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Introduction
The CNS is an immune-privileged compartment where inflam-
mation is typically limited due to its potential pathogenic effects. 
For example, neuroinflammation is known to be a contributor in 
the development of neurodegenerative diseases such as Alzhei-
mer’s disease, Parkinson’s disease, amyotrophic lateral sclero-
sis, and multiple sclerosis (1). In addition, neuroinflammation 
in response to viral, bacterial, or fungal pathogens can generate 
severe neuropathogenesis and encephalitis (2).

During untreated infection, HIV-1 replication in CD4+ T lym-
phocytes and myeloid cells (macrophages and microglia) in the 
CNS is associated with inflammation (3) and severe neurologic 
and neurocognitive complications (4, 5). Myeloid lineage cells 
are prevalent in the CNS, and HIV-1 infection of myeloid cells 
in the CNS is a central feature of HIV encephalitis in late-stage 
untreated infection manifesting as HIV-associated dementia 
(HAD) (4, 5). In contrast, CD4+ T cells are typically rare in the 
brain (6, 7), though it is now appreciated that they are always 

present in the CNS (6), including at elevated levels during early 
HIV-1 infection (8, 9). This often corresponds with a rise in CD8+ 
T cells within the CNS (10–13).

The implementation of antiretroviral therapy (ART) has great-
ly reduced rates of severe neurocognitive impairment (14–16) and 
typically suppresses viral RNA to undetectable levels in both the 
periphery and CNS (17). Despite these improvements, mild neuro-
cognitive impairment and depression remain common in people 
living with HIV (PLWH) (14–16), and HIV-1 RNA can occasional-
ly be detected in cerebrospinal fluid (CSF) (18, 19) or brain tissue 
(20, 21) collected from people on ART. There are many mecha-
nisms that may explain persistent neuropathogenesis during ART, 
including damage that took place prior to ART, continued virus 
replication and neuroinflammation, toxicity of ART, coinfections, 
lifestyle causes, or other underlying factors (reviewed in ref. 22). 
Studies have, however, observed that neuropathogenesis during 
ART is correlated with the presence of HIV-1 in the CNS (23). For 
example, detection of HIV-infected cells in the CSF is associated 
with poorer performance on neuropsychological tests (24), and 
HIV-1 cell–associated RNA transcripts in CSF cells are associated 
with brain injury (19). Therefore, there is a great interest in under-
standing the source of virus in the CNS during ART and whether it 
contributes to neuropathogenesis.

Residual viral RNA in the CNS during ART can either be due to 
ongoing virus replication or virus expression without replication. 
Replication can occur if the virus is drug resistant or if drug levels 
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absence of replication. In contrast, the second participant had a 
persistent, drug-resistant population of macrophage-tropic virus 
in the CSF produced by sustained replication in macrophage/
microglia during ART (18). These results suggest that ASE may 
emerge via multiple mechanisms.

This study was designed to identify the cellular source of NSE 
virus, the conditions needed for NSE, and potential mechanisms 
generating severe neurologic symptoms in these individuals. We 
addressed these questions in a rare cohort of 25 PLWH on ART 
who all met our definition of NSE, i.e., manifested new or worsen-
ing neurologic symptoms and signs despite well-controlled blood 
plasma HIV-1 RNA (i.e, less than 500 HIV-1 RNA copies/ml) and 
CSF HIV-1 RNA concentrations more than 0.5 logs greater than 
HIV-1 RNA concentrations in the plasma. We analyzed samples 
collected at the time of NSE diagnosis for all participants, and 
additional NSE time points were analyzed for a subset of partic-
ipants. We used sequencing and phylogenetic analyses to assess 
viral diversity and determine whether NSE virus is produced by 
HIV-1 replication or continued virus production from CNS cells 
without replication and whether NSE virus was drug resistant. We 
also examined the cellular tropism of NSE virus in order to infer 
the cell type likely producing NSE virus. Finally, we used CSF bio-
markers to assess the inflammatory environment during NSE and 

in the CNS are noninhibitory. However, ART intensification stud-
ies suggest that the latter is not a major driver of detectable levels 
of CSF HIV-1 RNA in most people on ART (25, 26). Alternatively, 
virus in the CSF could be generated by infected cells expressing 
HIV-1 virions in the absence of replication. Such virions could be 
infectious but unable to infect other cells because ART prevents 
entry, reverse transcription, nuclear import, and/or integration. 
Alternatively, virions could be noninfectious due to virion defects, 
including being immature if produced in the presence of protease 
inhibitor (PI). The possibility that virions in the CSF could be pro-
duced without replication is consistent with studies showing that 
HIV-1 RNA in the blood during ART is often defective (27, 28) and 
produced by expression, not replication (27–33).

A rare subset of PLWH and people on ART experience CSF 
escape in which HIV-1 RNA levels are suppressed in the blood, but 
remain elevated in the CSF. CSF escape can occur in the absence 
of neurologic symptoms (i.e., asymptomatic CSF escape [ASE], 
refs. 34, 35) or with severe neurologic symptoms (i.e., neurosymp-
tomatic HIV-1 CSF escape [NSE], ref. 10–13). We previously per-
formed a detailed genetic and phenotypic analysis of 2 individu-
als with ASE (18) and observed that one participant had episodic 
escape in which the CSF contained a homogeneous virus popu-
lation likely produced by an expanding CD4+ T cell clone in the 

Table 1. NSE participant information

Clinical site PID Sex Age (yr)
Plasma HIV-1 
RNA (cp/ml)

CSF HIV-1 RNA 
(cp/ml)

CSF:plasma 
HIV-1 RNA 

log10 Δ
Blood CD4 
(cells/μl)

Nadir blood 
CD4 (cells/μl)

CSF WBC 
(cells/μl)

Multiple 
escape time 

points
San Francisco, California USA 355 M 45 378 5,467 1.2 262 55 47 No

978 M 46 <40 274 0.8 545 523 68 No
1024 M 56 48 3,403 1.9 615 550 57 No
1078 M 52 <40 113 0.5 910 NA 11 No
818 F 44 57 1,493 1.4 438 92 22 Yes
351 M 46 <40 860 1.3 480 80 20 Yes
668 M 42 227 726 0.5 380 229 164 No

Pune, India 3164 F 40 220 2,700 1.5 194 39 12 No
3163 M 52 390 2,100 1.7 695 17 5 No
3219 F 40 290 1,700 0.5 322 78 6 Yes
3245 F 47 <40 290 1.8 578 145 17 No
3309 F 41 470 3,100 1.0 396 359 31 No
3328 M 42 290 6,900 2.1 412 28 15 No
3452 M 50 <40 910 1.0 574 466 6 No
3313 F 42 140 7,100 1.0 313 216 13 No
3366 M 46 100 330 1.0 656 511 12 No
3320 M 45 120 6,800 2.3 267 103 NA No
1481 M 42 62 620 2.1 427 43 12 No
3201 M 32 <40 4,700 1.4 337 28 6 No

Milan, Italy 4947 M 40 92 912 1.1 797 394 52 No
7157 F 46 <40 421 0.7 462 171 35 No
9544 M 41 86 853 0.8 733 518 24 Yes

Torino, Italy Cal4 F 47 90 7,566 1.4 784 13 44 No
Gothenburg, Sweden 9804 F 26 <40 5,182 0.9 1310 40 44 No

5168 F 33 118 3,230 0.8 660 10 9 Yes
Mean 45 138 2,610 1.2 463 198 29

Median 45 86 1,700 1.1 427 98 14

PID, patient ID.
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resistance (described below). We and others have previously used 
these approaches to assess genetic diversity in HIV-1 populations 
(18, 38, 39) and compartmentalization in the CSF (5, 9, 40, 41).

One of the primary goals of this study was to estimate the 
amount of diversity that accumulated in the CNS during NSE. We 
first calculated pairwise distance (PWD) across all lineages (Figure 
1A). If NSE populations were established by multiple, genetically 
distinct viruses, then PWD values would represent both diversity 
contributed by the founders and diversity that accumulated during 
NSE. To minimize the contribution from founders, we identified 
individuals with multiple peaks, including a peak with high PWD 
and a phylogenetic tree with distinct major lineages (Figure 2). 
This is the pattern expected if an NSE population is established 
by multiple founder viruses. For these individuals, we recalculat-
ed PWD values within each major lineage (Figure 1A) and used 
the mean of those values (Figure 1A) for all subsequent analyses 
(when multiple major lineages were present, downstream analy-
ses were performed using the mean of within–major lineage PWD 
values). While we can’t know for sure if an NSE population was 
founded by multiple variants, this approach reduces the impact 
of multiple founder viruses on PWD and generates conservative 
PWD estimates that better represent diversity accumulated in the 
CNS during NSE.

When we analyzed samples collected from untreated people 
(Supplemental Table 2), we observed that a mean PWD of 0.004 
roughly distinguished levels of diversity observed in primary 
infection from those observed during chronic infection (Figure 
1A). All samples collected during untreated chronic infection had 
a mean PWD greater than 0.004, and most samples collected 
during untreated primary infection (the first year after transmis-
sion) had a mean PWD below 0.004 (Figure 1A). Therefore, we 
used a PWD of 0.004 to separate NSE participants into lower and 
higher diversity groups. The lower diversity group (PWD below 
0.004) had levels of diversity similar to those observed during pri-
mary untreated infection and in an individual with T cell–tropic  
ASE (Figure 1, B and C). In contrast, the higher diversity group 
(PWD above 0.004) had diversity levels similar to those observed 
during chronic untreated infection and in an individual with per-
sistent, macrophage-tropic ASE (Figure 1, B and C). This some-
what arbitrary division allowed us to compare diversity during 
NSE to diversity observed at different stages of disease (Figure 
1C) and allowed us to determine whether the inflammatory envi-
ronment was related to the amount of genetic diversity in the NSE 
population (described below).

HIV-1 RNA levels in the CSF are associated with more diverse 
NSE populations. PWD levels were not significantly associated 
with plasma HIV-1 RNA, CSF:blood HIV-1 RNA log10 Δ, CSF 
WBC count, or blood CD4+ T cell count at the time of escape, 
but were associated with higher HIV-1 RNA levels in the CSF 
(Figure 3). Similarly, when NSE participants were grouped by 
diversity, the median of the mean PWD estimates in the higher 
diversity group was significantly greater than that of the lower 
diversity group (Supplemental Figure 1; Mann-Whitney U test, 
P < 0.0001).

A subset of participants (23 of 25, Supplemental Table 1) in 
the NSE cohort were tested for CNS coinfections as part of clin-
ical care and/or a research study (42). Analysis of CSF samples 

explore potential mechanisms that may generate inflammation 
and severe neurologic symptoms during NSE.

Results
NSE is observed in a subset of PLWH on otherwise suppressive ART. 
We analyzed CSF from 25 study participants (Table 1) living with 
HIV-1 on ART who presented with a range of neurological symp-
toms and complaints (Supplemental Table 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI176358DS1). All 25 participants were diagnosed clinically with 
NSE using the following criteria: (a) clinical presentation with 
new neurologic symptoms and signs without an alternative cause, 
(b) taking ART with suppression of plasma HIV-1 RNA to below 
500 HIV-1 RNA copies/ml, and (c) a CSF HIV-1 RNA greater than 
that of plasma HIV-1 RNA. Archived CSF samples were collected 
between 2000 and 2019 at 5 sites: San Francisco, California, USA 
(n = 7), Pune, India (n = 12), Milan and Turin, Italy (n = 3 and n = 1, 
respectively), and Gothenburg, Sweden (n = 2).

The main clinical features of the NSE cohort are shown in 
Table 1. ART regimens and drug-resistance mutations are shown 
in Table 2. The median CSF HIV-1 RNA was 1,700 copies/ml, and 
the median plasma HIV-1 RNA was 86 copies/ml. Most (92%, 
23/25) participants were on a PI-based ART regimen. Atazanavir 
(ATV) was very common among those on a PI-containing regimen 
(74%, 17/23). The median and nadir blood CD4+ T cell counts were 
427 cells/μL and 98 cells/μL, respectively. Additionally, all partic-
ipants examined (24/24) had elevated CSF white blood cells (5 
cells or more per μL), with a median of 14 cells/μL (Table 1).

To better understand the source of NSE virus and symptoms, 
we compared clinical and virologic characteristics of participants 
with NSE to characteristics of participants in 4 cohorts of PLWH 
(Supplemental Table 2). (a) The first cohort consisted of those with 
untreated primary HIV-1 infection (n = 7). Participants were from 
a previously described cohort of people enrolled in the US within 
12 months of infection and ART naive (5). (b) The second cohort 
consisted of those with untreated chronic HIV-1 infection (n = 7). 
Participants were enrolled in the Tropism of HIV-1 Inflammation 
and NeuroCognition (THINC) study. All participants had CD4+ T 
cell counts below 400 cells/μl, were ART naive, and lacked neuro-
logic symptoms. (c) The third cohort consisted of those who were 
ART-treated and virologically suppressed (n = 49). All participants 
had HIV-1 RNA levels in the blood and CSF that were undetectable 
by standard clinical assays and lacked neurologic symptoms. (d) 
The fourth cohort consisted of 2 previously characterized people 
with ASE (18). Both individuals were on ART and neurologically 
asymptomatic with low levels of HIV-1 RNA in plasma and elevat-
ed levels in CSF (18).

HIV-1 genetic diversity in the CSF varies greatly across partic-
ipants with NSE and can reach levels observed in the blood during 
chronic infection. Single genome amplification (SGA) (36) and/or 
Illumina MiSeq Deep Sequencing with Primer ID (37) was used 
to genetically characterize HIV-1 RNA in the CSF of all 25 partic-
ipants with NSE and in 4 comparator cohorts (cohorts described 
in Supplemental Table 2). SGA analyses yielded full-length Env 
glycoprotein (env) sequences, and MiSeq Deep Sequencing with 
Primer ID generated partial env sequences (521 bases in length) 
and sequences for 3 additional amplicons used to assess drug 
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Table 2. ART, drug resistance, and entry phenotypes for NSE participants

CSF drug-resistance mutations to 
ART regimen at first NSEB

Clinical site PID
Sampling 

year
ART regimen at  

first NSEA PR RT IN
Optimized ART regimen 

following NSE
Did neurologic 

symptoms improve? Group
Mean 
PWD

Entry 
phenotype

San Francisco, 
California, USA 355 2000 ddI/RTV/SQV-SCG – – – ABC/NVP/IDV/r Yes Higher 

diversity 0.0052 T

978 2013 ABC/3TC/SQV/r – M184V – TDF/FTC/RAL/DRV/r Yes Lower 
diversity 0.0029 T

1024 2014 TDF/LPV/r M46I, I54V, 
V82A L74V – TDF/FTC/LPV/r Yes Lower 

diversity 0.0034 T

1078 2016 ABC/3TC/DRV/r/DTG – M184V T66A/I NA NA Lower 
diversity 0.0009 T

818 2010 TDF/FTC/ATV/r – M184V – TDF/FTC/RAL Yes Higher 
diversity 0.0041 T

351 2008 ABC/3TC/ATV/r – K65RC – No change in Rx No Lower 
diversity 0.0037 T

668 2006 3TC/ TFV/NFV NA NA NA NA NA Lower 
diversity 0.0017 T

Pune, India 3164 2017 TDF/3TC/ATV/r – K70R, M184V, 
T215F – AZT/3TC/TDF/ATV/r Yes Higher 

diversity 0.0139 NA

3163 2017 TDF/3TC/ATV/r – M184V – AZT/3TC/TDF/ATV/r Yes Lower 
diversity 0.0019 NA

3219 2017 TDF/3TC/ATV/r V32I, M46I M184V – AZT/3TC/TDF/ATV/r Yes Higher 
diversity 0.0140 T

3245 2018 TDF/3TC/ATV/r G73S M41L, M184V, 
T215Y NA AZT/3TC/TDF/ATV/r Yes Lower 

diversity 0.0033 NA

3309 2018 TDF/3TC/ATV/r G73S M184V – LPV/r/DTG Yes Lower 
diversity 0.0014 T

3328 2018 TDF/3TC/ATV/r G73S M184V – AZT/3TC/TDF/ATV/r Yes Higher 
diversity 0.0178 T

3452 2018 TDF/FTC/ATV/r – NA – AZT/3TC/TDF/ATV/r Yes Lower 
diversity 0.0007 NA

3313 2018 TDF/3TC/ATV/r – M184V – TDF/3TC/DTG Yes Lower 
diversity 0.0030 T

3366 2018 TDF/3TC/ATV/r G73S K70R, M184V – DRV/r/DTG Yes Higher 
diversity 0.0074 NA

3320 2018 TDF/FTC/ATV/r – M184V – TDF/3TC/DTG Yes Higher 
diversity 0.0094 T

1481 2019 ABC/3TC/ATV/r M46I, I54V L74V, M184V, 
T215F – TAF/FTC/DTG Yes Lower 

diversity 0.0004 NA

3201 2018 TDF/3TC/ATV/r – M184I, T215Y NA AZT/3TC/TDF/LPV/r Yes Higher 
diversity 0.0122 NA

Milan, Italy 4947 2013 TDF/FTC/ATV/r – – – TDF/FTC/DRV/r NA Lower 
diversity 0.0015 T

7157 2011 TDF/DRV/r V32I M41L – NA NA Lower 
diversity 0.0014 NA

9544 2015 ABC/3TC/DRV/r L76VD
M41L, 

M184V/I, 
L210W, T215YD

NA AZT/3TC/DRV/r Yes Higher 
diversity 0.0107 T

Torino, Italy Cal4 2016 TDF/MVC/DRV/r NA NA NA DRV/r/ETV/RAL Yes Higher 
diversity 0.0245 T

Gothenburg, 
Sweden 9804 2014 D4T/3TC/ddI/ATV/r G73S K65R, M184V – AZT/TDF/3TC/DRV/r/DTG Yes Higher 

diversity 0.0125 T

5168 2008 TDF/FTC/ATV/r – M41L, 
M184V/I – TDF/FTC/DRV/r Yes Lower 

diversity 0.0023 T

Frequency 43%E 91%E –
AResistance mutations were detected to drugs that are in bold. BNA represents sequencing not done or no sequences returned for the region; – represents the 
detection of WT sequences or detection of drug resistance (DR) mutations to a drug not in the current ART regimen. CPID 351 acquires M184V at a later time 
point. DDrug-resistance mutations for 9544 on were detected with a clinical assay at San Rafaele Scientific Institute rather than using MiSeq. EFrequencies 
calculated as participants with a mutation/participants on that class of drug. ddl, didanosine; RTV or /r, ritonavir; SQV, saquinavir; SCG, forvotase; ABC, 
abacavir; LPV, lopinavir; DRV, darunavir; DTG, dolutegravir; FTC, emtricitabine; TFV, tenofovir; NFV, nelfinavir; MVC, maraviroc; D4T, stavudine.
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Virus in the CSF during NSE is typically resistant to some, but 
not all, drugs in the ART regimen. In this study, drug resistance 
was assessed based on partial integrase, protease, and reverse- 
transcriptase sequences generated by Illumina MiSeq Deep 
Sequencing with Primer ID (37). A total of 91% (21/23) of partic-
ipants analyzed were at least partially resistant to their current 
ART regimen, but only 15% (4/23) had a resistance mutation to 
all drugs in their regimen (Table 2). Further, of the 5 participants 
in this cohort with longitudinal sampling (Table 3), 1 partici-
pant (no. 351) was observed to lose and acquire drug-resistance  

revealed that 9 of 23 people were positive for 1 or more agents, 
with 8 having detectable EBV in the CSF. Since EBV was the pri-
mary coinfecting agent identified in this cohort, we determined 
whether EBV was related to HIV-1 levels and/or inflammation in 
the CNS during NSE. We divided the 18 people tested for EBV into 
those who were positive (n = 8) and those negative (n = 11) for EBV. 
EBV coinfection was not significantly associated with HIV-1 RNA 
in the plasma or CSF, CSF:blood HIV-1 RNA log10 Δ, mean PWD, 
blood CD4+ T cell count at the time of escape, nadir CD4+ T cell 
count, and/or CSF WBC count (Supplemental Figure 2).

Figure 1. HIV-1 NSE populations can be very genetically diverse. (A) To facilitate plotting on a log scale, a constant (0.005) was added to all PWD values 
and then log transformed. PWD was calculated across all lineages in the CSF of NSE participants (blue) and untreated controls (gray). When multiple major 
lineages were present in a CSF NSE population, PWD was also calculated within each major lineage, thus avoiding between-lineage comparisons (orange). 
Means are marked with a vertical line in orange or blue. For individuals with both types of PWD calculations (shown in blue and orange), the mean value 
of the within-lineage comparison (orange) was used for downstream analyses. A PWD value of 0.004 roughly separated the diversity observed during 
primary infection from levels observed during chronic infection. The value corresponding to this cutoff is marked with a vertical gray line. Participants with 
mean PWD above 0.004 are marked with an asterisk. (B) Mean PWD was calculated for the CSF of 2 participants with ASE (PWD less than 0.004, purple 
closed diamond; PWD above 0.004, purple open diamond; ref. 18) and 25 participants with NSE (PWD below 0.004, gray closed diamonds; PWD above 
0.004, black open diamonds). Median is shown with the horizontal bar. (C) Mean PWDs of lower (n = 14) and higher (n = 11) diversity NSE populations were 
compared with blood- (closed red triangles, n = 7) and CSF-derived (closed blue circles, n = 7) virus from untreated primary infection and blood- (open red 
triangles, n = 7) and CSF-derived (open blue circles, n = 7) virus from untreated chronic infection. **P < 0.001; ***P < 0.0001; ****P < 0.0001, Mann-Whit-
ney U test. Median value of the mean PWDs is shown with the horizontal bar.
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mutations during the study. The complex changes in drug resis-
tance in this participant are consistent with viral replication in 
the CNS in the presence of low drug levels and a period of treat-
ment interruption (See Table 3).

NSE typically resolves if ART is changed to a regimen to which 
the CSF viral population is sensitive (i.e., ART optimization). ART  
optimization was typically associated with reductions in HIV-1 
RNA in the CSF and improved neurologic symptoms (Supple-
mental Table 3). In contrast, when ART was not optimized, 
drug-resistant NSE virus persisted in the CNS (Table 3 and 
Supplemental Figure 3). Given that ART stops viral replica-
tion, but not viral production, these results suggest that during 
NSE, HIV-1 RNA in the CSF is being produced by replication 
that contributes to neurologic symptoms. One limitation of this 
interpretation is that not all follow-up visits took place soon 
after ART optimization.

NSE virus is adapted to replication in CD4+ T cells. HIV-1 rep-
lication in the CNS can take place in resident or trafficking CD4+ 
T cells (4, 9, 18, 43) or in resident CD4+ macrophage or microg-
lia (4, 18). Using Affinofile cells (44) and our established proto-
col (45), we assessed the ability of NSE virus to enter cells with 
low levels of CD4 on the surface. We tested 32 patient-derived 
envs from 17 NSE participants with different levels of diversity 
in the NSE population and all were found to require a high den-
sity of CD4 for entry (Figure 4A), similar to the levels on CD4+ 
T cells (46), and were unable to efficiently infect cells express-
ing low CD4 levels like those found on macrophage/microglia. 
Thus, we conclude that the virus detected in the CSF during 
NSE is adapted to replication in CD4+ T cells. Further, the fre-
quency of WBCs in the CSF was elevated during NSE relative 
to levels found in people on suppressive ART (Mann-Whitney  
U test, P < 0.001; Figure 4B).

Figure 2. Phylogenetic trees of HIV-1 NSE populations. Genetic diversity during HIV-1 NSE was assessed using SGA and/or Illumina MiSeq Deep Sequenc-
ing with Primer ID. CSF-derived (in blue) partial env neighbor-joining phylogenetic trees of participants with NSE. Trees are ordered (in rows) from lowest to 
highest mean PWD. Asterisks designate the “higher diversity” participants with mean PWD above 0.004.
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CSF biomarkers of inflammation are elevated in NSE. We used 
the Olink Explore 1536 platform to measure a large panel (n = 
1,472) of proteins in CSF. We compared proteins in the CSF of a 
subset (n = 18/25) of NSE participants to those of ART-suppressed 
participants with undetectable HIV-1 RNA in the CSF and plasma 
while on suppressive therapy (n = 49, Supplemental Table 2). This 
analysis revealed that 48% (705/1,472) of all biomarkers analyzed 
were higher in the CSF during NSE compared with levels in the CSF 
during controlled infection (t test with FDR correction; Figure 5A).

The higher genetic diversity in the NSE population was associat-
ed with greater inflammation. Next, we focused on the 10 biomark-
ers that differed most significantly between the ART-suppressed  

participants and NSE participants (i.e., the 10 lowest P values) and 
explored whether the lower and higher diversity groups differed for 
those markers (Figure 5B; diversity groups defined in Figure 1A). 
We found that biomarker levels were significantly elevated in both 
the lower and higher diversity groups compared with the ART-sup-
pressed group and biomarker levels in the higher diversity group 
tended to be greater than those in the lower diversity group, though 
this trend was not statistically significant (Supplemental Table 4).

We then performed a comprehensive analysis of the full bio-
marker panel. A total of 705 CSF biomarkers were significantly 
different in the NSE participants compared with ART-suppressed 
controls (Figure 5C). The lower diversity group had 403 biomarkers  

Figure 3. Mean PWD is correlated with CSF HIV-1 RNA. Linear regressions were performed to look for relationships between mean PWD and plasma 
HIV-1 RNA (A), CSF HIV-1 RNA (B), CSF: plasma HIV-1 RNA log10 Δ (C), blood CD4+ T cell count (D), nadir blood CD4+ T cell count (E), and CSF WBC count (F). 
The relationship between mean PWD and CSF HIV-1 RNA (B, R2 = 0.3536, P = 0.0089) was the only statistically significant comparison. All P values were 
adjusted for multiple comparisons.
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the blood plasma and CSF were equilibrated at the time of NSE 
(representative trees in Supplemental Figure 4), indicating that 
independent replication was not taking place in both compart-
ments. Additionally, drug-resistance profiles measured by Illumi-
na MiSeq with Primer ID of virus in the blood plasma matched the 
drug-resistance profiles in virus in the CSF at the time of escape.

Discussion
We sought to understand the source of HIV-1 RNA in the CSF of 
25 PLWH and experiencing NSE. These participants had elevated 
HIV-1 RNA in the CSF and severe neurologic symptoms. There are 
2 likely mechanisms by which HIV-1 RNA could accumulate in the 
CSF during otherwise suppressive ART. First, infected cells in the 
CNS could express virus that does not replicate due to ART (i.e., 
virus expression/production without replication). Alternatively, 
drug-resistant virus could replicate in the CNS. Here, we explored 
which of these mechanisms (virus expression/production or rep-
lication) generates HIV-1 RNA in the CSF during NSE. While NSE 
has previously been studied (see refs. 12, 13, 47–51), we believe this 
is the first detailed genetic and phenotypic analysis of NSE virus 
and its association with ongoing CNS pathogenesis during ART.

Genetic analyses in this study yielded 4 observations indicat-
ing that virus found in the CSF during NSE is produced by HIV-
1 replication. Below we discuss these observations and present 
a model of how NSE likely emerged in participants on the most 
common ART regimen in this cohort (lamivudine [3TC]/tenofovir 
disoproxil fumarate [TDF]/ATV/ ritonavir [/r]) (Figure 6).

The first observation indicating that NSE is produced by 
viral replication is that virus in the CSF during NSE is typically 
resistant to some, but not all, drugs in the ART regimen. This 
has also been observed in previous studies (12, 13, 49, 50–53). 

that differed from the ART-suppressed controls, and 91% 
(367/403) of these differences were shared with the higher diver-
sity group. In contrast, the higher diversity group differed from 
ART-suppressed controls in 669 markers and only 55% of these 
differences were shared with the lower diversity group (367/669; 
Figure 5C). To examine the directionality of these differences, 
we performed a differential expression analysis comparing the 
2 NSE groups and found that CSF biomarker levels tended to be 
elevated in the higher diversity group relative to the lower diver-
sity group (Figure 5D). While differences in individual proteins 
did not reach statistical significance, overall, a greater number of 
proteins were elevated in the higher diversity group relative to the 
lower diversity group (Fisher’s exact test, P < 0.0001). To deter-
mine the gene pathways in which the upregulated proteins were 
involved, we performed an overrepresentation analysis (R pack-
age OlinkAnalyze). This analysis revealed that 40% of the bio-
marker genes overrepresented in the CSF of NSE participants are 
involved in immune responses (Figure 5E). These results indicate 
that the immune environment is dysregulated during NSE, but 
the number of biomarkers involved and the magnitude of dysreg-
ulation are greater in the higher diversity group than in the lower 
diversity group. This suggests that NSE may be a progressive state 
and that higher diversity NSE is the more advanced form.

HIV-1 populations in the plasma during NSE are genetically sim-
ilar to those in the CSF. A subset of NSE participants (n = 9) had a 
plasma HIV-1 RNA below 500 copies/ml, but high enough to make 
sequencing possible. We sequenced virus populations in blood 
and CSF of these individuals. The presence of genetically distinct 
lineages in the CSF and blood (i.e., compartmentalization) would 
indicate that virus populations were replicating independently 
in the 2 compartments. In all 9 participants, virus populations in 

Table 3. NSE participants with multiple time points

Clinical site PID
Sample 

date

Plasma 
HIV-1 RNA 

(cp/ml)

CSF HIV-1 
RNA (cp/

ml)
Blood CD4 
(cells/μl)

CSF WBC 
(cells/μl)

Mean 
PWD Group ART regimenA

DR mutations to current ART 
regimenB Signs of evolution

PR RT
New 

lineage
Changes 

in DR
San Francisco, 
California, USA 818

4/26/10
8/30/10
4/20/11

57
<40
71

1,493
1,042
127

438
389
331

22
17
17

0.0041
0.0045
0.0070

Higher 
diversity TDF/FTC/ATV/r –

M184V
M184V
M184V

No No

351

5/20/08
3/24/10
9/23/10
4/5/11

<40
<40
<40
163

860
332
<40
797

480
559
419
428

20
15
6
25

0.0037
0.0016

NA
0.0340

Lower 
diversity ABC/3TC/ATV/r

–
–

NA
–

K65R
K65R

NA
M184V/I

Yes Yes

Pune, India 3219 12/29/17
7/4/19

290
320

1,700
5,000

322
717

6
NA

0.0140
0.0322

Higher 
diversity

TDF/3TC/ATV/r V32I, M46I
V32I, M46I

M41L, M184V, T215Y
M41L, M184V, T215Y

No No

Milan, Italy 9544 1/20/15
3/17/15

86
<40

853
181

733
518

24
1

0.0107
0.0116

Higher 
diversity

ABC/3TC/DRV/r
AZT/3TC/DRV/r

L76VC

NA

M41L, M184V/I, 
L210W, T215YC

M41L, D67N, K70R, 
M184V/I, L210W, 

T215Y, K219E

No NA

Gothenburg, 
Sweden 5168 5/22/08

10/5/09
118
511

3,230
26,543

660
560

9
9

0.0023
0.0012

Lower 
diversity TDF/FTC/ATV/r V82F/M

V83F
M41L, M184I

M41L, V75A, M184I No Yes

AResistance mutations were detected to drugs that are in bold. BNA represents sequencing not done or no sequences returned for the region; – represents 
the detection of WT sequences or detection of DR mutations to a drug not in the current ART regimen. CDrug-resistance mutations for 9544 on 1/20/15 
were detected with a clinical assay at San Rafaele Scientific Institute rather than using MiSeq. DRV, darunavir; AZT, zidovudine.
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59) to the drug in the regimen (3TC) most likely to be at inhibitory 
levels in the CSF. Drug-resistant virus could have trafficked into 
the CNS (Figure 6, ii), or if adherence was poor, M184V/I could 
have evolved while HIV-1 was replicating in the CNS (Figure 6, 
iii). Once ART adherence was reestablished and 3TC returned 
to inhibitory levels, the drug-sensitive variants would have been 
unable to replicate (Figure 6, iv). Regardless of its origin, the 
M184V/I mutation could have facilitated replication and spread in 
the CNS if 3TC were the only drug at high levels. Interestingly, this 
resistance mutation increases susceptibility to TDF (60, 61). This 
provides additional evidence that M184V/I mutants were select-
ed in environments where TDF levels were low due to either poor 
penetrance or poor adherence.

The second observation indicating that the NSE virus is 
produced by replication comes from changes in drug-resistance  
profiles that we observed in a participant with NSE. Most 
drug-resistance mutations reduce fitness in the absence of the 

Importantly, we observed that virus in the CSF during NSE is 
always resistant to drugs found at reasonably high concentra-
tions in the CNS (e.g., nucleoside reverse transcriptase inhibi-
tors [NRTIs]), but is often sensitive to drugs found at lower con-
centrations in the CNS (e.g., the PI ATV). This is consistent with 
NSE being produced by virus replication and adaptation to the 
unique drug environment of the CNS.

Based on the results of this study, we have developed a model 
of how drug-resistant virus likely emerged in participants on the 
most common ART regimen in this NSE cohort (3TC/TDF/ATV/r) 
(Figure 6). This regimen includes 2 drugs (TDF/ATV) that may 
be found at suboptimal levels in the CSF (54, 55) and a third drug 
(3TC) that is typically above the WT IC50 (56) (Figure 6, i). The low 
CSF concentration of ATV has been extensively studied (see refs. 
53, 54) and was previously associated with CSF escape (50, 57). In 
our NSE cohort, all individuals on this regimen (3TC/TDF/ATV/r) 
had the same mutation (M184V/I), which provided resistance (58, 

Figure 4. NSE virus is adapted to replicating in CD4+ T cells. (A) Full-length CSF-derived HIV envs generated by SGA were cloned and used to produce 
pseudoviruses that were then tested in our Affinofile assay for their ability to facilitate entry into cells with low levels of CD4. None of the NSE envs 
tested were able to efficiently enter cells with low levels of CD4, but rather required high surface density of CD4 for efficient entry, indicating that the virus 
was adapted to replicating in T cells. Median relative infectivity values for 2 to 4 biological replicates are plotted with bars, and each individual point is 
shown with a circle. Representative CSF envs from both the lower diversity group (n = 8) and the higher diversity group (n = 9) were tested (blue bars and 
circles) as well as macrophage-tropic and T cell–tropic controls (black bars and circles). (B) CSF WBC counts in the NSE cohort and each comparator cohort. 
Mann-Whitney U tests were performed and found the ART-suppressed cohort (n = 49) had significantly lower CSF WBC counts than participants with 
NSE (n = 25), untreated primary infection (n = 7), and untreated chronic infection (n = 7): ****P = 0.0002; ****P = 0.0002; **P = 0.0044, respectively. All P 
values were corrected for multiple comparisons. Median values are shown with horizontal bars.
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of participants in this cohort identified 1 participant (no. 351) 
whose drug-resistance profile changed during NSE. The com-
plex pattern of loss and acquisition of drug-resistance muta-
tions in the CSF of this participant is consistent with viral  

drug (reviewed in ref. 62), making it unlikely that they spread 
due to chance (i.e., genetic drift), but more likely that they 
spread due to natural selection during replication in the pres-
ence of drug. Longitudinal analyses performed on a subset  

Figure 5. Inflammatory biomarkers in the CSF are elevated in participants with NSE com-
pared with ART-suppressed controls and trend higher in NSE participants with high-diversity 
viral populations compared with NSE participants with low-diversity viral populations. 
We measured 1,472 protein biomarkers (Olink platform) in CSF of 18 NSE participants and 49 
ART-suppressed controls. (A) Volcano plot comparing CSF biomarker levels during NSE to levels 
in suppressed controls. Levels of 678 biomarkers were significantly different after correction 
for multiple comparisons (red circles, most higher in NSE). The 10 biomarkers with the lowest 
adjusted P values are labeled. (B) Distributions (quartiles) of these 10 biomarkers are shown. 
(C) Venn diagram of the 705 CSF biomarkers that are significantly different between NSE par-
ticipants and suppressed controls. (D) Volcano plot comparing CSF biomarkers in participants 
with lower versus higher diversity NSE populations. No markers were significantly different, 
but there was a trend for the CSF biomarkers to be higher in participants with higher diversity 
NSE (majority of circles to the right of 0 on the x axis). (E) Overrepresentation analysis of gene 
ontogeny biological processes. The 14 most overrepresented pathways in the CSF of NSE partic-
ipants compared with ART-suppressed controls are shown. The color of each circle indicates the 
adjusted P value, and the size of the circle represents count. We found that 40% of the genes 
that were overrepresented in the CSF of NSE participants compared with ART-suppressed 
controls were involved in the immune response (top row).
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virus (see ref. 66). However, during ART, most CD4+ T cells in the 
periphery are either infected with defective virus (67) or are latent-
ly infected (67) and unlikely to release large amounts of virus into 
the CSF if they traffic to that compartment. Together, these factors 
may slow viral replication during NSE, reduce virus production by 
trafficking cells, and explain why CSF HIV-1 RNA levels during NSE 
are typically lower than those observed during untreated infection.

There is now strong evidence that NSE is produced by rep-
lication in CD4+ T cells in the CNS during ART. The CNS is an 
immune-privileged site where total CSF WBCs, and thus CD4+ T 
cells, are typically low in PLWH and people on suppressive ART, but 
are greatly elevated during NSE (68). We observed that all viruses 
isolated from the CSF during NSE were well adapted to infecting 
CD4+ T cells, but not macrophages (macrophage/microglia are the 
other target cell for HIV-1 in the CNS). This indicates that these 
HIV-1 variants had been replicating in CD4+ T cells during NSE. 
This is consistent with a recent study that used immunoprecipita-
tion to pull down virus in the CSF during NSE and found that CD26, 
a marker typically observed on CD4+ T cells but not macrophages, 
was incorporated into a high percentage of virions, indicating virus 
in the CSF during NSE had budded from CD4+ T cells (69).

Our results suggest that NSE is a progressive state in which 
diversity and inflammation increase as HIV-1 replicates in the 
CNS. This is supported by our observation that people with more 
diverse NSE populations had a larger number of elevated bio-
markers and higher CSF HIV-1 RNA levels than people with lower 
diversity NSE populations. It is worth noting that, while replica-
tion is likely the force driving NSE, inflammation may also affect 
symptoms. This is consistent with a study showing that HIV-1 RNA 
levels in the CSF declined when a person on ART with progressive 
multifocal leukoencephalopathy immune reconstitution inflam-
matory syndrome (PML-IRIS) and drug-resistant HIV-1 in the 
CNS was treated with corticosteroids (70). Thus, we cannot rule 
out the possibility that an inflammatory environment in the CNS 
increases HIV-1 diversity during NSE by either bringing in HIV-in-
fected cells from the periphery or enhancing virus replication in 
the CNS. However, our observation that in this cohort, ART opti-
mization is associated with both suppression of virus in the CSF 
and improved symptoms provides strong evidence that replication 
is driving pathogenesis in people experiencing NSE.

We also explored whether a CNS coinfection could have 
affected HIV-1 replication in our NSE cohort. EBV was the only 
CNS coinfection identified in a substantial proportion of partici-
pants, with 35% having detectable EBV DNA in CSF. Detection of 
EBV DNA in CSF has previously been associated with higher CSF 
WBC counts (71), CSF escape in people on ART (72), and higher 
HIV-1 RNA in the CSF during untreated infection (72). We did 
not identify any differences in CSF WBCs and/or HIV-1 RNA in 
CSF between people with and without EBV DNA in CSF. Similarly, 
detection of EBV DNA in CSF was not associated with differences 
in HIV-1 genetic diversity in the CSF during NSE. Together, these 
observations suggest that the presence of EBV DNA in the CSF did 
not substantially impact viral replication during NSE.

Our findings suggest that NSE is very different from other 
types of persistent viremia observed in people on ART, including 
ASE. Both NSE and ASE are defined by elevated HIV-1 RNA in 
the CSF of an otherwise well-suppressed person, but only NSE is  

replication in the CNS in the presence of low drug levels and a 
possible period of treatment interruption.

The third observation indicating that NSE virus is produced by 
replication is the fact that some people with NSE had very diverse 
HIV-1 populations in their CSF. The amount of genetic diversity in 
an NSE population may be higher if the population was founded 
by multiple variants (e.g., multiple, genetically distinct, drug-re-
sistant viruses) and/or the population replicated and evolved 
during NSE. To assess the amount of diversity generated by rep-
lication and evolution during NSE and minimize the contribution 
that multiple founders made to diversity, we calculated genetic 
diversity within (not between) major lineages. A limitation of this 
approach is that an NSE population could be founded by multiple 
variants, but over time, recombination and evolution could erase 
evidence of those distinct founders. While this situation would 
cause us to overestimate the amount of diversity generated by 
replication during NSE, this issue would only arise when there is 
extensive virus replication during NSE.

After minimizing the impact of founders on estimates of viral 
diversity in NSE populations, we observed that some NSE popula-
tions had very high levels of diversity like those observed during 
untreated chronic infection. This pattern suggests that for some 
people with NSE, diversity likely accumulated over many rounds 
of replication in the CNS (compare Figure 6, v and vi). The only 
way that very high levels of genetic diversity could be observed 
without virus replication is if a large number of CNS cells infected 
with genetically distinct, drug-resistant proviruses were express-
ing those proviruses at the same time — an unlikely event.

The fourth observation indicating that NSE virus is produced 
by replication is the observation that optimization of ART (Figure 
6, vii) was associated with suppression of HIV-1 RNA in the CSF 
(Figure 6, viii). After initiating optimized regimens to which NSE 
virus was sensitive, 93% (13/14) of participants in this cohort saw 
a reduction in CSF HIV-1 RNA (Supplemental Table 3) and all par-
ticipants had improvement in neurologic symptoms/complaints. 
Similarly, other studies have also found that NSE resolves after 
treatment optimization (49, 63). In the absence of replication, 
ART optimization would have no effect on HIV-1 RNA levels in 
the CSF. Consistent with this, previous studies have observed that 
NSE can remerge when adherence is poor or ART is modified to a 
regimen to which the NSE virus is resistant and/or a regimen that 
does not efficiently penetrate the CNS (49, 64). Together, the 4 
genetic patterns highlighted in the current study indicate that NSE 
is produced by viral replication in the CNS during ART.

It is notable that replication of drug-resistant NSE virus in this 
study produced CSF HIV-1 RNA levels that were lower than those 
typically observed in the CSF during untreated infection. There 
are a number of mechanisms that may limit viral replication in the 
CNS during ART. First, drug resistance typically reduces replicative 
fitness (reviewed in ref. 62). For example, in the presence of drug, 
fitness of HIV-1 with the M184V/I mutation is approximately 10% 
that of WT virus in the absence of drug (65). In addition, while some 
drugs may not reach completely inhibitory levels in the CSF, they 
may reach levels that slow virus replication. Finally, prior to ART ini-
tiation, CSF virus is usually closely related to virus in the blood, sug-
gesting that virus in the CSF is produced by actively infected cells 
frequently trafficking into the CNS and releasing large amounts of 
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The fact that NSE is produced by replication in CD4+ T cells 
also sets it apart from nonsuppressible viremia (NSV) observed in 
the plasma during ART. Studies of NSV indicate that it is typical-
ly produced by expression of defective proviruses in CD4+ T cells 
(28, 81). Interestingly, NSV and ASE are not generated by repli-
cation in CD4+ T cells during ART and have no overt pathogenic 
effects. This raises the possibility that sustained viral replication in 
CD4+ T cells during NSE generates pathogenic effects that are far 
more severe than those generated by proviral expression (source 
of NSV and T cell–tropic ASE) and/or low-level replication in mac-
rophages (the source of macrophage-tropic ASE).

Summary. Neurologic symptoms are some of the most com-
mon comorbidities in PLWH on ART. A minority of people expe-
riencing such symptoms have NSE (see ref. 63). While rare, NSE 
continues to be a problem for PLWH, particularly in resource-lim-
ited settings where access to a variety of ART regimens is limited 
and clinical follow-up is infrequent. Our results suggest a model 
(Figure 6) in which HIV-1 replication in CD4+ T cells in the CNS 
during ART contributes to inflammation and neurologic symp-
toms during NSE. The ability of HIV-1 replication in CD4+ T cells 
to drive neuropathogenesis is also supported by studies observing 
evidence of sustained HIV-1 replication in CD4+ T cells in the CNS 
of some untreated individuals with HAD (4, 40). This represents 
a mechanism generating HIV-1 RNA during ART that is distinct 
from mechanisms generating ASE in CSF and NSV in plasma. 
While optimization of ART can stop viral replication during NSE, 

associated with overt neurologic symptoms. Since there are no 
obvious symptoms associated with ASE, it is primarily identi-
fied in the context of research studies (not patient care), where it 
has been observed in 5%–15% of people on ART (34, 35, 73–76), 
making ASE much more common than NSE. Longitudinal anal-
yses suggest that, like “blips” in the plasma during ART, ASE is 
typically transient (34). ASE is also presumably benign based on 
observed low levels of CSF WBCs (77, 78), CSF inflammatory bio-
markers, and CSF neurofilament light chain (NFL) (a marker of 
neuronal damage) in people with ASE (34, 77, 78). In contrast, NSE 
often persists until ART is optimized (this study and refs. 13, 68) 
and is associated with very high CSF WBC counts (this study and 
refs. 12, 13, 68, 77, 79). NSE is also associated with extremely high 
levels of inflammatory CSF biomarkers and CSF NFL that are sim-
ilar to levels observed in untreated people with HAD (77).

Differences in the pathogenesis of ASE and NSE are like-
ly because the 2 types of CSF escape are generated by different 
mechanisms. In a previous study of 2 people with ASE (18), we 
found that ASE can be produced by either replication in macro-
phage or virus expression from CD4+ T cells in the absence of 
replication (18). It is currently unknown how often ASE is gener-
ated by each mechanism. Given that most CD4+ T cells express-
ing HIV-1 RNA have a short half-life (see ref. 80), expression from 
short-lived CD4+ T cells would explain why ASE is transient, but 
this needs further study. In contrast, here we show that NSE is pro-
duced by replication of HIV-1 in CD4+ T cells in the CNS.

Figure 6. Model of the emergence of NSE during treatment with an ART regimen representative of those used in this cohort. (i) Most drugs are at lower 
concentrations in the CSF (86). Despite the overall low levels of protein in the CSF, most ATV in the CSF is protein bound (54), thus reducing the amount of 
available ATV (54) to noninhibitory levels (86). In contrast, TDF and 3TC are primarily unbound in the CSF. In this drug regimen (TDF/3TC/ATV/r, the most 
common regimen in our cohort), 3TC is likely the only drug at inhibitory levels in CSF. During a period of poor adherence, the concentration of drug falls and 
the CSF HIV-1 RNA rises. Upon returning to adherence, drug levels rise and HIV-1 RNA decreases. Return to adherence will select for the M184V mutation 
(conveying resistance to 3TC). (ii) Resistant virus can reach the CNS as a migrating CD4+ T cell carrying a provirus with the M184V mutation or (iii) evolve in 
the CNS during replication when all 3 drugs are at noninhibitory levels. (iv) HIV-1 RNA in the CSF remains detectable and may increase as the drug-resistant 
virus replicates. (v and vi) Replication increases genetic diversity, CSF HIV-1 RNA, and inflammatory biomarkers. Both v and vi are associated with the spread 
of drug resistant virus and an elevation in CSF WBC. (vii) Optimization of ART to a regimen with good CNS penetration and to which the NSE virus is sensi-
tive will (viii) stop replication and improve symptoms. Created with BioRender.
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were titered on CD4hiCCR5hi cells to ensure the infection assay was per-
formed within the linear range. Affinofile cells (44) were then induced 
to CD4hiCCR5hi and CD4loCCR5hi and cells under both conditions were 
infected with 800,000 RLUs of pseudovirus to determine the ability of 
cloned envs to facilitate entry into cells with a low density of CD4.

Deep sequencing. Illumina MiSeq 300 base paired-end multiplex 
library preparation was done using our primer ID method, which avoids 
resampling and allows for the correction of errors introduced during 
PCR and sequencing (37). Briefly, viral RNA was extracted from blood 
plasma and CSF, and cDNA was generated using a pool of 4 primers to 
generate amplicons for the V1–V3 region of env and partial IN, RT, and 
PR regions of pol (Supplemental Table 6). Each cDNA primer includ-
ed a random 11 base tag as the primer ID. cDNAs were amplified and 
sequenced using the Illuminia MiSeq library prep and sequencing plat-
form (primer sequences are shown in Supplemental Table 5). A tem-
plate consensus sequence (TCS) was generated for each primer ID, 
and TCSs were aligned using MUSCLE (82). Neighbor-joining phylo-
genetic trees were then generated with MUSCLE and visualized using 
FigTree, version 1.4.4, software. Full-length env sequences generated 
by SGA were incorporated into Illumina MiSeq V1V3 deep-sequencing 
trees by first trimming full-length envs to the 521 bp MiSeq amplicon, 
then aligning the trimmed sequences with the MiSeq sequences (MUS-
CLE) and generating neighbor-joining phylogenetic trees.

Olink explore methods. CSF protein biomarker measurements includ-
ed in this analysis were part of a larger study measuring protein con-
centrations across 307 CSF specimens from a broad spectrum of HIV-1 
infection along with HIV-uninfected controls. For this analysis, samples 
from 4 clinical sites (Gothenburg, San Francisco, Pune, and Milan) were 
used. These were maintained at –70°C, aggregated in San Francisco, and 
shipped together to Olink Laboratory (Watertown, Massachusetts, USA) 
in previously stored, frozen aliquoted tubes and analyzed in November 
2020. Samples were transferred using local Olink procedures, with each 
sample Explore 1536 battery deployed at that time consisting of 4 plates: 
inflammation, cardiometabolic, oncology, and neurology plates. The 
OLINK immunoassays are based on proximity extension assay (PEA) 
technology (83), which uses a pair of oligonucleotide-labeled antibod-
ies to bind to their respective target proteins. When the 2 antibodies are 
in close proximity, a new PCR target sequence is formed, which is then 
detected and quantified by real-time PCR. The concentration ranges for 
measurement of each protein are reported in NPX log2 units, which pro-
vide relative concentrations that are used for within-assay comparison of 
sample concentrations (https://olink.com/).

Statistics. PWDs were calculated using MEGAX software, ver-
sion 10.1.8 (84, 85). For participants with bimodal PWD distributions, 
mean PWD was calculated by taking the mean PWD of each major lin-
eage and then calculating the mean of those values. For participants 
without a bimodal PWD distribution, the overall mean was used. t 
Tests with FDR corrections for the differential expression analyses 
of biomarkers were done using R statistical software, version 4.2.1, 
and all other Mann-Whitney rank-sum tests were done using Graph-
Pad Prism, version 9.1.2, software. Overrepresentation analyses for 
biomarker data were done with the R package OlinkAnalyze using R 
statistical software, version 4.2.1. Adjusted P values of less than 0.05 
were considered significant.

Study approval. This study was approved by the IRBs at the Uni-
versity of North Carolina at Chapel Hill (IRB protocol 15-2082), the 
University of California at San Francisco (IRB protocols 10-0727 and 

a pool of latently infected CD4+ T cells may persist in the CNS and 
reemerge if adherence is poor and/or the drug regimen is altered 
(49). This contributes to the growing body of evidence that CD4+ T 
cells in the CNS are major targets of HIV-1 replication and that rep-
lication in these cells before or during ART generates CNS inflam-
mation and neurologic symptoms.

Methods
Sex as a biological variable. Of the 25 participants enrolled in this study, 
10 were assigned as female at birth. Data analyses were performed to 
determine whether study results were related to sex.

Study design. For the main NSE cohort, archived CSF and blood 
plasma were identified from patients who were HIV+, on ART, pre-
senting with overt neurological symptoms and signs, and experienc-
ing discordant elevations in CSF HIV-1 RNA. Samples were collected 
between 2000 and 2019 in 4 countries: Pune, India (n = 12); San Fran-
cisco, California, USA (n = 7); Milan, Italy (n = 3); Torino, Italy (n = 1); 
and Gothenburg, Sweden (n = 2). For the chronically infected cohort, 
7 untreated, chronically infected PLWH were used as comparators for 
sequence diversity and mean PWD. For the primary HIV infection 
cohort, 7 untreated PLWH sampled during primary HIV infection 
(within the first 12 months of infection) were used as comparators 
for sequence diversity and mean PWD. For the Olink control cohort, 
49 ART-suppressed PLWH participants were used as controls for the 
Olink biomarker analyses.

Sample collection and HIV-1 RNA analyses. Whole blood was col-
lected in EDTA, and the plasma was separated from whole blood pellet 
by centrifugation at 800g and 4°C and then stored in aliquots at –80°C. 
CSF was collected, centrifuged to pellet cells at 800g and 4°C, and the 
supernatant was stored in aliquots at –80°C. HIV-1 RNA levels were 
measured in blood plasma and CSF using the Abbott RealTime HIV-1 
RNA Assay (lower limit of quantification = 40 copies/ml) or COBAS 
Ampliprep/COBAS TaqMan, version 2.0 (lower limit of quantification 
= 20 copies/ml).

SGA. SGA was performed as previously described (36) (primer 
sequences are shown in Supplemental Table 5). Briefly, viral RNA was 
extracted from blood plasma and CSF, and cDNA was generated using 
an Oligo dT20 primer (Invitrogen). The cDNA was diluted to end-point 
to minimize the possibility of recombination, and semi-nested PCR 
was performed. Full-length envs were bidirectionally sequenced using 
Sanger sequencing or PacBio SMRT sequencing with barcodes. Envs 
were then aligned using multiple sequence comparison by log-ex-
pectation (MUSCLE) (82). Neighbor-joining phylogenetic trees were 
generated with MUSCLE and visualized using FigTree, version 1.4.4, 
software (http://tree.bio.ed.ac.uk/software/figtree/).

Cloning and generation of pseudovirus. SGA-generated envs to 
be cloned were selected based on each phylogenetic tree struc-
ture. Each full-length env chosen was cloned into a pcDNA3.1D/
V5-His-TOPO expression vector (Invitrogen) using the pcDNA3.1 
TOPO Expression Kit (Invitrogen). Env-pseudotyped luciferase 
reporter viruses were generated as previously described (41). Brief-
ly, 293T cells were cotransfected with an env expression vector and 
the pNL4-3.LucR-E-HIV-1 backbone (NIH Reagent Program) using 
the Fugene HD transfection reagent protocol (Promega).

Affinofile entry assay. We used our established protocol (46) to assess 
the ability of these reporter viruses to enter cells expressing a low den-
sity of CD4 (a marker for macrophage tropism). Briefly, pseudoviruses 
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analyzed the data. LPK and SBJ wrote the manuscript with input 
from AD, PC, MT, AC, SZ, SS, MG, and RWP.

Acknowledgments
This work was supported by National Institute of Neurological 
Disorders and Stroke (NINDS) grant R01NS094067 (to RWP) and 
National Institute of Mental Health (NIMH) grant R01MH118990 
(to SBJ). The work was also supported by the UNC Center For 
AIDS Research (NIH award P30 AI050410), the Collaboratory of 
AIDS Researchers for Eradication (NIH award UM1-AI-164567), 
the UNC Lineberger Comprehensive Cancer Center (NIH award 
P30 CA16068), and the Swedish state, under an agreement 
between the Swedish government and the county councils (ALF 
agreement ALFGBG-965885). We thank Ronald Swanstrom for 
helpful discussions.

Address correspondence to: Sarah B. Joseph, University of North 
Carolina at Chapel Hill, 22-065 Lineberger Cancer Center, Chap-
el Hill, North Carolina 27599-7295, USA. Phone: 919.966.5757; 
Email: sbjoseph@email.unc.edu.

10-01171), the University of Gothenburg (IRB protocol O588-01), the 
University of Torino (IRB protocol 198/2105), the San Raffaele Sci-
entific Institute (IRB protocol CE 235/2015), and the Poona Hospital 
and Research Center. All specimens were collected in the context of 
research protocols approved by local IRBs. All participants were adults 
(≥18 years of age), and written, informed consent was obtained.

Data availability. The sequences of the full-length env amplicons 
are available in GenBank (OR736341–OR736607). The deep sequenc-
ing data are available in the Sequence Read Archive (BioProject ID 
PRJNA1065861). Illumina MiSeq data were analyzed using TCS 
pipeline, version 2.5.1 (https://www.primer-id.org/?from_old). Olink 
raw data and analysis scripts are available here: https://github.com/
ViralSeq/NS-escape-Olink/tree/3a75d5fe33d10d24160ef21ee5daf-
cfb8b421682; commit ID 3a75d5f. Values for all data points in graphs 
are reported in the Supporting Data Values file.

Author contributions
SBJ, RWP, MG, PC, and SS conceived and designed the study. 
AD, PC, MT, AC, MG, RV, and RWP provided clinical samples. 
LPK conducted the experiments. LPK, SZ, SS, MG, RWP, and SBJ 

	 1.	Chitnis T, Weiner HL. CNS inflamma-
tion and neurodegeneration. J Clin Invest. 
2017;127(10):3577–3587.

	 2.	Le Govic Y, et al. Pathogens infecting 
the central nervous system. PLoS Pathog. 
2022;18(2):e1010234.

	 3.	Gisslen M, et al. Compartmentalization of cere-
brospinal fluid inflammation across the spectrum 
of untreated HIV-1 infection, central nervous 
system injury and viral suppression. PLoS One. 
2021;16(5):e0250987.

	 4.	Schnell G, et al. HIV-1 replication in the central 
nervous system occurs in two distinct cell types. 
PLoS Pathog. 2011;7(10):e1002286.

	 5.	Schnell G, et al. Compartmentalization and 
clonal amplification of HIV-1 variants in the cere-
brospinal fluid during primary infection. J Virol. 
2010;84(5):2395–2407.

	 6.	Louveau A, et al. Revisiting the mechanisms 
of CNS immune privilege. Trends Immunol. 
2015;36(10):569–577.

	 7.	Engelhardt B, et al. The movers and shapers in 
immune privilege of the CNS. Nat Immunol. 
2017;18(2):123–131.

	 8.	Kessing CF, et al. High number of activated CD8+ 
T cells targeting HIV antigens are present in cere-
brospinal fluid in acute HIV infection. J Acquir 
Immune Defic Syndr. 2017;75(1):108–117.

	 9.	Sturdevant CB, et al. Compartmentalized rep-
lication of R5 T cell-tropic HIV-1 in the central 
nervous system early in the course of infection. 
PLoS Pathog. 2015;11(3):e1004720.

	 10.	Lucas SB, et al. HIV-associated CD8 enceph-
alitis: a UK case series and review of histo-
pathologically confirmed cases. Front Neurol. 
2021;12:628296.

	 11.	Spudich S, et al. Central nervous system immune 
activation characterizes primary human immu-
nodeficiency virus 1 infection even in partic-
ipants with minimal cerebrospinal fluid viral 
burden. J Infect Dis. 2011;204(5):753–760.

	 12.	Canestri A, et al. Discordance between cere-

bral spinal fluid and plasma HIV replication in 
patients with neurological symptoms who are 
receiving suppressive antiretroviral therapy. Clin 
Infect Dis. 2010;50(5):773–778.

	 13.	Peluso MJ, et al. Cerebrospinal fluid HIV escape 
associated with progressive neurologic dys-
function in patients on antiretroviral therapy 
with well controlled plasma viral load. AIDS. 
2012;26(14):1765–1774.

	 14.	Heaton RK, et al. HIV-associated neurocognitive 
disorders before and during the era of combination 
antiretroviral therapy: differences in rates, nature, 
and predictors. J Neurovirol. 2011;17(1):3–16.

	 15.	Heaton RK, et al. HIV-associated neurocognitive 
disorders persist in the era of potent antiret-
roviral therapy: CHARTER study. Neurology. 
2010;75(23):2087–2096.

	 16.	Rubin LH, Maki PM. HIV, depression, and cogni-
tive impairment in the era of effective antiretrovi-
ral therapy. Curr HIV/AIDS Rep. 2019;16(1):82–95.

	 17.	Mellgren A, et al. Cerebrospinal fluid HIV-1 
infection usually responds well to antiretroviral 
treatment. Antivir Ther. 2005;10(6):701–707.

	 18.	Joseph SB, et al. HIV-1 RNA detected in the CNS 
after years of suppressive antiretroviral therapy 
can originate from a replicating CNS reservoir 
or clonally expanded cells. Clin Infect Dis. 
2019;69(8):1345–1352.

	 19.	Suzuki K, et al. Elevation of cell-associat-
ed HIV-1 transcripts in CSF CD4+ T cells, 
despite effective antiretroviral therapy, is 
linked to brain injury. Proc Natl Acad Sci U S A. 
2022;119(48):e2210584119.

	20.	Ko A, et al. Macrophages but not astrocytes 
harbor HIV DNA in the brains of HIV-1-infected 
aviremic individuals on suppressive antiret-
roviral therapy. J Neuroimmune Pharmacol. 
2019;14(1):110–119.

	 21.	Tso FY, et al. Brain is a potential sanctuary for 
subtype C HIV-1 irrespective of ART treatment 
outcome. PLoS One. 2018;13(7):e0201325.

	22.	Nightingale S, et al. Cognitive impairment in 

people living with HIV: consensus recommen-
dations for a new approach. Nat Rev Neurol. 
2023;19(7):424–433.

	 23.	Joseph SB, et al. Biotypes of central nervous 
system complications in people with human 
immunodeficiency virus: virology, immunology, 
and neuropathology. J Infect Dis. 2023;227(suppl 
1):S3–S15.

	24.	Spudich S, et al. Persistent HIV-infected cells 
in cerebrospinal fluid are associated with poor-
er neurocognitive performance. J Clin Invest. 
2019;129(8):3339–3346.

	 25.	Yilmaz A, et al. Treatment intensification has 
no effect on the HIV-1 central nervous system 
infection in patients on suppressive antiret-
roviral therapy. J Acquir Immune Defic Syndr. 
2010;55(5):590–596.

	26.	Dahl V, et al. Raltegravir treatment intensification 
does not alter cerebrospinal fluid HIV-1 infection 
or immunoactivation in subjects on suppressive 
therapy. J Infect Dis. 2011;204(12):1936–1945.

	 27.	Rassler S, et al. Prolonged persistence of a novel 
replication-defective HIV-1 variant in plasma 
of a patient on suppressive therapy. Virol J. 
2016;13(1):157.

	28.	White JA, et al. Clonally expanded HIV-1 pro-
viruses with 5’-leader defects can give rise to 
nonsuppressible residual viremia. J Clin Invest. 
2023;133(6):e165245.

	 29.	Aamer HA, et al. Cells producing residual viremia 
during antiretroviral treatment appear to contrib-
ute to rebound viremia following interruption of 
treatment. PLoS Pathog. 2020;16(8):e1008791.

	30.	Bailey JR, et al. Residual human immunodeficien-
cy virus type 1 viremia in some patients on antiret-
roviral therapy is dominated by a small number of 
invariant clones rarely found in circulating CD4+ 
T cells. J Virol. 2006;80(13):6441–6457.

	 31.	Cole B, et al. In-depth single-cell analysis of 
translation-competent HIV-1 reservoirs identifies 
cellular sources of plasma viremia. Nat Commun. 
2021;12(1):3727.



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2024;134(19):e176358  https://doi.org/10.1172/JCI176358

	 32.	Sahu GK, et al. Recovery of replication-competent 
residual HIV-1 from plasma of a patient receiving 
prolonged, suppressive highly active antiretrovi-
ral therapy. J Virol. 2010;84(16):8348–8352.

	 33.	Simonetti FR, et al. Clonally expanded CD4+ T 
cells can produce infectious HIV-1 in vivo. Proc 
Natl Acad Sci U S A. 2016;113(7):1883–1888.

	34.	Eden A, et al. Asymptomatic cerebrospinal fluid 
HIV-1 viral blips and viral escape during antiret-
roviral therapy: a longitudinal study. J Infect Dis. 
2016;214(12):1822–1825.

	 35.	Eden A, et al. HIV-1 viral escape in cerebrospinal 
fluid of subjects on suppressive antiretroviral 
treatment. J Infect Dis. 2010;202(12):1819–1825.

	 36.	Ping LH, et al. Comparison of viral Env proteins 
from acute and chronic infections with subtype C 
human immunodeficiency virus type 1 identifies 
differences in glycosylation and CCR5 utilization 
and suggests a new strategy for immunogen 
design. J Virol. 2013;87(13):7218–7233.

	 37.	Zhou S, et al. Primer ID validates template sam-
pling depth and greatly reduces the error rate of 
next-generation sequencing of HIV-1 genomic 
RNA populations. J Virol. 2015;89(16):8540–8555.

	 38.	Council OD, et al. Deep sequencing reveals com-
partmentalized HIV-1 in the semen of men with 
and without sexually transmitted infection-asso-
ciated urethritis. J Virol. 2020;94(12):e00151-20.

	 39.	Zhou S, et al. Near real-time identification of 
recent human immunodeficiency virus trans-
missions, transmitted drug resistance mutations, 
and transmission networks by multiplexed 
primer ID-next-generation sequencing in North 
Carolina. J Infect Dis. 2021;223(5):876–884.

	40.	Schnell G, et al. Compartmentalized human 
immunodeficiency virus type 1 originates 
from long-lived cells in some subjects with 
HIV-1-associated dementia. Plos Pathogens. 
2009;5(4):e1000395.

	 41.	Sturdevant CB, et al. Central nervous system 
compartmentalization of HIV-1 subtype C vari-
ants early and late in infection in young children. 
PLoS Pathog. 2012;8(12):e1003094.

	42.	Hawes IA, et al. Viral co-infection, autoimmu-
nity, and CSF HIV antibody profiles in HIV 
central nervous system escape. J Neuroimmunol. 
2023;381:578141.

	 43.	Kincer LP, et al. Rebound HIV-1 in cerebrospinal 
fluid after antiviral therapy interruption is mainly 
clonally amplified R5 T cell-tropic virus. Nat 
Microbiol. 2023;8(2):260–271.

	44.	Johnston SH, et al. A quantitative affinity-pro-
filing system that reveals distinct CD4/CCR5 
usage patterns among human immunodeficiency 
virus type 1 and simian immunodeficiency virus 
strains. J Virol. 2009;83(21):11016–11026.

	45.	Joseph SB, et al. Affinofile assay for identi-
fying macrophage-tropic HIV-1. Bio Protoc. 
2014;4(14):e1184.

	46.	Joseph SB, et al. Quantification of entry phenotypes 
of macrophage-tropic HIV-1 across a wide range of 
CD4 densities. J Virol. 2014;88(4):1858–1869.

	 47.	Manesh A, et al. Symptomatic HIV CNS viral 
escape among patients on effective cART. Int J 
Infect Dis. 2019;84:39–43.

	48.	Ferretti F, et al. Cerebrospinal fluid HIV escape 
from antiretroviral therapy. Curr HIV/AIDS Rep. 
2015;12(2):280–288.

	49.	Ferretti F, et al. Relapse of symptomatic cere-
brospinal fluid HIV escape. Curr HIV/AIDS Rep. 
2020;17(5):522–528.

	50.	Mukerji SS, et al. Impact of antiretroviral reg-
imens on CSF viral escape in a prospective 
multicohort study of ART-experienced HIV-1 
infected adults in the United States. Clin Infect 
Dis. 2018;67(8):1182–1190.

	 51.	Mukerji SS, et al. Temporal patterns and drug 
resistance in CSF viral escape among ART-expe-
rienced HIV-1 infected adults. J Acquir Immune 
Defic Syndr. 2017;75(2):246–255.

	 52.	Dravid AN, et al. Discordant CSF/plasma HIV-1 
RNA in individuals on virologically suppressive 
antiretroviral therapy in Western India. Medicine 
(Baltimore). 2018;97(8):e9969.

	 53.	Trunfio M, et al. The presence of resistance-asso-
ciated mutations in reverse transcriptase gene is 
associated with cerebrospinal fluid HIV-1 escape: 
a multicentric retrospective analysis. J Med Virol. 
2023;95(4):e28704.

	54.	Delille CA, et al. Effect of protein binding on 
unbound atazanavir and darunavir cerebro-
spinal fluid concentrations. J Clin Pharmacol. 
2014;54(9):1063–1071.

	 55.	Best BM, et al. Low cerebrospinal fluid concentra-
tions of the nucleotide HIV reverse transcriptase 
inhibitor, tenofovir. J Acquir Immune Defic Syndr. 
2012;59(4):376–381.

	56.	Imaz A, et al. Cerebrospinal fluid drug concen-
trations and viral suppression in HIV-1-infected 
patients receiving ritonavir-boosted atazanavir 
plus lamivudine dual antiretroviral therapy 
(Spanish HIV/AIDS Research Network, PreEC/
RIS 39). J Neurovirol. 2018;24(4):391–397.

	 57.	Patel A, et al. Incidence of symptomatic CSF 
viral escape in HIV infected patients receiving 
atazanavir/ritonavir (ATV/r)-containing ART: a 
tertiary care cohort in western India. J Neurovirol. 
2018;24(4):498–505.

	 58.	Boucher CA, et al. High-level resistance to (-) 
enantiomeric 2’-deoxy-3’-thiacytidine in vitro is 
due to one amino acid substitution in the catalyt-
ic site of human immunodeficiency virus type 1 
reverse transcriptase. Antimicrob Agents Chemo-
ther. 1993;37(10):2231–2234.

	 59.	Tisdale M, et al. Rapid in vitro selection of human 
immunodeficiency virus type 1 resistant to 
3’-thiacytidine inhibitors due to a mutation in the 
YMDD region of reverse transcriptase. Proc Natl 
Acad Sci U S A. 1993;90(12):5653–5656.

	60.	Ross L, et al. Phenotypic impact of HIV reverse 
transcriptase M184I/V mutations in combina-
tion with single thymidine analog mutations on 
nucleoside reverse transcriptase inhibitor resis-
tance. AIDS. 2004;18(12):1691–1696.

	 61.	Wolf K, et al. Tenofovir resistance and resen-
sitization. Antimicrob Agents Chemother. 
2003;47(11):3478–3484.

	62.	Nijhuis M, et al. Implications of antiretroviral 
resistance on viral fitness. Curr Opin Infect Dis. 
2001;14(1):23–28.

	 63.	Henderson M, et al. Cerebrospinal fluid virology in 
people with HIV. HIV Med. 2023;24(7):838–844.

	64.	Chan TY, et al. Relapse of neurosymptomatic 
cerebrospinal fluid HIV RNA escape. HIV Med. 
2023;24(11):1158–1163.

	65.	Frost SD, et al. Evolution of lamivudine resis-

tance in human immunodeficiency virus type 
1-infected individuals: the relative roles of drift 
and selection. J Virol. 2000;74(14):6262–6268.

	66.	Kincer LP, et al. HIV-1 is transported into the cen-
tral nervous system by trafficking infected cells. 
Pathog Immun. 2022;7(2):131–142.

	 67.	Ho YC, et al. Replication-competent noninduced 
proviruses in the latent reservoir increase barrier 
to HIV-1 cure. Cell. 2013;155(3):540–551.

	68.	Chan TY, et al. The symptomatology of cerebro-
spinal fluid HIV RNA escape: a large case-series. 
AIDS. 2021;35(14):2341–2346.

	69.	Lustig G, et al. T cell derived HIV-1 is present in 
the CSF in the face of suppressive antiretroviral 
therapy. PLoS Pathog. 2021;17(9):e1009871.

	70.	Lisco A, et al. Immune reconstitution inflam-
matory syndrome drives emergence of HIV 
drug resistance from multiple anatomic com-
partments in a person living with HIV. Nat Med. 
2023;29(6):1364–1369.

	 71.	Musukuma-Chifulo K, et al. Characterizing 
Epstein-Barr virus infection of the central ner-
vous system in Zambian adults living with HIV. J 
Neurovirol. 2023;29(6):706–712.

	 72.	Lupia T, et al. Presence of Epstein-Barr virus 
DNA in cerebrospinal fluid is associated with 
greater HIV RNA and inflammation. Aids. 
2020;34(3):373–380.

	 73.	Vernazza P, et al. The role of compartment pen-
etration in PI-monotherapy: the Atazanavir-Ri-
tonavir monomaintenance (ATARITMO) trial. 
AIDS. 2007;21(10):1309–1315.

	 74.	Trunfio M, et al. Cerebrospinal fluid HIV-1 escape 
according to different thresholds and underlying 
comorbidities: is it time to assess the definitions? 
AIDS. 2019;33(4):759–762.

	 75.	Perez-Valero I, et al. Cerebrospinal fluid viral 
escape in aviremic HIV-infected patients 
receiving antiretroviral therapy: prevalence, 
risk factors and neurocognitive effects. AIDS. 
2019;33(3):475–481.

	 76.	Anderson AM, et al. Prevalence and correlates 
of persistent HIV-1 RNA in cerebrospinal 
fluid during antiretroviral therapy. J Infect Dis. 
2017;215(1):105–113.

	 77.	Hu Z, et al. Changes in cerebrospinal fluid pro-
teins across the spectrum of untreated and treat-
ed chronic HIV-1 infection [preprint]. https://
doi.org/10.1101/2024.05.03.592451. Posted on 
bioRxiv May 5, 2024.

	 78.	Guha D, et al. CSF inflammation markers asso-
ciated with asymptomatic viral escape in cere-
brospinal fluid of HIV-positive individuals on 
antiretroviral therapy. Viruses. 2023;15(9):1829.

	 79.	Mastrangelo A, et al. Symptomatic cerebrospinal 
fluid escape. AIDS. 2019;33 Suppl 2:S159–S169.

	80.	White JA, et al. Complex decay dynamics of 
HIV virions, intact and defective provirus-
es, and 2LTR circles following initiation of 
antiretroviral therapy. Proc Natl Acad Sci U S A. 
2022;119(6):e2120326119.

	 81.	Mohammadi A, et al. Viral and host mediators 
of non-suppressible HIV-1 viremia. Nat Med. 
2023;29(12):3212–3223.

	82.	Edgar RC. MUSCLE: multiple sequence align-
ment with high accuracy and high throughput. 
Nucleic Acids Res. 2004;32(5):1792–1797.

	 83.	Assarsson E, et al. Homogenous 96-plex PEA 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2024;134(19):e176358  https://doi.org/10.1172/JCI1763581 6

immunoassay exhibiting high sensitivity, 
specificity, and excellent scalability. PLoS One. 
2014;9(4):e95192.

	84.	Kumar S, et al. MEGA X: molecular evolutionary 

genetics analysis across computing platforms. 
Mol Biol Evol. 2018;35(6):1547–1549.

	 85.	Stecher G, et al. Molecular evolutionary genet-
ics analysis (MEGA) for macOS. Mol Biol Evol. 

2020;37(4):1237–1239.
	86.	Avedissian SN, et al. Pharmacologic approaches 

to HIV-associated neurocognitive disorders. Curr 
Opin Pharmacol. 2020;54:102–108.


