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I M M U N O L O G Y

Central nervous system B cell multiomics reveals a 
legacy of immune dysregulation in long-term treated 
HIV infection
Paraskevas Filippidis1,2*, Chang Lu3, Benjamin Orlinick4, Alina Pang5, Allison Nelson6,  
Serena Spudich6, Francisco Machiavello Roman4, Dagmar Zigackova4, Niharika Singareddy4, 
Sameet Mehta7, Leah H. Rubin8, Steven H. Kleinstein1,3,9, Michael J. Corley10, Shelli F. Farhadian4,6,11*

Despite effective antiretroviral therapy (ART), people with HIV (PWH) are at risk for central nervous system (CNS) 
abnormalities, including cognitive impairment. B cells and antibodies are key mediators of adaptive immunity in 
neuroinflammatory disorders and crucial for viral control, but their role in HIV-associated CNS pathology is un-
known. Here, we apply multimodal transcriptomic, epigenetic, and B cell receptor profiling of B cells across cere-
brospinal fluid (CSF), choroid plexus, and blood from ART-treated PWH and people without HIV, alongside 
neurocognitive assessments. In ART-suppressed PWH, CSF resting memory B cells exhibit impaired pathogen re-
sponsiveness and high antibody gene mutations, suggesting CNS-restricted antigenic adaptation. Choroid plexus 
B cells exhibit similar transcriptomic immune perturbations despite viral suppression. Notably, CNS-specific B cell 
molecular alterations are associated with poorer neurocognitive performance. These findings suggest that, de-
spite long-term ART suppression, CNS memory B cells show suppressed antiviral pathways but increased antigen 
experience and trafficking, indicating dysregulated CNS immune surveillance and positioning them as key con-
tributors to HIV-associated neuroimmune dysfunction.

INTRODUCTION
HIV enters the central nervous system (CNS) during the first weeks 
of infection, where it establishes local viral replication and triggers 
immune activation associated with neurological complications, in-
cluding cognitive impairment (1–3). Despite the successes of antiret-
roviral therapy (ART) in suppressing overt viral replication, abnormal 
immune activation persists in people with HIV (PWH) (4, 5). This 
persistent immune activation is also evident in the CNS, is present 
even among PWH who are neurologically asymptomatic, and is exac-
erbated in PWH with cognitive complications (6–13). However, 
the cellular drivers and molecular mechanisms underlying persistent 
CNS immune activation during suppressive ART remain poorly 
understood. Defining these processes is essential for understanding 
ongoing brain injury in treated HIV infection and for developing 
strategies to prevent long-term neurological complications.

B cells are central components of the adaptive immune system, 
contributing to humoral immunity through antibody production 
and antigen presentation (14, 15). HIV infection disrupts systemic B 
cell function, leading to phenomena such as polyclonal activation 

(16, 17), hypergammaglobulinemia (16), exhaustion (18), increased 
B cell turnover and apoptosis (19), and, in some individuals, the de-
velopment of broadly neutralizing antibodies (20). These systemic B 
cell abnormalities may influence B cell trafficking and behavior with-
in the CNS. It is thus critical to investigate whether and how these B 
cell dysfunctions manifest or are distinct within the protected envi-
ronment of the CNS, particularly in the context of sustained, ART-
induced viral suppression.

Cerebrospinal fluid (CSF) is the only CNS tissue that can be rou-
tinely and safely accessed in living humans. As CSF bathes the brain 
and CNS, cells sampled through lumbar puncture provide a window 
into immune cells infiltrating the brain parenchyma in living people 
(21–27). Recent advances in single-cell genomics have demonstrat-
ed that B cells are consistently present in the CSF of all humans 
(21, 24, 28). Previous studies of CSF single immune cell transcrip-
tomes in PWH have shown that CSF immune cells, including a small 
proportion of B cells, can be isolated even from neurologically asymp-
tomatic PWH on ART and people without HIV (PWoH), even in the 
absence of clinically overt neuroinflammation (8, 28, 29). Moreover, 
integrating single-cell RNA sequencing (scRNA-seq) with B cell re-
ceptor sequencing (scBCR-seq) provides a powerful framework for 
studying B cell molecular characteristics, clonal dynamics, and tissue 
trafficking (30).

Here, we provide the first in-depth characterization of B cell dy-
namics and humoral immunity at the single-cell level in the CSF and 
choroid plexus of ART-suppressed PWH. We couple examinations 
of CSF B cells in living PWH and PWoH with examinations of hu-
man choroid plexus, a key conduit for memory B cell (MBC) traf-
ficking into the CSF. Overall, our findings suggest that functionally 
impaired MBCs persist in the CNS of ART-treated PWH, poten-
tially driving chronic antigen stimulation and altered cytokine envi-
ronments, thereby contributing to sustained neuroinflammation 
and cognitive impairment despite long-term viral suppression.
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RESULTS
Study design and participant characteristics of the 
three groups
CSF single-cell studies were performed in two separate groups, CSF 
group 1 and CSF group 2, each consisting of PWH on ART and de-
mographically matched PWoH who consented to large volume lum-
bar puncture, blood draw, and cognitive assessments as part of the 
Yale HIV Associated Reservoirs and Comorbidities (HARC) cohort 
(Fig. 1 and fig. S1). CSF group 1 consisted of seven neurologically 
asymptomatic PWH and six demographically matched PWoH. This 
group was recruited during the earlier phase of the study, allowing 
for the processing of paired, freshly isolated CSF and peripheral 
blood mononuclear cells (PBMCs) for cross-sectional scRNA-seq 
and scBCR-seq to capture high-quality whole-cell transcriptomes 
and B cell receptor (BCR) repertoires. CSF group 2 consisted of 
seven neurologically asymptomatic PWH and six demographically 
matched PWoH recruited in a later phase. These participants under-
went cross-sectional single-nucleus RNA sequencing (snRNA-seq) 
and single-nucleus assay for transposase-accessible chromatin se-
quencing (snATAC-seq) analyses on paired, freshly collected CSF 
and PBMC. One PWH and one PWoH were part of both groups due 
to repeated sampling at different time points. Participant character-
istics, including cognitive and mental health status, for the CSF 
groups are summarized in Table 1 and tables S1 and S2. Overall, 
PWH across both groups had been on ART for a median duration of 
16 years [interquartile range (IQR), 12 to 23] with suppressed plas-
ma viral load (<50 copies/ml) and had a median CD4 count of 
503 cells/μl (IQR, 470 to 685).

For human brain studies, we used fresh frozen biobanked cho-
roid plexus tissue collected through the National NeuroHIV Tissue 
Consortium from PWH who consented to autopsy-based research 
before death (Fig. 1). Characteristics of brain tissue donors are listed 
in table S3.

Cellular composition of CSF and blood reveals skewed MBC 
phenotype in the CNS without overt neuroinflammation
From CSF group 1, we analyzed 101,711 CSF cells and 174,657 
PBMC, with sample quality control metrics provided in table S4. Fol-
lowing unsupervised clustering, cells were manually annotated on 
the basis of canonical marker genes (Fig. 2A and fig. S2A). Consistent 
with prior research (8, 24), T cells constituted the predominant cell 
population in the CSF, occurring at significantly higher frequencies 
compared with PBMC (90.2% versus 56.4%, P adj < 0.0001), fol-
lowed by microglia-like cells (3.3% versus 0.007%; P adj < 0.0001). 
Conversely, monocytes, natural killer (NK) cells, and B cells were sig-
nificantly more abundant in blood compared with CSF (19.5% versus 
0.04% for monocytes, 7.2% versus 0.9% for NK cells, and 11.4% ver-
sus 0.27% for B cells; all P adj < 0.0001) (fig. S2B). HIV transcripts 
were detected in the CSF of five PWH, four of whom also had detect-
able transcripts in PBMC, although less frequently (table S5). No 
HIV-RNA–containing B cells were identified; all HIV-positive cells 
were T cells, except for one dendritic cell.

Among the immune cells captured in the CSF group 1, we identi-
fied 22,042 B cells; of these, 21,760 were from PBMC and 282 from 
CSF. Subclustering resolved four subtypes on the basis of canonical 
marker genes: naive B cells (CD27− IGHD+), resting MBCs (rMBCs) 
(CD27+ IGHD – TBX21− ITGAX−), atypical MBCs (CD27− IGHD – 
TBX21+ ITGAX+), and plasmablasts (Fig. 2, B to D, and fig. S3A). 
Paired BCR-seq data were available for 92.2% of these B cells. Among 

B cell subtypes, the CSF predominantly consisted of rMBCs (medi-
an, 89.3%; IQR, 71.4 to 94.7) with a minority of naive B cells (13.7%; 
IQR, 8.7 to 18.1). The inverse was observed in blood, where naive B 
cells predominated (67.1%; P < 0.0001), and rMBCs were less fre-
quent (23.1%; P < 0.0001). Plasmablasts were rare and detected in 
the blood of all participants and the CSF of three PWH and one 
PWoH (Fig. 2, B and C). Among all immune cells, rMBCs were sig-
nificantly lower in the CSF of PWH compared with that of PWoH 
(median, 0.07% versus 0.3%; P = 0.035; fig. S3B); however, as a frac-
tion of all B cells, there was no significant difference among B cell 
subsets in PWH compared with those in PWoH in blood or CSF 
(Fig. 2C). These results demonstrate that B cells, although sparse, are 
detectable in the CSF in the absence of acute infection or inflamma-
tion and exhibit predominantly a resting memory phenotype.

Compartmentalized immune dysfunction in CSF MBCs of 
virally suppressed PWH
The presence of rMBCs in the CSF suggests a role in routine immu-
nosurveillance and immune homeostasis within the CNS. We there-
fore compared rMBC transcriptional profiles between PWH and 
PWoH to investigate their functional properties in this compart-
ment. Principal components analysis revealed a clear transcriptional 
distinction between CSF rMBCs from PWH and those from PWoH, 
which was not observed in blood rMBCs (Fig. 3A). Differential gene 
expression focusing on CSF rMBCs revealed 110 differentially ex-
pressed genes [false discovery rate (FDR) < 0.05], all of which were 
down-regulated in the CSF of PWH compared with that of PWoH 
(Fig. 3B, fig. S4, and table S6). Gene set enrichment analysis (GSEA) 
further identified more than 300 differentially expressed pathways 
(FDR < 0.05), uniformly down-regulated in the CSF of PWH. Nota-
bly, many of these pathways were associated with canonical immune 
responses, including: (i) major histocompatibility complex I (MHC-
I) and MHC-II, cross-antigen presentation, and adaptive immune 
response signaling; (ii) type I (IFN-α and IFN-β) and type II (IFN-γ) 
interferon signaling pathways and additional cytokine signaling 
[mainly interleukin-1 (IL-1) and IL-12]; and (iii) immune respons-
es to viral infections (Fig. 3C). While IFN-α and IFN-β responses 
exhibited inverse enrichment (i.e., were up-regulated) in the blood 
of PWH, most of the other pathways that were differentially en-
riched in the CSF—particularly IFN-γ, IL, and antigen presentation 
signaling—showed no differences between PWH and PWoH in the 
blood (fig. S5), suggesting a CNS-specific derangement in normal 
rMBC function in PWH.

We next calculated gene module scores at the single-cell level for 
pathways identified by GSEA to validate the robustness of pathway-
level differences between PWH and PWoH and to enable compari-
sons across tissues (figs. S6 and S7A). Antigen presentation and IFN 
response pathway activity scores were consistently lower in CSF 
MBCs from PWH compared with those from PWoH and to blood 
MBCs from both groups, in line with the GSEA findings (fig. S7A). 
Given the compartmentalized transcriptional impairment observed 
in CSF rMBCs, we further examined the expression of genes related 
to B cell activation and migration by calculating module scores us-
ing literature-based curated genes involved in these pathways. While 
gene scores indicated low B cell activation overall, CSF rMBCs from 
PWH exhibited significantly reduced activation gene scores com-
pared with both CSF rMBCs from PWoH and blood rMBCs from 
either group, corroborating the down-regulation of antigen presen-
tation and IFN and cytokine signaling observed in pathway analysis. 
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B

Fig. 1. Experimental design of single-cell experiments in blood, CSF, and choroid plexus. Schematic overview of the experimental design for the CSF and the choroid 
plexus tissue experiments. (A) In CSF studies, all participants underwent cognitive assessment, lumbar puncture, and blood draw. CSF group 1 (left) included seven PWH 
on stable, suppressive ART and six demographically matched PWoH, with samples processed using 10x Genomics 5′ V(D)J scRNA-seq for both gene expression and B cell 
receptor (BCR) repertoire analyses. CSF group 2 (middle) included seven PWH and six PWoH, with samples processed using 10x Genomics Multiome (GEX + ATAC) single-
nucleus RNA sequencing (snRNA-seq) for gene expression and chromatin accessibility analyses. CSF supernatant from participants included in CSF groups 1 and 2 was 
assessed for inflammatory protein levels. (B) The choroid plexus tissue donors included three long-term ART-treated, recently suppressed PWH and three PWoH, with 
samples processed using 10x Genomics Multiome snRNA-seq for gene expression profiling. Created in BioRender. S. Farhadian (2026), https://BioRender.com/49om3iv.
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In contrast, no significant differences were observed in migration 
gene scores (Fig. 3D and fig. S7B). These gene expression analyses 
indicate compartment-specific transcriptional alterations in CSF 
rMBCs in PWH despite long-standing viral suppression, reflecting 
dysregulated physiological antigen presentation, cytokine respon-
siveness, and activation processes.

Validation of antigen presentation and IFN signaling deficits 
in CSF rMBCs
To validate the transcriptional findings from CSF group 1, we ana-
lyzed CSF group 2 using snRNA-seq, including participants with sim-
ilar characteristics. This approach allowed us to confirm key results 
in an experimentally different group of participants while also testing 
the robustness of our findings across technical variables, including 

differences in RNA source (whole-cell versus nuclear RNA) and 10x 
Genomics chemistry [5′ V(D)J versus Multiome ATAC + GEX]. We 
annotated 44,754 CSF nuclei and 83,225 PBMC nuclei and observed 
similar cell types to that of the CSF group 1 in both compartments 
(fig. S8A). No HIV-RNA–containing cells were detected in this data-
set (table S5). Among immune cells, we identified 7486 B cell nuclei in 
PBMC and 271 in CSF, corresponding to median frequencies of 10.3% 
(IQR, 6 to 13.9) and 0.49% (IQR, 0.22 to 0.88) of all immune cells, re-
spectively, consistent with frequencies observed in the CSF and blood 
in the CSF group 1. Through B cell subclustering, we again identified 
naive, rMBCs, atypical MBCs, and plasmablast subsets (fig. S8, B to 
E). Like the CSF group 1, rMBCs were by far the most abundant B cell 
subset in the CSF of CSF group 2 (89.2%; IQR, 78 to 91.8; P < 0.0001), 
compared with blood, where naive B cells predominated (56.4%; IQR, 

Table 1. Characteristics of study participants enrolled for CSF studies (combined CSF groups 1 and 2). VL, viral load; WBC, white blood count; NA, not 
applicable. Statistical comparisons were performed using the Wilcoxon rank sum test for continuous variables and the Fisher’s exact test for categorical 
variables.

PWH (N = 13) PWoH (N = 11) P value

 Age (years), median (IQR) 58 (47–61) 54 (50.5–65.5) 0.771

 Female sex assigned at birth, n (%) 5 (38.5) 3 (27.3) 0.679

 Race/ethnicity, n (%) ﻿ ﻿ >0.99

  White 6 (46.2) 6 (54.5) ﻿

  Black or African American 7 (53.8) 5 (45.5) ﻿

 H ispanic or Latino 1 (7.7) 1 (9.1) ﻿

Viro- immunological features, median (IQR) ﻿ ﻿ ﻿

 CD 4 count, cells/μl 503 (470–685) 652 (543–1023) 0.036

 CD 4/CD8 ratio 1.08 (0.53–1.43) 2.52 (1.54–3.27) 0.007

 CD 4 nadir, cells/μl 119 (55–373) NA ﻿

  Years on ART 16 (12–23) NA ﻿

  Plasma VL, suppressed * 13 (100) NA ﻿

 C SF VL, suppressed * 13 (100) NA ﻿

 C SF WBC, cells/μl 2 (1–2) 1 (1–2.5) 0.673

 C SF protein, mg/dl 41.3 (38.1–47.1) 37.3 (31.1–51.3) 0.494

 ART regimen, n (%) ﻿ ﻿ ﻿

 T wo- drug regimen 4 (30.8) NA ﻿

 IN STI based 13 (100) NA ﻿

 Smoking status, n (%) † ﻿ ﻿ 0.434

 C urrent 2 (16.6) 4 (36.4) ﻿

  Former 5 (41.7) 2 (18.2) ﻿

 N ever 5 (41.7) 5 (45.4) ﻿

 Alcohol use disorder, n (%) 4 (30.8) 4 (36.4) >0.99

 Substance use disorder, n (%) 5 (38.5) 4 (36.4) >0.99

Cardio- metabolic comorbidities ﻿ ﻿ ﻿

 H ypertension, n  (%) 7 (53.8) 3 (27.3) 0.239

 T ype II diabetes, n  (%) 2 (15.4) 0 (0) 0.481

 H yperlipidemia, n  (%) 3 (23.1) 1 (9.1) 0.596

 Mental health status ﻿ ﻿ ﻿

  PHQ- 9 score 3 (0.5–6) 3 (0–6) >0.99

  GAD- 7 score 3 (2–5) 4 (0–6.75) >0.99

  Antidepressant use 2 (15.4) 1 (10)† >0.99

*Viral suppression in both blood and CSF was defined as HIV-1 RNA of <50 copies/ml.    †Missing value for one individual.
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Fig. 2. B cell profiling in the CSF and peripheral blood of people with and without HIV. (A) Uniform Manifold Approximation and Projection (UMAP) projections show-
ing 17 transcriptionally distinct immune cell subtypes in both compartments combined (left), blood (middle), and CSF (right) in participants from CSF group 1. TCM, T 
central memory; Treg, regulatory T cell; NK, natural killer cells; CTL, cytotoxic T lymphocytes; cDC, conventional dendritic cells; HPC, hematopoietic progenitor cells; MAIT, 
mucosal-associated invariant T cells; pDC, plasmacytoid dendritic cells. (B) UMAP projections showing single B cells clustered into four transcriptionally distinct subtypes: 
naive, resting memory, atypical memory, and plasmablasts (left); and stacked bar charts (right) showing the relative frequencies of four B cell subtypes in peripheral blood 
and CSF from PWoH (N = 6; left) and PWH (N = 7; right). Each vertical bar represents a single participant. Cell-type frequencies are expressed as a percentage of the total 
number of B cells analyzed. (C) Box plots showing the frequency of annotated B cell subtypes relative to all B cells from scRNA-seq of blood and CSF samples. Each indi-
vidual point corresponds to the B cell subset frequency for a given participant. The numbers below each box represent total cell counts for PWoH (green) and PWH (pur-
ple) groups. Data are grouped by HIV status (PWoH, green; PWH, purple). As a fraction of all B cells, there was no significant difference among B cell subsets between PWH 
and PWoH in either compartment (two-sided Wilcoxon rank sum test). (D) Dot plot of marker gene expression across B cell subtypes. Dot size indicates the percentage of 
cells expressing a gene; color intensity reflects average gene expression. The numbers next to each line indicate absolute cell counts, mean mutation frequency, and 
percentage of BCRs in each cluster.
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Fig. 3. HIV-associated transcriptomic alterations in CSF memory B cells despite plasma viral suppression. (A) Principal components analysis of resting MBCs in CSF 
(left panels) and peripheral blood (right panels) using the top 500 most variable genes demonstrates transcriptional separation by HIV status. Each dot represents a partici-
pant among PWoH (green) or PWH (purple) in CSF group 1 (top panels) and CSF group 2 (bottom panels). PC, principal component. (B) Heatmap of the top 50 differentially 
expressed genes across individual participants, showing down-regulated gene expression profiles in PWH versus PWoH. Rows are genes and columns are participants [false 
discovery rate (FDR) < 0.05]. Gene expression is represented as the z-score of the averaged normalized RNA counts, and hierarchical clustering is applied across rows and 
columns. (C) Bar plots showing significantly down-regulated (enriched in PWoH) pathways in CSF rMBCs of PWH (reference group: PWoH) based on GSEA using the Reac-
tome database. Gene ratio (x axis) corresponds to the number of genes contributing to the enrichment signal relative to the total number of genes included in this pathway. 
Color indicates FDR q value. Pathways are grouped in four major biological processes. All differentially enriched pathways discovered in the CSF group 1 were validated in 
the CSF group 2. RIG-I, Retinoic acid-inducible gene I; MDA-5, Melanoma differentiation associated gene-5; JAK, Janus kinase; STAT, signal transducer and activator of tran-
scription; GM-CSF, granulocyte-macrophage colony-stimulating factor; TGFβ, transforming growth factor–β; SARS-CoV-1, severe acute respiratory syndrome coronavirus 1; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; HCMV, human cytomegalovirus. (D) Box plots showing B cell activation, migration, and chemokine module 
scores in rMBCs using literature-based curated gene sets, summarized by participant and HIV status (seven PWH and six PWoH). B cell activation scores are significantly re-
duced in the CSF of PWH compared with their blood counterparts and the CSF of PWoH. No differences are observed in B cell migration and chemokine module scores 
between PWoH and PWH. Statistical significance was assessed using the two-sided Wilcoxon rank sum test: *P < 0.05; **P < 0.01. NS, not significant.
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42.7 to 69.7; P < 0.0001). In contrast to the unchanged blood B cell 
subset frequencies between PWH and PWoH in group 1 (scRNA-
seq), group 2 (snRNA-seq) exhibited increased blood naive B cells and 
decreased plasmablasts in PWH (fig. S8D); this discrepancy likely re-
flects technical differences in cell capture and transcript abundance 
(whole-cell versus nuclear) or cohort heterogeneity, preventing a de-
finitive conclusion regarding these specific peripheral changes. No 
significant differences in B cell subtype frequencies were detected in 
the CSF (P > 0.05) (fig. S8D).

Principal components analysis based on the most variable fea-
tures across participants again demonstrated a clear separation be-
tween PWH and PWoH, except for one PWH clustering with the 
PWoH group (Fig. 3A). To validate the single-cell gene expression 
findings from the CSF group 1, we next performed differential gene 
expression and targeted pathway analyses on gene expression data 
generated from the single-nucleus transcriptomes. Notably, the path-
ways identified in the CSF group 1 were similarly differentially en-
riched and down-regulated in PWH in the CSF group 2 (Fig. 3C). 
These included pathways associated with (i) MHC-I and MHC-II, 
cross-antigen presentation, and adaptive immune response signaling; 
(ii) type I and type II IFN signaling pathways and additional cytokine 
signaling; and (iii) immune responses to viral infections. These find-
ings validate that transcriptional alterations reflecting impaired anti-
gen presentation and reduced IFN and cytokine signaling in CSF 
rMBCs from PWH are consistent across different participant groups 
and experimental platforms. Together, these transcriptomic analyses 
revealed a consistent pattern of impaired B cell signaling and altered 
migratory behavior in CSF rMBCs from PWH.

HIV-associated epigenetic remodeling contributes to 
transcriptomic changes in antigen presentation and 
cytokine signaling in CSF rMBCs
To investigate whether HIV-induced epigenetic remodeling contrib-
utes to the observed transcriptional dysregulation observed in CSF 
rMBCs from PWH, we integrated snRNA-seq with snATAC-seq. 
ATAC-seq profiles regions of open chromatin, providing insight into 
the regulatory landscape underlying gene expression. This approach 
enabled us to examine B cell–specific chromatin accessibility in the 
CSF. After quality control, we identified 38,674 high-quality CSF im-
mune cell nuclei with ATAC-seq data, including 186 CSF B cell 
nuclei. Unsupervised clustering based on snATAC-seq profiles, fol-
lowed by annotation using RNA expression data, clearly demonstrat-
ed cell-type–specific ATAC features in T cells, NK cells, myeloid cells, 
B cells, and their subtypes (Fig. 4A). In total, 77,279 marker peaks 
were identified across all cell types, with CSF B cells exhibiting a dis-
tinct chromatin accessibility signature compared with other CSF im-
mune cells (Fig. 4B).

To investigate regulatory mechanisms underlying these tran-
scriptional changes, we analyzed transcription factor (TF) motif 
accessibility in CSF B cells. This analysis revealed differential acces-
sibility of 31 TF motifs between PWH and PWoH (Fig. 4C). Nota-
bly, we observed reduced accessibility in motifs binding RELB, a 
noncanonical nuclear factor κB subunit involved in B cell activation 
and survival (31, 32), and STAT5A, a key mediator of lymphocyte 
development and cytokine signaling (33, 34) in PWH compared with 
those in PWoH. This epigenetic “closing” of regulatory elements 
aligns with our transcriptomic findings, which showed a down-
regulation of antigen presentation and cytokine signaling path-
ways in the CSF of PWH.

Integration of chromatin accessibility and gene expression pro-
files linked regulatory regions to multiple genes involved in antigen 
presentation and cytokine signaling. For this analysis, we focused on 
53 genes that we found to be differentially expressed in CSF B cells 
of PWH compared with those of PWoH (FDR < 0.05) specifically 
selected for their roles in antigen presentation, adaptive immune 
signaling, IFN and cytokine signaling pathways, as well as the HIV 
co-receptor CXCR4. We then tested whether the target genes of TFs 
with motifs that displayed differential accessibility in PWH were en-
riched among the differentially expressed genes identified through 
transcriptome analysis. We found a significant enrichment of 10 TF 
target genes within the differential transcript set (Fig. 4, D and E). 
Specifically, regulatory network modeling indicated that altered TF 
activity was directly linked to chromatin changes at key down-
stream targets; reduced or increased activity of TFs such as RELB 
and STAT5A was associated with changes at HLA-DQA1 and 
NFKBIA, whereas increased activity of FOXI2 and RFX3 was linked 
to TGFBR2 and UBE2K (Fig. 4F and fig. S9A). Consistent with this 
model, these representative loci exhibited altered chromatin acces-
sibility, with specific upstream regulatory elements showing differ-
ential peak heights in PWH relative to PWoH (fig. S9B). Together, 
these multiomic data suggest that the observed impairment of CSF 
rMBCs in PWH is not merely a transient transcriptional state but is 
reinforced by epigenetic silencing of master regulators governing 
antigen presentation and immune activation.

CSF proteomic profiling reveals enhanced B cell trafficking 
and activation in PWH corroborating transcriptional B 
cell dysregulation
To investigate whether the soluble CSF microenvironment reflects 
the observed B cell transcriptional alterations, we performed mul-
tiplex proteomic profiling on CSF supernatant obtained from the 
same participants included in CSF single-cell studies (CSF groups 1 
and 2). We identified 15 proteins whose levels were significantly el-
evated in the CSF of PWH (unadjusted P < 0.05). These included B 
cell–activating factor (BAFF), a critical cytokine for B cell survival 
and maturation, as well as chemokines involved in B cell and lym-
phocyte trafficking [C-X-C motif chemokine ligand 10 (CXCL10)/
interferon-gamma-induced protein 10 (IP-10), CXCL11/interferon-
inducible T-cell alpha chemoattractant (I-TAC), C-C motif chemo-
kine ligand 17 (CCL17)/thymus and activation-regulated chemokine 
(TARC), and CCL1/I-309], markers of immune activation (sCD137 
and sFasL), and proinflammatory cytokines [tumor necrosis factor–α 
(TNFα), IL-18, and IL-7] (Fig. 5A). Principal components analysis 
demonstrated that the combined expression profile of these proteins 
effectively distinguishes PWH from PWoH, reflecting a distinct, com-
binatorial inflammatory signature in the CNS (Fig. 5B) and highlight-
ing a chemotactic environment favoring lymphocyte recruitment in 
the CNS of PWH despite viral suppression.

To integrate these findings with our transcriptomic data, we con-
structed a composite “HIV-related CSF proteomic score” by perform-
ing principal components analysis across all measured CSF proteins 
and using the first principal component as a summary measure of the 
CSF inflammatory milieu. Examination of the protein loadings re-
vealed that this score was primarily driven by proteins linked to neu-
roinflammation and B cell biology, including survival/development 
factors (BAFF, FLT-3L, and IL-7), trafficking chemokines (IP-10/
CXCL10, I-TAC/CXCL11, TARC/CCL17, MCP-2/CCL8, and I-309/
CCL1), proinflammatory/costimulatory signals (TNFα, IL-18, and 
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Fig. 4. HIV-associated epigenetic remodeling contributes to transcriptomic changes in antigen presentation and cytokine signaling in CSF rMBCs. (A) UMAP 
projections showing ATAC-based clustering of the 17 RNA-identified immune cell types in the CSF of PWH and PWoH. (B) Heatmap showing chromatin accessibility peak 
cell-type signatures in the CSF of PWH and PWoH. Rows represent cell types and columns represent individual detected cell-type marker peaks. The top 10 B cell–specific 
marker peaks are explicitly annotated. cDC, conventional dendritic cells; pDC, plasmacytoid dendritic cells; NK, natural killer cells; EM, effector memory; MAIT, mucosal-
associated invariant T cells; Treg, regulatory T cell. (C) Volcano plot displaying differential transcription factor (TF) motif accessibility in CSF rMBCs from PWH compared with 
those from PWoH. The x axis represents the mean difference in TF motif accessibility. The y axis shows the log-transformed FDR. Significant TFs (FDR < 0.1) are highlighted 
in red. (D) Enrichment analysis of TF target genes among differentially expressed genes involved in pathways altered at the transcriptomic level in PWH. The bars are col-
ored by fold enrichment, with the dashed red line indicating the significance threshold (P adj < 0.1). (E) Integration of TF motif accessibility and target gene enrichment. 
The x axis shows the change in motif accessibility in PWH (compared with that in PWoH), and the y axis shows the significance of target gene enrichment. Bubble size 
corresponds to the number of differential genes targeted (among all differential genes included), and color indicates fold enrichment. (F) Gene regulatory network visual-
izing the interactions between differentially enriched TFs (orange nodes) and their downstream target genes (blue nodes) in CSF rMBCs. Arrows indicate directed regula-
tory relationships identified through integrated chromatin accessibility and gene expression analysis.
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Fig. 5. CSF proteomic landscape is characterized by a B cell–supportive milieu in PWH. (A) Box plots displaying the concentration (in picograms per milliliter) of 15 
significantly elevated proteins in the CSF of PWH (N = 14; purple) compared with that of PWoH (N = 11; green). Each point represents an individual participant (one PWH 
and one PWoH are represented by two dots each corresponding to longitudinal samples). Proteins include B cell survival factors (BAFF), chemotactic ligands (IP-10, I-TAC, 
TARC, and I-309), and markers of immune activation and cytotoxicity (sCD137, TNFα, perforin, and granzyme A). Statistical significance was assessed using the Wilcoxon 
rank sum test: *P < 0.05; **P < 0.01; ***P < 0.001. (B) Principal components analysis of the 15 nominally significant proteins, demonstrating a distinct soluble inflamma-
tory signature that distinguishes ART-suppressed PWH from PWoH. PC, principal component. (C) Variable factor map showing the contribution of individual CSF proteins 
to the first two principal components. The color gradient indicates the magnitude of contribution to the primary axis of variance. (D) Spearman’s correlation between the 
HIV-related CSF Proteomic Score and the mean B cell activation gene score. A significant positive correlation is observed in PWH (ρ = 0.6, P = 0.026), whereas no correlation 
exists in PWoH (ρ = −0.082, P = 0.82). The dashed line represents the linear regression fit, and the shaded area indicates the 95% confidence interval.
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sCD137), and cytotoxicity mediators (granzyme A, perforin, sFasL, 
and TRAIL) (Fig. 5C). We next examined whether this composite pro-
teomic signature was associated with transcriptional evidence of B cell 
activation. In PWH, the CSF proteomic score showed a strong positive 
correlation with B cell activation gene scores derived from matched 
scRNA/snRNA-seq data (ρ = 0.6, P = 0.026), whereas no such asso-
ciation was observed in PWoH (ρ = −0.082, P = 0.82) (Fig. 5D). To-
gether, these results link the soluble CSF inflammatory environment 
with transcriptional programs of B cell activation, supporting a model 
in which a B cell–supportive CSF milieu promotes the recruitment, 
survival, and activation of CSF rMBCs within the CNS of PWH.

BCR repertoire profiling indicates antigen experience and 
compartmentalization of CSF MBCs
rMBCs found in the CSF are thought to originate primarily from 
peripheral blood, migrating into the CNS in response to chemotac-
tic signals (35). To reach the CSF, these cells must traverse restrictive 
barriers such as the blood-brain barrier, blood-meningeal barrier, 
and blood-CSF barrier, including entry via the choroid plexus and 
meninges (36). To further interrogate the biological significance of 
CSF rMBCs in PWH and to contextualize the transcriptional altera-
tions that we observed, we next examined BCR repertoires from 
paired blood and CSF in CSF group 1. While transcriptomic data 
provide insight into pathway-level dysfunctions, such as impaired 
antigen presentation and cytokine signaling, BCR analysis offers 
complementary information on clonal architecture, antigen exposure 
history, and tissue trafficking behavior. By leveraging paired single-
cell BCR and gene expression data from both CSF and peripheral 
blood, we aimed to assess whether HIV alters B cell maturation, clon-
ality, or CNS homing patterns that may underlie or contribute to the 
compartment-specific transcriptional phenotypes that we observed.

We first analyzed frequencies of BCR isotypes and subisotypes 
across tissues and by HIV status to assess differences in B cell matura-
tion, class-switch recombination, and potential functional specializa-
tion. Isotype distribution can reflect prior antigen exposure and help 
distinguish naive from MBCs, while shifts in isotype usage may indi-
cate altered immune activation or compartment-specific B cell re-
sponses in the context of HIV. Overall, immunoglobulin G (IgG) 
frequencies were significantly higher in the CSF than in blood (53.1% 
versus 10.9%, P adj < 0.0001), whereas IgM and IgD frequencies were 
higher in blood compared with that in CSF (IgM: 77.3% versus 30.1%, 
P adj < 0.0001; IgD: 2.93% versus 2.31%, P adj = 0.023), likely reflect-
ing the predominance of antigen-experienced MBCs in CSF and 
antigen-naive B cells in blood. No significant difference was observed 
in IgA frequencies between CSF and blood (14.5% versus 8.8%, P 
adj = 0.137). Among IgG+ BCRs in the CSF, the IgG1 subisotype was 
most frequent (34.2%), followed by IgG2 (11.9%), IgG3 (5.7%), and 
IgG4 (1.26%) (Fig. 6, A and B). No significant differences in isotype or 
subisotype frequencies were observed in blood or CSF between 
PWH and PWoH, either across the entire B cell compartment or spe-
cifically within the MBC compartment (all P adj > 0.05; fig. S10).

To assess whether HIV infection promotes compartmentalized B 
cell expansion within the CNS, we next evaluated clonal expansion 
patterns in CSF and blood. The fraction of expanded clonotypes 
(defined as clonotypes with ≥2 clonal members) in blood was simi-
lar between groups (P = 0.172), ranging from 0.3 to 1.4% in PWoH 
and 0.4 to 5.7% in PWH. In CSF, expanded clonotypes were detect-
ed in three of six PWoH and one of seven PWH. Three participants 
had similar expansion levels (8 to 12.5%), whereas one showed a 

higher fraction (33.3%), although this may reflect low CSF cell counts 
(Fig. 6C and table S7). All expanded CSF clonotypes exhibited mod-
est expansion (Fig. 6D). Clonotype overlap between CSF and blood 
was rare, observed in only four participants and accounting for 
≤0.23% of blood and 2.7 to 14.2% of CSF repertoires (table S7). CDR3 
length distributions were broadly similar across compartments and 
HIV status, suggesting no major skewing of BCR structure (fig. S11, 
A and B). Similarly, lambda chain usage was comparable across 
groups, suggesting no major differences in light chain selection or 
skewing in the CSF of PWH (fig. S11, C and D). Together, these find-
ings indicate that B cell isotype distributions and clonal expansion 
rates are similar between PWH and PWoH, although they differ no-
tably between the CSF and blood compartments.

Divergent somatic hypermutation profiles in blood and CSF 
indicate CNS-specific B cell adaptation in PWH
Somatic hypermutation (SHM) is essential for affinity maturation and 
serves as a hallmark of antigen-driven B cell activation (37). Prior 
studies showed that, during chronic untreated HIV, peripheral blood 
B cells, particularly classical MBCs and plasmablasts, often display in-
creased SHM frequencies, likely driven by HIV-associated persistent 
immune activation, sustained germinal center activity, and prolonged 
affinity maturation (38–40). While long-term ART-induced viral sup-
pression has been associated with the numerical restoration of B cells 
(41), its impact on B cell functional properties in blood and CSF re-
mains poorly understood. Once within the CNS, rMBCs may become 
locally activated and differentiate in response to intrathecal antigenic 
stimulation, contributing to local antibody production and immune 
surveillance (36). However, the SHM profiles of CNS/CSF MBCs in 
ART-suppressed chronic HIV infection remain unexplored.

We analyzed SHM frequencies across CSF and blood compart-
ments, B cell subsets, and isotypes. SHM frequencies progressively 
increased from naive to memory and plasmablast phenotypes, in 
line with established B cell biology (Fig. 6E and fig. S12). To account 
for interindividual variability, we calculated median SHM frequen-
cies per participant in blood and CSF, for group comparisons. Given 
that the CSF compartment was almost exclusively composed of 
rMBCs, we focused on this subset for further analyses. In blood, both 
class-unswitched (IgM+) and class-switched (IgG+ or IgA+) rMBCs 
showed significantly lower SHM frequencies in PWH compared with 
those in PWoH (class unswitched: 2.29% versus 3.72%, P = 0.0046; 
class switched: 5.48% versus 7.9%, P = 0.0081), consistent with a pre-
vious study using bulk BCR-seq (42). The lower SHM frequency in 
blood class-switched rMBCs was driven primarily by a significantly 
lower frequency of SHM in IgG+ cells (5.44% versus 7.66% in PWH 
versus PWoH, P = 0.0046); IgA+ rMBCs displayed a similar, albeit 
nonsignificant trend (6.29% versus 8%, P = 0.073) (Fig. 6F).

In contrast to blood, CSF MBCs did not show a significant differ-
ence in SHM frequency in PWH compared with that in PWoH (class 
unswitched: 4.68% versus 4.85%, P = 1.0; class switched: 6.4% versus 
6.23%, P = 0.628). To better understand this observation, we calcu-
lated within-participant differences in SHM frequency between CSF 
and blood compartments. Class-switched rMBCs displayed a sig-
nificant difference in SHM frequency (CSF minus blood) between 
PWH and PWoH (0.91% versus −1.31%, P = 0.035), whereas class-
unswitched rMBCs did not. Within the CSF class-switched rMBCs, 
only IgG+ cells demonstrated a significant and substantial difference 
in SHM frequency between compartments when comparing PWH 
to PWoH (1.44% versus −1.65%, P = 0.008) (Fig. 6F). These results 
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