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	Abstract
Introduction: Although HIV infection can now be kept under control in almost all people living with HIV (PLWH), these individuals are prone to developing several non-AIDS complications due to chronic immune impairments, such as HIV-associated neurocognitive disorders (HAND). Unfortunately, no marker has been identified to predict these conditions, but there is growing interest in neurotrophins, such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF). 
Methods: In this pilot study we evaluated the serum levels of these neurotrophins in 13 antiretroviral therapy (ART)-naïve and 12 ART-treated PLWH, and in two matched groups of 13 and 12 HIV-negative volunteers, respectively. 
Results: ART-naïve PLWH showed higher levels of NGF (p = 0.0036) and lower levels of BDNF (p < 0.0001) in their serum compared to HIV-negative individuals. In contrast, the neurotrophin levels of ART-treated PLWH were similar to those of HIV-negative people. Furthermore, serum NGF showed a negative correlation with blood CD4+ T cell count and a positive correlation with zenith HIV-RNA. Conversely, serum BDNF had a positive correlation with blood CD4+ T cell count and CD4/CD8 ratio. 
Discussion: The dysregulation in neurotrophin homeostasis due to HIV infection appears to be restricted to ART-naive individuals. However, NGF and BDNF levels remain influenced by both the viro-immunological status at diagnosis and the current immune status, even after effective ART.
Conclusion: These findings suggest a distinct neurotrophin signature in untreated HIV infection, as well as a strong correlation between NGF and BDNF levels and current or historical immune status. This supports the need for further exploration of neurotrophins as potential biomarkers of HAND.
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1. INTRODUCTION
[bookmark: _Hlk216446127][bookmark: _Hlk215048681]Thanks to effective antiretroviral therapies (ARTs) that have been developed over the years, HIV replication is nowadays kept under control in most people living with HIV (PLWH). However, PLWH often exhibit persistent chronic immune dysfunction, which, alongside the direct effects of the virus and the toxicities of ART, can lead to alterations in various organ systems, increasing the risk of cardiovascular, liver, kidney, bone, and neurological diseases [1–5]. These serious non-AIDS events (SNAEs) became the main causes of morbidity and mortality in the ART era and are increasing in parallel with the longer life expectancy of PLWH [6–8]. Several studies have shown that the pre-treatment virological and immunological status – defined by HIV-RNA/DNA levels and blood nadir CD4+ T cell count - influences long-term health outcomes in PLWH [7,9–11]. For these reasons, early initiation of ART is essential in reducing SNAEs and mortality [6,12]. Among these various complications associated with chronic HIV infection, neurological and neurocognitive changes continue to affect a significant proportion of PLWH. Although there is growing knowledge and understanding of HIV-associated neurocognitive disorders (HAND), there are still no definitive markers to predict these conditions and no specific treatments are available [13–15]. In this neuroimmune context, neurotrophins, such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), are essential for neuronal survival and synaptic plasticity, and also regulate inflammatory responses by mediating communication between the nervous and immune systems [16–20]. Previous studies suggest that chronic peripheral inflammation and immune imbalance may alter the production, release or availability of these neurotrophic factors, potentially contributing to both peripheral and central nervous system dysfunctions [21–24]. Changes in NGF and BDNF levels have been reported in both acute coronavirus disease 2019 (COVID-19) and post-acute COVID-19 syndrome (PACS), but with varying trends across studies [25–28]. Despite some of the clinical features of HIV-mediated neurological impairment being associated with altered BDNF regulation and function [29], current evidence regarding neurotrophin profile in PLWH remains limited. A consistent association has recently been described between BDNF serum levels and cognitive function in PLWH, suggesting the potential role of this neurotrophin as a biomarker for cognitive decline [30].  In light of these knowledge gaps, the aim of this study was to characterize serum NGF and BDNF levels in ART-naïve and ART-treated PLWH, and to compare these values with those of HIV-negative volunteers. The study also aimed to explore the associations between these levels and current or historical clinical conditions, based on virological and immunological parameters. Gaining a deeper understanding of the neuroimmune mechanisms involved in HIV infection could be valuable for managing HIV-associated neurocognitive disorders and facilitating long-term immune recovery.
2. MATERIALS AND METHODS
2.1. Participants enrollment and samples collection	A cross-sectional study was conducted on a cohort of cisgender men PLWH enrolled at the Department of Public Health and Infectious Diseases, Sapienza University of Rome (Italy). Inclusion criteria were age over 18 years and a diagnosis of HIV. Exclusion criteria were body mass index > 30 and use of psychotropic medications. The data source for patient information was derived from the Hospital Electronic Information System. Additionally, age- and sex-matched healthy volunteers were included as HIV-negative controls (HC). The study was performed following approval from the Institutional Review Board (Department of Public Health and Infectious Diseases, Sapienza, University of Rome) and the Ethics Committee (Comitato Etico Territoriale Lazio Area 1), and after all study participants signed informed consent. Finally, data were anonymized and a progressive alphanumeric code was assigned to them. A total of 50 fresh peripheral blood samples were collected by venipuncture into Vacutainer tubes containing a gel separator for serum (BD Biosciences, USA) from 13 ART-naïve and 12 ART-treated PLWH, and from two HC groups of 13 and 12 individuals, respectively. These tubes were then centrifuged at 3000 rpm for 10 min and the serum was collected and stored at -80°C until use.

2.2. Serological evaluation of NGF and BDNF
Serum NGF and BDNF levels were evaluated using commercially available enzyme-linked immunosorbent assay (ELISA) kits [Human NGF/NGF beta ELISA Kit EZ-Set™ (Boster Biological Technology, USA, Catalog # EZ0469) and Human/Mouse BDNF DuoSet ELISA (R&D Systems, USA, Catalog # DY248)], according to the manufacturers' protocol. The measurement range of the kits is 15.6-1000 pg/ml and 23.4-1500 pg/ml for NGF and BDNF, respectively. The kits were both based on an indirect assay with an antigen-antibody complex and a conjugated antibody, using HRP-Streptavidin as a detection substrate. Absorptions were measured at 450 nm with a Microplate Multimode Reader (Biorad). Concentrations in each sample were calculated from the standard curve, obtained by plotting absorbance versus known standard concentrations, using the “Four Parameter Logistic Curve” online data analysis tool (MyAssays Ltd.). NGF and BDNF concentrations were expressed as pg/ml and ng/ml, respectively.

2.3. Statistical analysis
	Data from participants were expressed as number (percentages) or medians (interquartile ranges). Demographic characteristics were analyzed using the "N-1" Chi-squared test. Cross-sectional comparisons between PLWH and HC were performed using the Mann–Whitney U test, while correlation analyses were performed using the Spearman test. Statistical analyses were performed using SPSS software, version 26 (IBM, USA) and GraphPad Prism software, version 9.4 (GraphPad Software Inc., USA). A p-value less than 0.05 was considered statistically significant. 
3. RESULTS
3.1. Study Population	
As previously stated, a total of 50 serum samples were collected from 13 ART-naïve and 12 ART-treated PLWH, and from two groups of age- and sex-matched HC: 13 individuals (group 1) and 12 individuals (group 2). Due to the age difference, no comparative analyses were conducted between the two groups of PLWH, but each group was compared only with its corresponding HIV-negative control group. The demographic, virological and clinical characteristics of all groups are shown in Table 1. No age difference was found between HC group 1 and ART-naïve PLWH (p = 0.3679), as well as HC group 2 and ART-treated PLWH (p = 0.9663). The different ART regimens currently used in the study population are shown in Table 2.

Table 1. Demographic, virological and clinical characteristics of PLWH and HIV-negative individuals

	Parameters
	HC group 1 (n=13)
	ART-naïve PLWH (n=13)
	HC group 2 (n=12)
	ART-treated PLWH (n=12)

	Sex assigned at birth. Male
	13 (100%)
	13 (100%)
	12 (100%)
	12 (100%)

	Age (years)
	49 [45-56]
	47 [43-54]
	61 [56-73]
	65 [54-73]

	Zenith blood HIV-1 RNA levels (copies/mL)
	
	216155 [105000-849683]
	
	87500 [54500-237500]

	Blood HIV-1 RNA levels at enrollment (copies/mL)
	
	216155 [105000-849683]
	
	<37

	Nadir blood CD4+ T cell count (cells/µL)
	
	160 [35-333]
	
	160 [34-315]

	Blood CD4+ T cell count at enrollment (cells/µL)
	
	160 [35-333]
	
	713 [438-765]

	Blood CD8+ T cell count at enrollment (cells/µL)
	
	931 [222-1296]
	
	885 [649-1150]

	Blood CD4/CD8 ratio at enrollment
	
	0.2 [0.07-0.63]
	
	0.79 [0.44-1.42]

	ART exposure time (years)
	
	0 [0-0]
	
	16.5 [9.5-22.5]



Data are expressed as median (interquartile ranges) or number (percentage). Differences in demographic characteristics between PLWH and healthy controls were evaluated using Mann–Whitney U and Chi-squared tests. p < 0.05 was considered statistically significant.

Table 2. Current ART regimens of enrolled PLWH

	ART regimen
	Number of PLWH 

	DRV/COBI/FTC/TAF
	2 (16,67%)

	DTG/ABC/3TC
	2 (16,67%)

	NVP/FTC/TAF
	1 (8,32%)

	RAL/ABC/3TC
	2 (16,67%)

	RAL/FTC/TAF
	3 (25%)

	RPV/FTC/TAF
	2 (16,67%)


DRV = Darunavir; COBI = Cobicistat; FTC = Emtricitabine; TAF = Tenofovir Alafenamide; DTG = Dolutegravir; ABC = Abacavir; 3TC = Lamivudine; NVP = Nevirapine; RAL = Raltegravir; RPV = Rilpivirine. 
3.2. Serum NGF and BDNF levels
Levels of NGF and BDNF were evaluated in all serum samples collected from the PLWH groups and the HC groups (1 and 2). First, we observed increased NGF levels in ART-naïve PLWH compared to HC group 1 (p = 0.0036), while no difference was found between ART-treated PLWH and HC group 2 (Fig. 1a). By contrast, BDNF levels were reduced in ART-naïve PLWH compared to HC group 1 (p < 0.0001), while similar values were observed between ART-treated PLWH and HC group 2 (Fig. 1b). To assess the influence of age on serum neurotrophin levels, correlation analyses were performed on individual groups, on a single group considering all HCs together or on the total study population. No significant correlation for NGF or BDNF was found in any of these conditions. Finally, considering the overall population, a negative correlation between the serum levels of NGF and BDNF was observed (Fig. 1c) (r = -0.3970; p = 0.0069).



Fig. (1). Comparison of serum NGF (a) and BDNF (b) levels between ART-naïve, ART-treated and HIV negative individuals and Spearman correlation analysis of NGF and BDNF (c).
3.3. Associations with viro-immunological biomarkers
[bookmark: _Hlk215050802]To assess the influence of current and historical viro-immunological markers or ART exposure time on serum neurotrophin levels, correlation analyses were performed in all PLWH enrolled in the study. Blood CD4+ T cell counts at enrollment showed a negative and a positive correlation with serum levels of NGF (r = -0.5028; p = 0.0123) and BDNF (r = 0.5859; p = 0.0026), respectively (Fig. 2a-b). Moreover, the CD4/CD8 ratio at enrollment had a positive correlation with serum BDNF (r = 0.5325; p = 0.013), but not NGF levels (Fig. 2c-d). No correlation was found between blood CD8+ T cell counts at enrollment and the levels of neurotrophins. Considering the historical markers in ART-treated PLWH, no correlation was observed between blood nadir CD4+ T cell counts and both NGF and BDNF, while zenith HIV-RNA levels had a positive correlation with serum NGF (r = 0.6783; p = 0.0185), but not BDNF levels (Fig. 2e-f). Finally, serum NGF and BDNF levels did not correlate with ART exposure time. 

Fig. (2). Spearman correlation analysis of serum NGF and BDNF levels with blood CD4+ T cell count (a, b), CD4/CD8 ratio (c, d) and zenith HIV-RNA (e, f).  

5. DISCUSSION

Fig. (3). Dynamics of serum NGF and BDNF levels, blood CD4+ T cell count and CD4/CD8 ratio in HIV infection and following ART. Created with BioRender.com.  
	Although HIV infection is now a manageable chronic condition thanks to effective ART, there is growing concern about SNAEs, as these are now the main threat to the health of PLWH. Among the several different types of SNAEs, HAND remains fairly common, with the global prevalence estimated at over 40% [31]. Currently, there are no markers that can predict the development of these conditions. However, alterations in neurotrophic factors have been identified in certain neurocognitive disorders. Since NGF and BDNF are secreted proteins that support neuronal survival, synaptic plasticity and neurogenesis, a reduction in their levels has been associated with several disorders such as Alzheimer's disease, age-related cognitive decline or bipolar disorder [32–35]. To gain a better understanding of the relationship between neurotrophins and HAND, in this cross-sectional study we investigated serum NGF and BDNF levels in both ART-naïve and ART-treated PLWH, comparing them with age- and sex-matched HIV-negative individuals and evaluating their changes based on current and historical clinical, virological and immunological parameters. Despite cerebrospinal fluid provides a more direct assessment of central nervous system biology, the present study focused on serum neurotrophins as markers of systemic neuroimmune dysregulation rather than as direct substitutes for central measurements. This choice reflects both the systemic nature of HAND and the practical advantages of serum-based biomarkers for screening and longitudinal studies. First, we observed significantly higher NGF and lower BDNF levels in the serum of ART-naïve individuals compared with their corresponding control group, while no differences were found between ART-treated PLWH and their corresponding HIV-negative controls. The opposite trend in serum NGF and BDNF levels, as also supported by the negative correlation, suggests that untreated HIV infection could dysregulate neurotrophin homeostasis through mechanisms linked to inflammation or direct viral effects. Considering that NGF is part of a regulatory loop in monocytes, in which binding to its receptor Tropomyosin receptor kinase A (TrkA) downregulates the production of inflammatory cytokines [36,37], elevated NGF levels may reflect a compensatory response to inflammatory stimuli induced by HIV infection. Consistent with this, the ability of NGF to promote cell survival has been described in a human herpesvirus 8 (HHV-8)-infected cell line model [38], as well as in human monocytes/macrophages infected in vitro with HIV, in which NGF was suggested as an autocrine survival factor able to rescue these cells from the cytopathic effect caused by HIV infection [39]. Conversely, serum BDNF is directly linked to neurocognitive function [30,40,41] and the reduced levels found in ART-naïve PLWH align with earlier evidence indicating impaired neurotrophic support and synaptic plasticity during uncontrolled HIV replication [29,42–44]. Thus, the concurrent increase in NGF and reduction in BDNF likely represent two interconnected aspects of HIV-driven neuroimmune dysregulation, where compensatory survival pathways coexist with impaired neurotrophic support and synaptic dysfunction. The ability of HIV to reduce serum BDNF levels has been previously described [45], but this is the first time that it has been shown that ART-treated PLWH have BDNF serum levels similar to those of HIV-negative individuals. This suggests that long-term viral suppression and immune reconstitution could mitigate neurotrophins dysregulation (Fig. 3). The importance of the viro-immunological status both at diagnosis and following ART has been described in several studies [46–49]. For this reason, our second objective was to examine how changes in serum levels of these neurotrophins are influenced by CD4+ and CD8+ T cell counts, CD4/CD8 ratio, nadir CD4+ T cell count and zenith HIV-RNA. Here, we observed that NGF decreased and BDNF increased in the serum of PLWH as their immune status improved, as expressed in terms of CD4+ T cell count and CD4/CD8 ratio. This suggests that immune recovery is essential in reducing the risk of SNAEs. These findings support the hypothesis that BDNF could be useful as a biomarker of neuroimmune health in PLWH [30], while NGF levels inversely correlated with CD4+ T cell count further support the link between immune impairment and stress-related NGF upregulation [36,37,50]. Considering the historical markers, despite the analysis being conducted on a small sample size, we found a positive correlation between zenith HIV-RNA and NGF levels in ART-treated PLWH. The reason for this observation is that the historical viral load and nadir CD4+ T cell count leave a long-lasting imprint on immune dysregulation, as described in several studies [9,11,51], and consequently on NGF levels even after viral suppression has been achieved. Conversely, BDNF showed no correlation with both zenith HIV-RNA and nadir CD4+ T cell count, probably due to the small sample size available for this sub-analysis. Indeed, a previous study reported that PLWH with a history of AIDS diagnosis showed significantly lower serum BDNF levels than non-AIDS individuals [30]. The lack of correlation between neurotrophins and ART exposure time seems to indicate that what matters is not necessarily the duration of therapy itself, but rather the immune status. Moreover, the heterogeneity of antiretroviral regimens reflects a real-world clinical scenario and, alongside the lack of correlation between neurotrophin levels and ART exposure time, suggests that immune status rather than specific drug classes is the primary driver of the observed neurotrophin patterns.
6. CONCLUSION
	Overall, our results highlight the distinct neurotrophin signature in untreated HIV infection and the strong relationship of BDNF and NGF with current or historical immune status. These outcomes support the need to further explore neurotrophins as potential biomarkers of neuroimmune dysfunction and cognitive risk in PLWH and reiterate the issue that early and prolonged ART has a pivotal role in preventing the onset of secondary disorders.
STUDY LIMITATIONS
	This study has some limitations, including the relatively small sample size, the cross-sectional design and the lack of cognitive assessments that directly link neurotrophin levels to clinical outcomes. Although formal neurocognitive testing was not included, the present work focuses on the identification of peripheral neuroimmune biomarkers that may precede or predict clinical manifestations, rather than on the diagnosis of HAND per se. No data were available regarding smoking status, alcohol and substance use. However, the careful matching of the control groups, alongside separate analyses of ART-naïve and ART-treated PLWH reinforce the strength and validity of these findings.
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