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Abstract 

 

Viral Co-Infection, Autoimmunity and CSF HIV Antibody Profiles in HIV Central 

Nervous System Escape 

Isobel Hawes 

Antiretroviral therapy (ART) suppresses plasma and cerebrospinal fluid (CSF) HIV replication 

with occasional asymptomatic episodes of detectable HIV RNA known as asymptomatic (AS) 

escape. Neurosymptomatic (NS) CSF escape is a rare exception in which CNS HIV replication 

occurs in the setting of neurologic impairment. The origins of NS escape are not fully 

understood. Using case-control study of PLWH (n=110), including elite controllers (n=4), viral 

controllers (n=4), ART untreated subjects (n=18), HIV-associated dementia (n=4), ART 

suppressed (n=15), AS escape (n=19), NS escape (n=35), secondary escape (n=5) subjects, and 

HIV-negative controls (n=6), we investigated immunoreactivity to self-antigens in the CSF of 

NS escape by employing neuroanatomic CSF immunostaining and massively multiplexed self-

antigen serology (PhIP-Seq). Additionally, we utilized pan-viral serology (VirScan) to deeply 

profile the CSF anti-viral antibody response and metagenomic next-generation sequencing 

(mNGS) for pathogen detection. We detected Epstein-Barr virus (EBV) DNA more frequently in 

the CSF of NS escape subjects than in AS escape controls. Based on immunostaining and PhIP-

Seq, there was evidence for increased immunoreactivity against self-antigens in NS escape CSF. 

Finally, VirScan revealed several immunodominant epitopes that map to the HIV env and gag 

proteins in the CSF of PLWH. Whether these additional inflammatory markers are byproducts of 

an HIV-driven inflammatory process or whether they independently contribute to the 

neuropathogenesis of NS escape will require further study.    
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Introduction 

 
Infection of the central nervous system (CNS) begins early and continues throughout the 

course of systemic HIV-1 infection in the absence of anti-retroviral therapy (ART)1. In addition 

to its impact on systemic infection, ART also inhibits viral replication in the CNS, effectively 

eliminating detectable HIV from the cerebrospinal fluid (CSF)2,3 and is effective in preventing 

the most severe direct CNS complication, HIV-associated dementia (HAD)4. While this CNS 

therapeutic success is the rule, there are unusual exceptions in which systemic replication is 

suppressed but remains at detectable levels in CSF. This is referred to as HIV CSF escape which 

is subdivided into three types: asymptomatic CSF escape (AS escape), neurosymptomatic CSF 

escape (NS escape) and secondary CSF escape5.  

Each of these three CSF escape syndromes is of pathobiological interest, but only NS 

escape has a clear, immediate clinical impact. Secondary CSF escape develops in the context of 

another infection or inflammatory condition within the CNS5. Importantly, when the other 

(secondary) infection resolves, so does the local HIV replication6. AS escape has primarily been 

detected in cohort studies in which volunteers undergo lumbar puncture (LP) as part of natural 

history studies of HIV infection, including treated infection7,8,9. In contrast to AS escape, NS 

escape directly causes CNS injury. It presents with diverse neurological symptoms and signs, at 

times severe3,10. CSF HIV RNA levels are usually higher than in AS escape, and neuroimaging is 

frequently abnormal10. The prevailing concept is that HIV encephalitis develops in these 

individuals because of some combination of i) reduced treatment adherence and ii) local drug 

resistance7.  
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Since HIV CSF escape is rare, the question has arisen whether other, yet-undefined factors may 

predispose to or provoke NS escape, including the presence of other pathogens such as Epstein-

Barr virus (EBV) or cytomegalovirus (CMV)5,11 or a systemic or CNS autoimmune process, with 

its own potential for injury. In order to investigate these possibilities, we interrogated CSF 

samples from an array of people living with HIV (PLWH), including those with NS escape, AS 

escape, and secondary CSF escape. Metagenomic next-generation sequencing (mNGS)12 and 

pan-viral autoantibody profiling using programmable phage display (VirScan)13,14 were used to 

identify other infectious agents in an unbiased manner. We looked broadly for autoantigens using 

rodent brain tissue-based immunofluorescence and pan-human proteome programmable phage 

display (PhIP-Seq)15,16.  

 

Materials and Methods 

 

Subject enrollment  

The samples used in this study were collected between 2000 and 2018 in the context of HIV 

research studies at two medical centers: Sahlgrenska University Hospital, Gothenburg, Sweden 

and Zuckerberg San Francisco General Hospital, University of California San Francisco, San 

Francisco, CA, USA17,23,24. Samples were obtained in the context of established research 

approved by the local institutional review boards as previously described17,23,24. All participants 

provided informed consent and, if there was a question regarding their capacity to provide fully 

consent, consent was also obtained from individuals with power of attorney. 

The initiating focus of this study was on NS escape (n=35), but we included a wide array of 

comparison groups, including the following HIV-infected groups: AS escape (n=19); secondary 
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CSF escape (n=5); untreated-viremic (n=18); untreated HAD (n=4); untreated viral controllers 

(n=4) and elite controllers (n=4); and treated virally suppressed (n=15). Six HIV-uninfected 

controls were also included. In brief, NS escape subjects presented with new or progressive CNS 

deficits and found to have the CSF-blood profiles defining that entity; most had imaging 

abnormalities. AS escape was identified in cohort studies while four secondary CSF escape 

subjects were identified in Gothenburg—two with herpes zoster (cases 109 & 111), one with 

cytomegalovirus (case 110), and one with herpes simplex virus 2 (case 108) which were 

previously described17. Of the subjects with VZV, there was one accompanied by active CNS 

HIV replication and one without. Plasma and CSF viral loads were considered ‘undetectable’ 

below 20 HIV RNA copies per mL and assigned a default ‘floor value’ of 16 copies per mL Elite 

controllers had <20 copies HIV RNA per mL in plasma while viral controllers had plasma HIV 

RNA concentrations between 20 and 500 copies per mL.  

This selection and the various subject numbers were based largely on availability and our 

emphasis on a broad subject sample for comparison with the NS escape group. AS escape and 

NS escape samples were used in all the studies in this paper, including anatomic immunostaining 

with CSF. All other clinical groups were analyzed on our phage platforms. Of the secondary 

escape subjects, two of these subjects had VZV co-infections, one accompanied by active CNS 

HIV replication and one without. Two other subjects, one with CMV encephalitis and one with 

HSV-2 encephalitis were included as well.  

 

mNGS for pathogen detection 

DNA sequencing libraries were prepared using a previously described protocol optimized and 

adapted for miniaturization18, and libraries were sequenced on a NovaSeq 6000 machine 
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(Illumina) to generate 150 nucleotide (nt), paired-end reads. Candidate DNA virus pathogens 

were identified from raw mNGS sequencing reads using CZID v3.2, a cloud-based, open-source 

bioinformatics platform designed for detection of microbes from mNGS data19. 

 

VirScan (pan-viral) and peptidome (pan-human proteome) serologic assays 

PhIP-Seq assays to identify anti-viral antibodies (i.e. VirScan) and autoantibodies were 

performed as previously described in technical replicate14,20. Phage libraries were amplified in 

vivo in E. coli BLT5403, tittered by plaque assay, and adjusted to a concentration of 109-1011 

pfu/mL. Previous studies using other versions of VirScan have had approximately 3,000 unique 

HIV peptides in their libraries13,36, while our VirScan library encompasses approximately 7,500 

unique HIV sequences14 that were derived from clade-type representative sequences in the Los 

Alamos database. Phage libraries were aliquoted into blocked plates, mixed with 2uL of subject 

sample, and incubated overnight. Subject antibodies were then immunoprecipitated (IP) using 

protein A and G beads (Thermo-Fisher Scientific) and washed by magnetic separation. 

Subsequent to final wash, beads were re-suspended and used to inoculate fresh E. coli cultures 

for in vivo amplification of antibody-bound phage. After lysis was completed, an aliquot of 

lysate was saved (IP1) and another aliquot was mixed with an additional 2uL of subject sample 

overnight and immunoprecipitation was repeated (IP2) to further enrich for relevant antibody-

binding phage. After IPs were completed, enrichment of phage DNA and barcoding of individual 

IP reactions was performed using a single PCR reaction with multiplexing primers. PCR 

products were subsequently pooled, and bead cleaned to remove primers and size-select the final 

product (SPRISelect, Beckman Coulter). Library concentration was quantified and libraries with 
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concentrations between 1-4nM were sequenced on the NovaSeq 6000 (Illumina) using 150nt 

paired-end reads.   

 

Bioinformatic Analysis of Phage Data 

For the VirScan and human peptidome phage analyses, data were analyzed using previously 

described methods14,20 (Supplemental Methods). Briefly, peptide sequences were aligned to the 

reference library, and counts were normalized by creating a ratio of specific peptide reads to the 

number of sequencing reads and multiplying by 100,000 to create a measure of reads per 

hundred thousand (rpK). rpKs for individual peptides in each subject were filtered using a cutoff 

fold-change (FC) of greater than 10 above the mean background rpK generated from null IPs. 

Peptide position mapping was performed by aligning peptide sequences in R Studio using the 

msa (multiple sequence alignment) Bioconductor package21 and using the envelope protein and 

gag/pol polyprotein portions of the HXB2 HIV clade B sequence (GenBank K03455.1) as 

reference sequences.  

 

PairSeq 

We first translated and aligned raw PhIP-Seq DNA sequencing reads to a reference database of 

the human peptidome (v1) (derived from the NCBI human proteome, November 2015) using 

RAPSearch (v2.2) resulting in a matrix of peptide counts for each sample. Counts across all 

samples were scaled to rpK. We then used a custom R bioinformatics pipeline to identify 

candidate autoantigens (described below). Protein A/G beads were used as negative controls, and 

a commercial GFAP polyclonal antibody was used as a positive control. Cohort samples 

underwent two analyses (1) cohort symptomatic and asymptomatic HIV samples were compared 
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to the non-cohort HIV positive reference group and (2) cohort symptomatic and asymptomatic 

HIV samples were compared to non-cohort HIV negative specimens. The analytic workflow was 

the same for both cohort analyses 1 and 2. The fold change (FC) for each peptide for each cohort 

sample was calculated by dividing the individual peptide rpK by the mean rpK for that peptide in 

the reference group. Only peptides with a FC ≥ 10 were considered “enriched” and passed 

forward for further analysis. Enriched peptides then underwent a 7 amino acid (AA) k-mer 

analysis. Enriched peptides that shared at least one identical 7AA sequence with at least one 

peptide from the same gene were kept for downstream analysis. Nonoverlapping enriched 

peptides were kept if they had an FC ≥ 100 and an rpK value ≥ 20. After the above steps, 

proteins were considered candidate autoantigens if they had at least one peptide with a FC ≥ 100 

and a total protein rpK > 50 in both analysis 1 and 2. We also screened for autoantigens enriched 

at the cohort level by comparing the mean rpK for a given peptide within a cohort to the 

reference group and applying the same parameters as above.  Plots for the top enriched peptides 

in both HIV symptomatic and HIV asymptomatic subjects were generated using R. Only 

peptides enriched in at least three disease samples were visualized. 

 

Anatomic Mouse Brain Staining 

Mouse brain sections for anatomic immunostaining were prepared as previously described20. In 

this study, sections were incubated with CSF at a 1:25 dilution overnight at 4°C. Sections were 

washed 5x with PBS and stained with anti-human IgG (Alexafluor 488, cat# 709-545-149) as a 

secondary antibody and DAPI as a nuclear marker at 1:10,000. Panoramic epifluorescent images 

of stained mouse brain sections were captured at a 20x on a Zeiss AxioScan. Images were 

classified in a blinded manor by two independent reviewers (SJP and WB) by whether they had a 
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distinct anatomical staining pattern (“positive”) or no staining (“negative”). Studies were 

approved the UCSF IACUC committee. 

 

Statistical Methods 

All data comparisons between two subsets of subjects were made using the Mann-Whitney test 

or Chi-square test, and exact n and error bars are provided and defined in figure legends. All 

comparisons involving two or more subsets of subjects were performed with the ANOVA test. 

Sample sizes were determined by sample availability and not a statistical power calculation. 

 

Data Availability 

Anonymized data not published within this article will be made available by request from any 

qualified investigator.  

 

Results 

 

Features of the study cohort 

This study included PLWH (n=110) including elite controllers (n=4), viral controllers 

(n=4), ART untreated subjects (n=18), HIV-associated dementia (n=4), ART suppressed (n=15), 

asymptomatic CSF escape (n=19), neurosymptomatic escape (n=35), and secondary escape 

(n=5) subjects as well as HIV-negative controls (n=6). The HIV CSF escape groups adhered to 

recent definitions22, and the samples were obtained in the context of clinical presentation (NS 

escape and HAD). Subjects enrolled as part of cohort studies (all other subjects) and have been 

described previously17,23,24.  
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CSF mNGS detects a higher burden of EBV in NS escape subjects 

We sequenced 45 CSF samples from AS and NS escape subjects using DNA mNGS with 

a median sequencing depth of 41,163,352 reads per sample (IQR 16,384,312-133,365,998 reads 

per sample). There was a statistically significant increase in EBV detection in the of NS escape 

subjects (n=13 out of 32) when compared to AS escape subjects (n=1 out of 13) (Chi-square test, 

p<0.05) (Figure 1b). In addition to EBV detection (0.1-0.8 reads per million (rpM)), we detected 

CMV and human herpes virus-8 (HHV-8) in one NS escape subject and HHV-6 in another NS 

escape subject. Aside from human herpes viruses, no other neuroinvasive viruses were detected 

in any of the 45 subjects. 

Using our VirScan platform, AS escape subjects had a significantly higher average 

enrichment of EBV-specific peptides relative to NS escape subjects (Figure 1c). Relative to AS 

escape subjects, the CSF of NS escape subjects did not enrich viral peptides in non-

retroviridae/non-herpesviridae viral families (Supp. Figure 1b). There was no difference in 

enrichment for EBV-specific peptides in NS escape subjects for whom EBV nucleic acid was 

detected in the CSF versus those in whom EBV was not detected (Figure 1d).  

 

The anti-HIV antibody repertoire suggests compartmentalization of the anti-HIV response 

VirScan detected enrichment of HIV-specific antibodies in the CSF and serum of all 

study subjects with paired CSF and serum available relative to non-HIV infected controls. Anti-

HIV antibodies on average were increased as a percentage of total viral antibodies in the CSF 

(median 42,336 rpK, IQR 31,751-53,245 rpK) versus serum (n=78) (median 8335 rpK, IQR 

5636-11687 rpK) (p< 0.0001) across our entire cohort (Figure 2a).  
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To examine whether this effect was HIV-specific, we examined whether peptides derived 

from Herpesviridae and Pneumoviridae were similarly enriched using CSF versus serum in the 

PLWH cohort. Unlike HIV, reactivity to Herpesviridae and Pneumonviridae species were not 

increased as a percentage of total viral antibodies in the CSF relative to serum (Figure 2a).  

Next, in order to assess the degree of compartmentalization of the anti-HIV antibody 

repertoire, the diversity of HIV peptides enriched using CSF and serum was examined. CSF 

enriched a greater number of unique HIV peptides than serum samples (CSF median 556, IQR 

460.5-679, serum median 350.5, IQR 227-474.8) (p< 0.0001) (Figure 2b). To examine whether 

this effect was HIV-specific, two common non-retroviruses, respiratory syncytial virus (RSV) 

and EBV were examined. Unlike HIV, neither yielded a differential enrichment of peptides in 

CSF compared to serum. (Figure 2c).  

 

VirScan shows a conserved immunodominant epitope signature in the HIV envelope 

protein 

In HIV, the humoral immune response is primarily directed against the HIV envelope 

protein and the gag/pol polyprotein25.  In our cohort, VirScan identified two conserved 

immunodominant envelope protein epitopes starting at amino acid (AA) positions 289 and 577 

(Figure 3a). The AA 289 epitope maps to the V3 loop of the envelope protein, which is an 

important determinant of X4/R5 tropism of viral quasi-species26. The epitope at AA 577 maps to 

the C-terminal heptad repeat 2 region (CH2 terminal), which plays an important role in CD4 

receptor binding27. We found that CSF immunoglobulins enriched HIV envelope peptides from 

AS escape subjects (n=19) to a greater degree than NS escape subjects (n=35) (AS escape 

median 64,567 rpK IQR 56,306-69,994 rpK vs NS escape median 35,734 rpk IQR 22,536 -
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47,053 rpK) (p<0.001) (Figure 3b). This difference is largely driven by an enrichment of the AA 

577 CH2 epitope in AS escape subjects.  

 

VirScan shows increased antibody reactivity to the gag protein in subjects with NS escape 

compared to AS escape 

In contrast to our envelope protein findings, epitope mapping of the gag protein across 

PLWH shows that antibody specificity was much more diffuse (Figure 3c). Enrichment of gag-

derived peptides did not correlate with treatment status or most neurological phenotypes. 

However, we found that there was a significant enrichment of HIV gag peptides in NS escape 

(median rpK 41,770, IQR 20,493-54051 rpK) compared to AS escape cases (median rpK 2,953, 

IQR 673-12848 rpK) (p<0.001) (Figure 3d). The difference in HIV gag protein enrichment in NS 

escape subjects was largely driven by peptides starting at AA position 433, mapping to the gag 

spacer peptide 2 (p1) domain, which is a recently discovered, protective T-cell epitope28.  

 

CSF from some NS escape subjects demonstrate neuroimmunoreactivity  

Of the 32 NS escape cases whose CSF was immunostained, 10 were classified as positive 

(Figure 4a). In contrast, only one case out of 19 in the AS escape group was classified as 

positive. There were some commonalities in the brain regions that demonstrated staining (Fig 4b-

c).  
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NS escape subjects show increased number of candidate autoantibodies in the CSF  

NS escape subjects had significantly higher numbers of candidate CSF autoantigens 

(median: 39 genes enriched, IQR 23-54) than AS escape controls (median: 23 genes enriched, 

IQR 11.5-32) (p<0.0001) (Figure 5b).  

While we did not find evidence of a shared or “public” autoantigen in NS escape subjects, 

peptides from CNS associated proteins were enriched across multiple NS escape subjects, 

including SZT2 (n=4) with an average FC of 239.8, ROBO2 (n=2) with an average FC of 152.6, 

ARSA (n=2) with an average FC of 30.42, and MACF1 (n=8) with an average FC of 227.4.  

 

Discussion 

 
Neurological symptoms usually abate in NS escape subjects when ART is adjusted, 

paralleled with decreased CSF HIV RNA concentrations29. This provides strong evidence for 

HIV-1 as the etiologic agent. However, there are HIV subjects with increased HIV replication in 

the CSF with no neurological symptoms (AS escape)9, calling into question whether the 

pathogenesis of NS escape can be solely explained by CNS HIV replication. Here, we deployed 

a number of advanced tools in PLWH with (and without) a variety of neurological complications 

to study whether there was evidence for a neuroinvasive co-infection and/or autoimmunity.  

With regard to potential co-infections, we detected EBV in the CSF at significantly 

higher rates in NS escape subjects compared to AS escape subjects using DNA mNGS. This 

finding could reflect an increased B-cell abundance in NS escape samples. Indeed, CSF white 

blood cell counts are usually higher in NS compared to AS escape, which was also the case in 

our cohort. This finding is also consistent with studies showing that EBV positivity in PLWH 
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correlates with higher HIV RNA levels and CNS inflammation11,30. As a complement to mNGS, 

we utilized pan-viral antibody profiling of CSF with VirScan. We found that, paradoxically, AS 

escape subjects displayed increased enrichment of EBV-specific peptides compared to NS 

escape subjects. Since VirScan is only semi-quantitative and broadly detects both neutralizing 

and non-neutralizing anti-viral antibodies, it remains an open question whether this decrease in 

EBV peptide enrichment in NS escape subjects actually reflects a less effective humoral 

response to EBV.  

We showed an enrichment of anti-HIV specific antibodies in CSF relative to serum, as 

well as a greater number of unique anti-HIV epitopes targeted by CSF antibodies relative to 

serum. This may simply reflect the greater diversity of humoral anti-viral responses in the 

periphery relative to the CNS. However, these results could also suggest a broader immune 

response to HIV in the CNS, potentially due to viral quasi-species that can be unique to the 

CNS31. Indeed, a recent study by Spatola et al32 identified antibodies in the CSF of chronically 

infected PLWH that were compartmentalized. They found that CSF IgG1 and IgG3 antibodies 

had functionally ineffective Fc-effector profiles that were not found in the plasma. 

We found two immunodominant HIV envelope protein epitopes in both the CSF and in 

the serum that map to AA position 289 in the V3 region and AA position 577 in the CH2 

terminal region. The V3 region is integrally involved in both receptor binding and the 

determination of viral tropism33,34. The CH2 terminal region plays a key role in HIV-1 entry by 

membrane fusion35. When we compared the enrichment of these envelope peptides between NS 

and AS escape subjects, we found that AS escape subjects more highly enriched the CH2 

terminal epitope relative to NS escape subjects. In addition to these conserved envelope peptides, 

we also found a gag peptide at AA position 433 that is significantly enriched in NS escape 
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subjects relative to AS escape subjects. This peptide maps to the gag spacer peptide 2 (p1) 

domain, which is a recently discovered, protective T-cell epitope28. Notably, all three of these 

epitopes (env AA positions 289 and 577, gag AA position 433) in the CSF of PLWH were also 

identified by Eshleman et al36 in their VirScan study profiling anti-HIV antibodies in sera from 

57 PLWH. This study identified 4 antigens that were associated with disease duration, and three 

of those four epitopes are contained within the V3 and CH2 terminal regions we identified as 

well as the gag epitope that was enriched in NS escape subjects. Whether these differences in 

enrichment represent a functionally consequential difference in the humoral immune response 

between NS escape and AS escape needs further study.  

HIV subjects can exhibit broad B-cell dysfunction even in the presence of ART25. Here, 

we found that the CSF of NS escape subjects demonstrated increased rodent brain 

immunoreactivity when compared to AS escape subjects, suggesting an increased burden of anti-

neural antibodies. Additionally, PhIP-Seq identified candidate CNS-associated autoantigens, 

including SZT2, ROBO2, ARSA, and MACF1 across multiple NS escape subjects. Interestingly, 

MACF1 has been shown to regulate microtubule and actin dynamics in developing neurons, and 

mutations in this gene have been associated with lissencephaly37. These results suggest an 

increased burden of CNS autoimmunity in NS escape subjects when compared to their AS 

escape counterparts. However, it is unclear whether these differences are a cause or a 

consequence of NS escape, especially given that many of the candidate autoantigens are 

intracellular proteins, and as a result, antibodies targeting them may not be pathogenic.  

This study has a number of limitations. While we identified a higher number of NS 

escape subjects versus AS escape subjects with EBV nucleic acid in CSF, we cannot rule out the 

possibility of other co-infections present in NS escape subjects. Because we performed mNGS 
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on CSF DNA, we were insensitive to detecting neuroinvasive RNA viruses. Our VirScan assay 

preferentially immunoprecipitates IgG and not IgM antibodies, making the assay less sensitive to 

an acute humoral anti-viral response, In addition, these subjects were immunosuppressed and 

may have had a blunted humoral immune response. Additionally, antibodies targeting 

conformational or post-translationally modified antigens are not well detected by our mostly 

linear peptide VirScan and human peptidome assays. Furthermore, these studies were performed 

on CSF that in some cases was over two decades old and had undergone multiple freeze thaws, 

raising the potential for sample degradation. Finally, our candidate autoantigens need to be 

validated using orthogonal assays and assessed in prospective cohorts to determine whether they 

might serve as biomarkers of disease and/or contribute to disease pathogenesis.  

We deployed agnostic tools in PLWH with a variety of neurological complications to 

assess for evidence of a neuroinvasive co-infection and/or autoimmunity that might enhance our 

understanding of HIV escape syndromes. In the CSF, we more frequently detected EBV DNA 

and immunoreactivity to self-antigens in NS escape subjects compared to AS escape subjects. 

Whether these additional inflammatory markers are byproducts of an HIV-driven inflammatory 

process associated with neurologic impairment or whether they independently contribute to the 

neuropathogenesis of NS escape will require further study.   
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Figure 1 

 

 

 

A

CB

Fig 1 CSF mNGS detects a higher burden of EBV in NS Escape subjects A.) Schematic of the study design. PLWH with diverse 

neurologic phenotypes, including NS and AS escape, underwent a lumbar puncture. CSF autoantibody and anti-viral 

antibody pro ling was done using phage display assays (human peptidome and VirScan) and neuroanatomic staining 

on rodent brain tissue.Unbiased metagenomicsequencing was done on DNA extracted from CSF. B.) Proportion of subjects 

with Epstein-Barr virus (EBV) detected by CSF mNGS in NS escape (n=32) and AS escape (n=13) subjects.C.) Quanti cation 

of EBV seroreactivity by VirScan in AS and NS escape subjects (in replicate). Results are reported in reads per 100,000 (rpK). 

D.) Quanti cation of EBV seroreactivity by VirScan in NS escape subjects who had EBV detected in their CSF by mNGS versus 

those where EBV was not detected by mNGS. Statistical analyses were done using a Mann-Whitney U test in panels C and D. 

Statistical analysis for panel B was done using a chi-square test. Data represents mean rpK +/- SEM. 
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Figure 2 
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Fig 2 The anti-HIV antibody repertoire suggests CNS compartmentalization of the anti-HIV immune response not 

re ected in other viral families Pan-viral serology (VirScan) was performed on CSF samples from PLWHIV with diverse 

neurologic phenotypes and treatment status. Results are reported in reads per 100,000 (rpK). A.) Violin plots of reads 

mapping to HIV, Herpesviridae, and Pneumoviridae respecitvely  in matched CSF and serum B.) Bar graphs of the number 

of unique peptides mapping t o the HIV genome, env protein, and gag protein respectively that were detected in matched 

CSF and serum C.) Bar graphs of the number of unique peptides mapping t o respiratory syncytial virus (RSV) and 

Epstein-Barr virus (EBV) respectively that were detected in matched CSF and serum. All statistical analyses were done using 

a Mann-Whitney U test. Data represents mean rpK +/- SEM. 
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Figure 3 
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C

Fig 3 Deep epitope pro ing of HIV antigenic specifcity in the CSF reveals di erential epitope targeting between AS and NS 

escape subjects  A.)  CSF antibody epitope maps of the HIV env protein from AS and NS escape subjects. Each point on the 

graph represents the targeting of a single peptide from a single subject. Epitopes of note at AA position 289 (red) and AA 

position 577 (blue) are highlighted B.) Quantifcation of the summed rpK of peptides mapping to the env protein enriched by 

CSF samples from subjects with AS and NS escape, as well as other PLWH.  C.) CSF antibody epitope maps of the HIV gag 

protein from AS and NS escape subjects.Each point on the graph represents the targeting of a single peptide from a single 

subject D.) Quantifcation of the rpK of peptides mapping to the gag protein enriched by CSF from subjects with AS and NS 

escape, as well as other PLWH. All statistical analyses were done using a one way ANOVA test. Data represents mean rpK +/- 

SEM.
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Figure 4 
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Fig 5 NS escape patients have increased anatomic immunoreactivity in CSF A.) Whole brain AxioScan image of a sagittal 

slice of brain tissue stained at a 1:25 dilution with patient CSF(green) from NS escape patient PNHSK076 and the nuclear 

stain DAPI (blue). Additional high-resolution representative images are shown from B.) cortex C.) cerebellum and 

D.) hippocampus. E.) Whole brain AxioScan image of a sagittal slice of brain tissue stained 1:25 with patient CSF from 

NS escape patient PNHAD091. Additional high high-resolution representative images are shown from F.) cortex G.) cerebellum 

and H.) hippocampus. I.) Quanti cation of proportion of NS escape (n=33) and AS escape (n=13) samples that had a positive 

staining pattern on the anatomic staining platform. 
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Figure 5 
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Fig 5 NS escape CSF shows increased autoantibody prevalence by PhIP-Seq. CSF from AS and NS escape subjects was run on a 

pan-human peptidome serology assay. Proteins were considered candidate autoantigens if they had at least one peptide 

enriched relative to a null template AG bead control and non-HIV CSF escape background (see methods)  A.) Heatmap of genes 

in AS (n=19) and NS escape (n=33) cases that were enriched above background. Each column is a single subject sample (grouped 

by NS and AS escape) and each row is a single enriched peptide (grouped by gene) B.) Quanti cation of the number of genes 

in AS and NS escape cases that were enriched above background. All statistical analyses were done using a Mann-Whitney U test.

Data represents mean rpK +/- SEM. 
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