are also possibly a result of a direct response to heightened cellular activation and the proinflammatory environment observed in both nVS and VS PWH. While we did not observe an association between HIV proviral DNA and TGF-β1 expression, other factors including localized viral protein expression (54), systemic inflammation, and gut damage as seen in NHP models (18) may contribute to elevated TGF-β1 expression in the brain. The impact of gut dysfunction on neuroinflammation could not be assessed here but should be considered in specialized studies.

Associations between the level of proviral genomes and measures of neuroinflammation were limited to Mx1, with no correlation found between total, intact, or 3′ or 5′ defective HIV DNA and TNFα or TGF-β1. Therefore, it is important to recognize that other factors peripheral to the brain may contribute to neuroinflammation such as chronic gut damage, immune activation, and systemic inflammation, which are hallmarks of chronic HIV that are not resolved by ART and are associated with mortality (45). Measures of peripheral inflammation have also been associated with adverse cognitive performance (55–57), and we have previously demonstrated in SIV-infected NHPs a role for gut damage in contributing to neuroinflammation, supporting the contribution of other factors external to the brain on these parameters (18). It is also possible (and likely) that different combinations of ART regimens may have varying impacts on viral suppression and neuroinflammation in the brain. However, this study was not designed to address the impact of specific regimens, and this question may be better addressed in well-controlled SIV-infected NHP studies. Therefore, future studies in larger cohorts of both PWH and/or NHPs and organoid/organotypic brain tissue models are required to delineate alternate mechanisms and widespread impacts of both defective proviral HIV DNA and systemic inflammation on neuroinflammation.

Our study has significant clinical implications regarding the state of cellular activation and inflammation in the brain of VS PWH. We found no association between measures of cellular activation or viral reservoir with age, drug penetrance into the CNS as determined by CNS penetrance score (20), or CD4+ T-cell count (Supplementary Table S1), potentially indicating that the markers of cellular activation and inflammation measured were not related to these clinical parameters. This is important, as biological age is associated with cellular and structural changes in the brain including cellular activation (58). Instead, in our cohort, we identified that both local (and likely peripheral) HIV reservoirs and related systemic inflammation are contributors to cellular activation in the brain. Understanding changes in cellular activation in the brain of VS PWH may inform targeted therapeutic approaches to limit neuroinflammation and anti-viral signaling in the brain. Furthermore, targeting HIV DNA and/or related transcription of intact and even 5′ defective viruses by transcriptional inhibitors or other novel targets silencing the viral reservoir may assist in limiting cellular activation in brain parenchyma. Therefore, approaches either directly or indirectly targeting cellular activation and inflammation in the brain may be required to improve brain health and function.

Together, in this study, we demonstrate the presence of chronic immune activation in the brain of VS PWH and a relationship between proviral HIV in the brain, including specifically 5′ defective proviruses, which may contribute to cellular activation and an underlying pathology in the brain that is not abrogated by ART. These findings offer key evidence for ongoing immune activation and viral persistence, highlighting a need to better understand defective proviruses as a contributor to neuroinflammation and cognitive disorders, which must be considered to improve brain health and cognitive function in VS PWH.
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(206)
(216)

(225)

https://clinicaltrials.gov/
study/
NCT02868580

(226), https://
clinicaltrials.gov/study/
NCT02008773

(214)

https://clinicaltrials.gov/
study/
NCT04552795

https://clinicaltrials.gov/
study/
NCT06519357

https://clinicaltrials.gov/
study/
NCT02437110

https://clinicaltrials.gov/
study/
NCT05283551

https://clinicaltrials.gov/
study/
NCT06356662
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Neurodegenerative References

disorders (NDs)

Coxsackievirus B3 (CVB3) (16, 17)
Human Immunodeficiency (18)
Virus (HIV)
Influenza A virus (IAV) (19, 20)
West Nile Virus (WNV) (21, 22)
Western equine (23, 24)
virus (WEV)
Hepatiti i HCV 25-28
Parkinson’s disease (PD) et Cims (IOV) ( )
Hepatitis B virus (HBV) (28, 29)
Japanese encephalitis (30, 31)
virus (JEV)
Herpes simplex virus (HSV) (32)
Varicella-Zoster (33)
Virus (VZV)
Epstein-Barr (34, 35)
virus (EBV)
Herpes simplex virus (HSV) (36, 37)
Human immunodeficiency (18, 38, 39)
virus (HIV)
Human Herpesvirus (HHV) (40)
Alzheimer’s disease (AD) Hepatitis B virus (HBV) (41, 42)
Hepatitis C virus (HCV) (41-44)
Epstein-Barr virus (EBV) (35, 45)
Varicella Zoster (46, 47)
Virus (VZV)
Amyotrophic lateral Enteroviruses (EVs) | (48)
sclerosis (ALS) Herpes simplex virus (HSV) (49)
Epstein-Barr virus (EBV) (50)
(Multiple sclerosis) MS i
HSV (51)
Vascular dementia \A% (52)
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HCV/HBV
Cytomegalovirus
HBV/HCV
HSV
HSV/VZV

HCV

ND
PD
PD
PD
Dementia
AD/Dementia
Dementia

Multiple sclerosis (MS)

Source
Taiwan National Health Insurance Research Database
Community-based integrated screening program in Taiwan
UK Biobank
Korean National Health Insurance Service
Vasculature in Uppsala Seniors (PIVUS) cohort
Korean National Health Insurance Service

Neurology department at Ain Shams University Hospital, Egypt

Year
2016
2015
2024
2021
2024
2017

2023

References
92)
(156)
(157)
(1)
(37)
47)

(158)
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Neurodegenerative

disorder

Pathogenesis

Markers

References

CVB3 cause neurons to develop o-syn- Elevated 0-syn expression (16)
associated inclusion bodies, which may 0o-syn fibrils in damaged mitochondria
serve as a PD trigger
HBV/HCV Invade the central nervous system Elevated levels of TNF-a, IL-6, and IL-1b, (176, 177)
Dopaminergic neuron death IL-8, IL-29, IL-22
IAV Increased mRNA levels of CD36, CD68, Increased levels of IL-6 and IFN-y, TNF (114)
CIQA, and C3, together with a changed
expression pattern of major
histocompatibility complex classes I and
11, CD80, and F4/80, indicating evolving
synaptic pruning
West Nile Abnormalities in the basal ganglia, Damage to the substantia nigra (178-180)
D virus (WNV) thalamus, and pons, mostly bilaterally, Secretion of or-syn
evident in T2 and DWT sequences
HIV Dopaminergic basal ganglia damage Tumor necrosis factor (TNF)-o., (181, 182)
Neuroinvasion interleukin (IL)-6, and IL-1p production
JEV Profound gliosis in the substantia nigra Lower CSF concentrations of dopamine, (30, 183, 184)
pars compacta (SNpc), similar to that norepinephrine and homovanillic acid
seen in PD
lower dopamine and norepinephrine
levels in JEV-infected rats
Dopaminergic and norepinephrinergic
system impairment
TAV H5N1 Blocking protein degradation pathways a-syn phosphorylation and aggregation (19, 123)
Blocking of autophagosome formation
and inhibition of autophagic flux
HHV-6A Dysregulation of autophagy in neurons AB deposition (14, 134,
HHV-6B astrocytoma cells Increasing beta-amyloid and tau 185-188)
Neuroinflammation
HIV, Synaptic deficits AP1-42 dysregulated (189, 190)
Trojan horse mechanism Amyloid plaques in the CSF and blood
AD HCMV Neuroinvasion AP production (191, 192)
Astrocyte reactivity
HHV-6/7 Neuroinflammation Elevated tau, ApoE, and AP1-42 (186, 193, 194)
protein expression
HSV-1 Accelerated AB deposition triggers the phosphorylation of Tau by (195-197)
Gliosis activating protein kinase A (PKA) and
Cognitive dysfunction glycogen synthase kinase 3B (GSK3B)
Initiate the translation of B-site amyloid
precursor protein cleaving enzyme 1
(BACE1) and the buildup of AB by
activating RNA-activated protein
kinase (PKR).
Hepatitis viruses Infect endothelial cells directly and enter Elevated levels of TNF-c, IFN-,, IL-18, (41, 88)
(HBV, HCV) the central nervous system across the IL-6, IL-18, IL-10, IL-12
blood-brain barrier Elevated tau and amyloid beta-
peptide levels
HHV-6A Dysregulation of autophagy in neurons AP deposition (14, 185, 186)
HHV-6B astrocytoma cells Increasing beta-amyloid and tau
Neuroinflammation
SARS-CoV-2 Viral invasion Aggregation of A, o.-syn, tau, and (198-201)
PD/AD Immune-mediated inflammation TDP-43

Endothelial dysfunction
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Antibody

Final
concentration

R&D Systems

A TuJl M 2 L
o OB (MAB1195) we/m
B MAP2 Chicken | Abcam (ab5392) 1,33 ug/mL
Guinea | Merck Millipore
NeuN 1,25 L
G | e pig (ABN90P) gtan
D GFAP Rabbit Abcam (ab7260) 1-10 ug/mL
E = S100b Rabbit Abcam (ab52642) 5 pg/mL
Merck Millipore
F  AQP4 Rabbit 3 L
Q Y (P A014784) kg/m
G | CD49f Rat BioLegend (313602) 2 pg/mL
BD Biosci
H CD49f£PE | Rat tosciences NA - 1220 dilution
(555736)
1 SOX9 Rabbit Abcam (ab5535) 0,85pg/mL
] MX1 Rabbit Abcam (ab95926) 150 ng/mL
K | IFIT2 Rabbit Invitrogen (16870404) | 0,675 pg/mL
Proteintech (15981-
L ISG15 Rabbit 1,125 L
SG abbif 1-AP) pg/m
M  CD74 Mouse Invitrogen (15207077) | 1,25 ug/mL
HLA-DR-PE = Mouse BioLegend (307605) NA - 1:200 dilution
O  G3BPI Mouse ll)r]‘;t)emt“h G686 | gt
Proteintech (10970-
P PABPC Rablie | Crobmeh( 5 ug/mL

NA, not available.

1-AP)
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Conjugatiol

Final concentration

Anti-rabbit Goat Texas red Abcam (ab6719) 5 pg/mL D,E F,KLJ
Anti-rat Goat AF555 Invitrogen (a21434) 4 pg/mL G

Anti-mouse Goat AF555 Invitrogen (a21425) 2 pg/mL AM

Anti- Donkey Cy3 Jackson ImmunoResearch (706-165-148) 7,5 pg/mL C

guinea pig

Anti-chicken Donkey Cy3 Jackson ImmunoResearch (703-166-155) 1,5 pg/mL B

Anti-mouse Goat AF555 Invitrogen (a21127) 2 pg/mL ¢]

Anti-rabbit Goat AF647 Invitrogen (a21245) 2 pg/mL P

Anti-rabbit Goat FITC Jackson ImmunoResearch (111-096-114) 7,5 pg/mL D, I
Anti-chicken Donkey FITC Jackson ImmunoResearch (703-096-155) 3,75 pg/mL B
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Univariate Analysis

Variable 1 Variable 2 Regression

Coefficient
CSF CD4* T-cell CSF HIV RNA 0.0436 0.0003
activation (log,o copies/mL)
CSF CD8" T-cell CSF HIV RNA 0.0274 0.013
activation (log,o copies/mL)
CSF CD8" T-cell CSF CD4" T-cell 0.496 <0.0001
activation activation

Multivariate Analysis

Variable 1 Variable 2 Regression

Coefficient
CSF CD4" T-cell CSF HIV RNA 0.0383 0.005
activation (log,o copies/mL)
CSF CD8" T-cell 0.0088 0.45
activation

*T-cell activation = % CD38" HLA-DR"
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Primary

HIV (n=51)
Age (years) 36 (31, 45)
Male, n (%) 51 (100)
Baseline Visit
Estimated time post HIV transmission (months) 3.2 (2.4,5.6)

CD4+ count (cells/ul)

581 (429, 738)

CD8+ count (cells/ul)

985 (691, 1336)

Plasma HIV RNA (log;, copies/ml)

4.37 (3.80, 4.86)

CSF HIV RNA (log;, copies/ml)
CSF WBC count (cells/mm?)
CSF protein (mg/dL)

Longitudinal Analysis

2.31 (1.69, 3.10)
6(2,11)

41.0 (35.5, 51.3)

Follow-up duration (months) 6.5 (0, 22.7)
Total number of study visits 168
Sample included in longitudinal Analysis
Without ART 113
With ART initiation 55

Estimated duration of HIV infection at ART
initiation (months)

Median (interquartile range) shown unless otherwise indicated.

6.2 (2.1, 16.0)
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Affiliations

Average Citation/Publica

1 Power, C. 28 University of Alberta 1128 40.29
2 Lane, T. E. 27 University of Utah Salt Lake City 670 24.81
3 Buch, S. 21 University of Nebraska Medical Center 903 43

4 Lokensgard, J. R. 20 University of Minnesota 622 311
5 Cao, S. 20 Huazhong Agricultural University 648 324
6 Hu, S. 19 University of Minnesota 597 3142
7 Guaza, C. 19 Consejo Superior de Investigaciones Cientificas 854 44.95
8 Ge":ellf:"a"’ 19 University of Nebraska Medical Center 698 36.74
9 Berman, J. W. 18 Albert Einstein College of Medicine 993 55.17
10 Mestre, L. 17 Consejo Superior de Investigaciones Cientificas 727 42.76
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1 Journal of Neuroinflammation 201 6090 9.3
2 Journal of Neurovirology 103 2514 32
3 Frontiers in Immunology 96 1936 7.3
4 Journal of Neuroimmunology 89 2270 33
5 Journal of Virology 83 2671 5.4
6 Brain Behavior and Immunity 77 2705 15.1
7 Plos One 73 3265 37
8 _ Journal of 67 2367 62

Neuroimmune Pharmacology
) e
10 Frontiers in Neurology 58 690 34
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1 Mao, L. JAMA Neurology DOI 10.1001/jamaneurol.2020.1127 2020 29.0
2 Heaton, R. K. Neurology DOI 10.1212/wnl.0b013e318200d727 2010 9.9

3 Antinori, A. Neurology DOI 10.1212/01.wnl.0000287431.88658.8b 2007 9.9

4 Matschke, J. Lancet Neurology DOI 10.1016/51474-4422(20)30308-2 2020 48.0
5 Gonzalez-Scarano, F. Nature Reviews Immunology DOI 10.1038/nri1527 2005 100.3
6 Meinhardt, J. Nature Neuroscience DOI 10.1038/541593-020-00758-5 2021 250
7 Kaul, M. Nature DOI 10.1038/35073667 2001 64.8
8 Hoffmann, M. Cell DOI 10.1016/j.cell.2020.02.052 2020 64.5
9 Helms, J. New England Journal of Medicine DOI 10.1056/nejmc2008597 2020 158.5

10 Moriguchi, T. International Journal of Infectious Diseases DOI 10.1016/.ijid.2020.03.062 2020 8.4
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Sacktor, N. 5 1053 211
Harms, A.S. 8 1045 131
Standaert, D.G. 8 1004 126
Volsky, D.J. 7 858 123
McArthur, J.C. 11 1214 110
United
States Valcour, V. 5 505 101
Brundin, P. 5 470 94
Smeyne, RJ. 5 457 91
Gen;f:m’ 7 635 91
Nath, A. 6 541 90
Arbusow, V. 7 634 91
Strupp, M. 8 654 82
Gerhauser, 1. 5 312 62
Tumani, H. 7 401 57
Brandt, T. 10 461 46
Germany
Bauer, J, 8 361 45
Chhatbar, C. 6 267 45
Strupp, M. 14 597 43
Kaeufer, C. 5 213 43
Kalinke, U. ¥ 281 40
Power, C. 8 619 77
Ellestad, K.K. 5 367 73
Maingat, F. ¥ 349 50
Silva, C. 6 297 50
Branton, W.G. 7 309 44
Canada Power, CH. 28 1128 40
N°°r';a_‘kh5h’ 5 191 38
HO]Il\zfg’.erg’ 5 183 37
Cohen, E.A. 7 243 35
Zhu, Y. 5 149 30
Huang, Y.L. 6 450 75
Yao, H.H. 8 456 57
Zhu, B,B, 6 339 57
China
Chen, S.Y. 5 277 55
Raung, S.L. 6 289 48
Song, Y.F. 6 273 46
Ou, Y.C. 7 318 45
Cui, M. 10 448 45
Chen, CJ. 8 336 42
Liao, S.L. 8 336 42
Periyasamy, P. 8 399 50
Basu, A. 17 765 45
Vrati, S. 6 210 35
Banerjee, A. 6 185 31
India
Mishra, R. 6 149 25
Banerjea, A.C. 5 105 21
Das sarma, J. 17 331 19
Jha, N.K. 5 52 10
Herna;{g.omez, 5 289 58
Docagne, F. 8 435 54
Mecha, M. 13 660 51
Spain Guaza, C. 19 854 45
Mestre, L. 17 727 43
Feliu, A. 10 416 42
Sl 5 199 40
Salinas, F.J.
Suk, K. 5 124 25 1
Kim, S.B. 7 166 24
Kim, J.H. 7 157 22
Uyangaa, E. 7 149 21
Choi, J.Y. 9 177 20
SoutKorss Eo, SK. 9 177 20
Kim, K. 8 145 18
Park, S.Y. 6 97 16
Hossain, 5 78 16
FM.A.
Patil, A.M. 7 102 15
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1 United States 1908 79247
2 China 649 10739
3 Germany 325 13055
4 United Kingdom 264 12287
5 Ttaly 236 7278
6 India 189 3851
7 Canada 182 8711
8 France 177 6682
9 Spain 135 5635
10 Brazil 132 2490
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1 Johns Hopkins University 102 6027
2 V Harvard Medical School 7 66 1708
3 University of Pennsylvania 60 2228
4 University of Nebraska Medical Center 59 2053
5 University of California, San Francisco 48 3066
6 University of California, San Diego 47 2777
7 University of California, Irvine 44 1791
8 Mayo Clinic 43 1567
9 University of Minnesota 42 1779
10 University of California, Los Angeles V 41 1545
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Curative effect

Regulated METH-induced neurotoxicity and METH-induced CPP
through the NR2B/ERK/CREB/BDNF regulatory pathway.
Protect the BBB against the toxic effects of HIV-1 Tat and METH.

Enhances the expression of tight junction proteins.

Exhibit an anti-autophagic effect on the inhibition of the METH-
induced Beclin-1 protein expression, partly via the AKT/mTOR.
Regulation of cAMP/PKA/CREB signaling pathway and
upregulates the expression of BDNF.

Attenuate the effects of METH-induced CPP in rats by regulating
the PKA/CREB signaling pathway.

Inhibiting NLRP3 alleviated the above-mentioned motor deficits
and cerebellar pathologies.
Inhibited pyroptosis and release of inflammatory factors.

Prevents METH-induced sensitization.

Mitigate METH-induced mortality and reduce seizures and
convulsions.

Attenuates conditioned place preference in male rats and viability
in PC12 cells through the SigmalR/AKT/GSK3B/CREB
signaling pathway.

SCFAs supplementation optimized METH-induced microbial
dysbiosis, ameliorated colonic inflammation, and repressed
anxiety- and depression-like behaviors.

Protecting neurons from gp120 invasion by regulating the
expression of bcl-2.

Reduced the level of oxidative stress in the organism, thereby
attenuating the synergistic induction of autophagy by METH and
HIV-1 Tat protein.

Nrf2 antagonizes BV2 cell ferroptosis induced by METH and HIV-
1 Tat through regulation of SLC7A11.

TREs may exert potent neuroprotective effect via activation of both
ERK and Nrf2 pathways.

Preserves neuronal cells from METH-induced neurotoxicity by
upregulating HO-1 expression through the Nrf2 and PI3K/Akt/
mTOR signaling pathways.

Resveratrol might effectively prevent memory impairment via the
interaction with Keapl, activation of the Keap1-Nrf2 pathway, and
inhibition of DNA damage and apoptotic responses post

METH exposure.

Prevent the development of METH-induced withdrawal symptoms
in rats

Attenuate METH-induced CPP in mice

Mutating these residues attenuates this inhibitory effect by
disrupting the Tat-hDAT interaction

Prevented the expression of behavioral sensitization to METH
challenge on withdrawal day 7.

Treatment with ibuprofen, a commonly used nonprescription
NSAID, can attenuate METH-induced neurotoxicity and
microgliosis.

Suppression of the inflammatory response in brain tissue.
Against HIV-1-induced MMP-9 expression in brain
endothelial cells.

Reduced glial cell activation decreased CXCL 10 and IL-6
transcript levels and improved memory and motor function

Reduced the expression of ACSL4 while inhibiting HIV-1 Tat-
mediated ferroptosis and the release of proinflammatory cytokines

Upregulated the expression of SIRT3 and mitochondrial
antioxidant enzymes, with a concomitant decrease in
microglial senescence

Prevented the BBB damage induced by METH

Attenuated inflammation and rescued synaptodendritic injury

Upregulation of protein expression of SIRT1
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