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Abstract

Background: Across many settings, lack of virologic control remains common in people with 

HIV (PWH) due to late presentation and lack of retention in care. This contributes to neuronal 

damage and neurocognitive impairment, which remain prevalent. More evidence is needed to 

understand these outcomes in both PWH and people without HIV (PWOH).

Methods: We recruited PWH initiating antiretroviral therapy (ART) as well as PWOH at 

two sites in the United States. 108 adults were enrolled (56 PWOH and 52 PWH), most of 

whom had a second assessment at least 24 weeks later (193 total assessments). Tumor necrosis 

factor alpha (TNFα), monocyte chemotactic protein-1 (MCP-1), neopterin, soluble CD14, and 

neurofilament light chain protein (NFL) were measured in plasma and cerebrospinal fluid (CSF). 

Using multivariate models including Bayesian Model Averaging (BMA), we analyzed factors 

associated with global neuropsychological (NP) performance (NPT-9) and CSF NFL at baseline 

and over time.

Results: At baseline, higher CSF MCP-1 and plasma sCD14 were associated with worse NPT-9 

in PWH, while CSF HIV RNA decrease was the only marker associated with improved NPT-9 

over time. Among PWH, higher CSF neopterin was most closely associated with higher NFL. 

Among PWOH, higher CSF MCP-1 was most closely associated with higher NFL. Following 

ART initiation, decrease in CSF MCP-1 was most closely associated with NFL decrease.

Conclusion: Monocyte-associated CSF biomarkers are highly associated with neuronal damage 

in both PWH and PWOH. More research is needed to evaluate if therapies targeting monocyte-

associated inflammation may ameliorate HIV-associated neurobehavioral diseases.

Keywords

HIV; AIDS; cerebrospinal fluid; cognitive disorders

Introduction

With the widespread use of combination antiretroviral therapy (ART), people with human 

immunodeficiency virus (HIV) (PWH) are living longer with improved quality of life.1 

Despite these advances, HIV has been linked to a persistent increase in systemic as well as 

central nervous system (CNS) inflammation.2,3 Greater systemic inflammation in PWH is 

associated with adverse clinical outcomes, including increased mortality.4 Like other adverse 

clinical outcomes such as cardiovascular disease during HIV,5 recent research suggests 

that the development of HIV-associated neurocognitive disorder (HAND) despite ART may 

also be inflammatory mediated.6 While HIV-associated dementia (HAD) incidence has 

decreased in the ART era, the milder neurocognitive impairment phenotypes of HAND are 
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still prevalent overall,7 and therefore a more thorough understanding of cognition during 

HIV infection is needed.

ART initiation has long been associated with neurocognitive improvement in PWH, 

dating back to trials with zidovudine monotherapy that showed significant improvement 

compared to placebo.8 Since then, studies of combination ART regimens have similarly 

shown significant neurocognitive improvement.9 Likewise, decreases in neuronal damage 

(as reflected by the neuronal marker neurofilament light chain) have been demonstrated 

in longitudinal studies after virologic suppression with ART.10–12 However, it is less 

clear if either cognition or neuronal damage in the absence of ART are associated with 

inflammation independently of HIV RNA levels. It is also not clear if improvements in 

neurocognitive performance and neuronal damage after initiation of ART are associated with 

decrease in inflammation independently of HIV RNA decrease. These remain important 

issues given that lack of durable virologic suppression and late presentation to care are 

still common among HIV-infected populations in several countries worldwide.13–15 More 

broadly, treatment studies of HAND as well as other neuro-inflammatory diseases are often 

initially supported by the effect of an intervention on inflammatory markers.16 However, 

the longitudinal course of many cerebrospinal fluid (CSF) biomarkers in healthy PWOH is 

mostly unknown,17 making the interpretation of CSF biomarker change in HIV and other 

disease states difficult.

Several soluble inflammatory biomarkers have been associated with HAND as well as other 

neurological diseases. These include Tumor Necrosis Factor Alpha (TNFα), Neopterin, 

soluble CD14 (sCD14), Monocyte Chemotactic Protein-1 (MCP-1), and Neurofilament 

Light Chain.18–24 More broadly, these markers of monocyte-associated inflammation have 

been linked to many other neurological diseases. Examples include amyotrophic lateral 

sclerosis. (ALS), Alzheimer’s disease (AD), Parkinsonian syndromes, and meningitis.25–31 

In terms of neuronal damage, NFL is a major structural component of myelinated axons and 

elevated levels of NFL in the CSF is an indicator of axonal damage. CSF NFL elevation 

has been associated with HAD as well as the progression of AD.32,33 Higher CSF NFL can 

be found in PWH despite virological suppression compared to PWOH when matched for 

life-style factors.34

Our group sought to analyze baseline and longitudinal biomarkers from CSF and plasma in 

both PWH and PWOH to evaluate the relationship between inflammation and the outcomes 

of cognition and neuronal damage, including after initiation of ART. We hypothesized that 

CNS inflammation would be associated with neuronal damage and neuropsychological (NP) 

performance independently of HIV RNA levels before ART. We also hypothesized that there 

would be an association between attenuation of CNS inflammation and improvement in NP 

performance and neuronal damage during ART, again independent of HIV RNA decrease. 

Lastly, we hypothesized that compared to PWH initiating ART, CNS inflammation and 

neuronal damage in PWOH would remain unchanged over time.
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Methods

Study participants:

Two groups were analyzed. The first was a group of healthy PWOH who were assessed 

in ongoing observational projects at the HIV Neurobehavioral Research Program at the 

University of California, San Diego. For the purposes of the current analysis, individuals 

were excluded for any of the following characteristics: 1) Serious neuropsychiatric 

comorbidities including traumatic brain injury, schizophrenia or other psychotic disorder, 

stroke, or seizure disorder, 2) Substance abuse or dependence in the previous five years 

as defined by diagnostic and statistical manual of mental disorders version four (DSM-IV) 

criteria35, 3) history of syphilis with serofast RPR titer of greater than 1:8. PWOH were 

assessed between 2003 and 2013.

The second group was composed of PWH at the clinical research site of the Emory 

University Center for AIDS Research (CFAR). Eligible participants were either ART 

naïve or off ART for at least six months with plans to start ART. PWH were excluded 

from this project for the same reasons as PWOH with the addition of current or past 

AIDS-related opportunistic disease of the CNS. PWH then initiated ART with an a priori 

plan of measuring changes in neuropsychological performance and biomarkers over time 

in a primary analysis. The goal of the project was to identify biomarkers associated 

with NP performance and neuronal damage before and during ART. PWH were enrolled 

between 2011 and 2017. The study was approved by the Institutional Review Board at 

both institutions and written consent was obtained from all participants. The protocols were 

performed in accordance with the Helsinki Declaration.

Neuropsychological and laboratory testing:

The neuropsychological (NP) test battery used for the HIV+ participants included nine tests 

that are used commonly in studies of HAND.36 Please see supplemental text part I for 

details of this testing. Briefly, a composite global NP test score (NPT-9) was then calculated 

by average of individual T scores. To assess change in blood and CSF biomarkers, PWH 

were invited for a second visit 24–48 weeks after starting ART, while PWOH underwent 

a second visit approximately 48 weeks later as part of observational research studies. For 

the longitudinal NP assessments, score adjustment for practice effects was made by using 

median practice effect data from prior work.37 For the purposes of the multivariate analyses, 

only those HIV+ participants who had a significant decrease in plasma HIV RNA (defined 

by decrease of at least one log10 at their second visit) and were not lost to followup were 

analyzed at the second visit.

Blood plasma and CSF were collected and processed using the same protocol and stored 

at −80°C. HIV RNA concentrations were measured in plasma and CSF using the Abbott 

laboratories m2000 Real Time HIV-1 assay system (reverse transcriptase polymerase chain 

reaction), with lowest limit of HIV detection was 40 copies/milliliter (ml). The following 

biomarkers were measured using commercially available ELISAs as per manufacturer’s 

protocol: neopterin (Thermo Scientific), NFL (Uman diagnostics), and sCD14 (R&D 

systems). TNFα and MCP-1 were measured through multiplex bead assay (EMD Millipore 
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via Luminex xMAP platform). Levels of each biomarker from both plasma and CSF were 

measured with the exception of NFL (for which only CSF levels were measured). For the 

sCD14 assay, only samples from the HIV+ participants were available. Each marker was 

measured in duplicate and all coefficients of variation were <20%.

Statistical analysis:

Patient demographic and clinical characteristics were compared between PWH and PWOH 

at baseline. Linear regression was first performed to evaluate the outcomes of NPT-9 and 

NFL at baseline and over time in PWH and to evaluate the outcome of NFL at baseline in 

PWOH. We then used Bayesian Model Averaging (BMA)38 for final model selection. Due to 

length considerations see supplemental text part II for description of statistical analysis.

Results

Baseline analysis:

At baseline there were 56 PWOH and 52 PWH, whose median estimated duration of 

HIV was nine years. Fifteen PWH (28.8%) were ART naïve, while the remainder were 

ART experienced with a median 12 months off ART. Mean NPT-9 among PWH was 44.9 

(standard deviation=8.1). Twenty-three (44%) of PWH had GDS impairment at baseline. As 

seen in Table 1, PWH were slightly older and more likely to be African-American. Plasma 

concentrations of neopterin, MCP-1, and TNFα were all significantly higher in PWH 

than in PWOH at baseline, differences which persisted when accounting for differences 

in demographics (p=0.006 or less). CSF concentrations of neopterin, MCP-1, and TNFα 
were also significantly higher in PWH. These differences persisted (p=0.004 or less) after 

adjustment for demographic differences as well as differences in CSF RBC and CSF protein, 

except for CSF TNFα, which became not significantly different (p=0.15) between the two 

groups.

Supplemental table A shows the associations at baseline between biomarkers and NPT-9 in 

PWH after adjusting for age, race/ethnicity, and sex. In addition to plasma HIV RNA, the 

following biomarkers had a significant negative relationship with NPT-9: Unit increases (see 

table for scales) in CSF MCP-1 (2.34 [95% CI: −3.52 to −1.17]), CSF neopterin (1.71 [95% 

CI: −2.93 to −0.49]), plasma neopterin (1.62 [95% CI: −2.74 to −0.51]), and plasma sCD14 

(0.65 [95% CI: −1.03 to −0.26]). As seen in the second and third part of supplemental table 

A, these markers retained a significant negative association with NPT-9 when adjusting for 

plasma or CSF HIV RNA.

Supplemental table B shows the demographic-adjusted associations at baseline between 

inflammation biomarkers and CSF NFL in both PWH and PWOH. 10-fold higher CSF HIV 

(one log10) was associated with 65% (e/3=1.647; 95% CI: 1.283 to 2.114) higher NFL. 

Higher CSF MCP-1, CSF neopterin, and CSF sCD14 were significantly associated with 

higher NFL in both models that adjusted for plasma HIV RNA as well as models that 

adjusted for CSF HIV RNA (all p-values < 0.001). In PWOH, 1,000 pg/ml higher CSF 

MCP-1 was associated with 86% (e/3=1.864; 95% CI: 1.307 to 2.659; p-value < 0.001) 
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higher NFL. Higher CSF TNFα and CSF neopterin were also significantly associated with 

higher NFL in this group.

Table 2 lists the final sets of covariates that had PEPs over 0.5 in the BMA analyses that 

assessed baseline association between NPT-9/NFL outcomes and all possible combinations 

of biomarkers and demographic variables in the multiple linear regression model. Higher 

CSF MCP-1 and plasma sCD14 both had weak negative associations with NPT-9 in PWH 

(PEP=0.623 and 0.619, respectively). Also in PWH, CSF neopterin was the most important 

covariate for explaining the variability in the NFL (PEP = 0.904). Specifically, for every 

for every 10 nmol/l increase in the CSF neopterin, there was 35% (E[β|Data] = 0.301, 

SD[β|Data] = 0.140, expE[β|Data] = 1.351) increase in the NFL, adjusting for all biomarkers 

and demographic variables. In PWOH, age and CSF MCP-1 were strongly associated with 

NFL (PEP’s > 0.95), controlling for other covariates.

Lastly, in unadjusted analysis at baseline, there was a significant negative relationship 

(Beta= −0.054, p=0.003) between NFL as independent variable and NPT-9 as dependent 

variable among PWH. In the adjusted analysis incorporating age, sex, and race, the negative 

relationship between NFL and NPT-9 at baseline remained significant (Beta= −0.053, p= 

0.003).

Longitudinal analysis:

All PWH were started on ART with at least three drugs (two nucleoside reverse transcriptase 

inhibitors plus either a boosted protease inhibitor, a non-nucleoside reverse transcriptase 

inhibitor, or an integrase inhibitor). 31 participants who were retained at the second visit and 

had a decrease in plasma HIV RNA of at least 1 log10 were analyzed (six participants did 

not have a plasma HIV RNA decrease of at least 1 log10 at the second visit and the rest 

were lost to followup). Median time between visits among these 31 participants was 201 

days. 90.3% achieved plasma HIV RNA <200 copies/ml at the second visit. Even accounting 

for practice effects, NPT-9 in this group improved significantly from a mean of 44.5 to a 

mean of 48.3 (p<0.0001). As seen in Table 3 (top half), all biomarkers of inflammation and 

neuronal damage decreased significantly from first (baseline) to second visits in PWH. 54 

PWOH had biomarkers measured at a second longitudinal time point (with the exception of 

NFL which was measured from 53). Median interval between first and second visits was 386 

days. In contrast to PWH, none of the biomarkers in PWOH changed significantly over time 

(bottom half of table 3), with the possible exception of CSF TNFα, for which there was a 

trend towards increase (p=0.05). Figure 1 shows the NFL change over time between PWH 

(blue) and PWOH (red). Specifically, despite a significant decrease after ART initiation, 

CSF NFL concentrations were significantly higher among PWH compared to PWOH at both 

time points (p<0.0001 for each). In unadjusted analysis at the second visit, there was also 

a significant negative relationship (Beta= −0.036, p=0.020) between NFL as independent 

variable and NPT-9 as dependent variable among PWH. After adjustment for age, race, and 

sex, this relationship weakened to a trend (Beta= −0.023, p=0.095).

Table 4 (top portion) shows the results of linear regression analyses of adjusted association 

between biomarker change and NFL change between the two visits in PWH (i.e., biomarker 

change vs. NFL change). For example, 1,000 pg/ml greater decrease in CSF MCP-1 between 
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the two visits led to 25% (ef]=0.75; 95% CI: 0.65 to 0.87; p < 0.001) decrease in the 

ratio between the second and first visits NFL measurements (translating to overall decrease 

in NFL). When all demographic variables and biomarker changes were simultaneously 

considered using BMA (bottom panel of Table 4), CSF MCP-1 change (PEP = 0.843) was 

the most important biomarker for explaining the change in NFL across the two visits.

Supplemental table C shows the results of linear regression analyses (top section) of 

adjusted association between biomarker values at baseline and NFL change over time 

between the two visits in PWH (i.e., baseline biomarker vs. NP change). In these models, 

the associations between baseline biomarkers and NFL change were similar to the biomarker 

change analysis from table 4, with the addition of baseline CSF HIV RNA (a 1.0 log10 

copies/mL lower CSF HIV RNA at baseline was associated with greater NP improvement 

over time). As seen in the bottom section of supplemental table C showing the BMA results, 

the association between NFL change and baseline CSF MCP-1 was similar to change in 

CSF MCP-1 over time. However, in contrast to table 4, higher baseline CSF neopterin was 

significantly associated with greater CSF NFL decrease over time, though the relationship 

was relatively weak.

Associations between biomarker change and NPT-9 change among PWH were similarly 

assessed in supplemental table D (top portion), but only decrease in CSF HIV RNA was 

significantly associated with improvement in NPT-9 (Beta = 2.29 per 1.0 log10 copies/mL 

more decrease; 95% CI: 4.09 to 0.48; p=0.015). No covariates were identified to have PEPs 

greater than 0.5 in the BMA analysis of the relationships between biomarker change and 

NPT change, and there were no significant associations between baseline biomarker values 

and NPT change over time (supplemental table E).

Discussion

Evidence continues to grow showing that inflammation plays a role in HAND and many 

other neuropsychological diseases. Therefore, more evidence is needed to better understand 

the relationship between neuro-inflammation and outcomes such as cognition and neuronal 

damage over time. In this prospective study, we studied several soluble inflammatory 

biomarkers that have been associated with HAND and many other neurological diseases. 

These included TNFα, neopterin, sCD14, MCP-1, and NFL.18–24

Evidence that describes the temporal change of inflammatory CSF markers over time in 

healthy people is lacking. This evidence is needed to put change during treatment of disease 

states into context. In this study, we demonstrated that these plasma and CSF biomarkers do 

not change significantly (with the possible exception of CSF TNFα) over approximately one 

year of follow-up in a cohort of over 50 PWOH. The lack of NFL change among PWOH in 

our study suggests that NFL concentrations are stable over the course of one year, though it 

should be noted that another study that followed healthy people over a longer period of time 

(median follow-up of 2.1 years) showed a slight but statistically significant increase in NFL 

concentration.39 The lack of change in PWOH contrasted with the changes that occurred in 

PWH after initiation of ART, which resulted in decrease in all markers that were tested. The 

changes in PWH confirm prior studies showing decreases in CSF NFL, neopterin, MCP-1, 
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and TNFα over time after ART initiation.12,40–42 The finding of a decrease in CSF sCD14 

with ART in the current study, while not surprising, adds another monocyte-associated 

inflammatory marker to this literature of change during ART.

Regarding outcomes, we found that biomarkers of higher monocyte-associated inflammation 

(specifically CSF MCP-1 and plasma sCD14) were more closely associated with worse 

global NP performance than HIV RNA levels in PWH. While studies in the pre-ART era 

identified an association between CSF MCP-1 and HAD, these associations either did not 

account for HIV RNA levels or became non-significant when accounting for them.43,44 Also 

in unadjusted analyses, other studies have shown an association between higher plasma 

sCD14 and worse NP performance.45 The findings from the current study provide evidence 

that monocyte-associated inflammation may contribute more to poor neurocognition than 

HIV RNA levels during untreated HIV. However, in the longitudinal analysis of NP change, 

only decrease in CSF HIV RNA was significantly associated with NP improvement. This 

suggests that factors that contribute to NP improvement with ART are different than the 

factors that contribute to NP performance prior to treatment. We acknowledge that loss 

to follow-up and lack of medication adherence made the HIV+ analysis cohort smaller 

at the second visit, meaning that our power to detect a relationship between change in 

inflammation and change in cognition may have been limited. More research is needed to 

evaluate the potential relationship between change in inflammation and NP change after 

initiation of ART.

NFL, a specific marker of neuronal damage, is another outcome we measured in this study. 

At baseline, we found a significant association between higher levels of multiple CSF 

inflammatory markers and higher NFL, even when accounting for HIV RNA levels. CSF 

levels of YKL-40, a marker of astroglial activation, have also been found to be associated 

with neuronal damage during HIV, providing more evidence of a detrimental relationship 

between inflammation and neuronal damage during HIV.46 Interestingly, the association 

between CSF monocyte-associated markers and neuronal damage was significant even in 

PWOH, particularly in the case of CSF MCP-1. Monocyte-associated CNS inflammation 

has a relationship with neuronal damage in other disease states.47 While CSF MCP-1 and 

CSF neopterin were associated with NFL in both PWH and PWOH, the association was 

stronger for neopterin in PWH and stronger for MCP-1 in PWOH. The reasons for this are 

not completely clear, but it is possible that neopterin is more specific to the neuronal damage 

that occurs in the HIV-infected brain. Specifically, it has been established that CSF neopterin 

concentrations are higher in PWH than PWOH, even among individuals with long term 

virologic suppression.3 In the current study, not only were CSF neopterin concentrations 

higher at baseline in PWH (see table 1), but they remained higher at the second visit 

despite ART initiation (median 9.5 nmol/l versus median 4.0 nmol/l, p<0.001). Neopterin 

is produced by activated cells of the monocyte lineage, which are the resident immune 

cells of the CNS and the main potential HIV reservoir in the CNS. Activation of microglia 

(a cell of the monocyte lineage) has also been shown to be elevated in PWH despite 

effective ART.48 Activated immune cells of the CNS, particularly microglia, are known to 

drive neurodegeneration.49 Taken together, these factors may explain why neopterin appears 

to be more strongly associated with neuronal damage in PWH. MCP-1, in contrast, is a 

chemokine involved in monocyte chemotaxis, but it does not necessarily reflect monocyte 
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activation in the same way that neopterin does. Large studies of PWH on suppressive ART 

have found no differences in blood MCP-1 concentrations compared to PWOH.50 In contrast 

to neopterin, CSF MCP-1 concentrations were not significantly different between PWH 

and PWOH at the second visit in our study (p=0.07). This may stem from the fact that 

a broader array of cells can produce MCP-1, including astrocytes and endothelial cells.51 

Monocyte activation is much more substantial in PWH than in PWOH since no CNS 

pathogen is driving an immune response in PWOH. PWOH therefore likely have fewer 

monocyte-derived macrophages – and therefore less neopterin – in the CNS than PWH, 

but their astrocytes and endothelial cells (and other cell types) still produce MCP-1. Our 

findings are consistent with this difference between PWH and PWOH: neopterin is more 

strongly associated with NFL in PWH but MCP-1 is more strongly associated with NFL in 

PWOH, even though the latter may occur at a subclinical level.

We acknowledge that the significance of this finding in relatively healthy PWOH is not 

clear. The primary aim of the manuscript was to compare changes in body fluid biomarkers 

over time in PWH to changes in PWOH. As such, we selected PWOH for being cognitively 

asymptomatic and for having stored biospecimens available for assay. Even though we did 

not select them to have undergone neuropsychological testing, 40 of the 55 PWOH (72.7%) 

had testing at the first visit and 34 (61.8%) at the second visit. Considering these limitations, 

we did not include these neuropsychological data in this biomarker-focused manuscript. It 

is possible that the relationship between inflammation and neuronal damage occurs at a 

sub-clinical level in disease free individuals and progresses to clinical disease over time. A 

larger prospective study would be needed to determine this.

In a seeming contradiction, we observed that higher MCP-1 in plasma was associated with 

lower CSF NFL in PWH. This apparent paradox could occur since chemokines attract 

cells, such as monocytes, along a gradient of increasing concentrations toward the site 

of production.52,53 While this happens on a cellular level, a large or persistent gradient 

that is sufficient to cause a pathologic degree of monocyte migration into the CNS could 

be reflected by higher concentrations of a chemokine like MCP-1 in CSF and lower 

concentrations in blood, as seen in our analyses.

We acknowledge other limitations of our study. PWH at baseline were not taking ART, 

and therefore these baseline data may not be generalizable to PWH on long term ART. 

The CD4+ count at baseline was low, which may not be generalizable to PWH who are 

started on ART early in the HIV disease course. However, it should be noted that both late 

presentation to care and lack of virologic control are still common in parts of the world 

(including the southeastern United States),13 and this explains the profile of the cohort 

we enrolled for this study. PWH and PWOH differed in some demographic characteristics 

(including age and race/ethnicity). Though the biomarker levels were different between the 

two groups even when accounting for these differences, the groups would ideally be fully 

matched. While the NP testing battery in this study covered multiple domains, the analysis 

did not include an assessment of functional impairment, which is also needed to diagnose 

HAND.54 We also acknowledge that the PWH group at the second visit was smaller, 

which reduced power. Despite this, the current study supports the hypothesis that monocyte-

associated CNS inflammation plays an important role in HIV (and possibly in healthy 
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PWOH). More research is needed to further define this inflammation and to determine if 

targeted therapies may be indicated.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Change in Neurofilament light chain (NFL) over time. CSF NFL values displayed in natural 

log transformed scale. Blue= HIV+ participants; Red= HIVnegative participants. CSF NFL 

values are higher for HIV+ compared to HIVnegative at both time points (both p<0.0001). 

CSF NFL values decreased with cART in HIV+ (p<0.0001) but no significant change over 

time in HIVnegatives (p=0.65)

Anderson et al. Page 14

J Acquir Immune Defic Syndr. Author manuscript; available in PMC 2022 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Anderson et al. Page 15

Table 1:
Participant Demographic/Disease Characteristics at baseline:

Reported as either median (interquartile range) or number [% of column group]

Demographic/Disease Variable HIV+ (n=52) HIV negative (n=56) Unadjusted P-value
a

Adjusted P-value
b

Age in years 44 (34–50) 37 (24–48) 0.022

Male sex 42 [80.8%] 43 [76.8%] 0.646

Race/Ethnicity < 0.001

 White 7 [13.5%] 24 [42.9%]

 African/American 45 [86.5%] 13 [23.2%]

 Hispanic 0 [0%] 15 [26.8%]

 Other 0 [0%] 2 [3.6%]

Co-morbidities

 Hypertension 5 [9.6%] 8 [14.3%] 0.560

 Diabetes Mellitus 1 [1.9%] 6 [10.7%] 0.110

 Hepatitis C 4 [7.7%] 0 [0%] 0.051

Laboratory Results

 Creatinine
c 0.9 (0.8–1.1) 0.9 (0.7–1.0) 0.130

 CD4+ (absolute) 76 (28–274) - -

 CD4+ (%) 8 (4–21) - -

 Plasma HIV RNA
d

4.8 (4.1–5.3) - -

 CSF WBC
e 1 (0–6) 2 (1–3) 0.447

 CSF RBC
e 0 (0–1) 1 (0–19) < 0.001

 CSF Protein
c

38 (33–50) 30 (24–38) < 0.001

 CSF HIV RNA
d 3.2 (2.1–3.8) -

Plasma biomarkers

 Neopterin 14.9 (10.4–30.3) 4.8 (4.5–5) < 0.001 < 0.001

 MCP-1 341 (207–502) 225 (201–308) 0.003 < 0.001

 TNFα 24.7 (18.5–36.2) 18.5 (11.4–25.4) < 0.001 0.006

 sCD14 1480985 (1197521–2049568) - - -

CSF biomarkers

 Neopterin 17.6 (10.9–35.3) 4.0 (3.8–4.4) < 0.001 < 0.001

 MCP-1 1824 (1375–2706) 1217 (1009–1437) < 0.001 0.004

 TNFa 3.6 (2.6–5.9) 2.1 (1.7–2.6) < 0.001 0.152

 sCD14 87140 (55692–138814) - -

Significant P values (<0.05) are in bold font.

a
P-values for the test of group difference. Wilcoxon rank sum test is used for continuous data, and Fisher’s exact test is used for categorical (binary) 

data.
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b
P-values for the coefficient of HIV group indicator (HIV+ vs. HIV negative) from a linear regression model: i) adjusted by age and race for 

Plasma biomarkers; ii) and adjusted by age, race, and CSF RBC plus CSF protein for CSF biomarkers.

c
milligrams/deciliter

d
opies/milliliter log10 transformed

e
cells/microliter; biomarkers units= picograms/milliliter, except for neopterin which= nanomole/liter
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Table 2:

Results of BMA method for assessing association of NPT9 (top panel) or natural log transformed CSF NFL 

(bottom two panels) with a set of covariates at baseline E(P|Data) denotes the posterior weighted average of 

the model-specific point estimates of the coefficient across all possible multiple linear regression models that 

can be formed using 13 covariates
a
 in HIV+ (n=51) and 9 covariates

b
 in HIVnegative (n=54) participants. 

SD[β|Data] denotes the posterior standard deviation of β. Only the covariates with posterior effect probability 

(PEP), P(P ≠ 0 |D), greater than 0.5 are reported.

Covariate Unit E[P|Data] (SD[P|Data]) exp(E[P|Data]) P(P ≠ 0|Data)

Outcome is NPT9 in HIV+ participants

CSF MCP-1 Per 1,000 pg/ml increase −0.533 (0.743) - 0.623

Plasma sCD14 Per 100,000 pg/ml increase −0.126 (0.171) - 0.619

Outcome is CSF NFL (natural log transformed)

CSF MCP-1 Per 1,000 pg/ml increase 0.164 (0.145) 1.178 0.648

Plasma MCP-1 Per 1,000 pg/ml increase −0.834 (0.704) 0.434 0.667

CSF Neopterin Per 10 nmol/l increase 0.301 (0.140) 1.351 0.904

Outcome is CSF NFL (natural log transformed) in HIVnegative participants

Age Per 1-year increase 0.018 (0.007) 1.018 0.968

CSF MCP-1 Per 1,000 pg/ml increase 0.517 (0.187) 1.677 0.969

CSF Neopterin Per 10 nmol/l increase 0.517 (0.739) 1.678 0.508

CSF TNFa Per 10 pg/ml increase 0.892 (0.974) 2.441 0.618

PEPs higher than 0.75 are in bold font.

Abbreviations: SD = standard deviation; BMA = Bayesian Model Averaging; PEP = Posterior Effect Probability; pg = picograms; ml = milliliter; 
nmol = nanomole

a
Age, race, gender, CSF MCP-1, Plasma MCP-1, CSF Neopterin, Plasma Neopterin, CSF TNFa, Plasma TNFa, CSF sCD14, Plasma sCD14, CSF 

HIV RNA and Plasma HIV RNA.

b
Age, race, gender, CSF MCP-1, Plasma MCP-1, CSF Neopterin, Plasma Neopterin, CSF TNFa and Plasma TNFa.
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Table 3:
Biomarkers at the two longitudinal time points.

For HIV+ participants (top half, n=31), median interval= 201 days after commencing suppressive cART.

For HIVneg participants (bottom half, n=54), median interval= 386 days

HIV+ group Visit 1 (baseline) median (IQR) Visit 2 median (IQR) P-value for inter-visit difference

CSF MCP-1 2272 (1486–3155) 1365 (1117–2048) <0.0001

Plasma MCP-1 406 (200–539) 256 (193–348) 0.0004

CSF Neopterin 29.1 (12.4–42.7) 9.5 (6.4–11.1) <0.0001

Plasma Neopterin 19.3 (11.7–31.0) 7.8 (5.9–10.8) <0.0001

CSF TNFα 4.1 (3.0–8.9) 2.9 (1.9–4.01) 0.0001

Plasma TNFα 30.8 (22.6–40.8) 16.3 (12.0–28.3) <0.0001

CSF NFL 825 (653–1850) 724 (483–1308) <0.0001

Plasma sCD14 1714142 (1330812–2005375) 1196219 (1003495–1561693) 0.0001

CSF sCD14 92167 (64087–150763) 67867 (43447–93544) 0.0001

HIVneg group Visit 1 (baseline) median (IQR) Visit 2 median (IQR) P-value for inter-visit difference 
a

CSF MCP-1 1208 (1002–1403) 1175 (990–1504) 0.70

Plasma MCP-1 224.5 (200.8–308.0) 243.5 (202.0–301.5) 0.46

CSF Neopterin 4.0 (3.8–4.4) 4.0 (3.7–4.5) 0.40

Plasma Neopterin 4.8 (4.5–5.1) 4.8 (4.5–5.8) 0.93

CSF TNFα 2.1 (1.7–2.6) 2.3 (2.0–2.7) 0.05

Plasma TNFα 17.6 (11.4–24.0) 16.5 (12.3–29.2) 0.98

CSF NFL 277 (213–411) 264 (213–405) 0.65

Notes: Significant P values (<0.05) are in bold font.

Abbreviations: IQR= interquartile range

a
Matched pairs comparisons using Wilcoxon signed-rank test.
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Table 4

(Top panel) Results of linear regression analyses for association of change in natural log transformed CSF 

NFL between two visits (loge CSF NFL at second visit - loge CSF NFL at baseline) with change in each 
CSF/plasma biomarker between the two visits in HIV+ participants (Bottom panel) Results of BMA method 

for assessing association of change in natural log transformed CSF NFL between two visits with a set of 

covariates. E(P|Data) denotes the posterior weighted average of the model-specific point estimates of the 

coefficient across all possible multiple linear regression models that can be formed using 13 covariates
a 

in HIV+ participants. SD[β|Data] denotes the posterior standard deviation of β. Only the covariates with 

posterior effect probability (PEP), P(P ≠ 0 |D), greater than 0.5 are reported.

One biomarker per each model 
b

Biomarker Unit P (SE) P [95% CI] P

CSF MCP-1 Per 1,000 pg/ml greater decrease between two visits −0.287 (0.069) 0.750 [0.651, 0.865] < 0.001

Plasma MCP-1 Per 1,000 pg/ml greater decrease between two visits −0.076 (0.708) 0.926 [0.215, 3.996] 0.915

CSF Neopterin Per 10 nmol/l greater decrease between two visits −0.319 (0.060) 0.727 [0.642, 0.823] < 0.001

Plasma Neopterin Per 10 nmol/l greater decrease between two visits −0.162 (0.149) 0.850 [0.625, 1.157] 0.288

CSF TNFa Per 10 pg/ml greater decrease between two visits −0.305 (0.223) 0.737 [0.465, 1.167] 0.184

Plasma TNFa Per 10 pg/ml greater decrease between two visits −0.015 (0.116) 0.985 [0.774, 1.252] 0.895

CSF sCD14 Per 100,000 pg/ml greater decrease between two visits −0.889 (0.242) 0.411 [0.249, 0.678] 0.001

Plasma sCD14 Per 100,000 pg/ml greater decrease between two visits −0.042 (0.024) 0.958 [0.912, 1.007] 0.094

CSF HIV RNA Per 10-fold greater decrease between two visits −0.162 (0.158) 0.851 [0.615, 1.178] 0.316

Plasma HIV RNA Per 10-fold greater decrease between two visits −0.298 (0.166) 0.742 [0.527, 1.045] 0.085

All clinical variables and biomarker change data considered by BMA method

Covariate Unit E[P|Data] (SD[P|Data]) exp(E[P|Data]) P(P ≠ 0 |D)

CSF MCP-1 Per 1,000 pg/ml greater decrease between two visits −0.247 (0.138) 0.781 0.843

CSF sCD14 Per 100,000 pg/ml greater decrease between two visits −0.346 (0.327) 0.708 0.639

Significant P values (<0.05) and PEPs higher than 0.75 are in bold font.

Abbreviations: CI = confidence interval; BMA = Bayesian Model Averaging; PEP = Posterior Effect Probability

a
Age, race, gender, CSF MCP-1, Plasma MCP-1, CSF Neopterin, Plasma Neopterin, CSF TNFa, Plasma TNFa, CSF sCD14, Plasma sCD14, CSF 

HIV RNA and Plasma HIV RNA (all CSF and Plasma biomarkers are changes between two visits).

b
All models are adjusted for age, race, and gender.
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