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HIV-associated neurocognitive impairment (HIV-NCI) affects 15%–50% of people with HIV (PWH), despite viral
suppression with antiretroviral therapy (ART). HIV neuropathogenesis is mediated, in part, by transmigration of infected
CD14+CD16+ monocytes across the blood-brain barrier (BBB) into the central nervous system (CNS). In the CNS,
CD14+CD16+ monocytes contribute to infection and activation of parenchymal cells, resulting in production of neurotoxic
viral and host factors that cause neuronal damage. Mechanisms by which CD14+CD16+ monocytes contribute to HIV-NCI
have not been characterized in a study population of PWH on ART without contribution from confounders that affect
cognition (e.g., substance use, hepatitis C virus coinfection). We assessed cognitive function, PBMC transmigration
across the BBB, and neuronal health markers in a well-defined cohort of 56 PWH on ART using stringent criteria to
eliminate confounding factors. We demonstrated that PWH on ART with HIV-NCI have significantly increased
transmigration of their CD14+CD16+ monocytes across the BBB compared with those with normal cognition. We showed
that hypertension and diabetes may be effect modifiers on the association between CD14+CD16+ monocyte
transmigration and cognition. This study underscored the persistent role of CD14+CD16+ monocytes in HIV-NCI, even in
PWH with viral suppression, suggesting them as potential targets for therapeutic interventions.
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Introduction
Antiretroviral therapy (ART) is successful in controlling HIV infection and prolonging the lifespan of  peo-
ple with HIV (PWH), transforming HIV infection from a terminal illness to a chronic disease. However, 
PWH on ART continue to be affected by HIV-associated comorbidities, including HIV-associated neuro-
cognitive impairment (HIV-NCI) (1). HIV-NCI affects 15%–50% of  PWH on ART, encompasses a wide 
spectrum of  cognitive deficits that negatively influence quality of  life, and is an independent risk factor for 
mortality (2, 3). There is no specific therapy for HIV-NCI for PWH on ART (4). Thus, it is imperative to 
identify potential therapeutic targets to reduce or eliminate this comorbidity.

Viral reservoirs persist in the central nervous system (CNS) despite ART (5–7). These reservoirs 
are seeded and reseeded, in part, by entry of  infected monocytes into the brain (8–10). Once in the 
CNS, monocytes can release virus as well as differentiate into long-lived macrophages, spreading 
infection to other parenchymal cells (11, 12). Even with ART, neurotoxic viral and host factors are 
released that ultimately cause neuronal injury and loss, resulting in CNS dysfunction (13, 14). In the 
context of  ART, chronic low-level inflammation leads to ongoing recruitment of  additional immune 
cells into the CNS (15, 16). A subset of  monocytes — CD14+CD16+, intermediate, or mature mono-
cytes — is implicated in HIV neuropathogenesis. Mature CD14+CD16+ monocytes are more suscep-
tible to HIV infection than other monocyte subsets (17). PWH on ART have an increased proportion 
of  CD14+CD16+ monocytes, comprising as many as 40% of  monocytes in circulation, compared with 
5%–10% in uninfected individuals (18, 19). CD14+CD16+ monocyte transmigration into the CNS is 
mediated by chemokines, including the monocyte chemoattractant CCL2, which is elevated in the 
brains of  PWH on ART (15, 16).

HIV-associated neurocognitive impairment (HIV-NCI) affects 15%–50% of people with HIV (PWH), 
despite viral suppression with antiretroviral therapy (ART). HIV neuropathogenesis is mediated, 
in part, by transmigration of infected CD14+CD16+ monocytes across the blood-brain barrier (BBB) 
into the central nervous system (CNS). In the CNS, CD14+CD16+ monocytes contribute to infection 
and activation of parenchymal cells, resulting in production of neurotoxic viral and host factors 
that cause neuronal damage. Mechanisms by which CD14+CD16+ monocytes contribute to HIV-NCI 
have not been characterized in a study population of PWH on ART without contribution from 
confounders that affect cognition (e.g., substance use, hepatitis C virus coinfection). We assessed 
cognitive function, PBMC transmigration across the BBB, and neuronal health markers in a well-
defined cohort of 56 PWH on ART using stringent criteria to eliminate confounding factors. We 
demonstrated that PWH on ART with HIV-NCI have significantly increased transmigration of their 
CD14+CD16+ monocytes across the BBB compared with those with normal cognition. We showed 
that hypertension and diabetes may be effect modifiers on the association between CD14+CD16+ 
monocyte transmigration and cognition. This study underscored the persistent role of CD14+CD16+ 
monocytes in HIV-NCI, even in PWH with viral suppression, suggesting them as potential targets 
for therapeutic interventions.
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Several factors have been associated with HIV-NCI and cognitive decline, including ART nonadher-
ence, substance use, and hepatitis C virus (HCV) coinfection (20–22). Studies that have characterized HIV-
NCI included cohorts with different percentages of  participants taking ART, with variable substance use, 
and/or HCV coinfection. In a previous study with participants that were both on and off  ART and were 
heterogenous with regard to HCV coinfection and illicit substance use, we showed that cognitively impaired 
PWH had higher transmigration to CCL2 of  their CD14+CD16+ monocytes across an in vitro model of  
the blood-brain barrier (BBB) than PWH with normal cognition (12). Viral load, substance use, and HCV 
alone are independently associated with cognitive impairment and HCV is a monocyte-tropic virus. There-
fore, reported associations with HIV-NCI in our previous study, and in other studies in which substance use 
and HCV coinfection were not excluded, could be driven, in part, by the presence of  these factors.

In the present study, we characterized the role of  CD14+CD16+ monocytes in HIV-NCI in the context 
of  viral suppression with a standard ART backbone (tenofovir-emtricitabine), while minimizing effects 
of  confounders by excluding individuals with active substance use and HCV coinfection. Other medical 
comorbidities with potential for nervous system impacts were identified by participant interview and review 
of  the medical record. We performed cognitive testing of  study participants and characterized CCL2-medi-
ated transmigration of  their PBMCs using an in vitro BBB model. Proton magnetic resonance spectroscopy 
(1H-MRS) of  the brain was done for all participants. With this in-depth characterization, we examined 
the relationship between the transmigration of  CD14+CD16+ monocytes across the BBB, cognition, and 
neurometabolite markers of  damage in the setting of  efficacious ART, excluding the major confounders of  
HCV infection and substance use.

Results
Study population characteristics. The study population was composed of  56 adults with documented HIV infec-
tion, recruited on the basis of  being stably on an antiretroviral regimen that included tenofovir and emtricit-
abine for a minimum of  3 months, whose last plasma viral load derived from clinical care was undetectable. 
Potential participants were excluded if  they had histories of  coinfection with HCV or active substance mis-
use, confirmed on study by negative HCV serology and urine toxicology for illicit substances. Demographic 
and HIV characteristics of  study participants are shown in Table 1. On the cognitive assessment, 32 (57%) 
had HIV-NCI. All study participants reported adherence to their ART regimens, and 69% had plasma HIV 
loads that were under 20 copies/mL or were undetectable, with the remainder having fewer than 1,000 
copies/mL. We compared relevant demographic and HIV characteristics between those with HIV-NCI and 
those with normal cognition and found no significant differences (P < 0.05, 2-tailed t test, Wilcoxon’s rank 
sum test, or Fisher’s exact test) (Table 1).

CD14+CD16+ monocytes are increased after transmigration across the BBB in response to CCL2. To evaluate the 
relationship between CD14+CD16+ monocyte transmigration across the BBB and HIV-NCI in the context 
of  viral suppression, we isolated PBMCs from PWH on ART. Cells were added to the in vitro BBB model 
and allowed to transmigrate to CCL2 for 24 hours. Cells that transmigrated were collected. The PBMCs 
were analyzed by flow cytometry prior to and after transmigration. The gating strategy is presented in Sup-
plemental Figure 1. We quantified the percentage of  CD14+CD16+ monocytes, CD14+CD16– monocytes, 
and CD3+ T cells relative to their input that transmigrated across the BBB. The calculations used are shown 
in Supplemental Figure 2. Among all participants regardless of  cognitive status, CD14+CD16+ monocytes 
were highly enriched after transmigration to CCL2, comprising a mean of  46.17% (SD = 33.44) of  the 
cells transmigrating across the BBB model (n = 48) (Figure 1A). Classical CD14+CD16– monocytes had a 
mean transmigration of  4.21% (SD = 4.16, n = 48) (Figure 1A). CD3+ T cells had a mean transmigration 
of  4.78% (SD = 2.75, n = 48) (Figure 1A). Compared with CD3+ T cells and classical CD14+CD16– mono-
cytes, CD14+CD16+ were not an abundant cell type in the peripheral circulation. However, they were highly 
enriched after transmigration, with almost half  of  the total CD14+CD16+ monocytes transmigrating across 
the BBB. The percentage of  CD14+CD16+ monocytes that transmigrated was significantly higher than the 
percentage of  classical monocytes and CD3+ T cells (P < 0.0001 using 1-way ANOVA test with Tukey’s 
correction for multiple comparisons). This indicates that CD14+CD16+ monocytes from PWH on ART pref-
erentially transmigrate into the brain compared with classical CD14+CD16– monocytes and CD3+ T cells.

PWH on ART with HIV-NCI have higher CCL2-mediated transmigration of  CD14+CD16+ monocytes across the 
BBB than PWH on ART with normal cognition. We compared transmigration to CCL2 of  PBMCs from study 
participants with HIV-NCI to PBMCs from those with normal cognition in our ART-treated population. 
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The baseline transmigration of  cells across the BBB in response to media with diluent (BSA) differs between 
participants, due to inherent variability in primary cells. To normalize for these differences, transmigration 
is expressed as fold-change compared with baseline set to 1 for each independent donor. We found that 
transmigration of  CD14+CD16+ monocytes across the BBB to CCL2 was significantly higher in those with 
HIV-NCI compared with those with normal cognition (median fold-change of  transmigration to CCL2 over 
baseline of  2.34 [IQR: 1.86–2.99] and 1.89 [IQR: 1.25–2.48], respectively, P < 0.05 using Wilcoxon’s rank 
sum test, n = 48) (Figure 1B). This was not related to the percentage of  CD14+CD16+ monocytes in the 
periphery, because we did not find any differences in these between PWH on ART with or without HIV-NCI 
(Supplemental Figure 3). To our knowledge, this is the first report that CD14+CD16+ monocyte transmigra-
tion is associated with HIV-NCI in PWH who are virally suppressed on ART, independent of  the major con-
founders of  illicit substance use and HCV coinfection, which are known risks to cognitive impairment and 
alterations in monocyte biology. There was no difference in the transmigration of  classical CD14+CD16– 
monocytes between PWH on ART with HIV-NCI compared with those with normal cognition (median 
fold-change in transmigration of  CCL2 over baseline of  2.30 [IQR: 1.76–2.81] and 1.79 [IQR: 1.30–2.44], 
respectively, Wilcoxon’s rank sum test, n = 48) (Figure 1C). Additionally, we did not find differences in the 
transmigration of  CD3+ T cells between those with and without HIV-NCI (median fold-change in transmi-
gration to CCL2 over baseline of  1.21 [IQR: 1.03–1.43] and 1.10 [IQR: 0.98–1.35], respectively, Wilcoxon’s 
rank sum test, n = 48) (Figure 1D).

Having identified an association between CD14+CD16+ monocyte transmigration and HIV-NCI, we 
analyzed differences in transmigration examining each individual cognitive domain to characterize fur-
ther the association between these cells and cognition. The cognitive battery used for HIV-NCI diagnosis 

Table 1. Demographic and clinical characteristics of cohort participants

Cohort characteristics Overall 
(n = 56)

Normal cognition (n = 24) HIV-NCI 
(n = 32)

P value

Age (y) 54.8 (5.8) 53.3 (5.1) 56.1 (6.0) 0.07A

Sex
  Female 27 (48%) 9 (37.5%) 18 (56%) 0.19B

  Male 29 (52%) 15 (62.5%) 14 (44%) 0.19B

Race
  Black 35 (63%) 16 (67%) 19 (59%) 0.79B

  White 14 (25%) 6 (25%) 8 (25%) 0.79B

  Other/More than 1 race 7 (13%) 2 (8%) 5 (16%) 0.79B

Self-identify as Hispanic ethnicity 15 (27%) 6 (25%) 9 (28%) 0.99
HIV-NCI 32 (57%) – – –
Nadir CD4+ (cells/mm3) 211 [126–384] 200 [127–376] 270 [124–387] 0.77
CD4+ T cells (cells/mm3) 702 (278) 770 (325) 649 (226) 0.12
EducationC 14 [12–16] 14 [12–16] 13.5 [12–16] 0.75
Plasma HIV RNA level (copies/mL)
  Undetectable 31 (55%) 12 (50%) 19 (59%) 0.65B

  <20 8 (14%) 3 (12.5%) 5 (16%) 0.65B

  20–1,000 17 (30%) 9 (37.5%) 8 (25%) 0.65B

Comorbidities
  Smoking 14 (25%) 8 (33%) 6 (19%) 0.21
  Hypertension 27 (48%) 12 (50%) 15 (47%) 0.81
  Hyperlipidemia 28 (50%) 11 (46%) 17 (53%) 0.59
  Diabetes mellitus 16 (29%) 5 (21%) 11 (34%) 0.37
  Cardiovascular disease 7 (13%) 5 (22%) 2 (6%) 0.12
  COPD 6 (11%) 2 (9%) 4 (13%) 0.99
  Hepatitis B 6 (11%) 2 (9%) 4 (13%) 0.99
  Hepatitis C 0 (0%) 0 (0%) 0 (0%) –
  Chronic renal disease 4 (7%) 1 (4%) 3 (10%) 0.63

Data represented as mean (SD), median [IQR], or n (%). ASignificance determined by 2-tailed t test, Wilcoxon’s rank sum test at P < 0.05. BSignificance determined 
by Fisher’s exact test at P < 0.05. CEducation is shown as years of formal education (highest grade completed). COPD, chronic obstructive pulmonary disease.

https://doi.org/10.1172/jci.insight.179855
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generates demographically adjusted domain T scores for motor function, speed of  information processing, 
abstraction and executive function, working memory, memory encoding, memory retrieval, and verbal 
fluency, as well as a global average of  all domains. Using a T score of  less than 40 as a threshold for 
impairment, we compared transmigration of  CD14+CD16+ monocytes between those with and without 
impairments in each domain, regardless of  overall cognitive status. PWH on ART with impairment in 

Figure 1. CD14+CD16+ monocyte transmigration across the BBB is higher for PWH on ART with HIV-NCI than for those with normal cognition. (A) The 
percentage of transmigration for each leukocyte subset across the BBB was calculated based on its proportion in the total cell population added to the 
coculture. Data are represented as mean ± SEM. Significance was determined using ANOVA with Tukey’s multiple-comparison test; ****P < 0.0001. To 
compare transmigration between participants, a fold-change in transmigration to CCL2 of each leukocyte subset was set relative to transmigration to 
media with diluent, set to 1. Fold-changes of transmigrated CD14+CD16+ monocytes (B), CD14+CD16– monocytes (C), and CD3+ T cells (D) were compared 
between PWH on ART with HIV-NCI or with normal cognition (B–D). (E) Transmigration of CD14+CD16+ monocytes was compared between participants with 
and without an impairment in individual cognitive domains of working memory, abstraction/executive function, and speed of information processing, 
regardless of overall cognitive status. n = 48; data represented as medians ± 95% CI. Significance was determined by Wilcoxon’s rank sum test; *P < 0.05.

https://doi.org/10.1172/jci.insight.179855


5

R E S E A R C H  A R T I C L E

JCI Insight 2024;9(17):e179855  https://doi.org/10.1172/jci.insight.179855

working memory had significantly higher transmigration of  CD14+CD16+ monocytes than those without 
impairment in this domain (n = 48, median fold-change in transmigration to CCL2 over baseline of  2.78 
and 2.01, respectively, Wilcoxon’s rank sum test, P < 0.05) (Figure 1E). We found a similar trend, though 
not significant, in those with impairments in the domains of  abstraction and executive function and of  
speed of  information processing (n = 48, Wilcoxon’s rank sum test, P = 0.051 and P = 0.082, respectively) 
(Figure 1E). We did not find any significant differences or trends for the remaining cognitive domains when 
dichotomized by those with and without impairment per domain, and transmigration of  any of  the cell 
types quantified. We assessed whether monocyte transmigration could distinguish patterns of  cognitive 
abnormality. This was done by analyzing only the impaired sample (those with HIV-NCI) and assessing 
correlations between CD14+CD16+ monocyte and cognitive domain T scores (Supplemental Figure 4). We 
did not identify any significant associations between transmigration and cognitive scores among only those 
with HIV-NCI. Thus, these cells do not appear to be driving impairment of  specific individual domains. 
These data underscore that CD14+CD16+ monocyte transmigration is associated with HIV-NCI but does 
not appear to drive specific patterns of  cognitive deficit in PWH on ART.

Hypertension and diabetes mellitus are potential effect modifiers of  the association between cognition and 
CD14+CD16+ monocyte transmigration across the BBB. While we excluded major cognitive confounds from 
our study sample, PWH on ART are affected by other medical comorbidities, many of  which are known 
to increase the risk of  cognitive impairment. We examined whether other comorbidities in our study pop-
ulation were correlated with HIV-NCI. We did not find a difference in prevalence of  characterized comor-
bidities in the study population between those with HIV-NCI and those with normal cognition (Table 1). 
We assessed whether a relationship existed between cognition, transmigration of  CD14+CD16+ monocytes 
across the BBB, and the comorbidities that had the highest prevalence in our study population to ensure 
that statistical comparisons could be made. These were hypertension (n = 27, 48%), hyperlipidemia (n = 
28, 50%), diabetes mellitus (DM) (n = 16, 29%), and smoking (n = 14, 25%) (Table 1). We measured lin-
ear correlations between each cognitive domain T score and transmigration of  CD14+CD16+ monocytes 
dichotomized by comorbidity status (Table 2). For virally suppressed PWH with hypertension, we demon-
strated that greater CD14+CD16+ monocyte transmigration was associated with poorer performance in 
the domains of  speed of  information processing (r = –0.416, P < 0.05), abstraction and executive function 
(r = –0.545, P < 0.05), and overall global T scores (r = –0.437, P < 0.05) (n = 23, P < 0.05, Pearson’s cor-
relation) (Figure 2A). In contrast, there were no significant correlations between CD14+CD16+ monocyte 
transmigration and any of  the domain T scores among ART-treated PWH without hypertension (Table 2 
and Figure 2A). When we dichotomized by DM, we found higher CD14+CD16+ monocyte transmigration 
was associated with poorer T scores in the cognitive domains of  memory encoding and memory retrieval 
among those with DM (r = –0.629, P < 0.05, and r = –0.669, P < 0.05, respectively, n = 14, Pearson’s cor-
relation) (Table 2 and Figure 2B). We did not find any associations between transmigration and any cogni-
tive domains in those without DM (Table 2 and Figure 2B). Neither hyperlipidemia nor smoking exhibited 
a similar effect as found with hypertension and DM (Table 2). These findings indicate that hypertension 
and DM are driving the association between CD14+CD16+ monocyte transmigration and cognition, sug-
gesting that these comorbidities may be effect modifiers. However, we did not have enough power to mea-
sure statistical interactions. Larger studies are needed to determine whether there are significant statistical 
interactions between hypertension or DM with CD14+CD16+ monocyte transmigration and cognition.

1H-MRS–derived neuronal markers of  damage do not correlate with cognition or PBMC transmigration. 
Participants underwent 1H-MRS to characterize the relationship between PBMC transmigration and 
neurometabolites within our well-characterized cohort of  PWH on ART. We analyzed 5 regions of  
the brain: right and left deep frontal white matter, right and left head of  caudate nucleus, and midline 
frontal gray matter (bilateral anterior cingulate in 1 region of  interest). In each region, we quantified 
N-Acetylaspartate (tNAA), total myoinositol (tMI), total choline (tCho), and total glutamine/gluta-
mate (tGlx) and normalized these values with total creatine (tCr). We conducted a principal compo-
nents factor analysis (PCA, varimax rotation) of  the 15 measurements to address correlations between 
concentrations. Six factors emerged (Table 3) and were defined based on the markers demonstrating the 
highest factor loadings: Factor 1-tMI, Factor 2-tCho, Factor 3-anterior cingulate, Factor 4-tNAA, Factor 5-left 
Glx, and Factor 6-right Glx. The extracted factor scores from the PCA were used in subsequent correla-
tional analyses to examine their relationship with PBMC transmigration and cognitive function. Only 1 
significant association emerged after FDR correction using the Benjamini-Hochberg procedure. Greater 
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transmigration of  CD14+CD16+ monocytes was associated with higher Factor 4-tNAA scores (Supple-
mental Table 1). The direction of  this association was opposite to expectation, as greater CD14+CD16+ 
monocyte transmigration, thought to model a potentially neurotoxic phenomenon, was associated with 
higher NAA/Cr values that are neuroprotective. We further dichotomized the analysis by cognition, 
repeating the analyses to measure associations between the factors and the variables in those with nor-
mal cognition and those with HIV-NCI (Supplemental Table 2). Dichotomization demonstrated that 
this association was being driven by those PWH with normal cognition and was lost in those with HIV-
NCI (Supplemental Table 2). Because this association did not appear in those with HIV-NCI, it did not 
seem to have clinical relevance to impairment.

No other significant associations were found between neurometabolites and other clinical vari-
ables, including when participants were dichotomized by HIV-NCI status. These data indicate that 
for this well-defined population of  PWH on ART, ratios of  neurometabolites, which have served as a 
measure of  CNS dysfunction in several studies that had fewer exclusions, do not correlate to cognition 
or PBMC transmigration.

Discussion
HIV-NCI persists despite viral suppression achieved with ART (1). Approximately 15%–50% of  PWH on 
ART manifest HIV-NCI, with some groups reporting a prevalence as high as 55% (1, 2). It is not well under-
stood why some PWH are affected while others are not. Studies identified risk factors that contribute to HIV-
NCI (e.g., active viremia, HCV coinfection, and substance use), but mechanisms that contribute to cognitive 
impairment in PWH on ART are still being characterized. One characteristic of  HIV neuropathogenesis is 
continued chronic low-level inflammation both within and outside the CNS that contributes to neuronal 
injury (23–25). CD14+CD16+ monocytes are important mediators of  chronic inflammation in PWH, who 

Table 2. Pearson’s correlations between CD14+CD16+ monocyte transmigration and cognitive domain T scores in study participants with 
and without the comorbidities of hypertension, hyperlipidemia, diabetes, and smoking status

Comorbidity Statistic Global T Motor T Working 
memory T

Speed of 
information 
processing T

Memory 
encoding T

Memory 
retrieval T Fluency T

Abstraction/ 
executive 
function T

Hypertension yes
N 23 23 23 23 23 23 23 23

Pearson’s r –0.4372 –0.009 –0.3773 –0.4155 –0.2093 –0.2913 –0.7181 –0.5446
P value 0.0392 0.969 0.0834 0.0486 0.3378 0.1775 0.4162 0.0072

Hypertension no
N 25 25 25 25 25 25 25 25

Pearson’s r –0.0327 0.058 –0.1767 –0.0031 –0.121 0.0316 –0.0735 0.0798
P value 0.8767 0.7829 0.3981 0.9882 0.5646 0.8808 0.727 0.7046

Hyperlipidemia yes
N 21 21 21 21 21 21 21 21

Pearson’s r –0.1573 0.1541 –0.0857 –0.1946 –0.2439 –0.0981 –0.1925 –0.2073
P value 0.4959 0.5048 0.7117 0.398 0.2867 0.6724 0.4032 0.3672

Hyperlipidemia no
N 27 27 27 27 27 27 27 27

Pearson’s r –0.1777 0.05 –0.3582 –0.1227 –0.079 –0.1118 –0.0685 –0.2213
P value 0.3751 0.8122 0.0724 0.542 0.6951 0.5786 0.7341 0.2673

Diabetes yes
N 14 14 14 14 14 14 14 14

Pearson’s r –0.45 –0.0243 –0.1635 –0.3167 –0.6292 –0.669 –0.275 –0.3643
P value 0.1064 0.9373 0.5766 0.27 0.0159 0.0089 0.3413 0.2004

Diabetes no
N 34 34 34 34 34 34 34 34

Pearson’s r –0.0814 0.0921 –0.2793 –0.1046 0.0305 0.1037 –0.0965 –0.2036
P value 0.6473 0.6103 0.1155 0.5562 0.864 0.5595 0.5874 0.2482

Smoking yes
N 11 10 11 11 11 11 11 11

Pearson’s r 0.4695 0.5848 0.3934 0.5948 0.1188 0.0347 0.5336 0.341
P value 0.1452 0.0758 0.2608 0.0536 0.728 0.9193 0.091 0.3047

Smoking no
N 37 37 37 37 37 37 37 37

Pearson’s r –0.2077 0.0558 –0.2975 –0.2302 –0.1355 –0.1061 –0.2214 –0.2027
P value 0.2174 0.7465 0.0737 0.1705 0.4241 0.5321 0.1879 0.2289

Correlations between fold-change in transmigration of CD14+CD16+ monocytes to CCL2 and cognitive domain T scores. Significant values are bolded.
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have a higher proportion of  circulating CD14+CD16+ monocytes than people who are not infected, and this 
increase persists even with efficacious ART (18, 26, 27). Entry of  both HIV-infected and uninfected mono-
cytes into the CNS and their subsequent differentiation into resident macrophages may be key mechanisms 
of  HIV neuropathogenesis, as these cells release neurotoxic viral and host factors that damage neurons and 
inflammatory cytokines that contribute to additional recruitment of  leukocytes into the CNS (7, 28). We 
previously reported in a study of  PWH that included both viremic and ART-suppressed individuals, as well 
as some with substance use disorder or HCV infection, that those with cognitive impairment had higher 

Figure 2. Hypertension and diabetes are effect modifiers on the relationship between cognition and the transmigra-
tion of CD14+CD16+ monocytes across the BBB. (A) Associations between fold-change in transmigration of CD14+CD16+ 
monocytes and cognitive T scores in the domains in PWH on ART with (n = 23) and without (n = 25) hypertension. 
(B) Associations between fold-change in transmigration of CD14+CD16+ monocytes and cognitive T scores in PWH on 
ART with (n = 14) and without (n = 34) diabetes. Statistical significance of correlation was determined using Pearson’s 
correlation test, significance set to P < 0.05.
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transmigration of  CD14+CD16+ monocytes, suggesting that CD14+CD16+ monocyte transmigration into 
the CNS serves as a mechanism for HIV-NCI (12). In this current study, we minimized the impact of  known 
confounders of  HIV-NCI and demonstrated that, in the context of  viral suppression, peripheral blood 
CD14+CD16+ monocyte transmigration across the BBB is associated with HIV-NCI. We also examined the 
relationship of  peripheral blood CD14+CD16+ monocyte transmigration with neuroimaging assessment of  
neurometabolites in regions of  interest known to be impacted by HIV.

In our well-defined cohort of  virally suppressed PWH on ART, we demonstrated that transmigration 
of  CD14+CD16+ monocytes across the BBB to CCL2 was increased in PWH with HIV-NCI compared 
with those with normal cognition. Our findings suggest that PWH with HIV-NCI have a higher level of  
ongoing CD14+CD16+ monocyte entry into the CNS compared with those with normal cognition. Thus, 
even in the context of  viral suppression, CD14+CD16+ monocyte entry into the CNS may be a mecha-
nism that contributes to cognitive impairment. These findings indicate that reducing CD14+CD16+ mono-
cyte influx into the CNS is a potential therapeutic approach to reduce HIV-NCI. Other studies of  PWH 
reported associations between circulating monocytes and cognition but without ex vivo assays to show a 
difference in transmigration across the BBB, and by extension, increased entry into the brain. In a study of  
virally suppressed women on ART, higher levels of  circulating CD14+CD16+ monocytes correlated with 
worse cognitive function and were predictive of  future impairment (29). In another study of  PWH in which 
90% were on ART, HIV DNA in CD14+CD16+ monocytes correlated with cognitive performance (30). 
These studies and others support a role for CD14+CD16+ monocytes in the development of  HIV-NCI (19).

One feature of  our study, in addition to requiring ART adherence with viral suppression, was that all 
participants were on an ART regimen with a tenofovir-emtricitabine backbone, a common backbone at 
the time this study was begun. This would reduce differences in monocyte migration that could have aris-
en if  variable ART causes differing impacts on monocytes. ART regimens have been proposed to have 
variable impacts on HIV-NCI, in part due to differing CNS penetrance and off-target toxicities (31, 32).  

Table 3. Factor loadings based on MRS data from cohort participants (n = 56)

Rotated component matrixA

Brain region and 
neurometabolite

Factor 1: 
Myoinositol

Factor 2: 
Choline

Factor 3: 
ACC

Factor 4: 
NAA

Factor 5: 
L. Glx

Factor 6: 
R. Glx

R. FWM mI 0.920 –0.128 0.125 0.084 –0.113 –0.009
R. caudate mI 0.865 0.005 –0.143 –0.017 0.217 0.083
L. caudate mI 0.836 0.068 –0.067 0.054 0.083 –0.021

ACC mI 0.694 0.051 0.563 –0.160 0.086 –0.029
L. FWM mI 0.656 0.057 0.195 –0.233 0.490 0.011

R. FWM tCho 0.101 0.879 0.003 0.032 –0.207 –0.059
ACC tCho –0.043 0.821 0.245 0.018 0.201 0.032

L. FWM tCho –0.044 0.718 –0.244 0.260 0.377 –0.174
R. caudate tCho 0.045 0.678 –0.302 –0.151 0.077 0.348
L. caudate tCho –0.101 0.616 –0.404 –0.188 –0.401 0.082

ACC tNAA 0.055 –0.076 0.803 0.167 0.089 0.211
ACC Glx 0.120 –0.137 0.732 –0.096 0.262 0.115

L. FWM tNAA –0.264 0.022 0.577 0.497 –0.048 –0.094
L. caudate tNAA –0.012 0.068 –0.092 0.867 –0.052 –0.012
R. caudate tNAA 0.012 –0.065 0.117 0.865 –0.026 –0.063

R. FWM tNAA 0.053 0.013 0.521 0.615 –0.195 0.194
L. FWM Glx 0.119 0.051 0.126 –0.122 0.854 0.172

L. caudate Glx 0.336 0.075 0.171 –0.057 0.455 0.305
R. FWM Glx –0.088 0.088 0.253 0.030 0.037 0.857

R. caudate Glx 0.140 –0.065 0.002 –0.060 0.500 0.723
% Variance 
explained 22.15 16.91 13.59 11.04 6.51 5.38

Extraction method was PCA. Rotation method was varimax with Kaiser normalization. Total variance explained by 6 components was 75.59%. Significant 
values are bolded. ARotation converged in 7 iterations. R., right; L., left; ACC, anterior cingulate; FWM, frontal white matter; mI, tMI/tCr; tCho, tCho/tCr, 
tNAA, tNAA/tCr; Glx, Glx/tCr; NAA, tNAA/tCr.
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By restricting study enrollment to PWH on the same ART backbone, we minimized variation that differ-
ent ART regimens could impart on cognitive function. However, we did not control for the third antiret-
roviral drug in the ART regimen. We set a threshold of  on-study plasma HIV RNA to 1,000 copies/mL, 
with only 2 study participants demonstrating loads of  more than 200 copies/mL. The threshold of  1,000 
copies/mL was based on the United Nations Programme on HIV/AIDS definition of  suppression in its 
90-90-90 targets for patients on ART (33).

We chose to exclude 2 additional major factors that are associated with HIV-NCI, active substance 
use and HCV coinfection (34–36). HCV infection has been shown to contribute to cognitive impairment, 
infects monocytes, and alters their patterns of  activation (37). Therefore, we eliminated this confounder. 
Substance use is also associated with cognitive impairment and alterations in immunity (22). We exclud-
ed active illicit use of  methamphetamines, opioids, cocaine, benzodiazepines, and phencyclidine. Many 
studies show that substances can affect BBB permeability, monocyte migration into the CNS, and CNS 
macrophages/microglia (22). Our group reported that PWH on ART and ART-naive PWH who had 
active substance use had more circulating CD14+CD16+ monocytes than those without (38). We also 
showed that dopamine, shown to be elevated in extracellular regions of  the CNS by use of  illicit sub-
stances, increases CD14+CD16+ monocyte transmigration across the BBB in concert with chemokines 
(39). These studies demonstrate that substance use can independently lead to increased CD14+CD16+ 
monocyte transmigration across the BBB, contributing to cognitive impairment. Exclusion of  both HCV 
coinfection and illicit substance use removed 2 major confounders from our study and their contribution 
to our measured associations between CD14+CD16+ monocyte transmigration across the BBB and cog-
nitive function. However, by eliminating these from our study, we were unable to evaluate effects from 
these factors that are relevant to PWH on ART. Further studies can be designed to determine the effect of  
these confounders. A limitation of  our study is that we were unable to exclude substance use entirely, as 
we permitted prescribed substances, tobacco, marijuana, and alcohol use. Even so, this is the first study 
to our knowledge to demonstrate the association of  increased peripheral blood CD14+CD16+ monocyte 
transmigration across the BBB with HIV-NCI in a well-defined virally suppressed PWH cohort in the 
absence of  HCV infection and illicit substance use.

While we eliminated 2 important factors that can influence monocyte populations and cognition in 
our participant selection, PWH on ART are at increased risk of  other comorbidities, particularly age-re-
lated pathologies (40–42). In our study population, substantive numbers of  individuals had hypertension, 
DM, and hyperlipidemia and smoked cigarettes. A large, longitudinal study of  HIV-NCI from the CNS 
HIV Antiretroviral Therapy Effects Research identified that, in addition to ART nonadherence and sub-
stance use, presence of  severe comorbidity was associated with cognitive decline in PWH on ART (40). 
Thus, we examined the relationship between comorbidities in our cohort, CD14+CD16+ monocyte trans-
migration, and cognition. We dichotomized the study population by presence or absence of  the prevalent 
comorbidities and measured the associations between CD14+CD16+ monocyte transmigration and cog-
nitive domains. We found significant inverse linear associations between several cognitive domains and 
CD14+CD16+ monocyte transmigration in those with hypertension and those with DM, for which higher 
mature monocyte transmigration correlated with lower T scores in several cognitive domains. These 
associations were not present in those without hypertension or those without DM. We did not identify 
any associations between CD14+CD16+ monocyte transmigration and cognition in those who did or did 
not smoke or those with or without hyperlipidemia. These findings suggest that in our cohort of  virally 
suppressed PWH without illicit substance use or HCV, hypertension and DM are potential effect modifi-
ers on the association between CD14+CD16+ monocyte transmigration and cognition.

Hypertension and diabetes increase risk of  cognitive impairment in the general population and in PWH 
(43–48). In a study of  PWH and uninfected people that grouped cognitive function into 3 classes (a multi-
domain impairment class, a learning and recall impairment class, and an unimpaired domain), regardless of  
HIV status, DM was associated with multidomain impairment, and in PWH, hypertension was associated 
with multidomain impairment (49). In a cohort of  PWH based at our recruitment site, hypertension and lon-
gitudinal changes in blood pressure contributed to poorer cognitive test performance, particularly in abstrac-
tion/executive function and psychomotor domains (50). The mechanisms by which hypertension and DM 
contribute to cognitive impairment are likely to be diverse. One proposed way these conditions contribute 
to CNS dysfunction is through their causal relationship with cerebral small vessel disease (CSVD) (51–53). 
The pathology of  CSVD includes increased expression of  adhesion molecules by the BBB that contributes 
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to leukocyte influx into the CNS (51). Our results suggest that, in PWH with hypertension or DM, entry of  
CD14+CD16+ monocytes across the BBB into the CNS contributes to CNS dysfunction.

A detailed role of  CD14+CD16+ monocytes in hypertension and diabetes pathogenesis has not been 
characterized in PWH or in the general population. However, several studies show increased monocyte 
activation in DM. One study found that monocytes from people with DM have higher inflammasome acti-
vation. Another reported upregulation of  TLR2 and TLR4 and increased NF-κB activity (54). A separate 
study that focused on macrophage-derived monocytes from people with DM showed upregulated NLRP3 
inflammasome activation, which was mitigated after 2 months of  metformin treatment (55). Thus, the 
inflammatory processes in hypertension and DM in PWH on ART may further promote monocyte activa-
tion, making CD14+CD16+ monocytes even more prone to infiltrate the CNS. In PWH on ART, injury to 
the BBB by hypertension or DM may promote CD14+CD16+ monocyte entry, a potential synergistic mech-
anism contributing to HIV-NCI. It should be noted that both DM and hypertension increase the risk of  and 
can contribute to atherosclerosis (56, 57), and CD14+CD16+ monocytes are major effectors of  HIV-associ-
ated atherosclerosis (58). We were unable to assess the contribution of  atherosclerosis as it was not assayed 
in our cohort. Given the interrelationship of  hypertension and DM to cardiovascular disease, a limitation 
in our study is that we were not powered to assess the impact of  cardiovascular disease on the association 
between CD14+CD16+ monocyte transmigration and cognition. Additionally, we did not have measures of  
hypertension and DM severity such as hemoglobin A1c determinations or multiple blood pressure read-
ings; thus, we were unable to assess whether these conditions were under adequate medical control.

Another aspect of  our study was the use of  1H-MRS neuroimaging. We quantified ratios of  tNAA/
tCr, tCho/tCr, tMI/tCr, and tGlx/tCr in the frontal white matter, caudate, and anterior cingulate. Only 1 
association was observed (and in the unexpected direction): CD14+CD16+ monocyte transmigration and 
the factor score reflective of  tNAA, which, when dichotomized by cognition, only persisted in those with 
normal cognition. We are unsure of  the clinical relevance of  this. Our findings that there are no other 
associations between neurometabolites and cognition or PBMC transmigration, may be due, in part, to the 
stringency in our inclusion and exclusion criteria. In a previous pilot study, we reported several associations 
between neurometabolite data and CCR2, the monocyte receptor for CCL2, on CD14+CD16+ monocytes, 
but this was for PWH without exclusion of  HCV or substance use, and half  of  the participants who under-
went neuroimaging used opioids (59). Several studies reported neurometabolite abnormalities in substance 
users and correlations between neurometabolite concentration and behavioral changes (60, 61). Given that 
substance use can cause CNS disturbances, it is possible that opioid use within the previous study popula-
tion contributed to this finding. Additionally, the range of  neurometabolite ratios measured in the current 
study population is smaller than the range in our prior pilot study, despite using the same method for 
measurement. The smaller range in neurometabolite ratios for the current study population suggests that 
the spectrum CNS disturbance is smaller when significant confounders like substance use and HCV are 
eliminated. Power calculations before implementing the current study were based on our pilot, and the nar-
rower range of  neurometabolite ratios may have resulted in our not being powered to identify statistically 
significant associations between neurometabolites, cognition, and CD14+CD16+ monocyte transmigration.

Several groups reported that neurometabolite abnormalities indicative of  CNS damage persist in 
PWH despite ART, compared with uninfected individuals. Studies done with cohorts of  PWH on ART 
showed associations between neurometabolite concentrations and serum markers of  inflammation (62, 
63). For many of  these, the contributions of  substance use, HCV coinfection, and ART regimen were not 
well defined, nor was the severity of  HIV-NCI. Conclusive associations between specific neurometabolite 
abnormalities and HIV-NCI or specific cognitive domains in PWH on ART have not been established (64). 
Considering that for our well-defined cohort of  PWH on ART we did not identify associations between 
neurometabolites and PBMC transmigration or cognition, and that other groups have not established clear 
associations between neurometabolites and HIV-NCI within other cohorts of  PWH on ART using 3 T 
MRS, these data suggest that 3 T MRS may not be the best imaging modality to identify subtle differences 
in CNS disturbances between virally suppressed PWH with HIV-NCI and those with normal cognition. 
Another possibility is that studies to date have been underpowered to detect smaller impacts when aviremic 
individuals undergo neuroimaging. It is also possible that the severity of  other medical confounders plays a 
role in influencing neurometabolites in manners that are not accounted for in studies of  PWH.

The inability to detect associations may be methodologic. An alternative for 3 T MRS is 7 T MRS, 
which imparts better resolution and can detect more subtle changes than 3 T MRS. One study that used 
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7 T MRS reported that for a cohort of  45 PWH on ART without substance use, those with HIV-NCI had 
lower ratios of  tNAA/tCr in the frontal white matter and posterior cingulate and reported an association 
between lower frontal white matter tNAA/Cr with worse performance on measures of  executive function, 
fine motor skill, and psychomotor speed (65). In addition to 7 T MRS, an emerging imaging modality that 
could be useful for identifying CNS perturbations specific to HIV-NCI in PWH on ART is dynamic con-
trast-enhanced MRI of  region-specific BBB permeability. Future studies focused on identifying associations 
with BBB permeability in PWH on ART should consider comorbidities as part of  the study design.

Overall, our results suggest that PWH with HIV-NCI have ongoing CD14+CD16+ monocyte entry into 
the CNS at a higher level than those with normal cognition. These findings indicate that a potential avenue 
in therapy development for HIV-NCI is to reduce the entry of  these cells into the CNS. Two studies per-
formed using EcoHIV-infected mice, which models HIV-NCI in people taking ART, showed that treatment 
with buprenorphine, an opioid agonist therapy, reduced and prevented cognitive impairment that develops 
in the mice as a result of  EcoHIV infection (66, 67). The studies showed that EcoHIV-infected mice treated 
with buprenorphine had fewer infiltrating inflammatory monocytes in the brain compared with untreated 
uninfected mice, indicating that prevention and treatment of  cognitive impairment with buprenorphine 
may have been due, in part, to reduction of  inflammatory monocyte entry into the CNS. Thus, blocking of  
CD14+CD16+ monocyte transmigration across the BBB may be a successful treatment for HIV-NCI.

One approach to reduce mature monocyte entry into the CNS is to block surface molecules that are 
essential for the transmigration of  CD14+CD16+ monocytes across the BBB (68, 69). Additionally, the 
viral reservoir in the CNS can be reseeded by entry of  HIV harboring immune cells, and it is unknown 
whether this reseeding is essential for the maintenance and persistence of  the CNS reservoir under ART. 
Our group showed that among PBMCs that transmigrated across the BBB, there was preferential trans-
migration of  monocytes harboring HIV compared with those without virus (69). Therefore, specifically 
blocking the entry of  CD14+CD16+ monocytes that carry HIV into the CNS may be an additional therapy 
strategy. While CCL2 is increased in the CNS of  PWH on ART, other chemokines, including CXCL12, 
are also increased in PWH and can contribute to leukocyte recruitment (70, 71). We previously showed 
that CD14+CD16+ monocytes from PWH transmigrated across the BBB to CXCL12 and additional studies 
are ongoing. Another limitation of  this study is that we were unable to measure and correlate CCR2 on 
CD14+CD16+ monocytes with cognition.

Our finding that hypertension and DM may be effect modifiers on the association between CD14+CD16+ 
monocyte transmigration and cognition indicate that PWH on ART with these comorbidities could be a 
more vulnerable population that would most benefit from a therapy that limits CD14+CD16+ monocyte 
transmigration across the BBB. Therefore, future studies on mechanisms that contribute to HIV-NCI in 
PWH on ART should consider the effect of  comorbidities.

Methods
Sex as a biological variable. Both males and females were recruited into the study. All analyses measured the 
significance of  sex as a covariate; sex was dropped as a covariate when not statistically significant.

Study participants and procedures. Participants were recruited to the study at the Icahn School of  Medi-
cine at Mount Sinai (ISMMS) using consent documentation and protocols approved by the ISMMS Insti-
tutional Review Board (IRB). Approval was also obtained from the IRB at the Albert Einstein College of  
Medicine, where deidentified blood samples were sent for PBMC isolation and characterization. Eligibility 
criteria included PWH aged 18 or older, on a stable ART regimen with a tenofovir-emtricitabine backbone 
for a minimum of  3 months, and whose last plasma viral load in clinical care undetectable. The ART 
regimen was chosen because it was the most common at the time of  study design. Exclusion criteria were 
evidence of  infection with HCV; active use of  illicit substances; inability to complete a cognitive test battery 
(for example, due to blindness or upper extremity amputation); presence of  metal implants or other devices 
that would preclude MRI; and for women, pregnancy.

Once consented, study participants underwent a cognitive test battery that has been utilized by large 
HIV-NCI consortia such as the National NeuroHIV Tissue Consortium and the CNS HIV Antiretroviral 
Therapy Effects Research consortium for over 2 decades (72). The battery consists of  demographically 
and educationally normed cognitive tests that are utilized to calculate a global T score and T scores for the 
following domains: motor, speed of  information processing, memory encoding, memory retrieval, work-
ing memory, abstraction/executive functioning, and verbal fluency. Study participants were classified as 
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having normal cognition or HIV-NCI according to criteria elaborated in the research nosology created in 
2007 (Frascati criteria) (73). Following these criteria, individuals who had a T score below 40 in at least 2 
domains were categorized as having HIV-NCI. Medical comorbidities were determined by interview and 
confirmation by review of  the electronic medical record. Comorbidities assessed included hypertension, 
hyperlipidemia, DM, viral hepatitis, end-stage liver disease (not present in any participant), chronic renal 
disease, chronic obstructive pulmonary disease, cardiovascular disease, stroke, malignancy, lipodystrophy 
(not present in any participant), and current smoking of  tobacco.

Once cognitive testing was completed, study participants underwent neuroimaging, and on the same 
day, a blood draw for laboratory analysis and PBMC isolation. Clinical laboratories included CD4+ T cell 
enumeration, plasma viral load determination, and HCV serology (required to be negative). Urine was 
obtained for toxicology testing for amphetamines, barbiturates, benzodiazepines, opiates, buprenorphine, 
cocaine, cannabis, methamphetamine, methadone, oxycodone, phencyclidine, and tricyclic antidepressants.

From a total of  62 patients recruited to the study, 56 met study inclusion and exclusion criteria once lab-
oratory testing was conducted. Reasons for exclusion after consent were on-study plasma HIV load greater 
than 1,000 copies/mL (n = 3) and presence of  illicit substances in the urine on the date of  testing (n = 3).

1H-MRS imaging. MRI was performed on a Skyra 3 T scanner (Siemens Medical Solutions), uti-
lizing a vendor-provided 20-channel head/neck coil. The acquisition protocol included a sagit-
tal T1-weighted magnetization-prepared rapid gradient-echo (MP-RAGE) acquisition with 224 × 
224 × 176 mm3 field of  view (FOV) and 224 × 224 × 176 imaging matrix. Other acquisition param-
eters were repetition time (TR) 2,400 ms, echo time (TE) 1.99 ms, inversion time 1,000 ms, and 
flip angle 8°. For the purposes of  chemical shift imaging (CSI) guidance, the MP-RAGE imag-
es were reformatted in axial and coronal orientations at 1 mm isotropic resolution on the scanner. 
Proton spectra were acquired using a vendor-provided multivoxel 2D-CSI point-resolved spectroscopy 
sequence. The 15 mm–thick axial slice with volume of  interest 80 × 60 mm2 was placed at the level of  
the head of  the caudate nucleus to cover bilateral frontal white matter, midline frontal gray matter (cin-
gulum), and the head of  the caudate nucleus. Other acquisition parameters were FOV = 160 × 160 mm2, 
TE/TR = 30/1,700 ms, matrix = 16 × 16, data points = 1,024, receiver bandwidth = 1,200 Hz, and aver-
ages = 3. The collected spectra were fitted using the time domain linear combination software LCModel 
(version 6.3) (74), and metabolite amplitudes were expressed in arbitrary units. As quality control, voxels 
with spectral signal-to-noise ratio below 5 and Cramer-Rao lower bound above 25% were discarded from 
further analysis. Consequently, tNAA, tCho, tCr, myoinositol (tmI), and glutamine and glutamate (Glx) 
were calculated per voxel, and metabolic amplitude ratios tNAA/tCr, tCho/tCr, tmI/tCr, and Glx/tCr 
were used as outcomes for analyses.

To produce metabolic maps, the metabolic ratios were overlaid on MP-RAGE using a custom-written 
software assuming absence of  subject motion between the MP-RAGE and CSI acquisitions. Cingulum 
and left and right caudate nuclei masks were obtained by segmenting MP-RAGE images using freesurfer 
(75–94), and the 2 frontal white matter masks (95) were transferred to the MP-RAGE using FSL (96).

Blood processing for PBMC isolation. Blood samples were collected in EDTA-coated collection tubes and 
processed within 4 hours of  blood draw. PBMCs were isolated by density gradient centrifugation of  whole 
blood overlaid on Ficoll-Paque PLUS (GE Healthcare, now Cytiva). PBMCs were immediately used for 
antibody staining for flow cytometry and for assessment of  transmigration across the BBB model.

BBB model and transmigration assays. The in vitro BBB model used for these studies has been exten-
sively characterized (9, 68, 97–101). Primary human astrocytes were obtained from tissue as a part of  an 
approved research protocol at the Albert Einstein College of  Medicine, Montefiore Medical Center. Astro-
cytes and human brain microvascular endothelial cells (BMVECs; Applied Cell Biology Research Institute) 
were cocultured on opposite sides of  a tissue culture insert with a porous membrane (3 μm pores, Corning) 
and placed in a 24-well tissue culture plate. Astrocytic endfeet processes contact BMVECs through mem-
brane pores, establishing a tight barrier through expression of  tight junctions and markers consistent with 
the human BBB. Prior to transmigration assays, several cocultures were established at the same time to be 
assayed for permeability. These cocultures were quantified for permeability of  the BBB using Evans blue dye 
coupled to albumin (102). All cocultures were impermeable. For transmigration assays, the BBB cocultures 
were placed in media containing CCL2 (200 ng/mL, R&D Systems, Bio-Techne) or diluent (0.1% BSA in 
PBS, Thermo Fisher Scientific). Transmigration of  PBMCs from each participant was assessed by adding 
4 × 105 PBMCs suspended in media to the top of  the BBB coculture, the peripheral side of  the BMVECs.  
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PBMCs were allowed to transmigrate in response to CCL2 or diluent for 24 hours. Each condition for 
transmigration was in quadruplicate. At 24 hours, the BBB cocultures were removed, and the cells that 
transmigrated were collected from the wells. Transmigrated cells were immediately stained and fixed for 
flow cytometry.

Flow cytometry. Cell surface markers on PBMCs were identified using fluorochrome-coupled antibodies 
against human CD14 (clone M5E2; BD Pharmingen), human CD16 (clone 3G8; BD Pharmingen), and 
human CD3 (clone HIT3A; BD Pharmingen) and corresponding isotype-matched control antibodies (clone 
MOPC-173, BD Pharmingen; clone MOPC-21, BD Pharmingen; and clone G155-178, BD Pharmingen, 
respectively). Antibodies were titered prior to use to determine optimal concentrations. A total of  200,000 
PBMCs were washed once and then kept in the dark on ice for 30 minutes with the appropriate antibodies. 
PBMCs were then washed and fixed with 1% paraformaldehyde.

Flow cytometry was performed using a BD FACSCanto II flow cytometer or Thermo Fisher Scientific 
Attune NxT Flow Cytometer and analyzed using FlowJo software (v. 10.7.1, TreeStar). Gating on mono-
cytes was determined using forward- and side-scatter and expression of  CD14. Lymphocytes were identi-
fied using forward- and side-scatter. Monocyte subset gates were determined using matched isotype control 
antibodies and fluorescence minus one controls. Classical monocytes were defined as CD14+CD16– and 
intermediate monocytes as CD14+CD16+. T cells were CD3+ lymphocytes.

Statistics. Statistical analysis was performed using Prism 9.0 software (GraphPad Software) and STA-
TA/IC 16.1 for Mac. Wilcoxon’s rank sum test, 2-tailed t test, or 1-way ANOVA was performed to examine 
differences between PWH on ART with and without HIV-NCI. Pearson’s correlation test was used to 
examine associations between continuous variables. Significance was set at P < 0.05. Neurometabolite data 
were reduced into 6 factors using PCA with varimax rotation with Kaiser normalization.

Study approval. Written informed consent of  all participants was acquired prior to study participation. 
Participants were recruited to this study using consent documentation and protocols approved by the 
ISMMS IRB and the Albert Einstein College of  Medicine IRB.

Data availability. Values for all figures and tables are reported in the Supporting Data Values XLS file.
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